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(a) Bilinear interpolation

(b) Linear-log Kriging

Figure 1: Example head surface near a pumping well (red circle) calculated using a)
bilinear interpolation and b) linear-log kriging.
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Figure 2: Example particle tracks using the linear-log kriging approach.

The following table provides a summary of the variables required in the default in-

put �le, TransientTracker.in, in the format required by the code. The indices indicate

the order in which the variables are listed in the �le, a new line for each successive

index, with some variables requiring multiple lines of input. Text in lowercase-bold

are character variables: they need to be entered exactly as provided in the table,

followed by the variables indicated. The input is free format: entries do not need a

speci�c spacing on each line, and multiple entries on a line should be separated by

one or more spaces.

Index Variables

1 ngrd NGRD
2 ncol NCOL
3 nrow NROW
4 xmn XMN
5 ymn YMN
6 zmn ZMN
7 GRDFILES(i), WELFILES(i), LINEFILES(i), TTIME(i): This line is

repeated NGRD times
8 IBACK, NPTP, COND, POR, STEP, NPART, XPRAD, NRADS,

NOUT, MAXTIME
9 ALPL, ALPT, PORZ
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10 ROERR, TINY, SAFETY, EPS, VSMALL, COURANT, SINK
STRENGTH
Items 11 or 12 are entered depending on the value of the NPART �ag

11a nparticles NPARTICLES
11b XPSTART(j), YPSTART(j): This line is repeated NPARTICLES

times.
12a space SPACE
12b xmn XMIN
12c xmx XMAX
12d ymn YMIN
12e ymx YMAX

The following provides an explanation of the variables required in �Transient-

Tracker.in� and some of the options regarding the possible values.

Variable Description

NGRD Speci�es the number of grid �les to be used by the program.
Typically one grid will re�ect a steady-state �ow �eld and
multiple grids re�ect changing �ow conditions with changing
stresses.

NCOL Number of columns in the Surfer grid �les
NROW Number of rows in the Surfer grid �les
XMN Minimum value of the x-coordinate nodes: the x coordinate of

the node in the 1st row, 1st column
YMN Minimum value of the y-coordinate nodes: the y coordinate of

the node in the 1st row, 1st column.
ZMN Minimum value of the z-coordinate

GRDFILES Name of each Surfer grid �le
WELFILES Well �le names
LINEFILE Names of each line-source �le

TTIME Termination time, time at which the associated grid �le ceases
to apply

IBACK Flag for selecting forward or backward tracking. 1 for forward
tracking, -1 for backward tracking

NPTP Total number of particles transport steps to simulate
COND Hydraulic conductivity of the porous medium [L/T]. NOTE:

this value must be in units that are consistent with the �ow
simulations that generated the piezometric surface that was
gridded using Surfer

POR Porosity of the porous medium
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STEP Transport step size for moving particles
NPART
XPRAD Placeholder value for future use
NOUT Transport step interval for output, e.g., NOUT = 5 will

produce output every 5th transport step
MAXTIME Maximum simulation time

ALPL Longitudinal dispersivity [L]. NOTE: this value must be in
units that are consistent with the �ow simulations that
generated the piezometric surface that was gridded using Surfer

ALPT Transverse dispersivity [L]. NOTE: this value must be in units
that are consistent with the �ow simulations that generated
the piezometric surface that was gridded using Surfer

PORZ Flag to indicate which formulation of the random-walk
dispersion approximation is used: PORZ = 0 for Prickett et al.
(1981), or PORZ = 1 for Zheng and Bennett (2002)

ROERR Round-o� error cuto� for Runge-Kutta integration
(recommended = 1.0 E-04)

TINY Stagnation and minimum tracking time criterion for
Runge-Kutta integration (recommended = 1.0 E-10)

SAFETY Stepsize adjustment criterion for Runge-Kutta integration
(recommended = 0.80)

EPS Error criterion scaling factor for Runge-Kutta integration
(recommended = 1.0 E-06)

VSMALL Placeholder value for future use. (recommended =
SQRT(EPS))

COURANT Particle step control. If the updated particle location moves a
particle more than 1 cell length, the step size is recalculated
using the courant number according to: courant×cell size

magnitude of velocity

SINKSTRENGTH Used to �ag low-points in the �ow �eld that are not the result
of a well or line-sink. These low-points are stagnation areas for
particles and cause lengthy runtimes if a particle is allowed to
�bounce� around in these areas. The strength is a head
di�erence. That is, if the head at a node is more than
SINKSTRENGTH less than the value of the four surrounding
nodes, that node is �agged as an internal sink

NPARTICLES Number of particles to simulate if NPART is 1
XPSTART Starting x-coordinate location for particle
YPSTART Starting y-coordinate location for particle

SPACE If NPART is 0 then a regular grid of particles is simulated.
SPACE is the spacing between particles for this grid

XMIN minimum x-coordinate for particle location grid
XMAX maximum x-coordinate for particle location grid
YMIN minimum y-coordinate for particle location grid
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YMAX maximum y-coordinate for particle location grid

GRDFILES(i) The Surfer input �les, the GRDFILES(i), listed in TransientTracker.in,

are grids of the groundwater levels from each timestep of the numerical

simulation. The grids are associated with the total elapsed simulation

time (TTIME(i)) at the end of each respective timestep. To avoid poten-

tial issues with location referencing, all grids must have the same dimen-

sions and origins. Formatting instructions for creating Surfer ASCII �les

is includedin Appendix A of this manual.

WELFILES(i): The �les de�ning the locations and characteristics of each well are

simple ASCII �les and provide information in the following format:

Index Variable

1 NWELLS
2 qxx(i),qyy(i),qqq(i),qrad(i),idtwell(i),qtype(i),wellname(i) where this

line is repeated NWELLS times.

The parameters listed above have the following de�nitions:

Variable Description

NWELLS Speci�es the number of wells �les that are active during this
timestep: the wells that in�uenced the current grid �le.

qxx(i) X �coordinate of well i
qyy(i) Y �coordinate of well i
qqq(i) Pumping rate of well i for the current timestep
qrad(i) Well bore radius. Used to capture the particles as they

approach the well. In some instances, especially with wells
creating a very sharp cone of depression, increasing this
number beyond the actual well-bore radius may help with
stability of the �nal particle transport steps.

idtwell(i) A well-id label
qtype(i) Specify the well as recovery (R) or not recovery (NR)

wellname(i) A name for the well

LINEFILES(i): These �les de�ne the locations and characteristics of sink line seg-

ments. They are simple ASCII �les and provide information in the fol-

lowing format:
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Index Variable

1 NLIN
2 lxs(i),lys(i),lind(i),lval(i) where this line is repeated NLIN times.
3 lxe(i),lye(i),idum,rdum

NOTE: Items 2 and 3 are repeated NLIN times. If NLIN <0 then only
2 is repeated NLIN times.

The parameters listed above have the following de�nitions:

Variable Description

NLIN Number of line segments to be read in the �le. Must be less
than 100, which is hardwired into the code as MAXNLIN

lxs(i) X location of starting point(s) i
lys(i) Y location of starting point(s) i
lind(i) Indicator of line sink/source/'feature' type. 1 - 'river' with a

const head value, 2 - 'horiz well' with const Q-in/Q-out
Lval(i) 'value' for the line feature. Head (when lind = 1), river (when

lind = 1)
lxe(i) X location of ending point(s)
lye(i) Y location of ending point(s)

idum(i) Check value, needs to match lval
rdum(i) Check value, needs to match lind

1.5 Output

TransientTracker produces two output �les: the particle tracks, ptrack.out, and the

capture locations of each particle, capture.out. Both ptrack.out and capture.out are

formatted ASCII �les that can easily be imported by a plotting package such as

Surfer.

The �le ptrack.out provides a listing of the particle locations (x, y, time, particle

number) with each transport step (or multiple of transport steps depending on the

value of NOUT). A sample of the �rst few lines of a typical ptrack.out �le is provided

below:

0.374760000000E+04 0.413894000000E+04 0.000000000000E+00 1

0.374879680903E+04 0.413927856838E+04 0.200000000000E+00 1

0.374733118239E+04 0.413823623645E+04 0.100000000000E+01 1

TransientTracker includes functionality for removing particles at the margins of

the grid domain; at stagnation zones; at sinks when forward tracking. The program

records the fate of particles in an ASCII summary �le called capture.out. The contents

of this �le can be manipulated to illustrate capture zones. The program uses an integer
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variable (IREM) to indicate if, and where, a particle was removed from the particle

tracking for any of the reasons listed above. The value of this variable, as written

to capture.out can be used to produce maps that illustrate the fate of the particles.

Current capabilities include the removal of particles that exit the domain:

• Not captured (IREM=0)

• At the bounds of the grid (IREM=1)

• At a 2D Recovery Well (IREM=2) (QTYPE='R')

• At a 2D line sink/sources (IREM=3)

• At a stagnation point (IREM=5 or 6)

• Beyond the maximum transport-simulation time (IREM=8)

• Number of tracking steps exceeded (IREM=9)

• Internal stagnation point (IREM=10)

Non-recovery wells are typically injection wells, but may also be wells that are not

pumping in a particular stress period, but were simply left in the input �le for con-

sistency. The �le capture.out provides, for each particle, the starting location, exit

time, exit coordinates, exit row, column and layer, and the mechanism of exit. An

example of a portion of a capture.out �le is provided below:

1 6161.9587 1761.6945 0.0000 14852.2305 3556.8680 947.477

2 5948.3987 1685.1856 0.0000 13742.2650 3557.3389 944.395

3 5626.3664 1414.9735 0.0000 11981.5765 3553.3730 953.438

4 5870.5205 1624.0371 0.0000 13106.5835 3550.3535 943.901

2 Program Veri�cation Data Set

TransientTracker was veri�ed using two analytical solutions and a set of numerical

solutions of a two-dimensional transient system.
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2.1 Veri�cation with Travel Time Derived From Thiem Equa-

tion

The explicit solution of the Thiem equation for particle travel time to a well (Neville

2007) was used to estimate particle travel time from a variety of distances to a fully-

penetrating well in a con�ned, homogeneous system. Results were also generated us-

ing MODFLOW and MODPATH. A Surfer grid �le was made from the MODFLOW-

calculated potentiometric surface. Particle tracking using TransientTracker and the

Surfer grid �le was performed to create a third set of results. All three sets of results

are included in Figure 3.

The results shown in Figure 3 demonstrate excellent agreement between the three

methods. The parameters used for this simulation are listed in the table below.

Parameter Value

Hydraulic Conductivity (m/day) 0.864
Aquifer Thickness (m) 10.0
Well radius (m) 0.1
Maximum travel distance (m) 100.0
Pumping rate (m3/day) 54.5
Porosity 0.35
MODFLOW Square grid-cell size (m) 2.0
MODFLOW Grid dimensions 1001 x 1001

2.2 Veri�cation with Analytical Solution, BRICK

TransientTracker, particularly the dispersion process component, was veri�ed by com-

paring the results with an analytical solution of a simple transport scenario. The an-

alytical code BRICK (Neville 2006) was used to generate contours of concentration

at 1000 days after an initial released from a square source zone measuring 5 feet on

each side. The following inputs were speci�ed for BRICK:

Porosity [-] 0.30
Velocity [L/T] 0.25
Longitudinal Dispersivity [L] 10.0
Lateral Transverse Dipsersivity [L] 0.1
Source zone Xmin, Xmax -5.0, 5.0
Source zone Ymin, Ymax -5.0, 5.0
Initial Slug Mass 1.00 E+05
Domain Xmin, Xmax, dx -50.0, 500.0, 1.0
Domain Ymin, Ymax, dy -100.0, 100.0, 1.0
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Figure 3: Travel time to reach pumping well calculated using (1) analytical solution,
(2) MODPATH, and (3) TransientTracker.

Using an assumed value of hydraulic conductivity equal to 100.0, a Surfer grid �le

was created with the same domain extent and grid resolution as the BRICK solution.

The piezometric surface generated using a gradient of 7.5 E-04, with the high values

of piezometric surface along the left hand boundary (X = -50.0).

TransientTracker was run with the resulting Surfer Grid �le using 1681 particles

(a square of 41 x 41 particles) and dispersivity values matching the BRICK values.

The �le TransientTracker.in is provided below.

# Input file for TransientTracker benchtesting against BRICK

ngrd 1

ncol 551

nrow 201

xmn -50.00

ymn -100.00

zmn 0.

# Grid File information using 1 line for each "stress period"

fabgrid551x201.grd nowells.dat nosinks.dat 1000.

# Tracking information

1 100000 100.0 0.3 10.0 1 50. 1 1 30000.

10.0 0.1 0

1.e-3 1.e-6 0.8 1.e-6 1.0e-3 1.0 0.

# Particle Locations 1681
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nparticles 1681

-5.00 -5.00

-4.75 -5.00

-4.50 -5.00

-4.25 -5.00

......... (input continues until particle #1681)

The results, depicted in Figure 4, demonstrate the ability of the particle tracking

routine to move the particles in accordance with the �ow �eld, and for the random-

walk to add a component of uncertainty in the simulated position of each particle.

As an additional test of TransientTracker, two additional simulations were performed

using the same �ow �eld. For the �rst additional run, Run #2, longitudinal dis-

persivity decreased by a factor of 10, and for Run #3, dispersion was not simulated

(Figure 5). The results are consistent with expectations. Run #2 has a decreased

longitudinal spread with the same transverse spreading, and the third run is a simple

translocation of the source in the uniform �ow �eld according to advection alone.

2.3 Veri�cation Using Numerical Solutions

TransientTracker particle tracking results were also compared to MODPATH v4.3

(Pollock 1994) and PATH3D (Zheng 1992). A rectangular, uniform-grid, two-dimensional

simulation was constructed. Grid cells were 100 feet on each side. The grid had 50

rows and 100 columns. Boundary conditions consisted of three sections of general

head boundaries around a portion of the perimeter, and a well that switched from

injection, o�, to low pumping, and then high pumping matching the initial injection

rate, over the course of four stress periods (Figure 6). The �rst stress period was

steady state, followed by 100 days of no pumping, 1000 days of low pumping and

then 30000 days of high pumping. Other model-run parameters are summarized in

the table below.

Figure 4: Particles from TransientTracker and contours from BRICK at T = 1000days.
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Figure 5: Particles from TransientTracker for 2 dispersivity values and zero disper-
sivity at T=1000days.

Figure 6: Test case model grid with GHB cells (blue) and pumping cell (red). Each
grid cell is 100 feet on each side. The grid has 100 columns and 50 rows.

Parameter Value

Porosity [-] 0.10
Longitudinal Dispersivity [ft] 2.5 or 0.0
Lateral Transverse Dipsersivity [ft] 0.5 or 0.0
Hydraulic Conductivity [ft/day] 100.0
Stress-period Pumping [1000 ft3/day] 50, 0, -2, -50

The following sets of �gures depict results from the groundwater simulation and

the particle tracking. It is worth noting that this test case is not intended to be strictly

realistic: it was constructed to provide a set of groundwater surface elevations with

dramatic changes in the velocity vectors over time.

Figure 7 depicts the initial steady-state groundwater surface due to the general

head boundaries and the well injecting at ∼250 gpm. The particle release locations
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are also indicated. Figure 8 shows the groundwater surface for the �nal stress period.

Particles were released in the initial, steady-state stress period, which had a duration

of 2000 days. The second stress period, without any pumping, lasted 100 days and

the third, lasting 1000 days, had a pumping rate of ∼20 gpm. The fourth and �nal

stress period pumped at a rate of ∼250 gpm and had a 30,000-day duration, allowing

plenty of time for any particles to complete their travel.

A portion of the TransientTracker input �le, TransientTracker.in, used in the

veri�cation runs is reproduced below. Only the �rst �ve particles are listed, and

some parameters, such as dispersivity, were modi�ed between runs.

# Input file

ngrd 13

ncol 100

nrow 50

xmn 50

ymn 50

zmn 0.

# Grid File information using 1 line for each "stress period"

vista3_T02000_0.grd nowells.dat nosinks.dat 2000.0

vista3_T02018_6.grd nowells.dat nosinks.dat 2018.6

vista3_T02041_0.grd nowells.dat nosinks.dat 2041.0

vista3_T02067_8.grd nowells.dat nosinks.dat 2067.8

vista3_T02100_0.grd nowells.dat nosinks.dat 2100.0

vista3_T02286_3.grd nowells.dat nosinks.dat 2286.3

vista3_T02509_8.grd nowells.dat nosinks.dat 2509.8

vista3_T02778_1.grd nowells.dat nosinks.dat 2778.1

vista3_T03100_0.grd nowells.dat nosinks.dat 3100.0

vista3_T08688_7.grd wells.dat nosinks.dat 8688.7

vista3_T15395_1.grd wells.dat nosinks.dat 15395.1

vista3_T23442_8.grd wells.dat nosinks.dat 22442.8

vista3_T33100_0.grd wells.dat nosinks.dat 33100.1

# Tracking information

1 900000 100. 0.100 0.20 50. 1 1 33100.1

2.5 0.5 0

1.e-3 1.e-6 0.8 1.e-6 1.0e-31.0 0.

# Particle Locations 100

nparticles 100

3.74760E+03 4.13894E+03 P0001

3.74772E+03 4.13733E+03 P0002

3.74785E+03 4.13572E+03 P0003

3.74797E+03 4.13411E+03 P0004

3.74809E+03 4.13250E+03 P0005
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Figure 7: Initial groundwater surface.

Figure 8: Final groundwater surface.
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Figure 9: Comparison of TransientTracker and MODPATH results, no dispersion.

The gray particles in Figure 9 are the MODPATH particle-tracking results. The

black particles are the TransientTracker results. The two methods provide nearly

identical paths. Path3D results are not shown since they were indistinguishable from

these results. This �gure provides a demonstration that TransientTracker is capable

of representing advective particle transport in homogeneous aquifers.

Particle tracks in Figure 10 demonstrate the longitudinal (2.5 feet) and transverse

(0.5 feet) dispersivity impacts using the same line source and conditions as in Figure

9. Dispersion in this �gure is simulated using the Prickett et al. (1981) random

walk algorithm. In Figure 11 the same particle tracks are shown in the background,

and in the foreground are particle locations at 8688.7 days after the start of the

simulation. This cloud of particles illustrates the considerable di�erences in travel

time experienced by the various particles as a result of small di�erences in starting

location, and the simulated dispersion.

By starting all 100 particles at a single point, Figure 12 provides a comparison

to Figure 11 and demonstrates that the simulated dispersion, as opposed to initial

particle location, is the dominant source of spreading as the particles progress towards

the well. The advection-only particle track originating from the single-point source

is provided in the background (gray) for reference.

For remediation purposes, it is often helpful to assess the capture region for a given

scenario. The capture.out �le was used to identify locations where particles released

at the beginning of the simulation would get captured by the well. The red dots in

Figure 13 indicate the locations that will be captured by the well, while the blue

crosses indicate locations where particles move out of the domain instead of being
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Figure 10: TransientTracker particle paths with longitudinal (2.5 feet) and transverse
(0.5 feet) dispersion.

Figure 11: Particle locations (black) at 8688.7 days.



18

Figure 12: Dispersion impacted TransientTracker particles from a point source at
8688.7 days, with the advection-only track in the packground.

captured. While Figure 13 demonstrates the captured locations within the domain,

it is important to keep in mind that this pumping well has a signi�cant impact on the

domain boundaries. This serves as an important example of how domain boundaries

can a�ect the capture zone: additional locations from within the existing domain

would be captured if the domain were extended to the point that pumping impacts

were not signi�cant at the boundaries.

Figure 13: Capture zone indicating the locations (black circles) from which a particle
released will be captured by the recovery well. Gray crosses indicate particles that
leave through a domain boundary.
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Technical Support

Limited technical support can be obtained by writing to matt@sspa.com.

Disclaimer

This software is provided "AS IS", without warranty of any kind, including without

limitation the warranties of merchantability, �tness for a particular purpose and non-

infringement. The entire risk and responsibility as to the quality and performance of

the Software is borne by the user. The author(s) disclaim all other warranties.
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A Surfer ASCII Grid File Format

The entries in the header and the data can be space, comma or tab delimited.

DSAA header - 'D' must be �rst character on �rst line

ncol,nrow number of columns, number of rows

xmin,xmax minimum x-coordinate of grid, maximum x-coordinate of grid

ymin,ymax minimum y-coordinate of grid, maximum y-coordinate of grid

zmin,zmax minimum data value, maximum data value

data for every node, the surface (data) value, listed in the order presented in Figure

14. Data is written in order from lower-left to upper-right (row 1, col 1 to row

NROW, col NCOL). If there are 10 rows and 10 columns, 100 data values must

be listed

Figure 14: Order data must be written for Surfer grid �le.




