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Summary As part of a larger study to estimate groundwater recharge volumes in the area
of the eastern Nevada Test Site (NTS), [Campana, M.E., 1975. Finite-state models of trans-
port phenomena in hydrologic systems, PhD Dissertation: University of Arizona, Tucson]
Discrete-state compartment model (DSCM) was re-coded to simulate steady-state ground-
water concentrations of a conservative tracer. It was then dynamically linked with the
shuffled complex evolution (SCE) optimization algorithm [Duan, Q., Soroosh, S., Gupta,
V., 1992. Effective and efficient global optimization for conceptual rainfall-runoff models.
Water Resources Research 28(4), 1015–1031] in which both flow direction and magnitude
were adjusted to minimize errors in predicted tracer concentrations. Code validation on a
simple four-celled model showed the algorithm consistent in model predictions and capa-
ble of reproducing expected cell outflows with relatively little error. The DSCM–SCE code
was then applied to a 15-basin (cell) eastern NTS model developed for the DSCM. Auto-cal-
ibration of the NTS model was run given two modeling scenarios, (a) assuming known
groundwater flow directions and solving only for magnitudes and, (b) solving for ground-
water flow directions and magnitudes. The SCE is a fairly robust algorithm, unlike simu-
lated annealing or modified Gauss–Newton approaches. The DSCM–SCE improves upon
its original counterpart by being more user-friendly and by auto-calibrating complex mod-
els in minutes to hours. While the DSCM–SCE can provide numerical support to a working
hypothesis, it can not definitively define a flow system based solely on dD values given few
hydrogeologic constraints on boundary conditions and cell-to-cell interactions.
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Introduction

Environmental isotopic data have been used to qualitatively
and quantitatively assess hydrologic flow regimes and
.
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associated recharge rates. This is especially true for systems
lacking information on hydraulic gradients and aquifer
parameters necessary to define complex groundwater mod-
els. The Discrete-state compartment model (DSCM) was
developed by Campana (1975) as a tool to model the mass
of any groundwater tracer (i.e., groundwater constituents
or environmental isotopes) via mixing cell mass-balance
equations. The DSCM has been used in several groundwater
studies of Nevada (Calhoun, 2000; Campana et al., 1997;
Campana and Roth, 1997; Campana and Byer, 1996; Kirk and
Campana, 1990; Sadler, 1990; Karst et al., 1988; Feeney
et al., 1987), Arizona (Campana, 1987; Campana and Simp-
son, 1984; Campana, 1976) and Texas (Campana and Mahin,
1985).

Calibration of the DSCM has traditionally been done by
manually adjusting cell-to-cell and boundary fluxes until
modeled tracer concentrations in each cell best approxi-
mate observed values. Manually optimizing the DSCM is dif-
ficult and very labor intensive for even simple conceptual
models. In fact, manual calibration of the DSCM will often
fail to provide any true quantitative insight. This is caused
by the user’s inability to efficiently negotiate a complex
solution space and find a unique solution that is not depen-
dent on initial guesses of boundary conditions and/or cell
interactions. The difficulty in all calibration schemes,
including manual calibration, is compounded by the inher-
ent uncertainty in recharge inputs, cell-to-cell interaction
and system outflows.

Adar et al. (1988) addressed the issue of calibration by
developing a multi-variable mixing cell model similar to
the DSCM. The code has been applied to real systems by
Adar and Neuman (1988), Dahan et al. (2004). This mixing
model solves a system of mass-balance equations simulta-
neously via quadratic programming. The objective function
minimizes the sum squared error of all mass-balance equa-
tions normalized to total system outflow. Errors were
weighted based on uncertainty associated with laboratory
analysis and to minimize the impacts of a non-conservative
tracer on the solution. The model was constrained by known
cell outflows and solved to quantify recharge flux. This ap-
proach requires the number of constituents to be suffi-
ciently large such that the number of mass-balance
expressions exceeds the number of unknown flow rates by
a substantial margin. Unfortunately, Adar and Neuman
(1988) found that as the error in the concentration esti-
mates increased, so did the error in the flow estimates,
bringing to question the uniqueness of solutions using the
quadratic programming approach.

The purpose of this study was to develop a robust code
that automatically optimized a steady-state mixing cell
model using a single environmental isotopic tracer. The
objective was to best define a flow system and associated
outflows, based on observed cell tracer concentrations
and estimated recharge rates from a previous study (Earman
and Hershey, draft). The model selected for this study was
the DSCM, and dD was the chosen tracer. Steady-state con-
ditions imply that groundwaters mix with recharge of con-
temporary isotopic signatures. Winograd et al. (1992)
argues that 14C dates of recharging groundwaters in Devil’s
Hole, located to the southwest and down-gradient portion
of the eastern NTS model domain, are much too high at
15,000 to 20,000 years. They provide several lines of
evidence that recharging groundwaters are significantly less
than 10,000 years old with estimates more likely at 3000
years old and easily post-date the last glacial period in the
region. Therefore, the isotopic signature of recharging
waters can be assumed constant in time and paleo-recharge
ignored. Validation of the code was done on a simple four-
celled model after which the code was applied to the east-
ern NTS model.

Discrete-state compartment model (DSCM)

The DSCM is a mixing cell model that represents groundwa-
ter systems as a network of interconnected cells. Both
water and tracer movements are governed by a set of recur-
sive conservation of mass equations. Eq. (1) defines the
mass of the tracer in the cell during the tth iteration within
the original DSCM,

SiðtÞ ¼ Siðt� 1Þ þ
XNi

j¼1
Qr

i;jðtÞC
r
i;jðtÞ

h i
þ
XD
k¼1
ðfk;iSkðtÞÞ � KiðtÞ

ð1Þ

where i is the cell identification number, k is the identifica-
tion number of the cell discharging into cell i, t is the time
step, Ni is the total number of recharge events into cell i, Qr

is the boundary recharge volume and Cr is the boundary re-
charge tracer concentration. S is the mass of tracer dis-
charging from either cell i or k, D is the total number of
cells discharging into cell i, while f is the fraction of outflow
mass and volume. Finally, K is a source/sink term.

The required inputs to the original DSCM include the ini-
tial tracer concentration of each modeled cell, the value
and location of all inputs as a function of iteration number
(t), the initial effective cell volumes, and the spatial distri-
bution of volumetric outflows from each cell as well as the
associated fraction of the total volumetric input.
Modifications to the DSCM

The DSCM was modified to simulate only steady-state condi-
tions of a conservative tracer. Consequently, initial cell vol-
umes and sinks/source information were ignored. The
resultant algorithm of an instantaneously mixed cell is pre-
sented with Eqs. (2)–(4).

Si ¼
XNi

j¼1
Qr

i;jC
r
i;j

� �
þ
XD
k¼1
ðfk;iSkÞ ð2Þ

Qi ¼
XNi

j¼1
Qr

i;j

� �
þ
XD
k¼1
ðfk;iQkÞ ð3Þ

Ci ¼
Si
Q i

ð4Þ

where Ci is the modeled steady-state concentration for cell
i. The steady-state assumption requires that volume and
mass discharging from a cell is equal to all inputs of volume
and mass to that cell. Discharge can occur to another cell or
out of the model domain. Therefore,

Xnpi
h¼1

fi;h þ fi;out ¼ 1:0 ð5Þ
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where npi is the number of outflows to adjacent cells from
cell i and fi,out is the fraction of flow discharged from cell i
out of the model domain. A schematic of the mass balance
equations and associated parameters is provided in Fig. 1 gi-
ven three cells that have a defined flow path. Specifically
water flows from cell 1 to cell 2 and cell 3, while water from
cell 2 flows only to cell 3. All cells have water discharging
out of the model domain and cell 3 represents the furthest
down-gradient cell.

Adjustable parameters

The modified DSCM allows the adjustment of three parame-
ters to best match observed cell concentrations. The first
two parameters include both fi,h and fi,out which represent
the fraction of flow and mass discharged from cell i and re-
ceived by cell h, and the fraction of flow and mass dis-
charged from cell i out of the model domain, respectively.

The parameters fi,h and fi,out effectively control the vol-
ume and mass entering and leaving each cell but do not con-
trol the direction of flow from one cell to another.
Therefore a third parameter, the cell’s rank (Ri), was intro-
duced into the DSCM that allows one to adjust the direction
of flow between cells if groundwater flow direction is un-
known or ambiguous. While hydraulic parameters were not
used in this modeling approach, the cell’s rank allows one
to incorporate hydrogeologic information indirectly. Con-
ceptually one can envision the cell’s rank as a surrogate
of the cell’s groundwater head. Flow will only occur from
a cell with a higher groundwater level (i.e., higher rank)
to a cell with a lower groundwater level (i.e., lower rank).
On the other hand, the model will not allow water to flow
‘‘uphill’’, or from a lower ranking cell to a higher ranking
cell. The sorting algorithm (Press et al., 1989) placed in
the DSCM–SCE code assigns the highest ranked item a value
Figure 1 Schematic of DSCM recursive mass balance equat
of one, the second highest ranked item a value of two, and
so on and so forth.
Deuterium as a groundwater tracer

The stable isotope deuterium (2H, D) is a nearly ideal tracer
for groundwater investigations because it is part of the
water molecule, it is generally not affected by reactions
with geologic materials, and it displays natural variability
(Sadler, 1990). The ratio of deuterium to protium (1H) in a
water sample is typically referenced to the Vienna standard
mean ocean water (VSMOW) by,

dD ¼
2H
1H

� �
sample

� 2H
1H

� �
VSMOW

2H
1H

� �
VSMOW

� 1000 ð6Þ

where dD is in units of permil (&), with a measurement er-
ror of approximately ±1&. Freshwater systems are typically
depleted in deuterium compared to oceanic waters and con-
sequently have negative dD values. It is also recognized that
the dD tends to becomemore negative (or isotopically lighter)
at higher latitudes, higher land elevations, greater distances
from a coastline and during periods of increased precipita-
tion (Dansgaard, 1964). In addition, in-storm variation in
dD occurs, but mixing during the recharge process causes
smoothing toward a mean value (Darling and Bath, 1988;
Gat, 1981). Evaporation changes the dD signature of water;
therefore, any study using dD as a conservative tracer must
have a deep groundwater system that is minimally impacted
by evaporative processes. It is also necessary to define re-
charge dD with groundwater from springs in recharge source
areas, as opposed to using precipitation dD values that are
highly variable and can be altered prior to recharge by
evaporation.
ions using a three-celled model and defined flow paths.



240 R.W.H. Carroll et al.
Assuming the effects of past climate regimes on dD signa-
tures are negligible and that alteration of the signature does
not occur (e.g., ultra-filtration, evaporation, etc.), then dD
is simply a function of geographic location and treated as a
conservative tracer (Sadler, 1990). Note that dD is not tech-
nically a concentration because it represents a difference in
2H/1H ratio between a sample and VSMOW and is not the
absolute amount of 2H in a sample. However, because dD
scales linearly with the absolute amount of 2H in a sample,
it will be treated as a concentration.

Optimization algorithm

In this study, optimization is synonymous with minimizing
the objective function that defines error between a cell’s
representative and predicted dD value. This is accomplished
by adjusting the volume and/or direction of a cell’s outflow.
The truly lowest objective function value (global minimum)
is the desired goal of any optimization scheme, however
many algorithms can become trapped in local minima which
only represent the lowest objective function value within a
finite neighborhood of the solution space.

Initially, simulated annealing and later the modified
Gauss–Newton method (Doherty et al., 1998) were coded
to optimize the steady-state DSCM. However, tests for
uniqueness that altered the starting point of each search
found that both approaches were highly dependent on the
first guess in the search. A combination of a complex solu-
tion space with its multitude of local minima and possible
discontinuities in the derivatives may be responsible for
each technique’s failure. On the other hand, the shuffled
complex evolution (SCE) algorithm (Duan et al., 1992)
proved a more robust optimization algorithm capable of
finding the global minimum if provided ample complexes
in its search.

Shuffled complex evolution (SCE)

The SCE search routine is a global optimization strategy that
combines concepts of the downhill simplex procedure (Nel-
der and Mead, 1965; Press et al., 1989), controlled random
search (Holland, 1975) and complex shuffling (Duan et al.,
1992). The SCE approach allows for natural evolution where
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Figure 2 Schematic of the evolution and shuf
the population s is randomly chosen from the designated
parameter space (X) which is defined by the user with spec-
ified upper and lower bounds. The population (s) is sepa-
rated into a set number of groups, or complexes, that are
allowed to evolve independently from each other. Fig. 2
shows a schematic of the SCE algorithm evolutionary pro-
cess. By default, the size of the population (s) is determined
by the number of optimized parameters and the number of
complexes. The number of complexes is provided by the
user and it is imperative that the user chose enough com-
plexes to ensure that the global minimum is obtained.

The first evolutionary step of a complex is to choose
acceptable ‘‘parents’’ (i.e., a sub-complex) which will gen-
erate offspring. This is done using a probability distribution
that assigns a higher probability of selecting more qualified
parents (i.e., points in the complex with lower error) and a
lower probability of selecting less qualified parents (i.e.,
points in the complex with higher error). Once the sub-com-
plex is defined, it is allowed to evolve such that each new
offspring replaces the point with the greatest error in the
sub-complex (Wo) to reduce overall error.

Fig. 3 is a flowchart modified from Duan et al. (1992)
describing the simplex evolutionary process of a sub-com-
plex in greater detail. Initially a reflection step is performed
on the sub-complex in which the point with the greatest er-
ror (Wo) in the sub-complex is projected through the cen-
troid (Ce), or the average value of all points in the
complex, at twice the distance between Wo and Ce. If the
new point (r) has error less then that of Wo (er < eo) then
the new point (r) becomes an offspring (Uq). However, if r
falls outside the parameter space then a mutation step (z)
is performed. This is accomplished by randomly selecting
a new point in X from a normal distribution defined by the
mean and standard deviation of the entire population s. If
the mutation produces less error thanWo, then the mutated
point is accepted as the new offspring. On the other hand, if
the mutation step fails to produce less error than Wo, it is
rejected and a contraction step is performed. A contraction
step is similar to the reflection step, but splits the differ-
ence between Wo and Ce in half. The error associated with
the contraction point (ec) is compared to the error of Wo. If
ec < eo then the contraction point is accepted as the newest
offspring. However, if ec > eo then another mutation occurs
lation 

plex Complex 

fling steps conducted in the SCE algorithm.
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Figure 3 Flow chart describing the generation of offspring
from a sub-complex. X is the parameter space, r is the
reflection point, c is the contraction point, Wo is the worst
point (i.e. point with the highest error) in the sub-complex, Ce
is the centroid of the complex, z is a mutation point, e is
associated error while uq and eq are the new offspring and its
error, respectively. Chart modified from Duan et al. (1992).
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which is automatically accepted as an offspring no matter
what size its error. Mutations ensure that the evolutionary
process does not get trapped in a local minimum, but
searches the complete solution space.

Fig. 4 illustrates the production of one generation in a
hypothetical solution space. Error is expressed as the log-
transformed root mean squared error (RMSE) where lighter
colors represent higher error and darker colors represent
lower error. In this example, there are six parameters being
optimized and so, by default in the SCE code, there are se-
ven points chosen for the sub-complex (solid black circles).
For simplicity, Fig. 4 shows the solution space given only
two of these six parameters, X2 and X5. The solution mini-
mum (circle with a cross) is located near the center of the
far right axis and represents the values of X2 and X5 that
the SCE is attempting to locate. Also shown in the figure
are a rejected reflection point (white circle) and a rejected
contraction point (white triangle). Both of these points did
not have error less than the point with the worst error in
the sub-complex (Wo). Therefore, the mutation step (solid
black triangle), computed after the contraction step, was
automatically accepted despite having higher error than
Wo.

After a specified number of generations are produced,
information is then shared via mixing, or shuffling, of all
the complexes (refer to Fig. 2). This is followed by a division
of the population into new complexes for continued evolu-
tion. The process is continued until there is a minimal
change in error (as defined by the user) in a specified num-
ber of shuffles.

Search parameters and spaces

To use the SCE algorithm with the DSCM it was necessary to
satisfy two criteria for all iterations in the SCE search: (1)
model structure must be held constant, (2) the upper (bu)
and lower bounds (bl) of all parameters must be held con-
stant. It is not difficult to satisfy the first criterion when
flow directions are known between all cells (i.e., ranks
are not adjusted). However, when the direction of flow be-
tween any two cells is unknown (i.e., ranks are adjusted),
then both possible flow paths must be provided to and from
these particular cells. The model will automatically assign a
fractional flow value of 0.0 to any flow path that is ‘‘uphill’’
(i.e. flow from a cell of lower rank to a cell of higher rank)
during any given iteration.

To satisfy the second criterion of maintaining constant
bu and bl between SCE iterations, it was necessary to define
separate SCE and DSCM parameter spaces for fractional out-
flows. This occurs because the acceptable range of a spe-
cific fractional outflow depends on the optimized
guess(es) of other fractional outflows from the same cell.
Consequently, SCE parameters for fi,h and fi,out were devel-
oped with a constant bound between 0.0 and 1.0. Eqs. (7)–
(9) convert randomly chosen SCE parameters into parame-
ters used by the DSCM.

Fri;j ¼ Fri;j�1ð1� XmÞ ð7Þ
XT
m ¼ Fri;j�1Xm given j < ki ð8Þ

XT
m ¼ Fri;j�1 given j ¼ ki ð9Þ

where i, j and m identify the cell, the cell’s optimized out-
flow and the SCE parameter, respectively. Fr is the remain-
ing fraction of cell outflow, X is the randomly chosen SCE
parameter (bl = 0.0, bu = 1.0), XT is the transformed SCE
parameter to DSCM space, k is the total number of opti-
mized outflows for the given cell.

During each iteration, the model does an internal check
on cell ranks to ensure that the receiving cell has a lower
rank than the discharging cell. If this check fails, then
XT
m ¼ 0:0 and Fri,j = Fri,j�1 regardless of the randomly cho-

sen value of Xm. Table 1 illustrates the transformation be-
tween SCE and DSCM parameters, This example contains
one known fractional outflow (f1,4 = 0.2) and four unknown
fractional outflows. Notice that the sum of fractional out-
flows sums to unity as is required by Eq. (5).

Objective function and modeled weights

The purpose of the objective function is to assess error be-
tween observed (or representative) and predicted cell con-
centrations. Observed cell tracer concentrations are
required for model calibration while the volume discharged



Table 1 An example of a single iteration of possible SCE, and associated DSCM parameters using Eqs. (7)–(9)

SCE DSCM Fr

Parameter Value (random 0–1) Parameter Value Parameter Value

NA NA f1,4 0.2000 Fr 0.8000
X1 0.38200 f1,2 0.3056 Fr1,1 0.4944
X2 0.10068 f1,3 0.0498 Fr1,2 0.4446
X3 0.59648 f1,5 0.2652 Fr1,3 0.1794
X4 0.88461 f1,out 0.1794 Fr1,4 0.0000

sum = 1.0000

Note that the term f1,4 was not optimized but is held constant at 0.20. The sum of all fractional outflows equals 1.0, a requirement shown
with Eq. (5).

Figure 4 The production of one generation using SCE parameters (X2 and X5) from a hypothetical example. Shading represents the
log-transformed root mean squared error. The circled cross pinpoints the global minimum, the point in the sub-complex with the
highest error is Wo and the centroid is Ce. The new generation is complete after a failed reflection (r), failed contraction (c) and
automatically accepted mutation (z).
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from a given cell out of the model domain (fi,outQi) was
introduced as an optional component of the objective func-
tion to allow greater constraint of total volumes moving out
of the model domain.

The chosen objective is the weighted root mean squared
error (RMSE) given by Eq. (10),

RMSE ¼

PM
i¼1

wi C
o
i � Ci

� �2 þPm
j¼1

wj Qo
j � Qj

� �2

M� þm

0
BBB@

1
CCCA

0:5

ð10Þ

where Co
i and Ci are the observed and modeled concentra-

tions in cell i, respectively, M is the number of cells being
modeled and wi is the weight assigned to cell i. Likewise,
Qo

j and Qj are the observed and modeled volumes discharged
out of the model domain from cell j, respectively, m is the
number of cells with outflow volumes included in the objec-
tive function (this can represent all modeled outflow vol-
umes, or a subset of the total, or none), and wj is the
weight assigned to observed outflow volume. The term M*

is a modified versions ofM such that all observed cell concen-
trations with a zero-weight are removed from the RMSE
calculation.

According to Hill (1998), weights should be proportional
to the inverse of the variance–covariance matrix. The in-
verse variance gives greater weight to more accurately ob-
served values and lower weight to less accurately observed
values. The inverse variance also effectively normalizes ob-
served values such that one can use different parameters in
the objective function and the resultant RMSE becomes
dimensionless. Assuming variance in observed cell concen-
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trations is independent from observed variance in other cell
concentrations, the following weight calculation is proposed
for use in the DSCM–SCE for observed cell concentrations,

wi ¼
1

ta;df
riffiffiffiffiffiffiffi
ni�1
p

� �2
ð11Þ

where n is the number of observed samples in cell i, r is the
standard deviation of observed values and t is the Student
t-statistic with a significance level (a) equal to 0.05 and
the degrees of freedom (df) equal to ni � 1. The square root
of the denominator in Eq. (11) is analogous to one-half the
95% confidence interval about the observed mean. It pro-
duces higher weights for basins with significantly more data
than those basins with equal variance but sparse amounts of
data.
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Figure 5 Diagram of four-celled model for code validation
and error assessment.

Table 2 Designated parameters and resultant dD cell concentra

i j Ri Recharge

Qr
i;j

1 1 2 20
2 2

2 1 1 5
2 2

3 1 3 5
2 2

4 1 4 3
2 2
Model validation: test case on a simple four-
celled model

To validate the code and assess error associated with the
search algorithm, a simple four-celled model was con-
structed. Fig. 5 is a schematic of the conceptual model. Ta-
ble 2 lists designated parameters and resultant
concentrations computed by a forward run of the steady-
state DSCM with no optimization. The DSCM–SCE algorithm
was then run with sixteen parameters simultaneously ad-
justed in an attempt to recreate the observed concentra-
tions given by a forward simulation. These sixteen
parameters included all cell ranks (Ri), and all fractional
outflows (fi,h and fi,out). Fig. 6 shows unknown flow paths
as dashed lines. A value of 1.0 was used for all cell concen-
tration weights (wi).
tions for a simple four-celled model

Outflow Co
i

Cr
i;j k fi,k

2 2 0.00 1.870
1 3 0.90

4 0.10
fOut 0.00

2 1 0.80 1.714
1 4 0.20

fOut 0.00

2 1 0.00 1.835
1 fOut 1.00

2 1 0.00 1.699
1 2 0.00

fOut 1.00
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Figure 6 Optimization of four-celled model with unknown
flow paths marked as dashed lines. Also unknown are all ranks,
Ri for a total of sixteen parameters adjusted simultaneously.
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Numeric experiments found that even for this relatively
simple model, the solution space is complex and it was
necessary to increase the rigorousness of the SCE search
algorithm to find the global minimum. The original SCE
code (Duan et al., 1992) limited the maximum number of
complexes to 20 and recoding was necessary to increase
arrays. Experimentation with 10, 20, 100, 200 and 300
complexes found that 100 complexes were sufficient to en-
sure a unique solution of the four-celled model. In other
words, the model consistently found the same solution de-
spite initiating the optimization algorithm at different
locations in the parameter space (X). This was accom-
plished with slightly more than 200,000 simulations before
reaching the stoppage criterion (less than 0.01% change in
objective function given 19 shuffles). Note that the num-
ber of complexes (and simulations) will increase with in-
creased model complexity. Resultant maximum and
average variation in predicted fractional outflow volumes
associated with the search algorithm (i.e., initial guess)
was 0.10% and 0.03%, respectively. Therefore the DSCM–
SCE is relatively consistent in its final prediction of cell
concentrations.

Table 3 compares DSCM–SCE optimization results with
expected values produced in the forward simulation.
While the RMSE is extremely small (1.43 · 10�4), the er-
rors associated with fractional outflows and associated
volumes are significant. Volumetric error, normalized by
the total volume of water moving through the system,
Table 3 Optimized results compared to the expected results fo

i Ri k fi,k

Observed Prediction Observed Pre

Prediction 1 1 2 2 2 0.00 0.00
3 0.90 0.88
4 0.10 0.10
Out 0.00 0.02

2 1 1 1 0.80 0.79
4 0.20 0.13
Out 0.00 0.08

3 3 3 1 0.00 0.00
Out 1.00 1.00

4 4 4 1 0.00 0.00
2 0.00 0.00
Out 1.00 1.00

Prediction 2 1 2 2 2 0.00 0.00
3 0.90 0.90
4 0.10 0.10
Out 0.00 0.00

2 1 1 1 0.80 0.80
4 0.20 0.20
Out 0.00 0.00

3 3 3 1 0.00 0.00
Out 1.00 1.00

4 4 4 1 0.00 0.00
2 0.00 0.00
Out 1.00 1.00

Prediction 1 = simulation with sixteen parameters adjusted simultaneo
fourteen parameters adjusted simultaneously and f1,out and f2,out forc
ranged between �1.39% and 1.70%. This result suggests
that even for a relatively simple model, too few con-
straints on the system makes it difficult for the DSCM–
SCE to pinpoint the global minimum. Increasing the num-
ber of complexes above 100 and subsequently increasing
the number of sampled points in the parameter space
did not change the solution appreciably. However, volu-
metric error was reduced substantially if some constraint
was placed on the system. For example, if f1,out and
f2,out were removed from the optimization process then
the absolute error in predicted outflow volume was re-
duced by over an order-of-magnitude to less than 0.1%
the total volume in the system. Such constraints are re-
quired in all modeling efforts, as the quality of modeling
results is highly dependent on the data used to construct
the model, the modeler’s knowledge of the system and
modeler’s ability to chose from a wide range of equiprob-
able assumptions (Dahan et al., 2004).

Applying the DSCM–SCE coupled algorithm to a simple
four-celled model shows that the model is capable of
making consistent predictions in the direction and magni-
tude of cell outflows despite using different starting
locations in the search algorithm. It is also capable of pre-
dicting expected results with acceptable accuracy given
no constraints, and excellent accuracy given a few con-
straints. Therefore, the next logical test of the model
was to apply the DSCM–SCE to a more complex, real-
world system.
r the simple four-celled model

Volume Concentration

diction % Error Qo
i Qi % Error Co

i Ci

0.00 0.00 0.00 0.00 1.870 1.870
2.30 24.84 24.14 1.70
�0.20 2.76 2.81 �0.13
�2.10 0.00 0.57 �1.39
1.10 5.60 5.52 0.19 1.714 1.714
6.80 1.40 0.92 1.17
�7.90 0.00 0.56 �1.35
0.00 0.00 0.00 0.00 1.758 1.758
0.00 31.84 31.14 1.70
0.00 0.00 0.00 0.00 1.819 1.819
0.00 0.00 0.00 0.00
0.00 9.16 8.74 1.03

0.00 0.00 0.00 0.00 1.870 1.870
0.10 24.84 24.80 0.09
�0.10 2.76 2.77 �0.03
0.00 0.00 0.00 0.00
0.30 5.60 5.58 0.06 1.714 1.714
�0.30 1.40 1.42 �0.06
0.00 0.00 0.00 0.00
0.00 0.00 0.00 0.00 1.758 1.758
0.00 31.84 31.80 0.09
0.00 0.00 0.00 0.00 1.819 1.819
0.00 0.00 0.00 0.00
0.00 9.16 9.20 �0.09

usly and no constraint on outflows. Prediction 2 = simulation with
ed to equal zero.
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Eastern Nevada Test Site (NTS)

Fig. 7 shows the location of the Nevada Test Site (NTS) with
individual basins in the model domain shaded in gray and
marked with corresponding model cell identification num-
bers. Surrounding basins that contribute or receive flow
from the model domain and/or were used to parameterize
modeled cells are delineated and labeled. The model do-
main was chosen as part of a larger study of recharge and
an associated examination of the impacts of planned
groundwater withdrawals on water supply and the transport
of radionuclides in this region. The model domain encom-
passes an area of 3.4 · 1010 m2 (13,127 mi2). The domain in-
cludes the Kawich basin; the Groom Lake and Papoose Lake
sub-basins of the Emigrant Valley basin; the Tikaboo North
and Tikaboo South sub-basins of the Tikaboo Valley basin;
the mountainous and low areas of Yucca Flat, Frenchman
Flat, Indian Springs Valley divided into northern and south-
ern regions, Mercury Valley, Rock Valley; Three Lakes Valley
North, the Three Lakes Valley South and Three Lakes Valley
South (Mountains) portions of the Three Lakes Valley South
basin; and a portion of the Amargosa Desert Basin. Only a
portion of the Amargosa Desert basin is represented because
the United States geologic survey (USGS) death valley regio-
nal flow model (DVRFM) (Belcher et al., 2004; D’Agnese
et al., 2004; Faunt et al., 2004a,b,c, Personal communica-
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Figure 7 Model domain of the eastern NTS with cells shaded in gr
identification number. Surrounding basins that contributed, receiv
outlined and named but not shaded. Inset shows site location in the
marked in light gray.
tion 2005) suggests that all flow into the Amargosa Desert
basin from other cells in the model domain will be captured
by the area represented.

Cell structure and associated dD values

Model structure, associated dD values and boundary condi-
tions for the eastern NTS model were developed by Earman
and Hershey (draft) and Earman et al. (draft). The dD data
were assembled from the Underground Test Area (UGTA)
Program geochemical data base (Underground Test Area
Project, 2004), the Desert Research Institute (DRI) Stable Iso-
tope Laboratory, and other sources. A full compilation of data
and their sources is provided by Earman and Hershey (draft),
however since these studies are not yet published, parts of
this survey are presented here. Fig. 8a shows mean dD well
values used to define groundwater basins in and around the
model domain. Values of dD are typically lower (more nega-
tive) to the north, where elevations are higher, and higher
(less negative) in the down-gradient direction to the south,
where elevations are lower. It is believed the enrichment in
dD in the down-gradient direction is a reflection of mixing
with heavier recharge waters in the down-gradient direction
and not a result of evaporation from the deep aquifer. No
data were available for Kawich (cell 1), Papoose (cell 2b),
Tikaboo – North (cell 3), Tikaboo – South (cell 7) or Three
C
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Lakes – North (cell 6) hydrographic basins. Basins containing
no groundwater isotopic data were defined with data col-
lected from adjacent basins. Specifically Kawich (cell 1)
was definedwith data collected in Railroad South, Cactus Flat
and Gold Flat, while Tikaboo – North (cell 3) was defined by
data collected in Pahranagat, Penoyer and Groom. Both
Three Lakes–North (cell 6) and Tikaboo– South (cell 7) were
defined by well data collected only in Pahranagat. The USGS
DVRFM suggests that Papoose is hydrologically connected to
Groom (cell 2a) and so Groom and Papoose were combined
into one basin (Emigrant, cell 2) and defined with Groomwell
data.

Isotopically heavy data differentiated mountainous re-
gions in Yucca Flat and in the Spring Mountains located at
the southern end of Indian Springs and Three Lakes Valley
– South hydrographic basins. Elevation transects at
1350 m for Yucca Flat and 1100 m for the Spring Mountains
were used to divide these basins into separate model cells
based on these differences in isotopic signatures.

Representative dD values for each cell were computed as
the mean of observed data representing any given basin.
Representative values are depicted in Fig. 8a as the shading
of each basin and listed in Table 4. Weights were deter-
mined with Eq. (11). Basins with no data (i.e., representa-
tive cell dD values were assigned based on observed dD
values from neighboring basins) were assigned a weight of
zero, such that the observed cell value had no impact on
model optimization. Rock Valley (cell 11) had a single ob-
served dD value and it was not possible to compute a weight
based on the inverse variance. Since an in-basin value was
used, a zero-weight was considered too low. Therefore a va-
lue of 0.01 was assigned assuming a 95% confidence interval
equal to 6&. Cells 13 and 14 represent part of the Spring
Mountains and are considered a major recharge area in
the region (Winograd et al., 1998). A majority of measured
dD values for cell 13 and 14 were collected from spring and
wells located slightly outside the cell boundaries. However,
these waters are in the same portion of the mountain range
as cells 13 and 14, and assumed representative of recharge
in that portion of the range. Therefore, these values were
considered to be ‘in-cell’ data.
Recharge volumes and dD values

The DSCM–SCE allows one to define up to five recharge
events (different isotopic signatures) per modeled cell. Re-
charge pertains to any inflowing boundary flux. For the east-
ern NTS model two types of recharge events were
considered: interbasin groundwater flow from adjacent ba-



Table 4 Representative dD values for groundwater basins, computed weights for model calibration, recharge fluxes and
associated dD values

i Basin name Co
i
a wi Source Qr

i;j
b Cr

i;j
a

1 Kawich �116.1 0.00 Recharge 6.00 �99.1
0.00 Railroad South 61.60 �115.7

2 Emigrant �109.5 0.49 Recharge 4.15 �95.6
0.00 Penoyer 6.78 �118.0

3 Tikaboo – North �109.6 0.00 Recharge 0.14 �94.5
0.00 Penoyer 0.25 �118.0

4 Yucca Flat – Mtn �101.6 0.65 Recharge 9.90 �96.9
5 Yucca Flat – Low �106.2 1.69 None –
6 Three Lakes – North �109.0 0.00 Recharge 0.27 �97.9
7 Tikaboo – South �109.0 0.00 Recharge 0.33 �96.9
8 Frenchman Flat �106.6 1.11 Recharge 0.12 �93.8
9 Indian Springs – North �104.8 0.03 Recharge 0.62 �98.4
10 Three Lakes – South �102.0 0.01 Recharge 2.00 �96.9

11 Rock �104.0 0.01 Recharge 0.92 �89.7
0.00 Jackass 3.23 �103.6

12 Mercury �101.5 0.04 Recharge 0.25 �92.8
13 Indian Springs – Mtn �98.8 1.39 Recharge 6.17 �98.8
14 Three Lakes South – Mtn �99.5 0.44 Recharge 12.33 �99.5

15 Amargosa Desert �102.1 1.88 Recharge 8.97 �93.3
Spring Mtns/Pahrump 6.90 �92.8
Jackass 0.10 �103.6

a Units = &.
b Units = m3/year/106.
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sins outside the model domain (un-shaded basins in Fig. 7)
and mountain block recharge.

Well data was used to define interbasin groundwater iso-
topic values with data presented in Fig. 8a and Table 4. The
exception to this is Pahrump which is defined by springs in
the Lower Spring Mountains thus giving it a recharge signa-
ture, or enriched/heavier dD value than observed ground-
water in the region. Mountain block recharge was
determined using data from springs in or near mountain
ranges and not from precipitation. This was an attempt to
indirectly incorporate post-precipitation effects of evapora-
tion into the model. These data are presented as point data
in Fig. 8b. For each mountain range, a mean value of avail-
able samples was used as the representative value for re-
charge. If a mountain range had no dD data values
available then the mean dD value from a nearby range was
applied. For cells with more than one mountain range, a
weighted mean dD value was taken of the mean dD value
for each contributing range. The weighting was based on
the area of each range that could contribute to recharge
in that cell, and the elevation of the range. Mountain
block dD means for each cell are shown with shading in
Fig. 8b and listed in Table 4. Note that mountain block
recharge is not modeled in Yucca Flat – Low (cell 5).

Recharge volumes were developed by Earman and Her-
shey (draft) by manually calibrating the flow and recharge
volumes in the original version of the DSCM (Campana,
1975) to best match representative basin dD values. Uncer-
tainty in recharge and interbasin inflows is part of a study
currently in progress. Recharge volumes are compared to
published values from Harrill et al. (1988) and to the USGS
DVRFM in Table 5. Harrill et al. (1988) total recharge vol-
umes are the lowest presented at 18.14 · 106 m3/year. Ear-
man and Hershey’s (draft) total recharge estimate of
49.15 · 106 m3/year is the highest of the three studies.
The DVRFM has recharge volumes intermediate between
Harrill et al. (1988) and Earman and Hershey (draft). How-
ever, several of the basins defined by Harrill et al. (1988)
do not geographically match the same cell discretization
used in this study and therefore can only be used for a rough
comparison. The inflow from Railroad South estimated by
Earman and Hershey (draft) is significantly higher than that
from other studies, and future work will need to assess the
ability of dD values to constrain these boundary fluxes.
Flow paths

Fig. 9 shows the conceptual model with flow paths marked.
Each basin is depicted as a ‘‘box’’ containing the basin’s
name, identification number and representative groundwa-
ter dD value. Regional flow directions are based primarily
on the works of Harrill et al. (1988) and the USGS three-
dimensional groundwater flow model (Belcher et al.,
2004). Black arrows represent the best estimate of cell-to-
cell interaction and the direction of possible out-of-model



Table 5 Earman and Hershey (draft) simulated fluxes used for recharge volumes in the DSCM–SCE of the eastern NTS

i j Basin name Source Earman and Hershey (draft) USGS DVRFM Harrill et al. (1988)

Qr
i;j m

3/year/106 Qr
i;j m

3/year/106 Qr
i;j m

3/year/106

1 1 Kawich Recharge 6.00 4.37 4.32
2 S. Railraod 61.60 3.83

2 1 Emigrant Recharge 1.55 6.35 3.95
2 Penoyer 9.40 6.72

3 1 Tikaboo – North Recharge 0.28 5.89 3.7*
2 Penoyer 0.12 0.54

4 1 Yucca Flat – Mtn Recharge 9.90 1.90 0.86
5 1 Yucca Flat – Low Recharge 0.00 0.00 0*
6 1 Three Lakes – North Recharge 0.27 2.16 2.47
7 1 Tikaboo - South Recharge 0.33 3.36 3.7*
8 1 Frenchman Flat Recharge 0.12 2.34 0.123*
9 1 Indian Springs Recharge 0.67 2.29 12.3*
10 1 Three Lakes – South Recharge 1.40 1.36 7.4*
11 1 Rock Recharge 0.92 0.36 0.12

2 Jackass 3.23 2.04

12 1 Mercury Recharge 0.25 0.56 0.25
13 1 Indian Springs – Mtn Recharge 6.17 3.23 0*
14 1 Three Lakes South – Mtn Recharge 12.33 1.70 0*

15 1 Amargosa Desert Recharge 8.97 0.98 6.17
Jackass 6.90 0.72
Spring Mtns/Pahrump na 1.70

Total Recharge 49.15 36.85 18.14
Total Interbasin Inflow 81.25 15.55
Total Inflow 130.40 52.40

Results are compared to a zone budget analysis of an updated version of the USGS DVRFM (Belcher et al., 2004; Faunt, Personal
communication 2005) and Harrill et al. (1988). Values with asterisks represent values for which a direct comparison may not be appro-
priate because of non-matching basin/cell definitions.
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flows. The names of basins receiving these flow are provided
near the exiting arrow. Dashed black arrows represent flow-
paths expected to have little volumetric flow. Ambiguity
arises in flow path direction along the entire eastern edge
of the model domain due to lack of data. It is believed a
flow divide may exist along the eastern edge that allows
water to move either east or west, but it is not clear where,
or if this occurs. Gray arrows symbolize boundary fluxes into
the model domain. Representative dD values for each of
these fluxes are given in parentheses while the names of
contributing basins for interbasin flow are provided beside
the entering arrows. If no name is given, then the gray arrow
represents mountain block recharge.
Modeling scenarios

Two separate modeling scenarios were run with the DSCM–
SCE to estimate volumetric flows between model cells and
out of the model domain. The first scenario assumes that
flow paths depicted in Fig. 9 are correct such that thirty-
two parameters were adjusted simultaneously (fi,k and fi,-
out) to best match cell dD values. The second modeling sce-
nario assumed no predetermined flow paths (yielding
eighty-eight unknown parameters). This later simulation
was conducted to test the assumption of established flow
paths and to test model capabilities given few hydrogeolog-
ic constraints on the system.

Results

Model scenario 1: eastern NTS model with defined
flow paths

Numeric experiments found that 200 complexes were nec-
essary to optimize the NTS model given thirty-two param-
eters. This equates to more than 900,000 model
simulations and produced a weighted RMSE of 0.697. On
average, the search algorithm (i.e., dependency on initial
guess) produced 0.27% change in predicted cell-to-cell
and out-of-model domain fractional outflows. The varia-
tion in predicted fractional values equates to an average
change in volume equal to 0.05 · 106 m3/year, with Rock
Valley (cell 11) experiencing the maximum variation in
volume due to the initial guess at 0.44 · 106 m3/year, or
0.34% of the total flow moving through the system. Vari-
ation in volume predictions due to the algorithm falls well
below total volumes in the system and is deemed
acceptable.



(-99.1)
Kawich (1) 

-116.1 Emigrant (1) 
-109.5

Yucca Flat 
– Mtn (4) 

-101.6 

Tikaboo – 
North  (3) 

-109.6

Yucca Flat 
– Low (5) 

-106.2 

Indian 
Springs (9) 

-104.8

Three 
Lakes – 

North (6) 
-109.0

Tikaboo – 
South (7) 

-109.0

Frenchman 
Flat (8) 
-106.6 

Three 
Lakes – 

South (10) 
-102.0

Amargosa (15) 
-102.1

Three Lakes 
South – Mtn 

(14) 
-99.5

Indian 
Springs – 
Mtn (13) 

-98.8

Mercury (12) 
-101.5

Rock (11) 
-104.0

Railroad South 
(-115.7) Penoyer 

(-118.0) 
(-95.6)

(-94.5)

(-96.9)

(-98.4)

(-97.9) 

(-93.7)

(-96.9)

(-99.5)(-98.8) 

Pahrump 
(-92.8)

(-89.7)

Jackass 
(-103.6)

Buckboard 

Coyote 

Las 
Vegas 

Shoshone 
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arrows represent minimal expected flow.
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Predicted cell dD values are compared to representative
values in Fig. 10. Most predicted values fall within the 95%
confidence interval of the mean as defined by the square
root of the denominator in Eq. (11), except Yucca Flat –
Mtn (cell 4; predicted dD lighter than the representative
value) and Amargosa (cell 15; predicted dD heavier than
the representative value). The model’s inability to predict
Yucca Flat – Mtn and Amargosa within the expected bounds
brings to question the recharge volumes selected and possi-
bly the degree of certainty related to the representative dD
cell value. While no dD data exist for Three Lakes North (cell
6) and Tikaboo South (cell 7), data from Pahranagat suggests
that dD values in these basins are fairly light (�109.9&).
Model results for cell 6 are close to this estimate but results
for cell 7 are significantly heavier at �96.9&.

Resultant fractional outflows and associated volumes are
shown in Table 5. Included in Table 5 are volumetric esti-
mates from Earman and Hershey (draft), Harrill et al.
(1988) and a zone budget (Harbaugh, 1990) analysis of the
USGS DVRFM. Resultant fluxes are presented in Fig. 11a with
volumes in millions of m3/year.
Modeling scenario 2: eastern NTS model with
undefined flow paths

Simultaneously adjusting eighty-eight parameters in the
eastern NTS model placed little constraint on solution out-
come. The single constraint to the conceptual model was
that cells interacted exclusively with cells that shared a
common physical boundary. The direction and magnitude
of flow, however, were not prescribed. Complexity was fur-
ther increased by allowing all cells to discharge mass out of
the model domain.

Non-uniqueness in model results forced some hydrogeo-
logic constraint on the system. Model outflow volumes were
added to the objective function such that observed volumes
were taken from Earman and Hershey (draft) with weights
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Figure 11 NTS optimized cell outflow volumes for (a) modeling scenario 1 (flow paths defined) given thirty-two unknown
parameters and (b) model scenario 2 (flow paths undefined) given eighty-three unknown parameters. Volumes are provided in bold
type in units of 106 m3/year.

250 R.W.H. Carroll et al.
determined as the inverse variance of volumes taken from
Earman and Hershey (draft) and the USGS DVRFM. Those cells
predicted to have zero discharge in both studies were re-
moved from the objective function (and subsequent optimi-
zation) and were assumed to have zero discharge. The
exception to this procedure was Rock Valley (cell 11). While
discharge out of the model from Rock Valley was expected
to be zero, Earman et al. (draft) suggest that flowmay be pos-
sible (see Fig. 9). Consequently, an observed value of zero
was applied with a very high weight to ensure emphasis in
the objective function (see Table 6). The total number of
parameters adjusted was reduced from the original eighty-
eight to eighty-three given the removal of five outflowswhich
were assumed to be zero. The model was run with 300 com-
plexes. Depending on the initial seed value, the SCE criteria
was reached after 7.7 to 11.5 million simulations.

Fig. 10 show greater agreement between predicted
and representative cell dD values in modeling scenario 2



Table 6 Cell outflows as defined by Earman and Hershey
(draft) and associated weights used in the objective function
(Eq. (10)) for model scenario 2 along with predicted outflow
volumes

j Qo
j (m3/year/106) wj Qj (m

3/year/106)

1 64.31 0.02 53.26
3 0 0.17 0.06
4 2.59 0.55 2.58
6 0 10.72 0.00
7 0.14 0.05 0.66
8 3.9 0.61 3.89
10 0 0.97 0.00
11 0 10.00 0.00
14 12.33 0.10 12.01
15 59.3 0.06 58.55

Those cells not listed are assumed to have no outflow and are not
included in the objective function.
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compared to modeling scenario 1. Greater flexibility in flow
paths permitted all predicted dD values fall within the 95%
confidence interval. However, some degree of skepticism
is warranted for predicted dD values in cell 6 and cell 7.
While these basins have no dD data, they are believed to
be fairly light; the model suggests significantly heavier iso-
topic signatures. Likewise, large uncertainty in the d D value
for the northern portion of Three Lakes South (cell 10) al-
lows the predicted dD value to fall within its large 95% con-
fidence interval, however this predicted dD value is nearly
6& heavier than the single observed dD value of �102.0&.

The resultant weighted RMSE for cell dD values is 0.14,
approximately one-fifth that of the constrained model in
scenario 1. Outflow volume weighted RMSE is equal to
0.07 with results provided in Table 6. While consistency in
model prediction was significantly improved by adding out-
flow volumes to the objective function, variation in pre-
dicted outflow volumes related to the initial guess is still
relatively high. On average, there is a 0.36 · 106 m3/year
change in volumetric flow between and out of cells with a
maximum change in volumetric flow occurring between cell
5 (Yucca Flat – Low) and cell 8 (Frenchman Flat) of
4.06 · 106 m3/year. This represents a 3.10% change in pre-
dicted flow relative to the total flow the entire modeled sys-
tem (131.0 · 106 m3/year) due to algorithm limitations.
Resultant flow directions and volumes (106 m3/year) are
presented in Fig. 11b.
Predicted groundwater flow

Model scenario 1 and 2 predict a majority of flow to move
down the western edge of the domain with moderate contri-
bution from the western flank of the Spring Mountains. Most
water originating from Railroad South was discharged imme-
diately from Kawich (cell 1) into the Buckboard region sug-
gesting that the Railroad South interbasin flow estimate was
too high. While only model scenario 2 forces water out the
western edge of the model from Yucca Flat – Mtn (cell 4)
and Frenchman Flat (cell 8), both models predict large
quantities of water exiting the eastern side of the Spring
Mountains (Three Lakes South – Mtn, cell 14) to the Las Ve-
gas basin. Model 1 also predicts a complete disconnect be-
tween the Spring Mountains and the northern portion of
the Three Lakes Valley hydrographic basin (cell 10). Model
2 allows some connection with the Indian Springs basin (cell
9), but the volume transferred is small. The DSCM–SCE gen-
erally shows a flow divide in the northern part of the Three
Lakes basin (cell 6) and the southern portion of Tikaboo (cell
7). The DVRFM hints that this flow divide may actually exist,
but little data is available to either support or refute this
possibility. Isotopic data to define these eastern basins more
accurately (specifically cell 6, cell 7 and cell 9) may provide
better insight to flow dynamics in these regions. The second
model, despite having a better weighted RMSE, exhibits
behavior that is contradictory to general scientific opinion.
Fig. 11b shows flow moving from Yucca Mtn (cell 4) north-
ward to Emigrant (cell 2) and flow from Three Lakes North
(cell 6) north to Emigrant. Neither are believed to occur
(Belcher et al., 2004; Faunt, Personal communication 2005).
Discussion

It is notable that recharge values used in both modeling sce-
narios produce considerably more out-of-model discharge
from Kawich (cell 1) and Amargosa (cell 15) than Harrill
et al. (1988) and the DVRFM (Belcher et al., 2004) suggest.
This is a reflection of the larger amount of water from re-
charge inflow suggested by Earman and Hershey (draft) and
provided in Table 5. It is important to emphasize that the
DSCM–SCE does nothing to constrain total volumes. Recharge
masses are input by the user and are not altered, andmust be
distributed by the DSCM–SCE by designating relative flows
between cells/basins to best predict dD values. Conse-
quently, an uncertainty analysis is underway to investigate
whether recharge bounds can be constrained by dD, and if
so, what the impacts of changes in recharge magnitude are
on predicted cell outflows and cell-to-cell interactions.While
similarities exist, the general behavior of the system pre-
dicted by the DSCM–SCE shows little consistency in flowmag-
nitude with the DVRFM (Belcher et al., 2004). This is partly a
reflection of different boundary conditions, but also suggests
that dD alone, can not replicate a three-dimensional, hydrau-
lically defined groundwater model in predicting flow direc-
tion and magnitude. It has also been shown that while
removing any constraint on flowpath is an interesting exer-
cise, it highlights that, as with any other model, some sort
of constraint based on hydrogeologic data is important to as-
sure results are consistent with understood system behavior.

The DSCM–SCE significantly improves upon its original
counterpart by being more user-friendly and by auto-cali-
brating even complex systems in a matter of minutes to
hours. The SCE algorithm is fairly robust and, unlike simu-
lated annealing or the modified Gauss–Newton approaches,
is able to produce unique solutions. However, unique solu-
tions are obtained only with adequate search criteria and
some constraints placed on system behavior. The DSCM–
SCE has tremendous possibilities to help predict flow vol-
umes and direction using only dD values, but its capabilities
should not be overestimated. The optimization of a complex
groundwater system based only on dD values, especially
given the sparse data in many parts of the eastern NTS
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model domain, is not the ‘‘magic bullet’’ to definitively de-
fine the flow system. This is especially true if no prior
knowledge or constraints are placed on boundary conditions
or cell-to-cell interaction. The model does, however, pro-
vide numerical support to a working hypothesis and should
be used accordingly.
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