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Abstract
The groundwater interbasin flow, Qy, from the north of Yucca Flat into Yucca Flat simulated using the Death Valley Regional

Flow System (DVRFS) model greatly exceeds assessments obtained using other approaches. This study aimed to understand the
reasons for the overestimation and to examine whether the Qy estimate can be reduced. The two problems were tackled from
the angle of model uncertainty by considering six models revised from the DVRFS model with different recharge components and
hydrogeological frameworks. The two problems were also tackled from the angle of parametric uncertainty for each model by
first conducting Morris sensitivity analysis to identify important parameters and then conducting Monte Carlo simulations for the
important parameters. The uncertainty analysis is general and suitable for tackling similar problems; the Morris sensitivity analysis
has been utilized to date in only a limited number of regional groundwater modeling. The simulated Qy values were evaluated
by using three kinds of calibration data (i.e., hydraulic head observations, discharge estimates, and constant-head boundary flow
estimates). The evaluation results indicate that, within the current DVRFS modeling framework, the Qy estimate can only be reduced
to about half of the original estimate without severely deteriorating the goodness-of-fit to the calibration data. The evaluation
results also indicate that it is necessary to develop a new hydrogeological framework to produce new flow patterns in the DVRFS
model. The issues of hydrogeology and boundary flow are being addressed in a new version of the DVRFS model planned for release
by the U.S. Geological Survey.

Introduction
Groundwater interbasin flow is an important compo-

nent of the water budget for regional groundwater flow
systems in the Great Basin. As there are no practical
means of directly measuring basin-scale flow, various
methods have been developed to estimate it, using mass
balance, geochemical tracers, and groundwater numerical
modeling (see the review articles of Campana et al. 2001;
Genereux et al. 2002; Genereux and Jordan 2006; Zhou
and Li 2011). The estimates are inherently uncertain, and
different methods and/or models may give dramatically
different values for interbasin flow. An example of
the uncertain estimates is found in the interbasin flow
(hereinafter Qy) from the north of Yucca Flat to Yucca
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Flat through the cross section indicated by the red dashed
line shown in Figure 1. Yucca Flat is in southern Nevada,
about 140 km northwest of Las Vegas, Nevada, and is
in the northeastern part of the Nevada National Security
Site (NNSS) (Figure 1). The Qy estimate is necessary
for simulating radionuclide transport in northern Yucca
Flat (Pohlmann et al. 2007; Reeves et al. 2010) as a
result of three underground nuclear tests conducted there
during the Cold War era (Stoller-Navarro Joint Venture
[SNJV] 2006). Based on regional water balance studies,
Qy estimates of 1180 m3/d and 1010 m3/d are given
by Winograd and Thordarson (1975) and Harrill et al.
(1988), respectively. Based on aquifer test results in
Yucca Flat, Halford (2011) concludes that Qy is less
than 3300 m3/d. Significantly larger Qy estimates are also
reported, including the estimates of 11,232 m3/d (with a
range from 4320 to 34,560 m3/d) given by Navarro-Intera
(2013) using simplified geothermal models, 18,200 m3/d
given by Carroll et al. (2008) using a steady-state
stable isotope mixing model, 25,300 m3/d by the IT
Corporation (1996a and 1996b) using a three-dimensional
groundwater flow model developed for the NNSS, and
47,520 m3/d by Belcher and Sweetkind (2010) using the
MODFLOW-based, three-dimensional model developed
for the DVRFS. For a detailed discussion of these
estimates of steady or quasi-steady state flow, readers are
referred to the technical report of Navarro-Intera (2013).
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Figure 1. The boundaries of Death Valley Regional Flow System (DVRFS), Nevada National Security Site, northern Yucca
Flat, and the cross section of northern Yucca Flat where the ground interbasin flow (Qy) is estimated. This figure also shows
locations of three kinds of observations: hydraulic head, discharge, and constant boundary flow.
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When these dramatically different estimates are used
for water resource management, the difference poses a
challenge to modelers and decision makers in the ground-
water community, that is, how to address the discrepancy
between the estimates for management of water resources
and evaluation of radionuclide contamination. Taking
the radionuclide transport modeling at Yucca Flat as an
example, it is uncertain which Qy estimate above should
be used as the groundwater boundary flux into northern
Yucca Flat. The different Qy estimates were thoroughly
evaluated in Section 5.3 of Navarro-Intera (2013), and the
evaluation concluded that the Qy estimates simulated by
the groundwater flow modeling method (e.g., Belcher and
Sweetkind 2010) represent “a potential overestimation of
influx from the northern boundary.” However, it should
be noted that the evaluation was indirect due to the lack
of Qy measurements and the use of expert judgment
to a certain extent. A more direct evaluation that the
modeling method overestimated Qy was based on a
geothermal study of groundwater temperature using the
data of Reiner (2007) and NNES (2010). The geothermal
study, reported in Appendix H of Navarro-Intera (2013),
developed simplified geothermal models for the Yucca
Flat area to determine the Qy value that can reasonably
reproduce the observed temperature, given that higher
groundwater inflow rates result in more cooling. The
geothermal study suggested that large Qy estimates are
incompatible with the observed geothermal gradient in
Yucca Flat because large Qy estimates would lead to
much colder temperatures than currently observed.

The objectives of this study are to understand the
reasons for the overestimation and to examine whether
the Qy estimates based on groundwater flow modeling can
be realistically reduced. The answers to these questions
can help evaluate the DVRFS model and should be of
general significance to estimating interbasin flows of other
regional flow systems, not limited to the DVRFS.

This study is focused on the DVRFS model because
it is the most comprehensive model developed and has
been the framework for other model development (SNJV
2006; James et al. 2009). In addition, the DVRFS model
can reasonably simulate the field observations over the
entire basin and includes multiple basins within the NNSS
(Figure 1) and thus has a wide range of applications for
simulating groundwater flow and radionuclide transport
in NNSS. Within the DVRFS modeling framework,
Pohlmann et al. (2007) and Ye et al. (2010) showed
that the Qy estimate cannot be reduced by simply using
different model structures. As Qy consists of vertical
recharge and lateral groundwater flows, Pohlmann et al.
(2007) and Ye et al. (2010) considered a total of 25 models
as combinations of five recharge components and five
hydrogeological frameworks of the Death Valley region.
These models were calibrated against field data, and the
Qy estimates corresponding to the calibrated parameter
set ranged from 44,407 to 106,622 m3/d. While the model
calibration did not reduce the Qy estimate, it showed that
some models have a better fit to field observations than
other models. As a result, the current study considers

only the six most plausible models (plausibility being
measured in terms of the models’ goodness-of-fit to field
observations), which include the combination of two
recharge conceptualizations with three hydrogeological
frameworks.

Continuing with the multi-model approach, this
study further considers multiple parameter sets for each
model because model-simulated interbasin flow can vary
substantially due to parametric uncertainty (Keating et al.
2005). The parametric uncertainty within each model was
addressed using Monte Carlo (MC) simulation conducted
for the important parameters identified by a global
sensitivity analysis using the Morris method (Morris
1991). While the Morris method has been applied widely
in hydrological and water-quality modeling (Mishra et al.
2010; Wang et al. 2013; Shi et al. 2014; Song et al. 2015),
its applications to regional groundwater modeling have
been limited. The Morris sensitivity analysis method can
systematically identify the parameters that directly and
indirectly affect the Qy estimate along the entire flow path,
from the upgradient flow boundary to the downgradient
discharge area, which might not otherwise be identified.
After the MC simulation, an optimum Qy estimate was
selected for a particular MC parameter set that has the
largest Qy reduction with satisfactory goodness-of-fit to
calibration data for each model.

Three kinds of calibration data (i.e., hydraulic head
observations, estimates of discharge via ET and springs,
and estimates of constant-head boundary flow) are used to
identify the reason that the DVRFS model overestimates
Qy. Examining the relation between Qy and the estimates
of discharge and constant-head boundary flow indicates
the need for revising the existing DVRFS hydrogeological
framework to create revised flow paths that reroute
boundary flow and/or internal flow (the U.S. Geological
Survey [USGS] has been leading the effort to update
the hydrogeological framework [Faunt et al. 2012]). The
conflict between the estimates of discharge and boundary
flow for reducing Qy is revealed. This raises the need
to re-evaluate the existing flow estimates (in terms of
their magnitude and associated estimation uncertainty) for
better model calibration and Qy estimation and the need
to use other schemes of model calibration, as detailed in
the discussion.

Six Alternative Groundwater Flow Models
The six alternative groundwater flow models used to

estimate Qy were developed as variants of the DVRFS
model by modifying its recharge and geological compo-
nents. Based on the work of Pohlmann et al. (2007) and
Ye et al. (2008, 2010), two recharge conceptualizations
(denoted as R2 and R5) and three hydrogeological
frameworks (denoted as G1, G2, and G3) were con-
sidered in this study. Recharge conceptualization R2
was developed by Hevesi et al. (2003) using the net
infiltration method with runon-runoff, which is essentially
a distributed-parameter watershed model for estimating
the temporal and spatial distribution of net infiltration and
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potential recharge. Recharge conceptualization R5 is the
chloride mass balance method with alluvial and elevation
masks developed by Russell and Minor (2002). This
method estimates groundwater recharge on the basis of
the elevation-dependent chloride mass balances between
hydrological inputs and outputs of individual hydrological
basins. Figure 2 shows that the recharge rates estimated
by the two methods are significantly different in terms of
their magnitude and spatial distribution.

For the three hydrogeological frameworks considered
in northern Yucca Flat, G1 is the USGS framework used
in the DVRFS model (Belcher and Sweetkind 2010),
G2 is the base framework developed for NNSS (Nevada
2006), and G3 is the CP thrust alternative of G2 (Nevada
2006). G1 represents the configuration of hydrogeological
units in the entire DVRFS; G2 and G3 refine local-
scale hydrogeological units in northern Yucca Flat and its
vicinity. As shown in Figure 3a and 3b, for the north-
south cross-section marked A-A′ in Figure 1, through
northern Yucca Flat, G2 includes more hydrogeological
units and a more detailed subsurface configuration than
G1. G3 was developed in response to a different
interpretation of the configuration of hydrogeological
units with respect to the CP thrust fault, which may be
important to groundwater flow and contaminant transport
in northern Yucca Flat. As shown in Figures 3c and
3d, for the cross section marked B–B′ in Figure 1, the
lower carbonate-rock aquifer (LCA) and upper clastic-
rock confining unit were extended eastward in G3 to
replace the lower clastic-rock confining unit and the
LCA located above the lower clastic-rock confining unit,
respectively.

Combining R2 and R5 with G1, G2, and G3
leads to six models, and they were implemented using
MODFLOW-2000 Harbaugh et al. (2000) in the manner
described in Pohlmann et al. (2007). In terms of the
forward model, the only difference is that the models in
this study were not transient but steady state, representing
conditions prior to groundwater development. The details
of converting the model from transient to steady-state
conditions are described in Pohlmann and Ye (2012).
Using the steady-state models saved a considerable
amount of computational time for the MC simulations
discussed below. The conversion has a minimum effect
on the Qy estimation because temporal variations in
hydraulic heads during transient stress periods are very
small (Navarro-Intera 2013). The calibration method and
calibration dataset are discussed below.

Qy Estimation Using Multiple Models
and Parameter Sets

For each of the six models, parametric uncertainty
was addressed by the following procedure:

1 Conduct a sensitivity analysis by following Belcher and
Sweetkind (2010) to select the parameters important to
the simulation of calibration data.

2 Calibrate the selected parameters to obtain nominal
parameter values whose model simulations can match
calibration data.

3 Perform sensitivity analysis for the selected parameters
using the Morris method to determine influential
parameters to Qy estimation.

4 Conduct MC simulation for the influential parameters
selected in step (3).

5 Select an MC realization that has reduced Qy estimate
and acceptable goodness-of-fit to the calibration data.

This procedure assumes that the local sensitivity
analysis in the first step is valid, and it does not
eliminate important parameters. Examining validity of the
assumption is warranted in a future study. As discussed
below, by considering multiple models and parameter sets
within the DVRFS modeling framework, the Qy estimate
can be reduced to half of the estimate given by Belcher
and Sweetkind (2010) while maintaining acceptable fit to
the calibration data.

Instead of using the results of the transient models,
sensitivity analysis and model calibration are conducted
for the steady-state models because observations of
transient head are not used for the steady-state models
(calibrating the steady-state model without using the
transient heads is the only difference between the
calibration of this study and that of the previous study
of Pohlmann et al. 2007). The calibration dataset consists
of 700 observations of hydraulic head, 45 discharge
estimates derived from evapotranspiration and spring-
flow measurements, and 15 constant-head boundary flow
estimates either based on water budgets or using Darcy’s
Law. The locations of the calibration data are shown
in Figure 1. Note that the interbasin flow estimates of
Harrill and Prudic (1998) for the Great Basin area were
not used for the calibration. As discussed by Belcher
and Sweetkind (2010), the model boundary is divided
into 12 segments (Figure 1), primarily on the basis of
the hydrological units that either contribute groundwater
inflow to or receive outflow from the DVRFS model
domain across the lateral outer boundary. Each segment
is further divided into subsegments to represent straight-
line approximations of the boundary. The three kinds of
calibration data were used not only for model calibration
but also for evaluating the Qy estimates by examining
the relationships between the data and the estimates. As
discussed in the next section, the estimates of discharge
and constant-head boundary flow can help explain why
the DVRFS model overestimates Qy.

The models were calibrated using MODFLOW-2000
in the same manner of Belcher and Sweetkind (2010).
MODFLOW-2000 was used for the calibration because
it has the functions of forward simulation, gradient-based
sensitivity analysis, and model calibration using nonlinear
regression methods. The calibrated parameter values of
the six models are given in Appendix A of Pohlmann
and Ye (2012). While these values are of the same
order of magnitude as the calibrated parameter values
obtained by Pohlmann et al. (2007), significant differences
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Figure 2. Recharge rate estimates (m/d) of the recharge models: (a) net infiltration method with runon–runoff (R2) and
(b) chloride mass balance method with alluvial and elevation masks (R5).

are observed for certain parameters. Taking parameter
K241LCA_T1 (its geological meaning is explained below)
as an example, the calibrated value of this study is 73%
smaller than that of Pohlmann et al. (2007). The difference
is attributed to the substantial difference in the number of
head observations used in the two studies, recalling that
only 700 head observations are used in this study, but
a total of 2227 head observations and 2672 head-change
observations are used in Pohlmann et al. (2007).

Before the calibration, a local sensitivity analysis was
conducted for each model in the same manner of Belcher
and Sweetkind (2010) to select the parameters influential
to the simulation of the three kinds of observations (the
number of selected parameters varies from 49 to 58 for
the six models). The least-square model calibration
minimized the sum of squared weighted residuals (SSWR)
used as a measure of the goodness-of-fit between model
simulations and the calibration data. The SSWR is the
sum of three components corresponding to the three kinds
of calibration data. Each calibration datum has its own
weight, evaluated as the inverse of the estimated variance
of the data. The details of the variance estimation are
referred to in Chapter F of Belcher and Sweetkind (2010).
It should be noted that as the constant-head boundary
flow estimates are significantly uncertain, low weights are
assigned to them to avoid over-fitting to the uncertain

flow estimates. If the flow estimates are based on water-
budget analyses, the standard deviation is one-half of the
estimated values. If the estimates are based on Darcy’s
law, the standard deviation is the estimated flow value
rounded down to the nearest 500 m3/d. Due to the large
variance and small number of the constant-head boundary
flow estimates, the SSWR value corresponding to this
kind of calibration data is significantly smaller than the
SSWR values of the other two kinds of calibration data
(especially the SSWR of head data). Impacts of the
number of observations and weighting scheme on model
calibration and Qy estimation is discussed later on.

Table 1 lists the Qy estimates given by the calibrated
models and the SSWR values of the six models obtained
by combining R2 and R5 with G1, G2, and G3. Note that
model G1R2 is equivalent to the DVRFS model of Belcher
and Sweetkind (2010). While the SSWR values are
similar, the Qy estimates are dramatically different. Except
for model G2R5 and G3R5, the Qy estimates are similar
to that of Belcher and Sweetkind (2010), suggesting that
considering multiple hydrogeological frameworks cannot
reduce the Qy estimate without considering parametric
uncertainty.

The Morris method implemented in the Dakota
software (Adams et al. 2009) was applied to the model
parameters selected from the local sensitivity analysis
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Figure 3. Two-dimensional illustration of the difference between (a and b) the DVRFS and UGTA base hydrogeological
models and (c and d) the UGTA base hydrogeological model and the CP Thrust alternative. Figures a-b and c-d are for cross
sections A-A′ and B′-B′, respectively, marked in Figure 1.
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Table 1
Qy Estimates and SSWR Values for the Six

Calibrated Models and Qy Estimates and SSWR
Values of the Selected MC Realizations (Based on

Figure 6) for the Six Models

G1R2 G1R5 G2R2 G2R5 G3R2 G3R5

Calibrated models
Qy (m3/d) 50,289 50,445 60,152 27,579 57,252 39,509
SSWR 9,883 10,384 10,886 10,140 10,767 11,375

Selected MC realizations based on Figure 6
Qy (m3/d) 24,444 25,743 22,672 19,173 22,988 21,747
SSWR 12,491 12,380 11,560 10,678 11,455 11,170

discussed above. The parameter ranges (parameter
distributions are not needed) required by the Morris
method were chosen to be approximately symmetric
about the calibrated value θ̂ , with a minimum value of
0.01 θ̂ and a maximum value of 2 θ̂ because physically
based parameter ranges are available only for a limited
number of parameters (Belcher and Sweetkind 2010).
Among the parameters selected above that are influential
to the simulation of calibration data, the Morris method
selected six parameters for G1R2 and G1R5 and nine
parameters for the other four models. Table 2 lists the
names and descriptions of the nine parameters specific
to model G3R2 as an example. Eight of the parameters
are hydraulic conductivity of various hydrogeological
units (K221_LCA, K242A_LCA, K243_LCA, K11_ICU,
K422LNEVSU, K242G_LCA, K4222S_VSU, and
K241LCA_T1). The ninth is DEEP_DRN, the deep drain
conductance used to simulate deep, warm-water springs.
The details of the hierarchical naming convention are
described in Table F-7 of Belcher and Sweetkind (2010).

Figure 4 shows the spatial distribution of these nine
hydraulic conductivity parameters to help understand
why the parameters are influential to the Qy estima-
tion. Hydraulic conductivity parameters K221_LCA,
K242A_LCA, K243_LCA, K242G_LCA, K4222S_VSU,
and K422LNEVSU directly affect the Qy estimation
because they are located on the flow path from the
northern boundary segment of Stone Cabin-Railroad to
the downgradient Yucca Flat (Figure 1). The impacts of
parameters K11ICU and K241LCA_T1 on the Qy esti-
mate are indirect because the parameters are present along
the domain boundary, and their impacts on boundary
flows affect the interbasin flows. The impacts of param-
eter DEEP_DRN are also indirect because the parameter
affects the simulated discharges OBS-AM-NORTH, OBS-
AM-SOUTH, and OBS-AM-CENTER (see their locations
in Figure 1) located in Amargosa Desert downgradient of
Yucca Flat. Qualitatively speaking, large values of DEEP-
_DRN lead to high values of simulated discharge, which
in turn require large Qy estimates to maintain mass balance
given that the flow direction is from the north to south. It
is not straightforward to intuitively identify the parame-
ters that indirectly affect Qy. In this sense, the parameters

Table 2
Names and Descriptions of Nine Influential

Parameters to the Qy Estimate Identified Using
the Morris Sensitivity Analysis

Name Description

K221_LCA Hydraulic conductivity (K) of
eastern low-permeability
facies (K22) along regional
anticline (K221) of lower
carbonate-rock aquifer (LCA)

K242A_LCA
K242G_LCA

Hydraulic conductivity (K) of
eastern permeable facies
(K24) with moderate
deformation (K242) of
basin-range blocks (K242A
and K242G) in lower
carbonate-rock aquifer (LCA)

K243_LCA Hydraulic conductivity (K) of
eastern facies in regional
shear zones (K24) with high
deformation (K243) in lower
carbonate-rock aquifer (LCA)

K11_ICU Hydraulic conductivity (K) of
crystalline rocks (K11) in
intrusive-rock confining unit
(ICU)

K422LNEVSU Hydraulic conductivity (K) of
alluvial confining unit (K42)
in lower northeast volcanic-
and sedimentary-rock unit
(LNEVSU)

K4222S_VSU Hydraulic conductivity (K) of
alluvial confining unit (K42)
in lower volcanic- and
sedimentary-rock unit (VSU)

K241LCA_T1 Hydraulic conductivity (K) of
eastern permeable facies
(K24) with low deformation
(K241) of thrusted lower
carbonate-rock aquifer
(LCA_T1)

DEEP_DRN Conductance of deep drain used
to simulate deep, warm-water
springs

might not otherwise be identified without using the Morris
method.

For the Morris-identified parameters, MC simulations
were conducted to simulate Qy. Uniform distributions
were assumed for the parameters over the ranges of(
0.01θ̂ , 2θ̂

)
used for the Morris sensitivity analysis.

It is further assumed that the parameter distributions
were independent. A total of 2000 random samples are
generated for each model using the Latin Hypercube
sampling method implemented in Dakota. Figure 5 plots
the probability density functions of Qy fitted using the
MATLAB kernel smoothing density estimator, ksdensity ,
for the six models. Figure 5 shows that the Qy estimates
have large variability. Although small values of Qy

estimate were obtained, they may not be reasonable
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Figure 4. Spatial distribution of the zones of hydraulic
conductivity and drain parameters identified by the Morris
analysis as the important parameters for models associated
with the hydrogeological framework G3.

because their corresponding simulations of the calibration
data may be unacceptable. Pohlmann and Ye (2012)
showed that reducing Qy may deteriorate the goodness-
of-fit to calibration data measured by SSWR. Therefore,
it is necessary to examine SSWR when determining the
maximum Qy reduction.

Among the 2000 MC realizations of each model,
the realization with the maximum Qy reduction and
an acceptable SSWR value was selected. The selection
is illustrated in Figure 6 that plots the values of Qy

and SSWR of model G3R2, which was considered
to be the best among the six models in terms of
Qy estimate reduction and fitting to calibration data
(Pohlmann and Ye 2012). The selected realization is
highlighted in Figure 6, and its Qy estimate and SSWR
are 22,988 m3/d and 11,455, respectively. In comparison
with the corresponding values listed in Table 1 for the
calibrated model, the selected Qy estimate is dramatically
reduced by 59.8% from 57,252 m3/d, while the SSWR
value only increases 6.4% from 10,767. The increase
of SSWR is attributed to the misfit of the estimates of
discharge and constant-head boundary flow. The SSWR
value is considered to be acceptable after evaluating
the goodness-of-fit to the calibration, spatial distribution

Figure 5. Probability density functions of the Qy estimates
for the six models. The density functions were fitted using the
MATLAB kernel smoothing density estimator, ksdensity.

of weighted and unweighted residuals, and graphical
analysis for each kind of observations. For more details
of this evaluation, readers are referred to Pohlmann and
Ye (2012). The selected realization is optimum in the
sense that further reduction of Qy, even slightly, causes
significant deterioration of SSWR. An alternative way of
obtaining the optimum realization is to conduct multi-
objective optimization by simultaneously minimizing Qy

and SSWR. This was attempted by Pohlmann and Ye
(2012) using the Multi-Objective Genetic Algorithm
(MOGA) implemented in the Dakota software toolkit
(Adams et al. 2009). Owing to the complexity of the
DVRFS model, the multi-objective optimization suffered
from slow convergence; the optimization did not converge
after 2500 simulations, and the best combination of Qy

and SSWR of the 2500 simulations was worse than the
optimum combination of the 2000 simulations discussed
above. More robust and efficient algorithms of multi-
objective optimization may be needed for the models
considered in this paper.

Table 1 lists the Qy and SSWR values of the
six models selected from the MC realizations in
the manner described above. With a slight sacrifice in the
goodness-of-fit, the Qy estimate can be reduced to about
25,000 m3/d, approximately half of the estimate given
by Belcher and Sweetkind (2010) and close to that of
the IT Corporation (1996a and 1996b). This appears to
be the maximum reduction that can be achieved within
the DVRFS model framework, and it is unlikely that
the Qy estimate can be reduced as low as the value of
3,300 m3/d suggested by Halford (2011).

Use of Multiple Types of Data to Evaluate Qy
Estimates

The three kinds of calibration data (hydraulic heads,
discharge estimates, and constant-head boundary flow
estimates) were also used to evaluate the Qy estimates
by examining the relationships between the data and
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Figure 6. Plot of Qy and SSWR for model G3R2. The
realization indicated by the circle was selected as the
optimum.

the estimates. The evaluation helps explain why the
calibrated models overestimate Qy and why the Qy

estimates are reduced in this study. Figure 7 plots
the Qy estimates for model G3R2 and the sum of
simulated discharges at Amargosa Desert (at the locations
OBS-AM-CENTR, OBS-AM-NORTH, and OBS-AM-
SOUTH shown in Figure 1) obtained from the 2000
MC simulations. The figure shows a strong positive
correlation between Qy and the summed discharge. The
correlation indicates a conflict between reducing Qy and
matching the discharge estimates because reducing Qy

can also significantly reduce simulated discharges at
the three observation locations. In other words, low Qy

estimates are incompatible with the discharge estimates.
To significantly reduce the Qy estimate, it is necessary
to revise the existing hydrogeological framework so that
flow paths are adjusted to divert flow from elsewhere
to the three discharge locations. This is true for all six
models. In the upcoming revision of the DVRFS model,
the hydrogeology framework in northern Yucca Flat has
been updated, and the interbasin flow to Yucca Flat
has been greatly reduced (Faunt et al. 2012).

Figure 8 plots the relationship between Qy and
simulated boundary inflow at four boundary segments
located north of Yucca Flat (Figure 1):

1 Pahranagat segment (including subsegments
C_PAHR0501, C_PAHR0502, and C_PAHR0505)
(Figures 8a-8c),

2 C-GRDN0603 of the Garden-Coal segment (Figure 8d),
3 C-STNC0700 of the Stone Cabin-Railroad segment

(Figure 8e), and
4 C_CLAY0800 of the Clayton segment (Figure 8f).

The boundary flows at segments C_PAHR0501
(Figure 8a), C_PAHR0502 (Figure 8b), and C_CLAY0800

Figure 7. The relationship between the Qy estimates and
summed spring discharges in Amargosa Desert based on
2,000 realizations of model G3R2.

(Figure 8f) are not useful for evaluating Qy, because
the boundary flows are not correlated with Qy. In
contrast, a strong positive correlation exists between Qy

and the boundary flow at C_PAHR0505 (Figure 8c),
C-GRDN0603 (Figure 8d), and C-STNC0700 (Figure 8e).
The boundary flow at C-STNC0700 is the most important
because it has the largest magnitude, and this boundary
segment is located directly upgradient of the cross section
of Qy. As a result, reducing the simulated boundary
flow at C-STNC0700 can reduce the Qy estimate. The
boundary flow is currently significantly overestimated by
models G1R2, G1R5, G2R2, and G3R2. Taking G3R2
as an example, the simulated boundary flow for the
selected realization is 64,116 m3/d, significantly larger
than the estimate of 12,476 m3/d. The overestimation
is necessary to provide flow for matching the large
discharge of 51,014 m3/d at OBS-AM-CENTR, OBS-AM-
NORTH, and OBS-AM-SOUTH, which are located in the
Amargosa Desert (highlighted in yellow in Figure 1),
downgradient of Yucca Flat. This suggests that the
estimate of boundary flow at C-STNC0700 conflicts with
the estimate of discharge at OBS-AM-CENTR, OBS-AM-
NORTH, and OBS-AM-SOUTH and suggests the need to
examine reliability of these flow estimates. If the estimates
are reliable, revised flow paths are needed to provide flow
from elsewhere (not the boundary flow at C-STNC0700)
to the Amargosa Desert so that the discharges at OBS-
AM-CENTR, OBS-AM-NORTH, and OBS-AM-SOUTH
can be accurately simulated.

In addition to the magnitude, the direction of flow
at the constant-head boundary can also help evalu-
ate the regional flow system model. At subsegments
C_GRDN0603, C_STNC0700, C_CLAY0800, and
C_SILU0100, the boundary flows are estimated as inflow
to the system. However, for models G2R5 and G3R5,
the simulated boundary flows are outflow. The inflow at
C-STNC0700 was simulated as outflow by G2R5. The
opposite flow direction is not surprising after examining
the water budgets of the two models. The estimates
of discharge and constant-head boundary flow used for
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Figure 8. Plots of Qy estimates with simulated flow rate at six boundary subsegments for model G3R2.

model calibration indicate that the outflow component
for the entire system is 361,720 m3/d (328,546 m3/d
through discharge and 33,174 m3/d through constant-head
boundaries), while total inflow through the constant-
head boundaries is 55,513 m3/d. The difference of
306,207 m3/d between outflow and inflow is attributed to
recharge. Considering that the recharge estimate of R5 is
361,075 m3/d, to maintain mass balance, excess recharge
must be forced to flow out of the system through the
constant-head boundary. Because the simulated boundary

flow direction is unrealistic, the Qy estimates of models
G2R5 and G3R5 are suspect, although these models yield
the lowest Qy and SSWR (Table 1). It may be useful
to treat the recharge estimate as a random variable and
adjust it during model calibration. This, however, is not
pursued here because it is beyond the scope of this study.

In comparison with the two kinds of flow estimates,
the head observations were less useful for evaluating Qy.
Figure 9 shows that there is no correlation between
Qy and the SSWR of head for the 2000 MC realizations of
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Figure 9. The relation between Qy and SSWR of head
observations for the 2000 MC simulations of model G3R2.

model G3R2. A similar observation was also reported by
Troldborg et al. (2007). The reason that one SSWR value
(or equivalently one set of simulated heads) corresponds
to many Qy values may be the result of different
combinations of parameter values and head fields obtained
in the MC simulation.

Discussion
With the results discussed above for the DVRFS

modeling framework, the reasons of Qy reduction were
analyzed based on the realization of model G3R2 selected
in Figure 6, for which the Qy reduction is 34,264 m3/d,
from 57,252 to 22,988 m3/d. Three mechanisms of Qy

reduction are identified as follows: reduced boundary
inflow and increased boundary outflow through the
boundary segments, increased discharge in the area north
of the Qy evaluation plane (the cross section shown in
Figure 1), and re-routing of flow around Yucca Flat.
The first two mechanisms are the primary reasons for
Qy reduction. For the first mechanism, the reduction of
boundary inflow and increase of boundary outflow are
13,880 m3/d and 2,537 m3/d, respectively. For the second
mechanism, at the discharge area OBS-PENOYERV
shown in Figure 1, the simulated discharge increased by
14,520 m3/d. The sum of the three items is 30,937 m3/d,
which is 90.3% of the total reduction. Therefore, for the
purpose of Qy reduction, more attention should be paid to
the boundary flows and discharges.

However, there exist challenges in handling the
boundary flows and discharges of the current DVRFS
modeling framework. One challenge lies in the estimates
of boundary flows and discharges used for the model
calibration. For example, while the boundary flow esti-
mate of 12,476 m3/d at boundary segment C-STNC0700
supports the Qy reduction, small Qy is not compatible
with the discharge estimate of 51,014 m3/d at three dis-
charge zones (OBS-AM-CENTR, OBS-AM-NORTH, and
OBS-AM-SOUTH) downgradient of Yucca Flat in the
Amargosa Desert. The conflict between the two kinds of
calibration data cannot be fully resolved at this moment
because the uncertainty associated with the data is large,

especially the uncertainty of the boundary flow estimates.
The boundary flow estimates would be more useful if they
were more certain and higher weights could be assigned
to them during the calibration and evaluation of the mod-
eling results. There is thus a need to re-evaluate the flow
estimates in terms of their magnitude and associated esti-
mation uncertainty.

The other challenge is related to the current manner
of calibration in the DVRFS modeling framework.
Although flow estimates are more important to evaluate
Qy, the current model calibration is dominated by head
observations because of their significantly larger number
and higher weights. In other words, the models are
forced to match the head observations but not the
flow observations. To resolve this problem requires a
new model calibration that can make complete use of
different kinds of data for improving the Qy estimate.
One option is the multi-objective method developed by
Singh et al. (2008, 2010), which is suitable for this
study because it explicitly addresses model uncertainty
and parametric uncertainty. Another option is to consider
spatial correlation of hydraulic head observations and to
build the spatial correlation into the weighting matrix of
the head observations. This may reduce the contribution
of head SSWR to total SSWR and thus improve the
Qy estimate by improving the simulation of discharge
estimates and constant-head boundary flow estimates. In
addition to the three kinds of data used here, new data
types (e.g., water temperature data) are needed to improve
the Qy estimation, recalling that the geothermal modeling
discussed in the introduction did not support the Qy

simulated by the DVRFS model.
For the small amount of flow rerouted around Yucca

Flat, it was observed that all the alternative models
produced similar overall regional flow patterns. This
may be attributed to the use of the hydrogeological
framework of Belcher and Sweetkind (2010) throughout
the model domain, except in northern Yucca Flat. For the
sake of reducing Qy, it may be necessary to postulate
other alternative models using different hydrogeological
frameworks of the entire model domain. SNJV (2006)
considered several additional hydrogeological framework
alternatives and found that Qy could be simulated as
low as 6,814 m3/d. However, as model calibration was
not conducted in SNJV (2006), more effort is needed to
examine whether the small Qy corresponds to acceptable
model fit to the calibration data.

Conclusions
For simulating groundwater interbasin flow, Qy, into

Yucca Flat from regions to the north, the DVRFS
model of Belcher and Sweetkind (2010) overestimates
Qy compared to many other estimates. This study aims
to understand the reasons for the overestimation and
to examine whether the Qy estimate can be reduced.
These two problems were tackled by using multiple
models that are based on the DVRFS model but with
different recharge conceptualizations and hydrogeological
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frameworks. For each of the models, MC simulations
were conducted to address parametric uncertainty, and
an optimum realization was chosen based on the largest
reduction in Qy combined with an acceptable goodness-
of-fit to the calibration data. The MC-simulated Qy

values were also analyzed to examine their relationship to
the three kinds of calibration data. These results lead to the
following major conclusions:

1 Within the DVRFS modeling framework, by consid-
ering multiple models and multiple parameter sets for
each model, the Qy estimate can be reduced to about
half of the estimate of Belcher and Sweetkind (2010).
The reduction was obtained with a slight-to-moderate
sacrifice of SSWR used to measure the goodness-
of-fit to the calibration data. However, it is unlikely
that the Qy estimate can be effectively reduced to
the lowest independent estimate of 1000 m3/d with the
current local hydrogeological frameworks, parameteri-
zation, calibration data, and/or calibration schemes.

2 The Morris sensitivity analysis method can system-
atically identify the parameters that directly and
indirectly affect the Qy estimate along the entire flow
path, from the upgradient flow boundary to the down-
gradient discharge area. It is not straightforward to
intuitively identify the parameters that indirectly affect
Qy. In this sense, the parameters might not otherwise
be identified without using the Morris method.

3 The relationship between Qy and discharge in the Amar-
gosa Desert (downgradient of Yucca Flat) suggest that
alternative flow paths are necessary to simultaneously
reduce Qy and satisfactorily simulate discharge. This
indicates the need to modify the regional hydrogeolog-
ical framework of the DVRFS model.

4 The relationship between Qy and the constant-head
boundary flow indicates that reducing Qy requires
a decrease in the boundary inflow along the north
boundary of the DVRFS, especially at the Stone
Cabin-Railroad segment. However, with the current
flow patterns simulated by the models, reducing the
boundary inflow decreases the flow needed to match
the discharge assigned at the Amargosa Desert. This
raises the need to examine the conflict between the
discharge and constant-head boundary flow.

5 The Qy estimates of models G2R5 and G3R5 suggest
excessive recharge estimates in R5 because the direc-
tion of the model-simulated boundary flows is opposite
to that of the estimated boundary flow at several
boundary segments. This needs to be further examined
because the estimates of constant-head boundary flow
are highly uncertain.

Given the complexity of the DVRFS, the reasons
that the DVRFS model overestimates Qy may include
factors not addressed in this study. The contribution of
this paper is to assess these issues from the perspective
of model uncertainty and parametric uncertainty. If
the available models and parameter sets cannot yield
expected results, more research is warranted. This research

reveals the need to develop new models (especially those
that can generate new flow patterns) to re-evaluate the
accuracy and uncertainty of the estimates of discharge
and constant-head boundary flow and to develop new
calibration methods that can make full use of existing
data and incorporate new data. Efforts to revise the
DVRFS model are on-going (Faunt et al. 2012, Navarro-
Intera 2013). While this study was conducted for the
DVRFS model, the procedure of model calibration, Morris
sensitivity analysis, and uncertainty analysis described in
this paper is general and can be applied to evaluate the
estimation of groundwater interbasin flows at other sites
of interest.
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