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[1] The study reported here employed the physics-based Integrated Hydrology Model
(InHM) to conduct continuous hydrologic-response simulation from 1990 through 1996
for the Coos Bay experimental catchment. The uniqueness of the boundary-value problem
used to simulate three sprinkling experiments was assessed, via model performance
evaluation against observed piezometric and discharge data, for 33 events extracted from
the continuous record. The InHM simulations could not adequately reproduce the
distributed observed pore water pressures, suggesting that detailed characterization of the
locations and connectivities of bedrock fractures is critical for future efforts designed to
simulate distributed hydrologic response at the field scale for locations where bedrock
fracture flow is important. The simulations presented here suggest the potential for
interaction between the deeper water table and near-surface hydrologic response. The
results reported herein suggest that while uniqueness can be reasonably achieved with
respect to the integrated response (i.e., discharge), the integrated response uniqueness is no
guarantee that the distributed response (i.e., pressure head) is either unique or well
simulated.
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1. Introduction

1.1. Motivation

[2] Hydrologic-response models based on numerical sol-
utions to the coupled partial differential equations governing
surface and subsurface flow are commonly described as
‘‘physically-based’’ or ‘‘physics-based’’ [see Freeze and
Harlan, 1969; Loague and VanderKwaak, 2004]. One of
the purported attractions of physics-based models is that (in
theory) the governing equations, boundary conditions, and
parameter values calibrated to a brief hydrologic record
should then apply to most hydrologic conditions, even those
conditions beyond the successfully tested range [see Abbott
et al., 1986; Bathurst and O’Connell, 1992]. The question
of whether hydrologic response can be simulated as well for
a validation period outside of a calibration period addresses
the issue of uniqueness. The definition of uniqueness
[Neuman, 1973; Carrera and Neuman, 1986] requires that
only one set of parameter values can be estimated from a
given set of observations and that this parameter set must
also represent the observed behavior for other hydrologic
conditions. When employing a distributed model, the sim-
ulated hydrologic response should be compared to distrib-

uted observations of state variables in the watershed [see
Dunne, 1983; Beven, 1989; Grayson et al., 1992; O’Connell
and Todini, 1996]. A focus on the distributed response is of
particular importance for physics-based simulation because
of the many degrees of freedom (e.g., parameters, boundary
conditions), which can give rise to equifinality when only
the integrated response (i.e., discharge or solute concen-
trations in discharge) is used for evaluation [e.g., Beven,
1989, 2006; Ebel and Loague, 2006]. An additional ques-
tion is whether uniqueness with regard to simulation of the
integrated response indicates if uniqueness for the distrib-
uted response will also be achieved (or if the distributed
response will be simulated correctly for any storm, much
less all storms).
[3] Despite the importance of employing both integrated

(e.g., discharge) and distributed (e.g., piezometric, soil-
water content, or surface water depth) observations when
evaluating the simulated hydrologic response during a
validation period, there are relatively few studies addressing
this issue. Refsgaard [1997] reported an application of a
physically based hydrologic model where discharge and
piezometric response were shown to be nonunique for a
validation period following a calibration period. Feyen et al.
[2000] found that discharge at the catchment outlet was well
simulated during a validation period after calibration, but
internal discharges and water table levels were not well
simulated during the validation period. Anderton et al.
[2002] reported physically based simulation results in which
discharge, soil-water content, and water table levels were all
simulated worse during the validation period following a
calibration period. Bathurst et al. [2004] found that dis-
charge, internal water table, and pressure head values were
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correctly simulated during a blind validation test. Heppner
et al. [2008], employing a characterization developed from
event-based simulations for long-term continuous simulation
with a physics-based model, found that water balance com-
ponents, peak discharge, and sediment discharge were each
well simulated while distributed soil-water contents were
poorly simulated in their continuous hydrologic modeling.
[4] Clearly no consensus has been reached as to how

robust physics-based hydrologic-response models are (or
can be) with respect to uniqueness, especially with regard to
simulation of distributed hydrologic response. Yet the
question of uniqueness is of fundamental importance if
physics-based hydrologic simulations are to provide a
reliable foundation for investigations of physical processes
where the distributed hydrologic response is important, for
example, hydrogeomorphology [e.g., Loague et al., 2006;
Mirus et al., 2007]. This study examines the uniqueness of
physics-based simulation of the integrated and distributed
hydrologic response for a well characterized field site.

1.2. Objectives and Study Design

[5] The principal goal of the study presented here is to
employ continuous hydrologic-response simulation for a
nearly 7-year period to assess the uniqueness of the hydro-
logic parameterization and boundary conditions (BCs) used
by Ebel et al. [2007b] to simulate three sprinkling experi-
ments at the Coos Bay 1 (CB1) catchment. Hydrologic-
response simulation of high-intensity storms at the CB1 site
is of particular interest because the field site experienced
slope failure during a storm with a high rainfall intensity (i.e.,
40 mm h�1) and large rainfall depth (i.e., total accumulation
of 221 mm) in November 1996 (D. R. Montgomery et al.,
Instrumental record of debris flow initiation during natural
rainfall, manuscript in preparation, 2008). An additional
objective of this study is to further illustrate the potential
benefits and limitations of using 3-D, transient, variably
saturated hydrologic-response models to drive simulation-
based hydrogeomorphology process investigations [see
Loague et al., 2006].
[6] The study reported here builds upon the three separate

week-long sprinkling experiments at the CB1 catchment
conducted in 1990 and 1992 [Anderson et al., 1997a,
1997b; Anderson and Dietrich, 2001; Montgomery et al.,
1997, 2002; Montgomery and Dietrich, 2002; Torres et al.,
1998]. Important conclusions from the CB1 field study
include the critical role of unsaturated flow in governing
the hydrologic response at CB1 [Torres et al., 1998] and the
contributions from fracture flow through the weathered
bedrock for pore water pressure development and runoff
generation [Anderson et al., 1997b;Montgomery andDietrich,
2002; Montgomery et al., 1997, 2002]. Data from the three
sprinkler experiments and site characterization from the
long-term monitoring effort at CB1 were further analyzed
by Ebel et al. [2007a] to define the boundary-value problem
(BVP) for event-based hydrologic-response simulations
using the physics-based Integrated Hydrology Model
(InHM) [see Ebel et al., 2007b]. The CB1 simulations
reported by Ebel et al. [2007b] focus on runoff, pressure
heads, soil-water contents, and solute transport during the
sprinkler experiments and led to the conclusions that
(1) characterization of layered permeability contrasts was
important for hydrologic-response simulation, (2) neglect-
ing fracture flow through the weathered bedrock precluded

simulating the locations of some pore water pressure ‘‘hot-
spots,’’ and (3) in situ measurements of soil-water retention
provided superior parameterization, with regard to simula-
tion of hydrologic response, than soil-texture based esti-
mates for the CB1 soil.
[7] It should be noted that there are several important

differences between the study reported here and the sprin-
kling experiment simulations from Ebel et al. [2007b]. For
example, the week-long sprinkling experiments were
designed to bring the system to a hydrologic steady state,
while the variable duration storms considered in the con-
tinuous simulations reported here are transient in nature
(i.e., shorter event durations with large temporal variability
in rainfall intensities). The sprinkler experiments were con-
ducted at relatively low intensities (i.e., 1.5–3.0 mm h�1)
while the intensities considered in this effort range up to
40 mm h�1 (only 10 min in duration prior to the 1996 slope
failure). Unsaturated zone observations (e.g., pressure
heads, soil-water contents, deuterium concentrations) were
collected during the sprinkling experiments while only
piezometric and runoff data exist for the long-term effort
reported here. The event-based sprinkling experiment initial
conditions (ICs) were more closely controlled to match the
observed ICs including the deeper water table location,
while the ICs for storms during the long-term effort are
the result of months to years of previously simulated
continuous hydrologic response.
[8] The sprinkling experiment BVP [see Ebel et al.,

2007a, 2007b], referred to hereinafter as the ‘‘Base Case,’’
is used to simulate the 7 years of hydrologic response at
CB1 from 1990 through the 1996 failure. The Base Case
BVP is evaluated against runoff and piezometric data to
assess model performance and uniqueness. Alternate BVPs,
based on alternative viable parameterizations, are assessed
in the context of a sensitivity analysis to improve the
uniqueness of the CB1 BVP. It is worth pointing out that
it is not the intention of this study to meticulously calibrate
the InHM BVP to match the observed data, ‘‘declare
victory,’’ and move on. Instead, problems with the CB1
BVP uniqueness and mismatches between the observed and
simulated hydrologic response are employed to suggest
hydrologic-response observations and measurements that
would improve the uniqueness of the BVP and could be
of particular importance for simulating the hydrologic con-
ditions preceding slope failure.

2. CB1 Field Site

[9] The CB1 study area is located 15 km northeast of the
cities of Coos Bay/North Bend (OR) near Mettman Ridge.
The 860 m2 catchment consists of a steep (�43� slope)
unchanneled hollow. Clear-cut logging was completed in
1987, a broadleaf herbicide was applied in 1988, and
Douglas Fir (Pseudotsuga menziesii) seedlings were planted
in 1989 [Montgomery, 1991]. The mean annual rainfall at
the North Bend (OR) airport is �1.6 m a�1 [Taylor et al.,
2005] and is distributed into a wet winter season and dry
summer season. Subsurface stormflow is the primary run-
off-generation mechanism at CB1 [Montgomery et al.,
1997; Montgomery and Dietrich, 2002; Torres et al.,
1998]. The long-term monitoring effort employed detailed
site measurements of surface and geologic-interface topog-
raphy, soil-hydraulic properties, and three sprinkling/tracer
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