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Models are to be used, not to be believed in!
Dooge (1972)
Our models should be designed expressly to maximize the possibility
of discovering that of which we are ignorant.
Beck (2002)

Equifinality

The need to characterize the distributed nature of near-surface
hydrologic response has been stressed recently by Burt (2005),
Bloschl (2006), and Sidle (2006). Serendipitously, 31 classic papers
related to the processes governing streamflow generation have
recently been reprinted in the Benchmark Papers in Hydrology
series (Beven, 2006a). The limitations and benefits of comprehen-
sive physics-based hydrologic-response simulation were discussed in
two earlier commentaries (Loague and VanderKwaak, 2004; Loague
et al., 2006). Herein, the topic of equifinality, a perceived Achilles’
heel for physics-based simulation, is addressed.

In the most general sense, equifinality is the case where different
conditions lead to similar effects. Beven (2006b) thoroughly reviews
the equifinality problem for hydrology and related disciplines (also
see Haines-Young and Petch, 1983; Culling, 1987; Aronica et al.,
1998; Hankin and Beven, 1998; Schulz ef al., 1999; Beven, 2000,
2002a,b; Brazier ef al., 2000; Beven and Freer, 2001; Hreiche ef al.,
2002; Binley and Beven, 2003). It is worth noting that the equifinality
problem is not limited to the earth sciences. For example, equifinality
is well-known in biology (Rogers, 2000), management (Doty et al.,
1993; Gresov and Drazin, 1997), and psychology (Gottlieb, 2001;
McClure et al., 2001).

In the context of hydrology and deterministic-conceptual simula-
tion, equifinality frequently refers to more than one parameter set
providing an equally good (or poor) representation of the integrated
response. Discussing the issue of equifinality, Savenije (2001) wrote
as follows: Although we can consider equifinality as a nuisance since
it implies that looking for more understanding through detailed dis-
tributed modelling is a dead-end track, it also offers an opening to the
revival of larger-scale hydrological laws. Commenting on the state-
ment by Savenije (2001), Loague and VanderKwaak (2004) wrote:
Obviously, one should consider the intended use of a distributed model
before characterizing the approach as a dead-end track (i.e. large
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scales are not always the focus). It is important
to remember that the space of possible parame-
ter values (and their combinations), which are not
independent, can be constrained in a physics-based
model. Without the physics, there are no such con-
straints, and any combination is valid. The objective
of this commentary is to expand upon the brief
remarks by Loague and VanderKwaak (2004) on
the issue of equifinality, as the problem relates to
comprehensive physics-based hydrologic-response
simulation. An illustrative example, gleaned from
recent physics-based simulations for a site with
exhaustive field data, is presented, which addresses
components of the equifinality problem.

Ill-Posed Problems and Model Performance

Near-surface hydrologic response can be quantita-
tively analyzed for certain problems and scales,
using physics-based mathematical models with
meaningful (measurable) parameter estimates that
are both spatially and temporally variable. Param-
eterization of a physics-based model, especially
with sparse information, is no trivial task (see
Bredehoeft, 2005). The inverse method of model
parameterization, which involves determining the
optimal parameter set by observing the dependent
variable in the spatial and time domains, has been
discussed by Neuman (1973), Carrera and Neu-
man (1986), Yeh (1986), and several others. When
the number of unknowns is greater than the num-
ber of observations, the problem becomes ill-posed
(Hadamard, 1902). For a given parameter set, the
solution to an ill-posed problem is not necessar-
ily unique or stable. Most, if not all, near-surface
hydrologic-response problems are ill-posed. How-
ever, a problem being ill-posed does not imply, as
pointed out by Allison (1979), that it is not worth
solving.

The issues that are associated with ill-posed
problems in hydrology fall into three categories
(Neuman, 1973; Carrera and Neuman, 1986; Khat-
ibi et al., 2000): (i) identifiability, (ii) uniqueness,
and (iii) stability. Identifiability requires that all
the model parameters contribute meaningfully
to the solution and that there is only one cor-
rect parameterization for a given site. Uniqueness
requires that only one set of parameter values can
be estimated from a given set of observations and

Copyright © 2006 John Wiley & Sons, Ltd.

that the set of parameters determined from one set
of observations (from one time period) must also
represent the observed behaviour at a different
time period. While identifiability and uniqueness
seem very similar, Carrera and Neuman (1986)
distinguish between the two by associating iden-
tifiability with the forward solution and unique-
ness with the inversion from observed data to
model parameterization. The stability constraint
demands that small errors in the observed data do
not produce large changes in the calibration. Sta-
bility can also be taken to mean that slight changes
in parameter values do not cause the model solu-
tion to be drastically different.

The problems that are associated with identi-
fiability, uniqueness, and stability are not new.
Examples include studies from engineering (e.g.
Chavent, 1974), geology (e.g. Bird and Rosen-
stock, 1984), geophysics (e.g. Roy, 1962; Ander-
ssen, 1968), hydrogeology (e.g. Cooley and Sinclair,
1976; McElwee, 1982; Konikow, 1986), physics
(e.g. Aktosun and Newton, 1985), and rainfall-
runoff modelling (e.g. Gupta and Sorooshian,
1983). Because data cannot be realistically
obtained from every point within the spatial
domain of the subsurface without excavating the
entire site (e.g. Wierenga et al., 1989), identifiabil-
ity is essentially unachievable when comparing dis-
tributed parameters against point measurements
(Chavent, 1974; Yeh, 1986). Perhaps equally chal-
lenging, as pointed out by Beck (2002), is the
fact that many physically based models have
an abundance of unobserved state variables (e.g.
total head). For regional-scale problems with large
elements, the parameters and state variables at
the grid points often do not correspond with
field-based estimates or observations, the incom-
mensurability problem (Beven, 1989). Additional
problems with physics-based modelling include
model structural error, data and measurement
errors, and imperfect representation of physi-
cal processes (Sorooshian and Gupta, 1983). All
the issues associated with ill-posed problems in
hydrologic-response simulation have been lumped
together and termed equifinality. One of the tenets
of equifinality is that many different parameter
sets provide behavioural models (i.e. fit the data
to an acceptable level), violating the principles of
identifiability and uniqueness.
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One explanation for the equifinality problem,
in physics-based simulation, is the nuances associ-
ated with identifiability and uniqueness that result
from non-robust parameter estimation. The liter-
ature on parameter estimation techniques for dis-
tributed hydrologic systems is rich (e.g. Leliavsky,
1965; Yeh, 1986; Zimmerman et al., 1998). How-
ever, parameter estimation is most often associ-
ated with the process of model calibration. It is
well known that the calibration of deterministic-
conceptual models is rife with problems (Neuman
and Guadagnini, 1999). One calibration issue,
paradoxically linked to the equifinality problem,
is the effect of increased parameter space, result-
ing from greater levels of model complexity. As
noted by Yeh (1986), increasing the degrees of free-
dom for the parameter space will generally reduce
the simulation error but increase the parameter
uncertainty. It is relatively common for the num-
ber of parameters to exceed what the field mea-
surements justify (Kirkby, 1975). The optimum
level of model parameterization depends on both
the quantity and quality of the data. Obviously,
some balance between process representation and
parameter parsimony is necessary.

There are many valuable approaches for exam-
ining hydrologic processes. However, at the
catchment scale, the most sensible framework of
investigation is the measure and model proto-
col, pioneered by Robert E. Horton (see Hall,
1987; Beven, 2004a,b,c,d). A fundamental prin-
ciple behind Horton’s approach is the rigorous
employment of high-quality observed data to
develop, parameterize, and evaluate mathemati-
cal hydrologic-response models. It follows that the
trade-off associated with using increasingly com-
plex models is the need for richer data sets.

For almost all hydrologic-response simulation
efforts, the performance of the model is judged
relative to some observation. This protocol is not
without shortcomings, such as the incommensura-
bility problem. There is, of course, a large differ-
ence between a better fit (to observed data) for a
given model and a better model (see Sorooshian
et al., 1983; Klemes, 1997). Several authors have
addressed the issue of model performance (e.g.
Loague and Green, 1991; Konikow and Brede-
hoeft, 1992; Oreskes et al., 1994; Pebesma et al.,
2005, 2006). However, there are still problems with
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quantitatively testing physics-based models, espe-
cially when the uncertainties associated with ini-
tial and boundary conditions are considered (see
Stephenson and Freeze, 1974). For the example
given below, both the Nash and Sutcliffe (1970)
model efficiency statistic and observed versus sim-
ulated time-series plots are used to discuss (rank)
model performance. We do not judge the accept-
ability of a simulation on the basis of a model
performance cutoff criterion, as we are unaware of
any such standards for hydrologic-response mod-
els. The widely employed Nash and Sutcliffe (1970)
model efficiency, which is not without its own
limitations (see Pebesma et al., 2005, 2006; Hepp-
ner et al., 2006b; Loague et al., 2006; Mirus et al.,
2006), is calculated as

n n

EF =Y (0: —0)* =Y (P — 0,
i=1 i=1
/Y (0i — 0) )

i=1

where P; are the predicted values, O; are the
observed values, n is the number of samples, and
O is the mean of the observed data.

An Example, Coos Bay and the Integrated
Hydrology Model

The study site used in this example is the CB1
experimental catchment (see Figure 1(a)), located
along Mettman Ridge approximately 15 km north
of Coos Bay in the Oregon Coast Range. The
860 m?> CB1 is an unchanneled hollow with an
average slope of 43° (see Figure 1). In 1987
CB1 was clearcut; in 1996 the site experienced
a major debris flow. The exhaustive CB1 data
sets for three sprinkling experiments (1990 and
1992) and natural events (1990 through 1996)
are described by Montgomery (1991), Anderson
et al. (1993, 1997a,b, 2002), Anderson (1995),
Montgomery ef al. (1997, 2002), Torres (1997),
Torres et al. (1998), Anderson and Dietrich (2001),
Montgomery and Dietrich (2002), and Ebel et al.
(2006a).

The comprehensive physics-based hydrologic-
response model used in this example is InHM
(Integrated Hydrology Model), which was designed

Hydrol. Process. 20, 2887-2900 (2006)
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Figure 1. CB1 photographs. (a) 1990, showing most of the catchment, including the access staircase and hanging platforms (note,
the east boundary of the catchment is to the right of the staircase in the photo). (b) 2003, showing the overgrown staircase at the
top of the catchment [identified by the red circle in (a)]

and tested to quantitatively simulate, in a fully-
coupled approach, 3D variably saturated flow and
solute transport in porous media and macropores,
and 2D flow and solute/sediment transport over
the surface and in open channels (VanderKwaak,
1999; Heppner ef al.,, 2006a). For the example
reported herein, the macropore, solute transport,
and sediment transport components of InHM were
not employed. The characteristics and past appli-
cations of InHM are discussed by VanderKwaak

Copyright © 2006 John Wiley & Sons, Ltd.

(1999), VanderKwaak and Loague (2001), Loague
and VanderKwaak (2002, 2004), Loague et al.
(2005, 2006), Heppner et al. (2006a, b), and Jones
et al. (2006).

Recently, Ebel et al. (2006b) simulated the CB1
sprinkling experiments with InHM. Here, we
report both integrated (discharge) and distributed
(tensiometers) response results from five of
the approximately 200 preliminary 3D transient
simulations for sprinkling experiment number 3,

Hydrol. Process. 20, 2887-2900 (2006)
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where the sprinkling rate was approximately
1.7 mm/hr. Three tensiometers (out of 101) were
selected to represent the distributed response for
this example. The simulation results shown herein,
compared with the pressure-head data from the
selected tensiometers, are neither the best nor
the worst from the complete analysis (Ebel et al.,
2006b).

Table I summarizes the differences between the
model parameterizations of InHM for CB1 used in
the preliminary simulations. Inspection of Table I
reveals the range of boundary conditions, initial
conditions, and material values that were consid-
ered by Ebel et al. (2006b). The major difference
between the five simulation scenarios presented in
this commentary (see Table I) is the soil-water con-
tent and permeability characteristic functions for
the near-surface colluvial layer. The sensitivity of
the simulated hydrologic response to the nonlinear
characteristic functions should not be a surprise,

on the basis of what has been known (from soil
physics) for 75 years (e.g. Richards, 1931).

Table II provides model performance results for
the integrated CB1 response (discharge EF val-
ues), on the basis of comparisons of observed
versus InHM simulated discharges at the upper
weir, for five selected boundary-value problem
(BVP) characterizations of experiment number
3. Table II also provides EF values for the dis-
tributed response (pressure-head EF values), on
the basis of observed versus InHM simulated pres-
sure heads at three different locations, for the same
five scenarios for which the integrated response
is considered. The evaluation period for both the
discharge and pressure-head data (observed versus
simulated) is from 10 AM on May 27th to midnight
on June 5th (1992). The locations of the upper weir
(i.e. discharge) and the three (9-1C, 6-3A, 3-3B)
tensiometers (i.e. pressure head) at CB1 are given
in Figure 2. Figure 3 shows the observed and five

Table I. Summary of the different CB1 boundary-value problems considered by Ebel et al. (2006b)

Characteristic

Scenarios considered

Subsurface boundary condition
Upgradient
Downgradient

Impermeable (drainage divide)*" ¢
Radiation (explicit flux), radiation (implicit flux), local head (Heppner

et al., 2006b)* P-4

Base

Sides

Surface boundary condition
Upgradient

Downgradient

Sides

Impermeable®"9¢; leaking at unity gradient
Impermeable (drainage divide)*" ¢

Impermeable (drainage divide)*"¢d¢
Critical depth (weir)»Pcd¢
Impermeable (drainage divide)*"¢d¢

Surface

Initial condition specification

Hydrogeologic units

Colluvial soil permeability

Saprolite permeability

Weathered bedrock permeability
Bedrock permeability

Colluvial soil-water retention curves

Specified flux (applied sprinkling): spatially/temporally constant, spatially
constant/temporally variable, spatially/temporally variable®P¢d¢

Drainage from saturation®, initial head equal to scaled surface elevation,
five-month warmup simulation using measured precipitation;
two-month warmup simulation using measured precipitation”©%¢

All layers/formations constant thickness; spatially variable colluvial soil;
spatially variable colluvial soil and saprolite*?; spatially variable
colluvial soil, saprolite, and weathered bedrock” ¢

Spatially constant (varied across measured range)®"¢%¢; spatially
variable

Spatially constant (varied across measured range)®¢d¢

Spatially constant (varied across measured range)™P<%¢

Spatially constant (varied across measured range)*¢d¢

Sandy loam™¢, loamy sand®Y, medium sand®, coarse sand

a~¢ Simulation scenarios [note, a—e correspond to scenarios 1-5 in Table II and throughout the text (i.e. a corresponds to scenario
1, b corresponds to scenario 2, ¢ corresponds to scenario 3, d corresponds to scenario 4, e corresponds to scenario 5)].

Copyright © 2006 John Wiley & Sons, Ltd.
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Table II. Model efficiency (EF) results for observed versus InHM simulated discharges and pressure heads for CB1
sprinkling experiment number three

EF*? values

Simulation scenario® Discharge® Pressure-head

9-1C¢ 6-3A 3-3B
1 0-82 —1¢ -3 —13
2 0-78 —7 -3 -3
3 0-76 0-84 0-89 0-8
4 0-74 -3 -5 —-17
5 0-66 —11 -5 -5

4 Model efficiency (Nash and Sutcliffe, 1970).

EF =1 when the observed and simulated values (e.g. discharge, pressure head) are identical. EF < 1 for catchment scale rainfall-
runoff simulations (to the best of our knowledge). EF < 0 infers that the simulation is worse than using the observed mean as the

estimate.

b See Table I for generalized characterizations of the individual boundary-value problems.

¢ See Figure 2 for the location of the upper weir.

4 See Figure 2 for the locations of tensiometers 9-1C, 6-3A, and 3-3B.

€ The negative EF values are rounded off to the nearest integer.

InHM simulated hydrographs for the third sprin-
kling experiment. Figure 4 shows the observed and
five InHM simulated pressure-head values at the
three locations for the third sprinkling experiment.

Inspection of Table II and Figures 3 and 4
helps to see through the fog of equifinality. The
hydrographs in Figure 3 clearly show that none
of the five scenarios capture all the nuances in
the observed discharge data. The best of the
five scenarios does not stand out in Figure 3.
The discharge EF values in Table II, ranging
between 0-82 and 0-66, are similar to what has
been reported in the literature for physics-based
hydrologic-response simulation at the catchment
scale (see Loague ef al., 2005; Heppner et al.,
2006b; Mirus et al., 2006). The discharge EF value
for scenario 1 is better than the values for sce-
narios 2 through 5 (see Table II). Therefore, at
first blush, scenario 1 could mistakenly be taken
as the best of the five scenarios. Notwithstanding
the less than perfect model performance, the dis-
charge results presented here demonstrate that the
parameterizations for the different scenarios can
be described as behavioural. The discharge results
presented here also illustrate that equifinality is a
problem, supporting the multiple behavioural con-
clusion that has been reported by past investiga-
tors (e.g. Zak and Beven, 1999; Brazier ef al., 2000;
Beven and Freer, 2001; Feyen ef al., 2001), when

Copyright © 2006 John Wiley & Sons, Ltd.

model performance assessment is based solely on
the catchment’s integrated response.

The pressure-head EF values in Table II are
positive only for scenario number 3. In Table II,
the general order (from best to worst) for the three
tensiometers is 6-3A, 9-1C, and 3-3B. Unlike for
the integrated response, where all five scenarios
are somewhat reasonable, the distributed response
suggests (based upon the EF values) that only sce-
nario number 3 is reasonable. For scenario num-
ber 3, the EF values for the three different ten-
siometer locations (i.e. 0-84, 0-89, and 0-80) are
each greater than the 0.76 discharge EF value.
The especially low pressure-head EF values for
tensiometer 3-3B for scenarios 1 and 4 (i.e. —13
and —17, respectively) are traceable to misrep-
resenting the initial conditions. Figure 4 clearly
shows, for the quasi steady-state portion of exper-
iment number 3, that all five scenarios underes-
timate the pressure head at each tensiometer. In
Figure 4, the order (from best to worst) for the
five scenarios is 3, 1, 4, 2, and 5 for each of the
tensiometers, with scenarios 1, 3, and 4 clearly sep-
arated from scenarios 2 and 5.

Given both the discharge and pressure-head EF
values in Table II, one would be hard pressed
to justify the acceptability of scenarios 1, 2, 4,
or 5. On the basis of both the integrated and
distributed results, scenario number 3 is the best

Hydrol. Process. 20, 2887—-2900 (2006)
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Figure 2. Locations of the upper weir and tensiometers 9-1C, 6-3A, and 3-3B within CB1. The measurement depths (from the surface)
for tensiometers 9-1C, 6-3A, and 3-3B are, respectively, 0-5, 0-7, and 0-5 m
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Figure 3. Observed versus InHM simulated discharges for the third CB1 sprinkling experiment. The observed discharges are shown
by the bold line with boxes. The five InHM simulations (numbered lines) correspond to the scenarios in Table II
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Figure 4. Observed versus InHM simulated pressure heads for the third CB1 sprinkling experiment. The observed pressure heads

are shown by the bold line with boxes. The five InHM simulations (numbered lines) correspond to the scenarios in Table II;

simulated pressure heads < — 1-0 are not shown. (a) tensiometer 9-1C. The observed initial condition is —1-0 m; the simulated

initial conditions for scenarios 1 through 5 are < — 2, < — 2, —1:1, < — 2, and < — 2 m, respectively. (b) tensiometer 6-3A. The

observed initial condition is —0-7 m; the simulated initial conditions for scenarios 1 through 5 are < — 2, —1-3, —0-7, < — 2, and

—1-3 m, respectively. (c) tensiometer 3-3B. The observed initial condition is —0-5 m; the simulated initial conditions for scenarios
1 through 5 are < — 2, —0-9, —0-5, < — 2, and —0-9 m, respectively

at capturing the overall hydrologic response for
experiment number 3. Selecting scenario number
1 as the best, on the sole basis of having the highest
discharge EF, is an example of being right for the
wrong reason (Loague and VanderKwaak, 2004).
The example presented here provides a convincing
demonstration (at least for the CB1 case) that the
equifinality problem becomes tractable when both
integrated and distributed response data are used
to assess model performance.

Copyright © 2006 John Wiley & Sons, Ltd.

In the straightforward example presented here,
each component of the CB1 BVP contributed
to the InHM simulated results (both integrated
and distributed) for sprinkling experiment num-
ber 3. Figure 4 shows that evaluating the simula-
tion results against the distributed pressure-head
response helps to ensure that the parameteriza-
tion is stable. With respect to small changes in
the parameterization yielding dramatically differ-
ent results, the relative sensitivity of individual

Hydrol. Process. 20, 2887-2900 (2006)
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parameters is important. For example, a small
change in the saturated hydraulic conductivity for
an impeding layer (e.g. at the soil-bedrock inter-
face) could have a large effect on the integrated
response, if the primary runoff-generation mecha-
nism was subsurface stormflow, but have a mini-
mal effect on the distributed response seen in the
near-surface pressure-head values.

Field evidence has shown that the time invari-
ance assumption (often accepted with unique-
ness) is not realistic for many near-surface soil-
hydraulic parameters. For example, permeabil-
ity can change dramatically both on a seasonal
basis (Loague and VanderKwaak, 2004) and due
to land-use change (e.g. Mohanty ef al., 1994).
Figure 1 illustrates the dramatic change in veg-
etative cover at CB1 between 1990 and 2003.
The Douglas Fir (Pseudotsuga menziesii) seedlings
planted at CB1 in 1989 are now 6 m (or higher),
with a thick understory. It should be expected
that the vegetation changes shown in Figure 1 have
affected the near-surface soil-hydraulic properties.

Previous research has shown that simulations
of hydrologic response that are only evaluated
against the observed integrated response provide
no guarantee of getting the distributed response
correct (Ambroise ef al., 1996a,b; Beven, 1997;
Wigmosta and Lettenmaier, 1999; Saulnier and
Datin, 2004). It must also be pointed out that sev-
eral researchers have found that the use of dis-
tributed observations did not appreciably reduce
equifinality in their rainfall-runoff modelling
efforts (e.g. Lamb et al., 1998; Vertessy and Elsen-
beer, 1999; Blazkova and Beven, 2002; Blazkova
et al., 2002; Christiaens and Feyen, 2002). How-
ever, the example presented here, using a compre-
hensive physics-based hydrologic-response model
and a rich data set, illustrates that the equifinality
problem is not insurmountable. It is worth point-
ing out that there are many more measurements
of state variables for the CB1 sprinkling experi-
ments, besides pressure heads at the other 98 ten-
siometers, that were not employed in the example
presented here. For example, the CB1 observations
include soil-water contents from 56 TDR wave-
guide pairs (Torres, 1997), total heads from 223
piezometers (Montgomery et al., 1997), and tracer
concentrations from 33 lysimeters (Anderson ef al.,

Copyright © 2006 John Wiley & Sons, Ltd.

1997b). The number of equally-likely parameteri-
zations of InHM for CB1 can easily (but not triv-
ially) be constrained to a much greater degree than
has been illustrated here by using all the informa-
tion within the data base.

Epilogue

In response to the problems associated with equi-
finality, there have been many calls for simpler
models (e.g. Beven, 1996a,b; Kirkby, 1996; Young
et al., 1996). Parsimony in science has been a virtue
for some time (e.g. William of Occam advocated it
in the fourteenth century). However, some systems
are not simple (e.g. linear) enough to justify sim-
ple models for all applications. A model cannot
adequately capture processes and process interac-
tions that are not included in its formulation. For
example, black (or any colour) box models cannot
provide process-based diagnostics within the box.
Our perception of the best use of physics-based
hydrologic-response simulation was lucidly char-
acterized by Kirkby (1996): Models are thought
experiments which help refine our understanding of
the dominant processes acting.. .While most simu-
lation models may be used in a forecasting mode,
the most important role of models is as a qualita-
tive thought experiment, testing whether we have a
sufficient and consistent theoretical explanation of
physical processes. The best model can only pro-
vide a possible explanation which is more consistent
with known data than its current rivals. Every field
observation, and especially the more qualitative or
anecdotal ones, provides an opportunity to refute,
or in some cases overturn, existing models and the
theories which lie behind them.

There is a plethora of important problems in
the earth sciences where it is important to get
the hydrology right (see Paola et al., 2006). If the
Holy Grail for a hydrologic model is an ability to
effectively simulate coupled surface/near-surface
responses for all problems at every scale, then
the quest, at least for the foreseeable future,
is well beyond reach. However, depending upon
the problem/scale, there are many useful and/or
promising simulation approaches. Near one end
of the hydrologic-response model spectrum are
the approaches discussed by McDonnell (2003)
and Kirchner (2006). At the other delimiter

Hydrol. Process. 20, 2887-2900 (2006)
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are physics-based hydrologic-response models like
TUSLO/STREAM (Freeze, 1971, 1972a,b), InHM,
MODHMS (Panday and Huyakorn, 2004), and
HydroGeoSphere (Sudicky ef al., 2005). It is not
our intention to discourage the recent exhortations
(e.g. Kirchner, 2006) for universal hydrologic
laws that are simple and elegant. Perhaps the
next generation of hydrologists will discover the
equivalent of string (or M) theory from physics,
which connects the micro and macro scales.

A comprehensive physics-based model (such as
InHM) would be a poor choice if the objective of
a simulation effort was to estimate an integrated
response (e.g. discharge from an ungauged catch-
ment). On the other hand, if the objective of the
simulation effort was to quantitatively estimate the
spatial and temporal distributions of pore pres-
sures within the variably saturated 3D subsurface
(i.e. for understanding slope failure initiation at
the hillslope/catchment scale), then a comprehen-
sive physics-based model would be a good choice.

Despite the ill-posed nature of many hydrologic-
response simulations, these problems are still
meaningful as tools for conceptual analysis
and discovery. It is our position, relative to
understanding and reducing the equifinality
problem, that distributed measurements hold more
promise than has been previously recognized in
most past field measurement campaigns. On the
basis of the quantity and quality of information
that is available today, equifinality (from practical
or mathematical perspectives) cannot be totally
eliminated from hydrologic-response simulation
for any model, simple or complex. One promising
protocol for reducing parameter uncertainty
for physics-based simulation is an improved
dialogue between experimentalists and modelers
(see Weiler and McDonnell, 2004), so that future
field experiments and long-term observations will
better capture the nonintuitive nuances associated
with the distributed response for real systems.

Knowing that no hydrologic-response model
works equally well for all situations (e.g. scale,
data availability), it is unproductive (at this
time) to suggest the complete abandonment
of any approach. Hopefully, the intellectual
drift discussed by Church (2005) will not take
place within the hydrologic-response modelling
community. The difficult problems associated

Copyright © 2006 John Wiley & Sons, Ltd.

with the characterization and physics-based
simulation of near-surface hydrologic response
(e.g. preferential flow, old/new water, and the
occasional failures of the Darcian flow and Fickian
dispersion models) are no more intractable than
the problems that have been successfully tackled
in other disciplines. For example, the fundamental
problems of turbulence, which for decades defied
the efforts of several stellar scientists (e.g.
Werner Heisenberg, Richard Feynman, Andrei
Kolmogorov), are only now being unraveled (see
Falkovich and Sreenivasan, 2006). Conceptual
obstacles are not broken down by black-box
models, but rather by the failure of rigorous,
physics-based models. These failures lead to
different conceptualizations that incorporate new
(frequently more complex) physics. Incorporating
more physics into the next generation of
hydrologic-response models will require new
carefully executed field measurements for both
parameterization and evaluation. The current
generation of physics-based models is most useful
for concept development (e.g. process identification
and characterization) at the hillslope/catchment
scale (instead of, for example, real-time flood
forecasting at the watershed/basin scale). A
continued effort to improve data shortfalls will
facilitate wrestling behemoths like equifinality (at
least for certain situations) closer to the ground.

Errata

In the second of our commentaries on physics-
based hydrologic-response simulation (Loague
et al., 2006), the EF value for the long-term InHM
simulation of the C3 catchment, given correctly
in Mirus ef al. (2006), was mistakenly reported
(on page 1235) as 0-89; the correct value is 0-75.
Relative to the plus/minus 20% data error impacts
on model performance reported by Loague et al.
(2006), the 0-75 EF value is just outside the
reported range [(see Table 1, Loague et al. (2006))].
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