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Abstract

Column and field experiments have shown that the hydrologic response to
increases in rainfall rates can be more rapid than expected from simple estimates.
Physics-based hydrologic response simulation, with the Integrated Hydrology
Model (InHM), is used here to investigate rapid hydrologic response, within the
variably saturated near surface, to temporal variations in applied flux at the
surface boundary. The factors controlling the speed of wetting front propagation
are discussed within the Darcy—Buckingham conceptual framework, including
kinematic wave approximations. The Coos Bay boundary-value problem is
employed to examine simulated discharge, pressure head, and saturation responses
to a large increase in applied surface flux. The results presented here suggest that
physics-based simulations are capable of representing rapid hydrologic response
within the variably saturated near surface. The new InHM simulations indicate
that the temporal discretization and measurement precision needed to capture the
rapid subsurface response to a spike increase in surface flux, necessary for both
data-based analyses and evaluation of physics-based models, are smaller than
the capabilities of the instrumentation deployed at the Coos Bay experimental
catchment. Copyright © 2007 John Wiley & Sons, Ltd.
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Introduction

The general objective in preparing this short communication was to further
discuss and demonstrate the utility of hydrologic-response simulation for
effectively examining field observations and, in certain situations, for making
queries beyond the measured data (also see Loague and VanderKwaak, 2004;
Ebel and Loague, 2006; Loague et al., 2006). The specific objective of this
effort was to further assess the type of hydrologic-response data needed to
rigorously test or evaluate both physics-based models and the theories upon
which these models are based. This paper is focused on understanding rapid
simulated hydrologic response within the variably saturated near surface.
Many studies have demonstrated that preferential flow, via high permeability
pathways, can be an important source of rapid hydrologic response (e.g.
Beven and Germann, 1982; Clothier, 2002; Nimmo, 2007). The simulations
in this study consider only matrix-flow-dominated rapid hydrologic response,
of the type observed within the unsaturated near surface during the field and
laboratory experiments conducted by Torres ef al. (1998); Rasmussen et al.
(2000); Renshaw et al. (2003), and Meyles et al. (2006).

The effort reported here is grounded in Horton’s measure and model
approach (see Beven, 2004). The data is from an experimental catchment
in coastal Oregon near Coos Bay (Montgomery et al., 1997); the model
is the comprehensive physics-based Integrated Hydrology Model (InHM)
developed by VanderKwaak (1999). The comprehensive, physics-based
classification denotes a model that is based on solution (often numerical)
to the fully coupled, complete set of partial differential equations that
describe hydrologic response across the spatially variable surface and within
the variably saturated subsurface (see Loague and VanderKwaak, 2004). A
comprehensive model should represent all significant physical processes.
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A physics-based model should employ parameters that
have a physical interpretation or significance (i.e. can be
measured) and processes that are developed and tested
within a scientific framework (after Beven, 1989a). It
is important to establish that the effort reported herein
was not designed to (i) promote one hydrologic-response
model over another, (ii) denigrate any underlying mod-
eling technique, or (iii) endorse or refute any rapid
response theories (e.g. pressure waves (Torres et al.,
1998)).

Rapid Hydrologic Response
Controlling factors

An explanation of the factors controlling the rate of
hydrologic response benefits from an examination of
the governing flow equations (i.e. assuming Darcy’s law
and continuum mechanics are valid). The 3D saturated
homogeneous isotropic flow equation is:
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where x, y and z denote Cartesian coordinates, K is
the saturated hydraulic conductivity [L T~'], & is the
hydraulic head [L], S, is the specific storage [L~!], and
t is time [T]. The specific storage is defined as:

2)

where p is the density of water [M L™3], g is gravitational
acceleration [L T~2], « is the porous media compressibil-
ity [M L™! T72], n is the porosity [L*> L~], and 8 is the
fluid compressibility [M L™! T=2]. The 3D unsaturated
homogeneous isotropic (nonlinear) flow equation is:
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where K () is the characteristic function for hydraulic
conductivity [L T~'], ¢ is the pressure head [L], and
C () is the specific moisture capacity [L™']. The specific
moisture capacity is defined as:
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C = —

W) v

where 6 is soil water content [L3 L™3]. Perusal of

Equations (1) and (3) shows that the three factors control-

ling the rate of hydrologic response (i.e. the 0h 4nd i

terms in Equations (1) and (3), respectively) are: (i) the
hydraulic conductivity, K or K (¢) (directly proportional);

“)

(ii) the hydraulic gradient, % or a_lz# + 1 (directly pro-
portional); and (iii) the storage, Sy or C(i) (inversely
proportional). In general, increases in the hydraulic con-
ductivity and/or the gradient or decreases in the storage
result in a more rapid hydrologic response.

The work reported here is focused on the physics of
the unsaturated zone as represented by Equation (3). The
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three main factors controlling the rates of hydrologic
response (i.e. (i)—(iii) above) are present in many sim-
plifications of the flow equations (see Colbeck, 1972;
Beven, 1981, 1982; Smith, 1983; Charbeneau, 1984).
For example, both Smith (1983) and Charbeneau (1984)
approximate the wetting front velocity as:

_ [K(01) — K(6>)]
61 —62)

where v is the velocity [L T~!], 6, is the soil water
content behind the wetting front [L3 L3, 6, is the soil
water content ahead of the wetting front [L? L3, K(6))
is the hydraulic conductivity at 6; [L T, and K (0,)
is the hydraulic conductivity at 6, [L T~!]. On the basis
of the assumption that the initial hydraulic conductivity
or flux ahead of the wetting front is zero, Warrick er al.
(1971) and Beven (1982, 1989b) estimate the wetting
front velocity as:

o)

L _Kw©) ©
(s — 6)
where 6 is the soil water content at the surface [m> m™3]
and K (6) is the hydraulic conductivity [L T~!] at 6;.
The numerator in both Equations (5) and (6) is hydraulic
conductivity, which can be replaced with the surface flux
(e.g. rainfall); the denominator in both Equations (5) and
(6) represents storage. Assuming a steady infiltration
capacity at the surface, K (6s) is equal to the applied flux.
The hydraulic gradient in both Equations (5) and (6) is
assumed to be unity (i.e. matric potential gradients are
zero, gravity dominates) and therefore does not change.
Smith (1983), when comparing transient estimates of
wetting front position, found good agreement between the
kinematic wave-based Equation (5) and numerical solu-
tion to the more rigorous Equation (3). Renshaw et al.
(2003) successfully matched estimates of wetting front
velocities from the kinematic wave-based Equation (6)
with observed values. As noted by Smith (1983) and
Beven (1989b), consistent with Equations (5) and (6),
rainfall rates near the saturated conductivity of soils
with wet initial conditions (i.e. very little storage)
result in large wetting front velocities. Torres et al.
(1998); Williams et al. (2002), Renshaw et al. (2003),
and Meyles et al. (2006) each cite high rainfall rates
on soils with wet initial conditions and steep hydraulic
conductivity functions as the conditions necessary condi-
tions for rapid observed hydrologic responses, which they
term pressure waves. For a steep characteristic curve the
value of pressure head is very sensitive to changes in soil
water content or hydraulic conductivity. The distinction
between Equations (5) and (6) is that with Equation (5)
the hydraulic conductivity function (with respect to soil
water content) must increase steeply for the wetting front
to advance rapidly. On the basis of comparisons with
numerical simulations from Equation (3), Smith (1983)
and Smith et al. (2002) determined that Equation (5) is
more robust than Equation (6) for estimating the wetting
front arrival time.
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Coos Bay Experimental Catchment

Three intensely monitored sprinkling experiments were
conducted at the 860 m?> Coos Bay experimental catch-
ment (CB1) between 1990 and 1992 (see Anderson et al.,
1997a,b, 2002; Montgomery et al., 1997; Torres et al.,
1998; Ebel et al., 2007b). The CB1 experiments facili-
tate observation and simulation-based characterization of
the integrated and distributed surface and near-surface
hydrologic response. Analyses of the CB1 data has
included descriptions of the spatial and temporal dynam-
ics within the variably saturated subsurface (see Mont-
gomery et al., 1997, 2002; Torres et al., 1998), runoff
generation (see Anderson et al., 1997b; Montgomery
et al., 1997; Montgomery and Dietrich, 2002), and solute
transport/weathering (see Anderson et al., 1997a,b, 2002;
Anderson and Dietrich, 2001). Major themes that emerge
from the aforementioned CB1 data studies are that the
unsaturated zone and the fractured bedrock both play
important roles in the overall hydrologic response of the
catchment.

An important observation from the CB1 measurements
is that the near-surface hydrologic response was rapid for
both the sprinkling experiments and for natural rainfall
events. Torres et al. (1998) and Montgomery et al. (2002)
both attribute the rapid pressure head response CBI1 to
the advance of a pressure wave within the near surface.
Torres et al. (1998) compared the observed (gleaned
from tensiometers nested with depth) and estimated
(with the approach from Warrick et al. (1971)) wetting
front velocities, finding the former 15 times faster.
Torres et al. (1998) also found that the observed (from
tensiometers) time to quasi-steady state was 2—4 times
faster than estimated with an empirical approach given by
Horton (1940). Montgomery et al. (2002) found that the
observed piezometric response was 100 times faster than
estimated from a simple wetting front approximation (i.e.
sprinkling rate divided by the soil porosity). In contrast
to the rapid (relative to simple approximations) observed
pressure responses reported by Torres et al. (1998) and
Montgomery et al. (2002), the analyses by Anderson
et al. (1997a) found that deuterium spiked water detected
in subsurface lysimeters moved approximately at the
spatially variable sprinkling rates divided by the soil
water content behind the wetting front, which is in
agreement with the Warrick et al. (1971) approximation
for solute transport.

Physics-Based Hydrologic Response
Simulation, Cb1 Experiment 2

Considering the success of kinematic wave approxima-
tions at representing hydrologic response, one could ques-
tion the need for comprehensive physics-based simula-
tion: especially since the uncertainty associated with the
typical application of a deterministic-conceptual model is
well known (see Beven, 2006). At CB1, the complicating
factors that prevent models which are based on simplify-
ing assumptions from effectively representing distributed
hydrologic response (see Ebel and Loague, 2006) include:

Copyright © 2007 John Wiley & Sons, Ltd.
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(1) hysteretic soil water retention curves, (ii) spatially and
temporally variable sprinkling rates, (iii) complex subsur-
face soil and geology, and (iv) nonuniform initial con-
ditions. The extensive site characterization (Anderson
et al., 1997a,b; Montgomery et al., 1997, 2002; Torres
et al., 1998; Montgomery and Dietrich, 2002; Ebel ef al.,
2007b), combined with recent physics-based simulation
efforts (see Ebel and Loague, 2006; Ebel et al., 2007a,c),
provide a foundation for investigating rapid hydrologic
response at CB1. The new InHM simulations reported
herein for the second CB1 sprinkling experiment are
heuristic in nature in that no soil water content data
exists and that no pressure head measurements were made
during a natural storm that augmented the sprinkling
(5/27/1990 2:00 am. to 7:00 am.). InHM is described
by VanderKwaak (1999) and VanderKwaak and Loague
(2001); past applications of InHM include VanderKwaak
and Loague (2001); Loague et al. (2005); Heppner et al.
(2006, 2007); Jones et al. (2006); Mirus et al. (2007);
Ebel et al. (2007¢c); Ran et al. (2007), and Smerdon et al.
(2007).

For the simulation-based effort reported here, discharge
(at the upper weir), pressure head, and saturation esti-
mates (at selected points) are used to examine the hydro-
logic response at CB1 for sprinkling experiment number
2. The locations of the upper weir and the monitoring
points used in this study are shown in Figure 1. The
boundary value problem used for the new CB1 simu-
lations is the same as reported by Ebel er al. (2007¢),
with one exception. During the period when the natural
storm augments sprinkling, a spatially uniform sprinkling
and rainfall flux (10 min temporal resolution) replaces the
kriged sprinkling rate snapshots (9—15 h temporal reso-
lution) employed by Ebel ef al. (2007¢c) as the surface
boundary condition. The 10 min discretization sprinkling
and rainfall rates are the mean of the rates measured
in three automated rain gages (see Ebel et al., 2007b).
During the high-intensity spike, the three automated rain

@ Simulated
monitoring
points

O Upper weir

I~
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(m)
Elevations
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M

Figure 1. Location of the upper weir and simulated monitoring points

within the CB1 catchment. The simulated monitoring points consist of a

vertical series, colocated in x and y, of points from the soil surface to
the soil—saprolite geologic interface
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gages recorded rates of 18-3, 16-8, and 15-2 mm h™!, giv-
ing an average of 16-8 mm h~'. The range in recorded
rainfall rates, even at the small CB1 site, illustrates the
considerable uncertainty in estimating rainfall (see Sieck
et al., 2007). The finer temporal discretization in the flux
used for the surface boundary condition used in this
study facilitates examining the effect that the short dura-
tion rainfall spike had on the near-surface hydrologic
response.

Integrated response

The integrated hydrologic response (i.e. discharge) repre-
sents the combination of many hydrologic processes and
flowpaths that interact to produce the observed runoff.
The integrated response of the CB1 catchment to sprin-
kling and natural rainfall during the second sprinkling
experiment is shown in Figure 2(a) and (b). Figure 2(a)
illustrates a cause and effect relationship between the
observed sprinkling and rainfall hyetograph and the
observed upper weir discharge hydrograph for experi-
ment 2. Also shown in Figure 2(a) is the InHM-simulated
discharge hydrograph for sprinkling experiment 2, facil-
itating an observed versus simulated comparison of the
integrated hydrologic response. As shown in Figure 2(a),
the simulated hydrograph is, in general, a good repre-
sentation of the observed response; the peak is slightly
overestimated and the rising and recession limbs are both
somewhat lagged. Figure 2(b) is an enlargement of a
small section of the record shown in Figure 2(a), illustrat-
ing the rapid simulated response in discharge related to
the rainfall spike. As shown in Figure 2(b), the local peak
in the simulated discharge response, driven by the rain-
fall spike, is 11 min after the initiation of the spike and
is largely dissipated within another 10 min. The magni-
tude of the perturbation in discharge to the rainfall spike
is on the order of 0-01-0-02 1 s~!, which is below the
detection limit of the stage-monitoring equipment that
was installed at the CB1 upper weir. The 10-min res-
olution of the observed discharge record did not detect
the response to the rainfall spike. It is worth noting that
the most of the rapid (but small magnitude) discharge
response shown in Figure 2(b) results from sprinkling
and rainfall that falls on a limited saturated area just
upslope of the CB1 upper weir (see Montgomery et al.,
1997; Ebel et al., 2007b). The small magnitude discharge
response shown in Figure 2(b) is, of course, not the only
upper weir discharge response to the rainfall spike. The
rainfall spike contributes to the simulated (and observed)
upper weir discharge for hours afterwards as the rainfall
spike infiltrates, moves vertically through the unsaturated
soil column, and then advances downslope through the
fractured weathered bedrock (see Montgomery and Diet-
rich, 2002). Clearly all the runoff generation could not
occur for the entire CB1 catchment (either simulated or
observed) over a period of 20 min in response to the rain-
fall spike. It is our opinion that the ambiguity in employ-
ing discharge alone to determine catchment response time

Copyright © 2007 John Wiley & Sons, Ltd.
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Figure 2. (a) Observed versus InHM-simulated discharges for the entire

second CB1 sprinkling experiment. The hyetograph of sprinkling and

rainfall is shown on the vertical axis. (b) Subset of the InHM-simulated

discharge during the second sprinkling experiment; note that the gray box

in (a) shows the subset time range for the simulated discharge in (b). The

rapid simulated discharge response to the natural rainfall rate increase is
evident

is a limitation of the integrated response (i.e. discharge) in
data-based or simulation-based hydrologic investigations.

Distributed response

In contrast to the integrated response, the distributed
response consists of point measurements (e.g. pressure
head, saturation) that reflect the localized hydrologic pro-
cesses. Figure 3(a) shows temporal snapshots of simu-
lated pressure head at the simulated monitoring points.
The five profiles are for (i) the initial condition at the
start of sprinkling experiment 2, (ii) exactly at the initia-
tion of the rainfall spike, (iii) 10 min after the initiation of
the rainfall spike (i.e. when the spike ends), (iv) 30 min
after the initiation of the rainfall spike, and (v) 2 h after
the initiation of the rainfall spike (i.e. at 7:00 am. when
the tensiometer measurements were taken). The initial
condition profile shows the wetting front from a natu-
ral storm preceding sprinkling experiment 2. Figure 3(b)
is an enlargement of a section of the profile shown in
Figure 3(a), which facilitates distinguishing between the
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Figure 3. (a) Time snapshots of simulated pressure head profiles with
depth for the simulated monitoring points for the second CB1 sprinkling
experiment initial conditions (IC), at the initiation of the natural rainfall
rate spike, 10 min after the rainfall spike initiated (also the cessation of
the rainfall spike), 30 min after the rainfall spike initiated, and 2 h after
the rainfall spike initiated. (b) Subset of the profiles shown in (a); note
that the box in (a) shows the depth range of the subset. (¢c) Depth profiles
of the differences between the pressure heads at the simulated monitoring
points at the rainfall spike initiation and the time snapshots from 10 and
30 min after the rainfall spike

five profiles. The small and rapid magnitudes of the simu-
lated pressure head response are a result of the extremely
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steep wetting soil water retention curves (Torres et al.,
1998; Ebel er al., 2007c). Because the flux rate at the
surface during the brief rainfall spike is only 17 mm h~',
compared to the estimated saturated hydraulic conductiv-
ity of the soil of 1200 mm h~!, the additional rainfall
flux from the spike is easily accommodated with only
a couple of centimeters of increase in pressure head.
Figure 3(c) shows the changes in the simulated pressure
head throughout the profile at 10 and 30 min after the ini-
tiation of the rainfall spike. The largest change in pressure
head throughout the profile is 0-024 m at 0-125 m below
the surface at approximately 30 min after the initiation
of the rainfall spike. The 30 min surface pressure head
declines very rapidly because of the hysteretic behavior
of the soil water retention curve (i.e. transitioning to a
drying curve on a scanning curve that is less steep than
the wetting curve).

Figure 4(a) shows temporal snapshots of simulated sat-
uration at the simulated monitoring points. The profiles
in Figure 4(a) are for the same times as in Figure 3(a).
Figure 4(b) is an enlargement of a section of the pro-
file shown in Figure 4(a), which facilitates distinguish-
ing between the five profiles. Given the magnitude of
the rainfall spike, the changes in saturation needed to
accommodate the increased flux at the surface are small
owing to the steep hydraulic conductivity function and
the large saturated hydraulic conductivity of the soil. The
simulated saturations in Figure 4(a) and (b) remain far
from full saturation. Owing to the high (i.e. 0-5 m*> m™)
porosity of the soil at the site (Montgomery et al., 1997;
Ebel et al., 2007¢c), much of the increased flux from the
rainfall spike goes to storage. The maximum difference
in the simulated saturation for a given depth within the
profile is 0-042 m®> m~3 at the surface (resulting from
the boundary condition) 10 min after the initiation of the
rainfall spike. Simulated saturations at depth are less than
at the surface because water moves into storage as it
infiltrates. Figure 4(c) shows the changes in simulated
saturation throughout the profile at 10 and 30 min after
the initiation of the rainfall spike.

Two hours after the initiation of the rainfall spike
(7:00 am., 27 May 1990), corresponding to the first
tensiometer measurements made after the spike (Torres
et al., 1998), the maximum simulated pressure head
and saturation differences are, respectively, 0-010 m
and 0-0137 m® m~3. Torres et al. (1998) noted that the
7:00 am. measurements showed no response (beyond
instrument noise) to the rainfall spike. Given the rapid
and small nature of the pressure head and saturation
disturbances, it is not surprising that detection of the
rainfall spike was not possible with the observations
from the instrumentation and temporal discretization used
(nearly 20 years ago) to capture the hydrologic response
at CB1 during experiment 2.

Discussion

The results from the new set of InHM simulations for
CBI1 reported here support the conclusions of previous

Hydrol. Process. 22, 464 - 471 (2008)
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Figure 4. (a) Time snapshots of simulated saturation profiles with depth
for the simulated monitoring points for the second CB1 sprinkling
experiment initial conditions (IC), at the initiation of the natural rainfall
rate spike, 10 min after the rainfall spike initiated (also the cessation of
the rainfall spike), 30 min after the rainfall spike initiated, and 2 h after
the rainfall spike initiated. (b) Subset of the profiles shown in (a); note
that the box in (a) shows the depth range of the subset. (c) Depth profiles
of the differences between the saturations at the simulated monitoring
points at the rainfall spike initiation and the time snapshots from 10 and
30 min after the rainfall spike

investigations (e.g. Smith, 1983; Beven, 1989b; Torres
et al., 1998; Williams et al., 2002; Renshaw et al., 2003;
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Meyles et al., 2006); specifically, rainfall rate spikes,
storage, and steep hydraulic conductivity functions each
contribute to rapid hydrologic response in the variably
saturated near surface. The simulation results reported
herein provide a first cut illustration of the levels of
spatial discretization and temporal resolution necessary
for future measurement campaigns that purport to aid in
the resolution of questions related to rapid hydrologic
response within the near surface (e.g. testing whether
Equation (3) is valid for CB1 type applications). If, as
suggested by Torres (2002), models like InHM are inca-
pable of simulating hydrologic response for certain situa-
tions where the Darcy—Buckingham continuum assump-
tions break down, it is clear, from the effort reported
here, that much better temporal resolution is needed for
discharge, pressure head, and soil water content observa-
tions for conclusive data-based assessments. The tempo-
ral scale for the type of response that potentially occurred
at CB1 would be on the order of minutes to a precision of,
for example, millimeters for pressure head. On the basis
solely of the CB1 sprinkling experiments, it is our opinion
that it is premature to even consider total abandonment of
the distributed physics-based hydrologic-response simu-
lation approach. The findings reported here echo the call
from Kirchner et al. (2004) for better temporal resolution
in hydrologic observations. If InHM can adequately sim-
ulate the rapid hydrologic response, then the simulations
reported herein provide an upper bound for the tempo-
ral discretization necessary for capturing rapid hydrologic
response.

Smith (1983) noted that the velocity limit of the
wetting front is provided by:

o0) — dK(6)

4©) )

where 6 is soil water content [L> L73]. Equation (7) is an
estimate of the maximum possible wetting front velocity.
The situation where the wetting front velocity will be
greatest is where K (6) has the largest slope and storage is
minimal. This maximum velocity should occur on the wet
side of the specific moisture capacity curve (i.e. C(y))
peak, but before the air-entry pressure. Figures 5(a) and
(b) show, respectively, the relatively steep, nonhysteretic
soil water retention and hydraulic conductivity functions
for a loamy sand. The characteristic curves in Figure 5(a)
and (b) were generated with the van Genuchten (1980)
approach, parameterized from the Carsel and Parrish
(1988) database. Figure 5(c) shows the specific moisture
capacity curve, derived from the soil water retention
curve. In Figure 5, the maximum velocity should occur
for pressure heads between —0-05 and —0-02 m. An
experiment, well beyond the scope of this briefing, to
examine the maximum rate of hydrologic response for the
soil depicted in Figure 5 would need to be irrigated until
past the C(¥) peak, then the irrigation spike increased.
The temporal and spatial discretization of measurements
necessary to capture the response could be gleaned from
numerical simulations such as the ones reported here
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or, for example, using kinematic wave approximations.
It is important to note the paucity of high-quality soil
water retention data at pressure heads < —0-1 m. It is
also possible that the van Genuchten (1980) relationships
provide a less than perfect representation of soil water
retention at pressure heads close to zero.

Finally, this short communication also illustrates the
importance of nonlinear characteristic curves. Improve-
ment in the representation of the characteristic curves
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(see Held and Celia, 2001; Hassanizadeh et al., 2002;
Rasmussen, 2005) for applications of physics-based
hydrologic-response models like InHM will further
improve the simulation of rapid hydrologic response in
the variably saturated near surface such as has been
observed at CB1.
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