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Abstract

Distributed hydrologic models capable of simulating fully-coupled surface water
and groundwater flow are increasingly used to examine problems in the hydro-
logic sciences. Several techniques are currently available to couple the surface
and subsurface; the two most frequently employed approaches are first-order
exchange coefficients (a.k.a., the surface conductance method) and enforced con-
tinuity of pressure and flux at the surface-subsurface boundary condition. The
effort reported here examines the parameter sensitivity of simulated hydrologic
response for the first-order exchange coefficients at a well-characterized field site
using the fully coupled Integrated Hydrology Model (InHM ). This investigation
demonstrates that the first-order exchange coefficients can be selected such that
the simulated hydrologic response is insensitive to the parameter choice, while
simulation time is considerably reduced. Alternatively, the ability to choose a first-
order exchange coefficient that intentionally decouples the surface and subsurface
facilitates concept-development simulations to examine real-world situations where
the surface-subsurface exchange is impaired. While the parameters comprising
the first-order exchange coefficient cannot be directly estimated or measured, the
insensitivity of the simulated flow system to these parameters (when chosen appro-
priately) combined with the ability to mimic actual physical processes suggests that
the first-order exchange coefficient approach can be consistent with a physics-based
framework. Copyright © 2009 John Wiley & Sons, Ltd.
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Fully Coupled Flow Simulation Models: an Exciting Time in
Hydrologic Modelling

The advent of hydrologic models capable of simulating fully coupled sur-
face/subsurface water flow opens up many opportunities for interdisciplinary
investigations in hydrologic sciences (Loague et al., 2006). Table I lists
selected hydrologic problems that have been examined using models that
fully couple surface water and groundwater flow. There are many chal-
lenges for this fully coupled approach that are endemic to distributed
physics-based models (Loague and VanderKwaak, 2004; Sudicky et al.,
2005; Qu and Duffy, 2007; Kollet and Maxwell, 2008a), such as scale
issues (Bloschl and Sivapalan, 1995; Loague and Corwin, 2007; Wood
et al., 1988), initial conditions (Zehe and Bldschl, 2004; Noto et al., 2008)
and equifinality (Beven, 2006; Ebel and Loague, 2006). Beyond the afore-
mentioned problems, there are conceptual and numerical issues specific to
the fully coupled approach. Some of the numerical difficulties are being
tackled in innovative ways such as adaptive timestep techniques (D’Haese
et al., 2007; Park et al., 2008), advanced preconditioning methods (Ashby
and Falgout, 1996; Herbst et al., 2008), Newton—Krylov nonlinear solvers
(Jones and Woodward, 2001; Knoll and Keyes, 2004; Hammond et al.,
2005) and parallel algorithms for solution (Kollet and Maxwell, 2006; Kol-
let and Maxwell, 2008a). One of the most significant conceptual obstacles
is determining the most effective technique for coupling the surface and
subsurface continua. While there are several coupling methods already in
the literature (Morita and Yen, 2000, 2002; Fairbanks et al., 2001; Dis-
cacciati et al., 2002; Sulis et al., 2006; Furman, 2008) and more on the
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Table 1. Selected hydrologic problems simulated using fully coupled surface water—groundwater models

Focus

References

Agricultural sustainability
Atmosphere—subsurface water and energy fluxes

Cumulative watershed effects
Dam removal

Groundwater recharge
Groundwater—lake interaction
Island scale erosion

New-old water/residence times

Pore-water pressure development and slope instability

Radionuclide contamination/vulnerability
Runoff generation

Sediment transport
Solute transport

Stream-aquifer exchange

Wetland-estuary exchange

Schoups et al. (2005)

Maxwell and Miller (2005), Maxwell et al. (2007), Kollet and Maxwell
(2008a), Maxwell and Kollet (2008b)

Carr (2006)

Heppner (2007), Heppner and Loague (2008)

Lemieux et al. (2008), Markstrom et al. (2008), Smerdon et al. (2008)

Smerdon et al. (2007), Hunt et al. (2008)

Ran (2006)

VanderKwaak (1999), VanderKwaak and Sudicky (2000), Jones et al.
(2006), Cardenas (2008b), Cardenas et al. (2008), Kollet and
Maxwell (2008b),

Ebel (2007), Mirus et al. (2007), Ebel et al. (2007, 2008), BeVille
(2007), Ebel and Loague (2008)

McLaren et al. (2000), Bixio et al. (2002)

VanderKwaak and Loague (2001), Morita and Yen (2002), Loague
et al. (2005), Kollet and Maxwell (2006), Heppner et al. (2007), Qu
and Duffy (2007), Ebel et al. (2007, 2008), Jones et al. (2008), Li
et al. (2008), Maxwell and Kollet (2008b), Mirus et al. (2009)

Heppner et al. (2006), Heppner et al. (2007), Ran et al. (2007)

VanderKwaak (1999), VanderKwaak and Sudicky (2000), Ebel et al.
(2007), Sudicky et al. (2008)

Weng et al. (2003), Gunduz and Aral (2003, 2005), Brookfield et al.
(2008), Cardenas (2008a), Cardenas and Gooseff (2008), Peyrard
et al. (2008)

Langevin et al. (2005)

way (Mario Putti, personal communication, 2008), two of
the most common approaches are (i) first-order exchange
coefficients (a.k.a., the surface conductance method)
and (ii) forced continuity of pressure and flux at the
surface—subsurface boundary condition. The purpose of
this scientific briefing is to briefly examine these two
coupling techniques and consider some of the weak-
nesses and merits of the first-order exchange coefficient
approach.

Surface and Subsurface Flow
Subsurface flow

Variably saturated subsurface flow in porous media
(without a separate preferential flow continua) can be
expressed as:

IPSw

v

f ot
where fV is the volume fraction associated with each
continuum (=), ¢ is porosity (L* L™%), S, is water
saturation (L L™3), ¢ is time (T), f? is the area fraction
associated with a given continuum (—), g is the Darcy
flux (LT™"), ¢ is a specified rate source/sink (T~'), and
¢° is the rate of water exchange between the subsurface
and surface continua (7~"). Porous media compressibility

is incorporated into ¢ as a function of v, (Kropinski,
1990). The Darcy flux, ¢, is given by:

=V -4t £q (1)
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where k., is the relative permeability (—), py is the

density of water (ML™>), g is the gravitational accel-
eration (LT™?), uy is the dynamic viscosity of water

Copyright © 2009 John Wiley & Sons, Ltd.

(ML~ T7h, k is the permeability vector (L?), z is the
elevation head (L), and v, is the pressure head in the
porous media (L).

Surface flow

Unsteady flow on the land surface can be represented
using, for example, the diffusion-wave [alternatively
known as the zero inertia or noninertia (Lighthill and
Whitham, 1955; Yen and Tsai, 2001)] approximation of
the depth-integrated shallow water equations describing
conservation of mass:

(Sw, hs 4+ Y)
ot

where Sy, is the surface saturation (—), & is the average
height of non-discretized surface microtopography (L),
Y is the depth of water (L) occurring as mobile or stored
water, g, is the surface water velocity (LT™'), ¢” is the
source/sink rate (i.e. rainfall/evaporation) (T~!), ¢° is the
surface-subsurface water exchange rate (T~!), and a; is
the surface coupling length scale for surface/subsurface
interaction (L). A two-dimensional (2D) Manning water
depth/friction discharge equation allows estimation of
surface water velocities:

(wmobile)Z/B
- S
T e
where n is the Manning’s surface roughness tensor
(TL™'/3) and @ is the friction (or energy) slope (—).
The diffusion-wave approximations are considered
acceptable for channels under low-to-moderate velocity
regimes (Hromadka er al, 1985) except in situations of
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very steep waves (Todini and Bossi, 1987; Lamberti and
Pilati, 1996). The omission of inertial terms has been
shown to introduce errors on the order of 5—10% (Ahn
et al., 1993). Surface water flow can also be represented
using other forms of the shallow water equations, such
as the kinematic wave approximation used by Kollet
and Maxwell (2006) or alternative approximations of
the shallow water equations derived from the three-
dimensional (3D) Navier—Stokes equations (Yeh et al.,
2005; Dawson, 2008).

First-Order Exchange Coefficient Coupling

As mentioned previously, the crux of the problem is
how to specify the flux between the surface and sub-
surface continua (i.e. ¢° in Equations (1) and (3)). Some
fully coupled surface and subsurface flow models employ
first-order exchange coefficients [e.g. Integrated Hydrol-
ogy Model (InHM) (VanderKwaak, 1999), MODHMS
(Panday and Huyakorn, 2004), HydroGeoSphere (Ther-
rien et al., 2005)]. First-order exchange coefficients have
been used for some time to simulate subsurface flow
with different coupled continua. For example, Barenblatt
et al. (1960) and Warren and Root (1963) coupled frac-
ture and porous media continua using first-order exchange
coefficients driven by gradients in pressure between the
two continua. Numerous authors have demonstrated the
utility of the first-order exchange coefficients between
macropore or fracture continua with a soil/rock matrix
(van Genuchten and Wierenga, 1976; van Genuchten
and Dalton, 1986; Sudicky, 1990; Jarvis et al., 1991;
Gerke and van Genuchten, 1993a, b; Gerke and van
Genuchten, 1996; Therrien and Sudicky, 1996). The
first-order exchange coefficient approach has also been
employed successfully by, for example, Bencala (1983,
1984) and Bencala et al. (1984), to examine hyporheic
zone flow. An example of an approximation used to spec-
ify ¢° is provided by VanderKwaak (1999) as:
qs}) = agp(ll’s —Yp) = —qf;s ®))
where the sp and ps subscripts denote surface to
porous media and porous media to surface exchange,
respectively. The first-order exchange coefficient, a;’p
(L~!' T71), can be approximated using (VanderKwaak,
1999):
e o &

e __ e
asp - krw(psp
as

(6)

where k%, is the relative permeability of the exchange
interface relative to water (—), &$ is the surface exchange
interface area to volume ratio (L?> L73), and gofp is
analogous to an interface exchange rate (L T~'), which
can be approximated as VanderKwaak (1999):

e epwg a zz7,2z
(psp_X Efp kp

(1)

where x© is a dimensionless exchange scaling coefficient
(=), fp * is the isotropic porous media area fraction in

Copyright © 2009 John Wiley & Sons, Ltd.

the z direction (—), and k* is the isotropic porous media
permeability in the z direction (L?).

There are a number of parameters in Equations (6—7)
for which no accepted measurement or objective esti-
mation exists. There have been efforts to represent the
surface coupling length scale as a characteristic length
scale for momentum exchange between the surface and
subsurface continua related to the permeability of the
porous media (Richardson and Parr, 1991; VanderKwaak,

1999):
wofi

The dimensionless exchange scaling coefficient, x©,
has also been suggested as a method to reduce the
interface relative permeability to account for soil crusts
and seals or to eliminate surface—subsurface exchange
entirely by setting x® to zero (VanderKwaak, 1999).
In light of the inability to measure the parameters that
comprise the first-order exchange coefficient (e.g. the
surface coupling length scale), it has been considered as
a lumped conceptual fitting parameter by Bencala (1984).
It should be noted that the first-order exchange coefficient
principle is also used, in a modified form, to couple
solute transport between surface and subsurface continua
(VanderKwaak, 1999).

Currently, the inability to directly estimate the param-
eters that control the surface—subsurface exchange in the
first-order exchange coefficient method has made uni-
versal application of the concept problematic in certain
situations of surface water and groundwater interaction.
It should be pointed out that the exchange coefficient
approach used by VanderKwaak (1999) was taken from
the subsurface preferential flow literature, where the cou-
pling length scale is typically small (i.e. 10~* m). The
exchange coefficient technique may work poorly for large
surface coupling length scales that cause a small first-
order exchange coefficient (Equation (6)), which result
in a physically unrealistic disequilibrium in pressure
between the surface and subsurface (Equation (5)). This
problem was observed by Kollet and Zlontik (2003) in
a coupled surface water—ground water setting in a flu-
vial system where the interface lengths were on the order
of metres and likely to be highly spatially variable to
account for heterogeneous sediments and bedform geom-
etry.

®)

Enforced Continuity of Pressure between the
Subsurface and Surface Continua

Enforcing simultaneous continuity of pressure between
the surface and subsurface, typically accomplished
implicitly using iterative boundary condition matching,
is an alternative to the first-order exchange coefficient
approach, predating it by decades (Smith and Woolhiser,
1971; Freeze, 1972a, b; Akan and Yen, 1981; Smith
and Hebbert, 1983; Abbott et al, 1986a, b; Perkins and
Koussis, 1996; Refsgaard and Storm, 1996; Bronstert
and Plate, 1997). Brown (1995) presents an example of
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enforcing simultaneous pressure continuity without itera-
tive boundary condition matching. Dawson (2006, 2008)
and Furman (2008) review other methods and efforts that
employ pressure continuity at boundary conditions.

Recent work by Kollet and Maxwell (2006), Maxwell
et al. (2007), Kollet and Maxwell (2008a) and Maxwell
and Kollet (2008a) has enforced continuity of flux and
fluid pressure between the surface and subsurface con-
tinua and overcome the obstacles encountered by pre-
vious researchers, including using an innovative par-
allelized computing approach. Other efforts have also
successfully implemented the direct continuity coupling
approach. For example, Yeh ef al. (2005) coupled the
one-dimensional (1D) St Venant equations describing
channel flow and the 2D St. Venant equations describing
overland flow (with both the channel and overland-flow
regimes allowing flexible use of either the kinematic,
diffusive and fully dynamic wave forms) coupled to a
3D representation of variably saturated subsurface flow
employing Richards equation for both unsaturated and
saturated zones. Dawson (2008) also uses direct continu-
ity of flux and pressure across the surface—subsurface
interface, with surface flow represented using the 2D
shallow water equations, including inertial effects, cou-
pled to 3D variably saturated flow estimated using
Richards equation.

An example of coupling via pressure and flux continu-
ity is presented by Dawson (2008), where continuity of
pressure is implemented as a time-dependent prescribed
head (Dirichlet type) as the boundary condition at the
surface—porous media interface, with ¥, = ¥, (assum-
ing hydrostatic pressures in the surface continua) and
continuity of flux between the surface and subsurface
continua is introduced as a source/sink term in the sur-
face equations. Other similar approaches include those
used by Yeh et al. (2005) and Kollet and Maxwell (2006).
More complex approaches to dealing with the exchange
and boundary conditions between free surface flow and
porous media flow are presented in Salinger et al. (1994),
Gartling et al. (1996) and discussed in Dawson (2008),
and references therein.

Differences between the First-Order Exchange
Coefficient Approach and the Enforced
Continuity Approach

Inspection of Equations (3) and (5) reveals that a mod-
eller could make the informed decision that the hydro-
logic system being simulated has a tightly coupled sur-
face and subsurface and use a large exchange coefficient
(e.g. with a small surface coupling length scale). This
will tend to promote continuity between the surface and
subsurface and make the first-order exchange coupling
coefficient approach approximately the same as enforc-
ing contemporaneous continuity of pressure and flux via
boundary conditions and source/sink terms. The follow-
ing sections examine the sensitivity of simulated hydro-
logic response to the value of the surface coupling length
scale and explore reasons why the first-order exchange

Copyright © 2009 John Wiley & Sons, Ltd.

coefficient approach may be useful in a conceptual frame-
work.

Sensitivity of Simulated Hydrologic Response
to the First-Order Exchange Coefficient:
Effects of the Surface Coupling Length Scale

In this study, we vary the surface coupling length scale
parameter, ag, to examine the sensitivity of simulated
hydrologic response to the first-order exchange coeffi-
cient at the well studied R-5 catchment (VanderKwaak
and Loague, 2001; Loague and VanderKwaak, 2002).
R-5 is located near Chickasha, Oklahoma, within the
Washita River Experimental Watershed. Figure 1 shows
the topography and near-surface permeability at the
0-1 km? catchment, which consists of rolling prairie
grassland that was subjected to continuous well-managed
grazing for decades. As reported by VanderKwaak and
Loague (2001) and Heppner et al. (2007), a fair amount
of data was collected for R-5 over a period of 30 years.
The integrated and distributed hydrologic observations
at R-5 have fuelled numerous simulation efforts for the
site. The early simulation efforts (with a quasi-physically
based Horton type model) include the work by Loague
and Freeze (1985), Loague (1990) and Loague and Kyr-
iakidis (1997). More recent simulations at R-5 have
addressed the importance of both the Horton (i.e. infil-
tration excess) and Dunne (i.e. saturation excess) runoff
generation mechanisms and used simulated runoff to
drive sediment transport modelling (VanderKwaak and
Loague, 2001; Loague et al., 2005; Heppner et al., 2007).
R-5 event number 68 (Loague, 1990) has been carefully
analysed in these more recent process-based simulation
efforts, and is employed here to examine the sensitivity of
simulated hydrologic response (both integrated and dis-
tributed) to the surface coupling length scale in the fully
coupled surface water—groundwater model /InHM (Van-
derKwaak, 1999). Four different surface coupling length
scales (i.e. 107, 10™*, 1072, 10~ m) are used here to
examine the sensitivity of the integrated response at the
weir (Figure 1) and the distributed response at a channel
and a hillslope location (Figure 1).

The setup of the R-5 boundary-value problem (BVP),
and subsequently the simulation results reported here, is
most closely related to that of Heppner ef al. (2007).
The only differences between the BVP from Heppner
et al. (2007) and the one used in this work are that the
depression storage and height of microtopography are
both set to 0-0005 m and the hydraulic property variations
associated with the roads and remnant buffalo wallows
are removed. The topography in the finite-element mesh
associated with the road and the remnant wallows is still
included in the BVP used here. The initial conditions for
event 68 are gleaned from the long-term 8-year duration
simulations by Heppner et al. (2007). It should be pointed
out that Heppner ef al. (2007) used a surface coupling
length scale of 1072 m. The finite element mesh for
the surface contains 1603 nodes and 3095 elements and
for the subsurface contains 62517 nodes and 117610
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Permeability [m?]
5x 10712

4x101?

3x 1012
2x 10712

1x 1012

O Weir

A\ Channel observation point
O Hillslope observation point
Catchment area is 0.1 km?
Contour interval is 2.0 m

Datum is sea level

Oklahoma

200 m ﬁ

Figure 1. Map of the R-5 catchment in Oklahoma, showing spatial
variations in both topography and permeability (after Heppner et al.,
2007). The simulated observation locations for the discharge (weir) and
pressure heads (hillslope and channel) shown in Figures 2—4 are marked

L E—

0 100

elements. The vertical nodal discretization varies from
0-05 to 0-25 m and the horizontal nodal discretization
varies from 1 to 20 m.

Figure 2 presents the event 68 hyetograph and simu-
lated discharge hydrographs for four different coupling
length scenarios. The times denoted as T and Tq in
Figure 2 are the times of the peak rainfall rate and the
peak simulated discharge (for the 1072 m surface cou-
pling length scale), respectively. The simulated discharge
hydrographs for the 107>, 10~* and 10~2 m surface cou-
pling length scales are imperceptibly different, while the
10~" m surface coupling length scale shows a devia-
tion at early times and less runoff at Tq. The 107! m

length scale decouples the surface and subsurface con-
tinua enough to reduce infiltration, which correspond-
ingly results in additional runoff generation by the Horton
mechanism near Tr. The reduced infiltration at early
times decreases the runoff contribution from the Dunne
mechanism at later times near Tq. Figure 2 shows that
at surface coupling length scales greater than 1072 m,
the simulated integrated response is affected in terms of
timing and magnitude by controlling surface—subsurface
water exchange. It should be noted that the cumula-
tive discharge for the 10~' m coupling length simula-
tion is 47-7 m® greater (or 0-0005 m in terms of total
runoff depth) relative to the 107> m simulation. While the
implications for event-scale simulations may be minor,
the effect of surface coupling length scale choice at
the threshold where the simulated integrated response
is affected could have significant impacts on the long-
term (i.e. annual scale) simulated water balance and sur-
face/subsurface water partitioning.

Figure 3 shows the simulated surface (i) and sub-
surface (ip) pressure heads at the hillslope (Figure 3a)
and channel (Figure 3b) observation points for the
102 m surface coupling length scale simulation. The sur-
face and porous media-simulated observation points are
nodes in the finite-element mesh that are co-located in
space but separated, in theory, by the coupling layer. The
difference in pressure head between these two essentially
co-located points in separate continua is representative
of the discontinuity in pressure between the two con-
tinua resulting from the coupling technique. The surface
pressure head is the surface water depth and obviously
cannot decrease below zero. It makes sense, therefore,
that when surface water depth equals zero, that ¥g and
Yp can be quite different, irrespective of the surface cou-
pling length scale. Inspection of Figure 3 when g is
greater than zero demonstrates that the 1072 m surface
coupling length scale enforces near-continuity of pres-
sure between the surface and subsurface continua, with
only a couple of millimetres difference. This small dif-
ference is, in part, the result of the near-surface relative
permeability averaging for the porous media continuum.

- 0 =
J =
kl
Surface coupling length scale [m] 50 8
- ----107 =
T S A 10 g
= Tg  Time of peak 102 100 -5
20200 rainfall rate ol R
< ——— - 10
2
A Ty Time of peak
100 simulated
discharge ;
Tr Tq
0 T T I I T T
0 2 4 6
Time [hrs]

Figure 2. Simulated discharges and observed hyetograph for R-5 rainfall event number 68 (Loague, 1990) for four different surface coupling length
scales. TR and T are the times of the peak rainfall rate and the peak simulated discharge, respectively. The time of peak simulated discharge (7'q)
is based on the simulation using a 1072 m surface coupling length scale

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 3. Simulated surface (¥s) and subsurface (yp) pressure head

values at the observation points shown in Figure 1 for R-5 event

number 68 (Figure 2) for the 107> m surface coupling length scale

used by Heppner et al. (2007). (a) Hillslope-simulated observation point,
(b) channel-simulated observation point

Figure 4 examines the threshold in surface coupling
length scale that causes near-continuity of pressure
between the continua to break down. In Figure 4, the
absolute value of the difference in pressure head (i.e.
|Yys — ¥p|) is shown for the hillslope (Figure 4a) and
channel (Figure 4b)-simulated observation points for the
four different surface coupling length scale scenarios. For
Figure 4a and b, as with Figure 3, the absolute differ-
ences are large when surface water depth (yg) is zero
and non-meaningful for the discussion presented here.
Examination of the time period when simulated Vg is
greater than zero illustrates the minimal sensitivity of
the surface—subsurface pressure discontinuity to the sur-
face coupling length scale choice for 1073, 10~* and
10=2 m. Close inspection of Figure 4a and b reveals two
periods, at the beginning and end of overland flow (at
approximately 2 and 5 h), that show slight differences
in surface—subsurface pressure discontinuity for the
1072 m coupling length relative to the 10~ and 10~* m
simulations for both the hillslope and channel points.
The surface—subsurface pressure discontinuity for the
10~" m coupling length simulation shows substantial
deviation from the 107°, 107* and 1072 m simula-
tions at the initiation and cessation of runoff generation.
Figure 4a and b also shows that for the entire duration of
surface ponding, the 10~' m coupling length facilitates
constant disequilibrium between the surface and subsur-
face continua in the channel and on the hillslope.

Figure 5 presents snapshots of simulated pressure
heads (i.e. ¥s, ¥p) and absolute pressure head differ-
ences (i.e. |[Yys — ¥p|) at Tr and T for the four different
surface coupling length scale scenarios. Inspection of the
Y¥s snapshots at Tr shows indistinguishable/minor differ-
ences between the different coupling length simulations

Copyright © 2009 John Wiley & Sons, Ltd.
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Figure 4. Absolute value of the differences between simulated surface

(¥s) and subsurface (yp) pressure heads for four different surface

coupling length scales at the observation points shown in Figure 1 for R-5

event number 68 (Figure 2). (a) Hillslope-simulated observation point,
(b) channel-simulated observation point

with the exception of the 10! m coupling length. The
¥ snapshot at Ty for the 10~! m coupling length reveals
slightly smaller surface water depths on the hillslopes,
but deeper surface water depths in the channel and in the
weir pond, which is the result of the larger Horton runoff
contribution earlier in the event for the 10~' m coupling
length simulation relative to the other three scenarios
(Figure 2). The ¥p snapshots at Tr show no difference
between the 107> and 10~* m coupling length simula-
tions, some minor differences between the 1075/10~* m
and 1072 m simulations, and large differences between
the smaller coupling length simulations and the 10! m
coupling length. These vp differences are controlled by
the near-surface permeability (Figure 1), with lower per-
meability enhancing disequilibrium between the surface
and subsurface continua, which is not surprising given the
direct proportionality between porous media permeability
(kp) and the surface—subsurface exchange flux shown in
Equation (7).

The dependence of surface—subsurface disequilibrium
on the porous media permeability is expressed in Figure 5
by the [ys — yp| snapshots at Tr and T'q. The |y — Yp|
snapshots at Tr in Figure 5 show that there is no percep-
tible difference in pressure between the surface and sub-
surface continua, irrespective of subsurface permeability
for the 107> and 10™* m coupling length simulations.
The effect of the subsurface permeability begins to show
up in the s — ¥p| snapshot at Tk for the 1072 m cou-
pling length, and is fully evident in the low-permeability
areas for the |ys — ¥p| snapshots at Tg for the 10! m
coupling length where the lower permeability reduces the
surface—subsurface exchange (i.e. infiltration), resulting
in an unsaturated near-surface porous media continuum.
The same trends are visible in the |y — ¥p| snapshots

Hydrol. Process. 23, 1949—-1959 (2009)
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Figure 5. (Tr) Snapshots in time of simulated surface (¥s) and subsurface (y¥p) pressure head values and the absolute value of the difference
|ys — ¥p| between the surface/subsurface values at the time of peak rainfall rate for R-5 event number 68 (Figure 2) for four different surface
coupling length scales. (a) 107> m, (b). 107* m, (¢) 1072 m, (d) 10~! m. (Tq) Snapshots in time of the absolute value of the difference |/s — ¥p|
between the surface/subsurface values at the time of peak-simulated discharge for R-5 event number 68 (Figure 2) for the same four coupling lengths

at Tq, with only the 107! m coupling length simula-
tion showing substantial surface—subsurface disequilib-
rium. The permeability control on surface—subsurface
discontinuity is clear in the [y¥s — vp| snapshot at Tq
for the 107! m coupling length, with the low perme-
ability areas (Figure 1) exhibiting substantial absolute
differences (note, the absolute difference are exaggerated
owing to the unsaturated porous media continuum).

The simulation results shown here illustrate that the
integrated and distributed hydrologic response is insen-
sitive to the surface coupling length scale, provided
a reasonable value is chosen. For R-5 rainfall-runoff
event 68 (Loague, 1990), the 10~! m coupling length
caused perceptible changes in the simulated discharge,
subsurface pressure heads and the dynamics of runoff
generation between the interacting Horton and Dunne
mechanisms (Figure 2) by changing the infiltration capac-
ity via reduced surface—subsurface coupling. It appears,
based on the event 68 simulations reported here, that
1072 m [i.e. the value used by Heppner et al. (2007)]
is the threshold coupling length for not detrimentally
impacting the R-5 simulation results. The surface cou-
pling length scale that preserves near-continuity of pres-
sure between the surface and subsurface likely depends
on topography, mesh discretization, hydraulic properties
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(e.g. permeability, characteristic curves), surface prop-
erties (e.g. Mannings roughness, mobile water depths,
microtopography) and dominant runoff generation mech-
anisms. Therefore, some care should be exercised before
applying the surface coupling length threshold reported
here to another site without sufficient testing.

First-Order Exchange Coefficients

One may ask why not set the surface coupling length
to a very small value like 107! m, which greatly
increases the first-order exchange coefficient, and enforce
surface—subsurface near-continuity? The answer is sim-
ulation time; the disparate timescales between surface
and subsurface hydrologic response presents problems for
numerical solution of the governing partial differential
equations (Beven, 1985) and is one of the principal rea-
son why the first-order exchange coefficient approach was
pursued for surface—subsurface coupling. The first-order
exchange coefficient coupling contributes additional non-
linear terms in the model used in this study (i.e. InHM ),
similar to an external boundary condition. These terms
tend to zero when they are least hydrologically important
(i.e. when there is no surface—subsurface exchange, and
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the surface and subsurface domains are effectively decou-
pled); similarly, larger coupling length scales decrease
the magnitude of the coupling terms by a constant factor.
In either case, the coupled system of equations becomes
easier to solve. For example, for the R-5 rainfall-runoff
event considered here, the 107>, 10~%, 102 and 10! m
coupling length simulations took 5-0, 3-5, 2-0 and 2-0 h
of computer time. There is a clear advantage of using
the 1072 m coupling length over the 107> and 10~* m
coupling lengths, in terms of simulation time, while still
preserving the physics of simulated hydrologic response
(in contrast to the 107! m value). There is also no gain
in terms of simulation time going from the 1072 to the
10~! m coupling length. Finding the sweet spot in cou-
pling length (i.e. first-order exchange coefficient) that
minimizes simulation cost in terms of time, while not
substantially altering the simulated response, would be
critical for a long-duration (i.e. many years) simulation.

Beyond gains in simulation time, choosing a larger
coupling length (e.g. 10~' m at R-5) allows mimicry
of physical and chemical processes that cause disequi-
librium between the surface and subsurface continua,
even if we cannot precisely represent the underlying
mechanisms. This would not be the first time in hydrol-
ogy that conceptual possibilities have outpaced measure-
ment; for example, Philip (1957) formulated sorptivity
before Talsma (1969) measured it. Interestingly enough,
recent research has shown that micro-scale sorptivity
may lead to surface—subsurface hydrologic disequilib-
rium (Hallett ef al., 2004). There are many physical and
chemical processes that may lead to a hydrologic dis-
connect between the surface and subsurface such as
(i) agricultural cultivation (Bajracharya and Lal, 1999;
Robinson and Phillips, 2001), (ii) manure application
(Roberts and Clanton, 2000), (iii) fire effects (Mills and
Feya, 2004), (iv) artificial recharge and wastewater appli-
cation (Behnke, 1969; Siegrist, 1987) and (v) structural
surface sealing by raindrop impacts and sudden wetting
(Mualem et al., 1990; Romkens et al., 1990; Bresson and
Cadot, 1992; Assouline, 2004). Many of these processes
impact infiltration by reducing interface permeability and
could also be mimicked by decreasing the dimensionless
exchange scaling coefficient, x¢, in Equation (7), which
decreases the first-order exchange coefficient (VanderK-
waak, 1999). A modeller could develop hypotheses and
guide field investigations of the aforementioned processes
by employing a small first-order exchange coefficient to
simulate disequilibrium between the surface and subsur-
face. It should be pointed out that one could also mimic
disequilibrium between surface water and groundwater
flow regimes in the enforced continuity of flux and pres-
sure coupling approach by choosing appropriate parame-
ters.

To the best of the authors’ knowledge, there is no way
to measure some of the parameters that comprise the
first-order exchange coefficient, which gives rise to the
argument that this approach has no place in a model that
purports to be physics-based. Of course, the first-order
exchange coefficient can be viewed as another lumped
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conceptual parameter, which only further enhances the
already daunting problem of equifinality, especially with
respect to simulating the integrated hydrologic response
(discharge) without considering the distributed hydro-
logic response model performance (Ebel and Loague,
2006). However, we have shown here that the first-order
exchange coefficient can be set to a reasonable value
which enforces near-continuity in pressure between the
surf