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Summary. Benchmarking coupled surface-subsurface flow models becomes more important as they are increasingly used for operational purposes (e.g. in water management) and
long-term analysis (e.g. in climate change research). For this reason we inter-compare the
hydrogeological models HydroGeoSphere and OpenGeoSys and present results with emphasis on the parametrization of the surface-soil water coupling fluxes and the numerical
soil grid resolution. The numerical models simulate surface and subsurface water interactions by coupling a diffusive waver shallow water equation for 2D flow on the surface with
a Richards’ equation for 1D / 3D flow in the variably saturated subsurface. The governing
flow equations are spatially discretized with finite element and finite volume methods. As
a main difference, HydroGeoSphere assembles the governing partial differential equations
monolithically (fully implicit coupling), while OpenGeoSys performs a coupling iteration
in a partitioned matrix assembly. The software inter-comparison is currently based on
classic lab and field experiments with relevance to overland and stream flow generation in
natural catchments: Comparative examples include the field study by Warrick (1971) on
infiltration with ponding, the lab experiments by Smith and Woolhiser (1971) on Horton
overland flow, and the field study at the Borden site by Abdul and Gillham (1985) on the
effect of the capillary fringe on stream flow (Dunne flow) generation.
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INTRODUCTION

HydroGeoSphere (HGS) is a three-dimensional numerical model to simulate coupled
surface and subsurface flow and (reactive) transport. Water, heat, and matter transport
are described by partial differential equations in a modeling framework, where (hydrological) processes are fully implicitly coupled (monolithical matrix assembly). Flow through
fractures, density dependent flow, and glaciation are example hydrological processes of
the numerical model (www.hydrogeosphere.org). Applications of HGS already range
from field experiments to continental scale (e.g. Jones et al. (2006)5 ).
OpenGeoSys (OGS) is an open source project and originally a coupled thermo-hydromechanical-chemical model (www.opengeosys.net). Partial differential equations are
solved with Euler (Finite element, volume, difference) and Lagrangian (e.g. random
walk particle tracking) methods. Hydrological processes of different compartments (river,
soil, aquifer, etc.) are sequentially coupled2 , while processes in the same compartment
(e.g. hydro-mechanical, dual-porosity, two-phase ow) are coupled with a global implicit
scheme. In an ongoing toolbox development, OGS is coupled to external codes, e.g. to the
Saint-Venant solver for river flow in the EPA stormwater runoff model SWMM3 and to
the conceptual surface runoff model mHM (http://www.ufz.de/index.php?en=13975).
Currently no analytical solution exists to verify the coupling approaches. However,
model inter-comparison has proven to be a valuable tool to increase confidence in model
predictions and foster the cooperation between different developer teams (e.g. DECOVALEX in the area of nuclear waste repositories or DMIP in conceptual catchment modeling, www.nws.noaa.gov/oh/hrl/dmip/).
First, this paper introduces the experimental data basis of the numerical study and
states in the following Sect. 3 the inter-compartment boundary conditions in HGS and
OGS (coupling fluxes). Then in Sects. 4 and 5, the hydrological surface-soil coupling fluxes
and runoff predictions are compared with reference to the coupling flux parametrization
and the vertical soil grid resolution. After a summary, the paper closes with an outlook
of the ongoing model inter-comparison.
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EXPERIMENTAL DATASETS

Streams, soil, and groundwater are no independent entities in natural catchments. In
fact, field experiments with isotopic and geochemical tracers indicated for a rapid release
of old subsurface water into streams during storm events (e.g. Abdul et Gillham (1989)1 ).
Since the seventies a series of field experiments has led to a number of new stream flow
generation mechanisms, where surface and subsurface water interacts (e.g. saturation
excess (Dunne) overland flow, ow through macropores, interflow). For instance, humid
and forested areas can quickly release old water if the soil becomes fully saturated and
macropores are present7 . Classic Horton runoff can be found in unvegetated areas with
less permeable soils when precipitation or snowmelt exceeds an infiltration capacity of the
soil. In Horton runoff no subsurface water contributes to overland flow.
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2.1

Field experiments by Warrick et al. (1971) on infiltration

Due to the high relevance of hydraulic soil properties and the Richards’ solvers in
simulating overland / stream flow generation2 , infiltration experiments are included in
this study. A field plot was initially covered with 7 cm of salt water and after complete
infiltration of the ponded salt water (2.8 hours) 25 cm of fresh water was quickly added12 .
Soil moisture and chloride concentrations were recorded for several soil depths up to 2
meters and experimental run times up to 17 hours. The experimental dataset has been
previously used to validate and inter-compare Richards’ soil water flow models.
2.2

Lab experiments by Smith and Woolhiser (1971) on Horton overland flow

Precipitation (4.2 cm/min for 15 min) was applied on a soil flume with a length of
12.2 m to generate Horton overland flow and validate the first coupled shallow water
(kinematic wave) surface flow-Richards’ soil water flow model9 . The relevance of the
Smith & Woolhiser problem to validate coupled surface-subsurface flow models has been
underpinned by several numerical studies2,8,9 . Besides the unit hydrograph or lumped
routing methods, the classic Horton mechanism is still widely used for flood forecasts in
engineering practice.
2.3

Field experiments by Abdul and Gillham (1989) on Dunne overland flow

The experimentators investigated at a manmade ditch (80 m x 20 m) on the Borden
site if a rapid release of subsurface water can be triggered by a capillary fringe close to the
surface1 . Bromide was added as a tracer to the precipitation (2 cm/h for 50 min). The
data set includes runoff at a weir, tracer concentrations in the runoff, and piezometric
heads at several locations. Bromide concentrations at the weir were found as significantly
lower than the concentrations in the artificial precipitation. Moreover, lateral flow was
observed in the saturated area below the ditch. However, the interpretation, that the
reduction of the bromide concentrations in surface water was caused by subsurface water
contributions was questioned by Jones et al. 20065 .
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HYDROLOGICAL COUPLING

Water behaves differently on the surface - e.g. is controlled by weirs, sluices in rivers
- than in the subsurface where capillary forces in the porous matrix can dominate. For
this reason, a separation of the hydrologic cycle in compartments (atmosphere, overland,
channel, soil, groundwater, etc.) precedes its numerical study. On the other hand, surface
and subsurface flow processes interact and an increasing number of modelers couple the
partial differential equations of the previously separated hydrological compartments of
the water cycle2,8,9 .
When compartments are coupled or linked, the resulting model covers a more extended
area and inter-compartment boundary conditions are needed. HGS and OGS employ a
conductance (leakance) concept, which originates from theoretical studies on stream flow
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depletion due to groundwater pumping and solute transport between mobile and less mobile or immobile regions in the porous matrix (e.g. vanGenuchten and Wierenga (1976)11 ).
An alternative approach to couple surface and subsurface flow processes enforces pressure
continuity when solving the subsurface flow (e.g. Richards’) equation and can be frequently found in the water science community8,9,10 . When pressure continuity is enforced,
a switching algorithm is required to separate between water limited conditions and soil
limited conditions. For instance, Smith and Woolhiser(1971)9 initiated Horton overland
flow in the numerical simulations, when the saturation becomes zero at the compartment
interface (upper soil surface) while Morita and Yen (2002)8 introduces an infiltrability.
The Beavers-Joseph-Saffmann boundary condition is widely used within the numerical
analysis community to couple 3D hydrological processes by mass and momentum transfer.
Water exchange fluxes are calculated in the conductance concept coupling. The water
exchange fluxes to couple overland flow with variably saturated soil read
qc = kc K

H −Ψ
a

(1)

q̃c = −qc
where H is the water depth on the surface, Ψ, K are the matric pressure head and
saturated soil hydraulic conductivity at the compartment interface, respectively. A scaling
function, selected as kc = S 2(1−S) , where S = H/a, ensures that the coupling flux qc
does not exceed the available water on the surface. A numerical parameter emerges in
the coupling flux with the coupling length a. It’s only recently that the coupling flux
parametrization has received significant attention2,3,4,6 .
To simulate interactions between surface and soil water, the water exchange fluxes qc ,
q̃c in Eqns. 1 are assigned to the subsurface flow (Richards’) equation and the overland
flow (i.e. diffusive wave) equation, respectively. HGS assembles the resulting system of
partial differential equations monolithically (fully implicit coupling), while OGS assembles
the equations separately and performs an additional iteration. Experience suggests that
few iterations are sufficient to couple surface and subsurface flow processes2,8 . While a
separate matrix assembly allows a rapid implementation of software interfaces to external
codes, care has to be taken to avoid spurious oscillations, i.e. the coupling length a has
to satisfy specific conditions2,3 . In most cases, the surface water pressure term (ρgH,
where ρ is the liquid bulk density and g the gravitational acceleration.) can be explicitly
implemented or neglected2 .
Note that hydrological models also link hydrological compartment by passing water
from one compartment to another. For instance, the EPA storm water runoff model
SWMM passes runoff over conceptual sub-catchments to a Saint-Venant river model to
incorporate fast flow over paved areas (e.g. streets, parks) in urban settings.
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EFFECT OF VERTICAL SOIL GRID

HGS spatially discretizes the Richards’ equation in mixed form with the control volume
finite element method while OGS discretizes the pressure form with a Galerkin finite
element method. The hydrological surface-soil coupling fluxes of HGS and OGS respond
differently to soil grid variations ∆z (figure 1).
The results by HGS and OGS closely agree with each other and the experimental data
for vertical discretization lengths of ∆z = 1 mm as illustrated in Fig. 1(a) for the Warrick
et al. (1971)12 test case. Fig. 1(b) compares results by HGS and OGS for two soil grid
discretizations (∆z = 5 mm and ∆z = 10 cm) in the Smith & Woolhiser problem. The
scaling function kc in Eqns. (1) induces that the coupling flux qc corresponds in the
early time of Horton flow generation to the precipitation rate qp = 4.2 cm/min. For
the case ∆z = 5 mm, the initially drained soil flume has become fully saturated at
the compartment interface after a simulation time of roughly 5 min and the Horton flow
system switches from a (surface) water limited stage to a soil limited stage. During the soil
limited stage, the coupling flux qc approaches to the saturated soil hydraulic conductivity.
HGS overestimates the coupling flux for the coarse vertical grid (∆z = 10 cm) and the
overland flow initialization is delayed by almost 5 min. OGS, which performs a coupling
iteration, exhibits an oscillating coupling flux for ∆z = 10 cm.
A dense vertical soil grid is also important in the numerical simulations of the Borden
test case, where the capillary fringe below the ditch causes a strong non-linearity between
capillary pressure and moisture content. Fig. 1(c) focuses on the vertical soil resolution
and, for this reason, compares coupling fluxes qc by HGS and OGS for a representative
1D vertical column. The precipitation completely infiltrates at the beginning until the
soil column is fully saturated (qc = qp = 2 cm/h). Then, the coupling flux sharply
declines until reaching zero. For the coarse vertical grid (z = 10 cm) the soil column
becomes earlier saturated in the simulation results by OGS. The soil column becomes
later saturated and overland flow starts delayed in the simulation results by HGS.

Figure 1: Effect of coupling length a: (a) Ponding depths H and coupling fluxes qc in the infiltration test
case; (b) Coupling fluxes in the Horton flow test case; (c) Runoff in the Dunne flow test case.
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EFFECT OF COUPLING LENGTH

HGS and OGS employ the conductance concept to couple surface and subsurface flow
which involves a coupling length a as numerical parameter. The coupling flux was found
as insensitive to small changes in the coupling length a if the coupling length is selected lower than a threshold value as (cmp. with Ebel et al. (2009)4 , Delfs et al.
(2009,2012)2,3 , Liggett et al. (2012)6 ). In the simulations by OGS, where a coupling
iteration is performed, the coupling length has to be selected sufficiently large to avoid
spurious oscillations3 .
The effect of the coupling length a on simulation results is illustrated in Fig. 2 for the
three test cases. Fig. 2(a) shows ponding depths H and coupling fluxes qc which were
obtained with OGS in the infiltration test case for two coupling length values (a = 1
mm and a = 10 cm). The sharp increase in the ponding depth H, which was caused
by a source term for fresh water, strongly affects the coupling flux qc . In contrast, the
hydrostatic surface water pressure term ρgH can be neglected in the Horton flow test
case, where the water depth solely reaches 4 mm. The simulations of the infiltration test
case revealed a threshold value as ≈ 1 cm for the coupling length a to produce coupling
fluxes qc , q̃c which are insensitive to small changes in the coupling length. For larger
values, e.g. a = 10 cm in Fig. 2(a), infiltration was strongly hindered, as soon as the
ponding depth H falls below the coupling length a (e.g. at simulation time t = 11 min).
A similar threshold was observed in the Horton flow test case (figure 2(b)) and the Dunne
flow test case (figure 2(c)). The threshold value was found as smaller (as ≈ 1 mm) in
the Horton flow test case, where surface water depths are lower. The threshold value was
largerer (as ≈ 10 cm) in the Dunne flow test case.

Figure 2: Effect of coupling length a: (a) Ponding depths H and coupling fluxes qc in the infiltration test
case; (b) Coupling fluxes in the Horton flow test case; (c) Runoff in the Dunne flow test case.
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CONCLUSIONS AND OUTLOOK

This paper presented an inter-comparison of the hydrogeological models HGS and OGS,
which has started recently by studying the effect of the coupling flux parametrization
(coupling length a in Equations (1)) and soil grid discretization ∆z in simulating surfacesoil water interactions. The experimental basis was provided by classic data sets on
infiltration with surface water ponding12 , infiltration excess (Horton) overland flow9 , and
saturation excess (Dunne) overland flow1 . The datasets consist of soil hydraulic properties
(e.g. soil-water characteristic-curves), soil moisture fronts, and surface runoff. Soil and
surface friction were homogeneously parameterized in the presented study.
HGS and OGS couple surface and subsurface flow compartments with a conductance
concept, where a numerical parameter emerges with the coupling length a. The intercompartment water exchange fluxes qc , q̃c are insensitive to small changes in the coupling
length, if the coupling length is selected smaller than a certain threshold a > as : Specifically, as ≈ 1 mm for the Horton flow test case, as ≈ 1 cm in the infiltration test case, and
as ≈ 10 cm in the Dunne flow test case.
HGS discretizes the Richards’ equation spatially with a control volume finite element
method while OGS employs a Galerkin finite element scheme. For coarse vertical soil
grids (e.g. ∆z = 10 cm) HGS overestimated the coupling flux qc in the three test cases
were surface water infiltrates in variably saturated soils. The coupling fluxes by OGS
with iterative coupling oscillate in the Horton flow test case for coarse soil grids. OGS
underestimated infiltration into the coarse vertical column to the Dunne flow test case.
The model inter-comparison will be extended (www.watersciencealliance.ufz.de)
and pursues to involve more hydrological processes (e.g. flow through macropores, densitydependent flow), heat and (reactive) transport, real-life catchments as test cases (e.g. from
the TERENO observatories (http://teodoor.icg.kfa-juelich.de/overview-de), parallelization, and conceptual approaches (e.g. mHM), which are often more appropriate
for operational purposes. Alternative inter-compartment boundary conditions exist in the
hydrological and numerical analysis communities to couple hydrological processes (e.g. to
enforce pressure continuity). Hydrological models which represent both approaches, the
conductance concept and pressure continuity, to couple shallow water surface and Richards
equations are involved in the recently initiated software inter-comparison initiative HMIntercomp (http://igwmc.mines.edu/workshop/intercomparison.html), where the first
set of test cases consists of synthetic examples and includes soil parameter heterogeneities10 .
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