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Comparison of modeling approaches for the simulation of
surface and subsurface flow dynamics in complex fractured-
porous karst aquifers

Key findings

* We compare two numerical
flow models for the compu-
tation of groundwater storage
dynamics to assess their ability
to resolve the complex pro-
cess spectrum and hence their
specific predictive power with
respect to available water re-
sources.

All numerical models are sub-
ject to a trade-off between
predictive power and efforts
to reduce parametric ambigui-
ty and structural uncertainty.

The appropriate level of mo-
del complexity is determined
by the availability of field data
and the type of problem to
be solved, demanding different
degrees of representation of
hydro(geo)logical processes.

In karst systems with thick
vadose zones, it is important
to include the flow processes
in this compartment, since it
can be an important resource
particularly during drought pe-
riods.

Motivation

Flow dynamics in karst aquifers are
subject to highly heterogeneous
flow processes in all compartments,
i.e., the surface, vadose, and phreatic

zone (Figure ). The heterogeneous
distribution in hydraulic properties
(e.g., hydraulic conductivity, sto-
rage) within these compartments
affect the local and global routing
dynamics and hence the magnitu-
de and dissipation of the hydraulic
signal between source (precipita-
tion) and spring outlet (Jeannin &
Sauter, 1998; Smart & Hobbs, 1986).
Numerical models for the predic-
tion of recharge and dynamics of
groundwater resources are subject
to a trade-off between predictive
power and efforts to reduce pa-
rametric ambiguity and structural
uncertainty. Here we compare two
modeling approaches — a saturated
single-continuum and a variably sa-
turated dual-continuum flow model
developed for the Western Moun-
tain Aquifer in Israel and the West
Bank — with respect to their fields
of applications and their respective
predictive power.

Methodology

The single-continuum model com-
putes saturated flow based on the
Darcy equation parameterized by
volume and system (conduit / ma-
trix) integrating  hydraulic con-
ductivities (Table 1), representing
both the conduit and matrix flow
compartment by a single parame-
ter. The Upper and Lower Judaean
Aquifer are discretized respecti-
vely by single-node layers, and the
separating  aquitard Moza/Beit-
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Meir is indirectly accounted for by
pronounced anisotropic hydraulic
conductivities in both sub-aquifers.
The dual-continuum flow model
for variably saturated water flows
uses the Richards’ equation for
both continua with a vertically di-
scretized vadose and phreatic zone.
Both models utilize daily infiltration
as an input computed a priori via a
dual-medium water balance model
representing recharge dynamics at
the zero-flux plane below the soil
zone. In the single-continuum mo-
del, infiltration is either computed
by a soil water balance approach
or as monthly recharge by a SWAT
model. The single-continuum model
directly routes the estimated infil-
tration to the phreatic zone, while
the dual-continuum model compu-
tes variably saturated infiltration
dynamics for both the matrix and
karst conduits.

Figure |: Overview of the flow compart-
ments that affect local and global flow pro-
cesses and provide storage
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Table |: Comparison of the numerical models‘ physical representation and discretization

Results

The models vary in terms of com-
plexity and are subject to different
degrees of uncertainty with respect
to process representation and para-
metrization. Both models accurate-
ly simulate groundwater levels and
spring discharge time series (i.e., the
drying up of Yarkon spring desicca-
tion) within the calibration period.
However, each model has its distinct
fields of applications and potential
advantages and shortcomings. The
single-continuum flow model runs
much faster and requires far less
computational resources. Due to
the reduced number of processes
involved and lumped representation
of the vertical aquifer layer structu-
re, the model is less vulnerable to
parametric ambiguity. Therefore, it
can quickly provide simulation re-
sults and can be embedded within
a responsive decision support sys-
tem to test the long-term effects of
various pumping scenarios. Howe-
ver, the single-continuum model is
subject to higher uncertainty (e.g.,
caused by the non-physical repre-
sentation of the infiltration process)
compared to the double-continuum
model and therefore more likely
prone to parameter degeneration
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(i.e., non-physical values). The unsa-
turated dual-domain storage capaci-
ty may vary significantly with time
and space for aquifers with seve-
ral-hundred-meters thick vadose
zones. The superposition of rapid
recharge via fractures and dissolu-
tion features (dolines, shafts) and
long-term diffuse infiltration via the
matrix domain must be considered,
particularly in the light of the immi-
nent changing precipitation patterns
due to climate change. Further, the
double-continuum model provides
more realistic estimates of the glo-
bal hydraulic parameters due to the
lower structural uncertainty (at the
expense of computational time). In
contrast, the single-continuum mo-
del applies parameters with lumped
physical representation (i.e., the low
vertical hydraulic conductivity re-
presents the Moza/Beit-Meir aqui-
tard and the vadose zone).

Application

Due to their different strengths,
both models have different fields of
application. The single-continuum
flow model finds its application in
testing scenarios for groundwater
flow on longer, i.e., monthly or annu-
al time intervals, where mainly long-

term storage processes are relevant.
Should, however, short-term, event-
based flow and flood problems be
addressed, as well as transport
problems for which flow velocities
need to be better represented, sing-
le-continuum models are not the
appropriate tool. In contrast, the
double-continuum model can be
applied to investigate the effect of
the change in precipitation patterns
concomitant with climate change
and the role of the vadose zone for
its storage dynamics. The double-
continuum model can be expanded
by integrating a surface flow conti-
nuum to account for Horton over-
land flow, improving the model‘s
predictability regarding the partitio-
ning of rainfall into infiltration and
floods.
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