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Abstract Scientists and practitioners agree that integrated water resource management is
necessary, with an increasing need for research at the regional scale (103 to 105 km2). At this
scale interactions between environmental and human systems are fully developed and global
change is linked to local actions. The groundwater-surface water interaction (GW-SW) is of
particular interest. Herein we review the scientific journal literature and examine GW-SW at
the regional scale. We briefly review all existing literature on GW-SW, then summarise its
characteristics at different scales and identify specific challenges of the regional scale. We
explore whether GW-SW should be treated differently at regional and local scales. Regional
GW-SW is rarely examined in experimental field studies, which almost exclusively cover
small areas. However, GW-SW is often integral to large scale coupled models. Thus, we
collate information about existing models and their regional applications. Fully coupled,
physics-based models have great potential to meet the technical challenges. However, limited
data availability hampers the application of complex models at the regional scale and loosely
coupled schemes are more widely applied. Many integrated modelling concepts have been
published, but none have been applied in a wide range of settings. Thus, it is impossible to
compare the performance of different approaches. Comparative analyses of existing regional
scale integrated models in the context of different data availability and geographic conditions
are needed. Unfortunately, peer-reviewed journal literature no longer provides a representative
picture of the subject as models are becoming Btoo big to be published^ or too pragmatic.
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1 Introduction

This paper reviews the current developments in understanding and modelling groundwater-
surface water interactions at the regional scale. The focus is on practical aspects of this topic,
i.e. the degree to which currently available scientific knowledge can provide and support
solutions to actual practical problems in the field of integrated modelling of groundwater-
surface water interaction at the regional scale. The term Bregional scale^ is used here to
describe areas of approximately 103 to 105 km2.

1.1 Coverage of Groundwater-surface Water Interaction at the Regional Scale

in the Literature

Groundwater-surface water interaction (hereafter abbreviated to GW-SW) has received a lot of
attention in recent decades. Many individual studies and several summary articles have been
published, and the number of related publications is steadily growing. In his state of the science,
Sophocleous (2002)1 summarises the fundamental concepts and implications of GW-SW from
a predominantly hydraulic-hydrogeological viewpoint. Winter and Rosenberry (1995) and
Winter (1999) take a similar approach, focusing particularly on the hydraulic conditions related
to various types of surface waters. Brunke and Gonser (1997) and Hayashi and Rosenberry
(2002) provide a comprehensive overview with special emphasis on the ecology of surface
waters. Rosenberry and LaBaugh (2008) as well as Kalbus et al. (2006) give overviews of field
techniques for estimating fluxes between groundwater and surface water at different scales.
Anibas et al. (2012) describe specific types of interaction in wetlands and regional modelling
approaches over large wetlands, e.g. by Bauer et al. (2006). Werner et al. (2013) focus on the
interaction between groundwater and sea water. There is much focus on the interaction between
groundwater and rivers and streams, while interaction with lakes and other non-flowing water
bodies is underrepresented (see, e.g. Elsawwaf et al. 2014; Tweed et al. 2009). Dahl et al. (2007)
review different classification systems of GW-SW in a process-oriented manner and propose a
new typology for these interactions, which can be used for a better comparison of different
settings or sites. Levy and Xu (2012) review and compare methods to describe GW-SW at
different scales and list exemplary applications in South Africa.

Research efforts relating to GW-SW have recently focused on the hyporheic zone (near-
channel and in-channel processes, e.g. Allen et al. 2010; Banzhaf et al. 2013; Boulton et al.
1998; Krause et al. 2009). Much less research has been carried out at the local or flood plain
scale (Langhoff et al. 2006, see also section 2.1.2). When looking at larger scales, process-
based investigations become scarce; only a few studies, e.g. studies of the Murray-Darling
Basin Sustainable Yields Project by CSIRO (2008) and Lamontagne et al. (2014), address the
regional scale.

Looking at the literature in general, it seems that the governing hydraulic processes of GW-
SW are quite well understood and knowledge of how to address specific conditions is rapidly
increasing. This facilitates a conceptualisation of GW-SWat smaller scales in a large variety of
settings. However, many questions still remain unanswered when dealing with heterogeneities
in the aquifer and surface water channels (e.g. Fleckenstein et al. 2006). The combination of

1 Sophocleous(2002) This article was recently criticised for plagiarism/self- plagiarism (see http://news.ku.edu/
2013/12/11/public-censure). The article’s content, however, is valuable regardless. See also comment at http://
link.springer.com/article/10.1007/s10040-014-1215-0
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local scale heterogeneity of hydrological/hydrogeological properties with the large number of
different catchment types (McDonnell and Woods 2004; Wagener et al. 2007) creates a wide
variety of possible settings. This makes it difficult to transfer knowledge obtained at the point
scale to the local and catchment scale.

Little material has been published that explicitly addresses the topic of GW-SW at the

regional scale based on field experiments and observations or by attempting to derive concepts
from fundamental, theoretical considerations (as one of the few examples see Akiyama et al.
2007). The relatively large number of publications on regional-scaled integrated model
applications of GW-SW (see section 3), is usually more concerned with model specific issues
than with a fundamental analysis of the GW-SW problem.

1.2 Objectives and Scope of this Review

The previous section shows that GW-SW, as a subject in general, has received a lot of attention in
recent decades. The decision to present this review paper in addition to the existing literature is
motivated by the general consensus that there is a great demand for integrated solutions relating to
water resources (see, e.g. Kalbus et al. 2012; Savenije and Van der Zaag 2008) and a growing
demand for scientifically sound approaches to managing and usingwater resources at the regional
scale. It is only at the regional scale that environmental, economic and social problems linked to
water resources can be analysed and solved in an integrated way (see Barthel 2014a; Barthel
2014b for a detailed discussion and further references). As the links between groundwater and
surface water are of the utmost importance with respect to the integrated management of water
resources (e.g. Winter et al. 1998; Wood et al. 2011), the question of how GW-SWat the regional
scale can be studied/analysed/understood must be recognised as essential. Despite this, it seems
that there is very little guidance available in scientific publications about how to approach GW-
SW at the regional scale. Over recent years, the first author has put considerable effort into
developing integrated models of the hydrological cycle at the regional scale (Barthel et al. 2008a;
Barthel et al. 2012; Gaiser et al. 2008; Ludwig et al. 2003). These efforts ran into a multitude of
problemswhich had not been described or solved previously (see, e.g. Götzinger et al. 2008;Wolf
et al. 2008). Attempts to apply concepts that are well-established at smaller scales were not
successful. The biggest problem seems to be to find a concept which balances the desired model
results and the availability and distribution of data. The lack of scientific guidance leads to a
discrepancy between the necessity to understand GW-SW at the regional scale and the current
level and organisation of knowledge to support this understanding. A literature review that
explicitly looks at the regional scale is missing.

GW-SWat the regional scale is a subject that obviously touches upon a plethora of different
aspects that span a wide range of fundamental problems in hydrology. This adds to the
challenge because literature that can be clearly and directly associated with the subject GW-
SW at the regional scale hardly exists (see section 1.1). GW-SW at the regional scale is
therefore difficult to grasp as a subject and it is not possible to cover all the different aspects
involved at the same level of detail in a single journal article. In contrast to a classic review
paper, which should provide a permanent benchmark for the subject area, this paper is
designed as an overview with the goal of obtaining a better understanding of the subject and
determining future research needs. The paper focuses mainly on the following:

& A discussion of the special characteristics of regional scale GW-SW in comparison to
smaller scales, including an attempt to define relevant processes for that scale;
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& an overview of the literature that can be related to regional scale GW-SW; and
& an overview of tools and models available and applied to regional scale problems with a

focus on GW-SW.

This paper does not review the physics-based concepts and the corresponding mathematical
formulations of the GW-SW problem and the analytical or numerical solutions that may be
applied, as those are sufficiently covered in the literature mentioned in section 1.1. The
discussion is furthermore restricted to the water quantity related aspects of regional scale
GW-SW (i.e. fluxes and volumes) and not chemistry or biology.

2 Conceptual Differences of GW-SW at Different Scales

The following section compares the essential features of GW-SWat different scales. As the use
of terms describing the spatial (and temporal) scales varies greatly between different disci-
plines, the use within this paper is defined here:

The point scale is what we define as the smallest spatial entity that can be used to study
GW-SW in the field. The local scale is the scale where the interaction between one stream/
river reach and the adjacent (alluvial) aquifer can be studied. The sub-catchment or small
catchment scale refers to study areas which encompass the entire watershed of a small
catchment. The term regional scale finally is used for catchments of 103 to 105 km2 as stated
at the beginning of this paper.

2.1 Characteristics of the Point Scale

The essential characteristic of the point scale (or plot-scale; see Figure 1a), is that the
fundamental physico-bio-chemical processes in the pore space, at the boundary between
surface water and aquifer can be observed in detail. Therefore, quantitative process descrip-
tions based on the elementary laws of fluid mechanics are feasible at this scale. The main
drivers of GW-SW are pressure gradients within and between the groundwater and surface
water bodies in question. Significant properties determining the interaction are pore size and
distribution, pore geometry, and connectivity of the aquifer substratum and riverbed (see, e.g.
Woessner 2000). While very detailed observations are possible, it has to be noted that such
observations are usually restricted to the areas shown in pale boxes in Figure 1a. Within this
restricted domain of interest, elementary processes can be adequately observed and described,
but it is not possible to take into account the entirety of processes that take place in the aquifer
as a whole or within the entire surface water body involved. Processes that take place outside
these white areas have to be regarded as external processes and to be described as boundary
conditions of the observed system.

The situation at the point scale can be used to demonstrate one of the most central concepts
of GW-SW, i.e. quantification of the exchange fluxes between surface water and groundwater
using the difference in head and a coefficient that describes the conductance of the bottom
layer of the river. The relatively simple and straightforward concept behind this has been
extensively described and discussed in the literature (see, e.g. Sophocleous 2002). In brief, the
concept builds on Darcy’s Law. The flow q across the interface between groundwater and
surface water is expressed as the product of a constant representing the streambed leakage
coefficient and the difference in head. This concept is widely used to describe GW-SW in

4 Barthel R., Banzhaf S.



many modelling approaches (see section 3.2). While being apparently straightforward, the
concept has been criticised, as the streambed leakage coefficient, which is typically not
measurable in the field, can change drastically over time and a clear interface does not
necessarily always exist (e.g. Kollet and Maxwell 2006). Therefore it is usually determined
by inverse modelling together with other parameters, e.g. the hydraulic conductivity of

Fig. 1 Schematic representation of a the point scale (or plot-scale). Only influent conditions are shown, b the
local scale (or reach scale), c the sub-catchment scale (or small catchment scale). The system may include
different surface water reaches, different hydrostratigraphic units and different types of aquifers
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adjacent aquifers or, in some cases, groundwater recharge (Carrera et al. 2005; Hill and
Tiedeman 2007). A calibrated modelling parameter which can hardly be verified or even
constrained by field observations represents a considerable weakness of mechanistic modelling
concepts. It is, therefore, seen as an advantage of the so-called fully-coupled or physics based
modelling concepts (see section 3.1) that they do not rely on such an exchange coefficient (e.g.
Brunner and Simmons 2012). When it comes to larger scales, the concept loses some of its
relevance, as the focus of interest steadily moves away from the riverbed and processes in the
adjacent areas gain more and more importance (see the following sections).

2.2 Characteristics of the Local Scale

At the local scale (or reach scale, Figure 1b), a larger cross-section of the river with its
floodplain and adjacent geological units can be included. The main difference, compared to the
point scale, is that the fundamental processes can no longer be described in a discrete way as it
is no longer possible to collect the required number of observations. It should, however, not be
forgotten that this is a merely practical limitation and that this does not mean that the
fundamental processes as such change or lose their relevance (see section 2.5). However, in
practice it means that effective parameters are required and, thus, mathematical descriptions
require some form of aggregation or generalisation. In particular the concept of GW-SW
controlled by head in surface water and groundwater and a stream bed leakage coefficient (see
section 2.1) become more challenging to apply as all the parameters involved are known to
show large spatial (and temporal) heterogeneity (see, e.g. Fleckenstein et al. 2006; Irvine et al.
2012).

On the other hand, it is still not possible to calculate closed balances for the groundwater
and surface water bodies involved. Usually, neither entire gauged surface water catchments nor
the whole extent of the groundwater aquifer in question can be studied at this scale. Thus,
processes that occur outside the immediate area of interest, but which still have to be
considered as drivers of the system (runoff formation, groundwater recharge, regional ground-
water flow, etc.) have to be represented as boundary conditions of some sort. The main
challenges at this scale, i.e. areas too large to allow discrete project descriptions and too small
to study the hydrological system (catchment) in its entirety, are well known and described in
the literature, as it is this local or reach scale that receives by far the most attention from
scientists.

Looking at the relevance of processes, properties and conditions, it can be inferred from a
comparison of Figure 1a) and Figure 1b) that processes within the entire cross section of the
alluvial aquifer, exchange fluxes between different aquifers, land surface processes and
unsaturated zone (UZ) processes have to be added to the immediate exchange between aquifer
and river at the interface. On the other hand, it can be argued that these processes have the
same influence at the point scale as at the reach scale – they just lie outside the area of interest
and might be included as boundary conditions. See section 2.5 for an extended discussion.

2.3 Characteristics of the Sub-catchment Scale

The sub-catchment scale (Figure 1c), covers the entire drainage area of a given point in a
stream (gauge). It is usually assumed that this allows the calculation of a closed balance for the
catchment, with the discharge at the catchment outlet (gauge) as an integral measure of control.
It should be noted that, from a groundwater perspective, fluxes across the catchment
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boundaries are always possible, apart from at the continental scale. However, most hydrolog-
ical applications are, to a large degree, based on the assumption that a catchment is a closed
system.

In contrast to the local scale Figure 1b, GW-SW must focus on several different streams
(tributaries) that might be connected to different aquifer formations. A catchment of this size
will often allow a more comprehensive consideration of the subsurface system, i.e. to take into
account the existence of different geological formations, vertical differentiation (stratigraphy,
tectonic structures), and their interplay with the relief. In populated areas, the characteristics
and consequences of anthropogenic interference (hydraulic structures, groundwater and sur-
face water withdrawal) are significant. Mathematical descriptions of processes in catchments
need to become increasingly aggregated, i.e. even larger areas need to be regarded as
homogeneous entities.

The increasing number of possible constellations (different tributaries, different aquifers,
different GW-SWmechanisms) leads to increasing complexity of the system. Driving forces of
GW-SW can be far away from the actual stream–aquifer interface. Again, it could be argued
that this changes the relevance and importance of different processes. See section 2.5 for an
extended discussion.

2.4 Characteristics of the Regional Scale

Figure 2 shows, as an example to demonstrate the differences to the scales shown previously in
Figure 1, the relief, river network and geology of the Neckar Catchment, Germany.

The characteristics of the regional scaled catchments are determined by a range of possible
combinations of climate, geomorphology, geology, landscape types, and biological factors that
can occur in parallel within the same study area (Dahl et al. 2007; Harvey and Bencala 1993;
Larkin and Sharp 1992; Sophocleous 2002; Winter 1999). Any enlargement of the study area
size will increase the variety of combinations of these factors and thus lead to an increase in
complexity. Even in areas with otherwise exceptionally good data – such as in central Europe –

Fig. 2 Heterogeneities of relevant surface- and subsurface features at the regional scale (or catchment scale),
using the Neckar catchment (14,000 km2) as an example (data provided by the state geological survey and
environmental agency of the federal state of Baden Württemberg, Germany). Note the almost negligible extend
of alluvial formations
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observations are usually focused in areas of particular interest, such as densely populated or
intensely cultivated areas. Consequently, data are patchy in space, time, and with regard to the
number and choice of observed parameters (Candela et al. 2014). An additional issue is the
heterogeneity of the data, which in many cases has been collected by different agencies, with
different objectives, and over different periods and is consequently very inconsistent. Many
authors define the relative scarcity of data as the main challenge for regional scale work
(Candela et al. 2014; Refsgaard et al. 2010; Zhou and Li 2011). Looking at long time scales, it
is often very difficult to judge whether data have been influenced by human activity (e.g.
hydraulic structures, land use changes) or not.

One might argue that heterogeneity occurs at all scales and is thus not characteristic only of
the regional scale. Whether or not this is true or relevant is probably primarily a matter of
perspective and context. In the context of the present paper, we assume that a system,
composed of many differing subsystems, is more complex and heterogeneous than each of
its individual subsystems alone. The same is assumed for the patchiness of data (observations
clustered in areas of special interest).

In summary, the regional scale (or catchment scale) differs mainly in size of the study area
from the sub-catchment scale. Typical (yet not always realised) characteristics in contrast to
the sub-catchment scale are:

& Regional catchments can be subdivided into a number of gauged sub-catchments or –
basins;

& The heterogeneity of landscapes, relief, climatic conditions, and geological units within the
study area increases significantly; and

& Socio-economic and technical aspects become increasingly important. Most regional
catchments will include managed hydraulic structures, and modified discharge networks.
Water transfers from one catchment to another (through water supply, waste water,
irrigation networks, crops, etc.) can play an important role. Source-sink / supplier-
consumer relations etc. can be captured in their entirety.

To exemplify this kind of situation using a real world example, Figure 2 shows maps of the
Neckar catchment in Germany, where GW-SWwas intensively studied in integrated modelling
projects (Barthel et al. 2008a; Götzinger and Bardossy 2007; Götzinger et al. 2008, see also
section 3.3). It is obvious that in such a large heterogeneous catchment, various processes with
strong interdependencies function at different spatial and temporal scales. As a result, GW-SW
also becomes a spatially and temporally heterogeneous set of processes involving many
aquifers and many networked surface water bodies. The likelihood that the type of GW-SW
(influent or effluent; with or without full hydraulic contact) changes frequently both in space
and time increases drastically from a local to a regional system. As already discussed for the
sub-catchment scale, GW-SW at this scale is no longer a ‘one river-reach ↔ one aquifer’
phenomenon, but encompasses the entire catchment and a large number of different processes.
In Figure 2, please note that the area covered by alluvial sediments, i.e. those geological
formations typically considered when GW-SW is studied at local scales, is almost
negligible in comparison to the geological formations that form regional aquifers. This
means that regions far away from the actual interface between GW and SW must have
a major impact on the actual exchange processes. Please also note that the geology affects the
density of rivers and streams (less dense in karstic limestone areas) i.e. the way surface and
subsurface processes interact.

8 Barthel R., Banzhaf S.



2.5 GW-SW Related Processes at Different Scales

Scale dependencies of hydrological processes and the possibility of transferring properties,
process descriptions and model parameters from one scale to another (up- and downscaling,
regionalisation) have been intensively studied in recent decades. Upscaling, i.e. methods to
make measurements, process descriptions, or model parameters identified at the local scale
available for use at larger scales, has received wide attention in the hydrological literature
(Becker and Braun 1999; Farmer 2002; Neuman and Di Federico 2003; Renard and deMarsily
1997; Sánchez-Vila et al. 1995). The same is true for regionalisation, i.e. the generalisation of
data or model parameters obtained from distinct points or small spatial entities to larger areas
(Diekkrüger et al. 1999; Kleeberg et al. 1999; Parajka et al. 2005; Samaniego et al. 2010). Few
authors, however, deal explicitly with the scale dependency of GW-SW (CSIRO 2008; Dahl
et al. 2007; Kollet and Maxwell 2008; Levy and Xu 2012). Most works dealing with scale
dependency are limited to spatial extents that are significantly smaller than regions within the
meaning of this paper. In consequence, there are few insights to be gained from this work and
it remains largely undecided how to transfer local scale process knowledge to the regional
scale.

It has frequently been argued in the literature that processes that are relevant at small scales
might become irrelevant at larger scales (see, e.g. Bronstert et al. 2005). Kirchner (2006) and
McDonnell et al. (2007) suggest that the governing equations that apply in small scale physics
might not adequately describe large scale hydrological responses in heterogeneous systems.
Several authors have tried to further conceptualise and formalise the different significance and
relevance at different scales as well as in different environments, landscapes and climates and
to compile this into a theory of dominant processes (Grayson and Bloeschl 2000; Sivakumar
2004; Sivakumar 2008; Sivapalan et al. 2003). The question of whether or not processes loose
or gain relevancy at the large scale was already been raised in the preceding sections. Based on
a simple descriptive comparison of the systems at different scales, the following three general
statements can be made.

1. Processes that take place at the interface between groundwater and surface water (fluxes
across the riverbed) determine, to a large degree, the nature and magnitude of GW-SW.
These processes can be observed in detail at small scales. When moving to a larger scale,
these processes take place unchanged but there are strong practical limits to observing
them.

2. Processes that can be regarded as driving forces of GW-SW (i.e. causing head changes in
aquifers and river reaches) are not restricted to the immediate interface between ground-
water and surface water. On the contrary, they can be steered by processes and properties
of materials far away. These processes can usually only be observed in their entirety when
looking at larger scales, yet they do not lose any of their relevance at small scales.

3. For practical reasons, studying GW-SW at small scales means detailed observations in a
small area and a simplification of the processes that occur outside this area. Studying GW-
SW at large scales, means using observations with larger distances between them and a
simplification of the processes at the immediate interface of groundwater and surface
water.

Together, these three statements indicate that the question of process-relevance might not be
something that can be generalised, but rather is a question of perspective and feasibility.

Groundwater and surface water interaction at the regional-scale 9



3 Modelling GW-SW at the Regional Scale

Despite the fact that regional-scale GW-SW is not often addressed explicitly as a
research topic on its own, it implicitly receives a lot of attention through integrated
models (e.g. Gaukroger and Werner 2011; Jolly and Rassam 2009; Rossman and
Zlotnik 2013; Sebben et al. 2013). "Integrated modelling^ often has a much wider
focus than GW-SW. It may include coupling to atmospheric models, plant growth
models, socio-economic models, etc. and the actual representation of water resources
can be addressed in very different ways. This makes it somewhat difficult to extract
the specific GW-SW related aspects.

In general, the integration of GW-SW into wider models can be categorised according to the
following characteristics:

1. The number of processes and elements of the hydrological cycle that are included in the
integrated system;

2. The type of conceptual/mathematical representation of such processes and elements (e.g.
flow in rivers represented as physically-based 2D open channel flow versus simple
conceptual routing);

3. The degree of linkage between the different processes and elements of the hydrological
cycle (fully coupled equations, interfaces between separate modules, etc.);

4. The nature and type of the model components and process descriptions involved (numer-
ical, conceptual, lumped, distributed, etc.), including questions about which processes are
explicitly modelled and which are represented as boundary conditions;

5. Temporal aspects of model discretisation and model coupling: parallel, sequentially,
uniform or different time steps and, more generally, whether the calculations are steady
state or transient; and

6. The objectives, problem setting and focus of interest, including issues such as data
availability (e.g. Bungauged basins^).

The possible number of combinations of all these characteristics is huge, making it nearly
impossible to address the subject in a systematic way. Overviews describing different coupling
strategies are provided by Barthel et al. (2008a), Ebel et al. (2009), Furman (2008), Kollet and
Maxwell (2006), Markstrom et al. (2008), Levy and Xu (2012), Rossman and Zlotnik (2013),
Sebben et al. (2013), and Spanoudaki et al. (2009).

From the large number of potential classification schemes indicated by the list above, we
chose to categorise integrated models according to the coupling scheme only. We thus
distinguish between:

& Fully coupled schemes: equations governing surface and subsurface flows are solved
simultaneously within one software package;

& Loosely coupled schemes: two or more individual models are coupled via the exchange of
model results, where the output of one model forms the input of the other.

The loosely coupled schemes are further subdivided into:

– Bready to use^ software packages which contain two or more individual model compo-
nents embedded in a common framework;

10 Barthel R., Banzhaf S.



– Loose coupling on an individual, less standardised basis (often developed and used in
only a single context).

The boundaries between these classes, in particular of the two subdivisions defined for
loosely coupled schemes, are rather transient and mixed types can be identified.

The following sections summarise very briefly the main features of the aforementioned
categories, and list the main software packages and applications in each class. Thus, the
selection of software packages and applications focuses on those that can have a more or less
clear relationship to the regional scale, as it is defined in this article (i.e. designed to be used at
regional scales or actually applied to larger scales). For each software package, we tried to
identify model applications in model domains between 103 and 105 km2 in size. If none or few
such were present, we also included model domains between 102 and 103 km or much larger
domains. Research was identified from the Scopus2 database, using the following search
phrase: ( TITLE-ABS-KEY ( [model name] ) AND TITLE-ABS-KEY ( regional ) OR
TITLE-ABS-KEY ( catchment ) OR TITLE-ABS-KEY ( meso*scale ) ) . In addition, we
followed references and hints to software packages and applications within the literature
identified.

3.1 Fully Coupled Schemes

Fully coupled modelling schemes, sometimes also referred to as Bphysics-based models^ (see,
e.g. Loague et al. 2006), have received wide attention and significant progress has been made
with their development in recent years (Gaukroger and Werner 2011; Maxwell et al. 2014).
The software packages mentioned most often in the literature include ParFlow (Kollet and
Maxwell 2006), HydroGeoSphere (Therrien et al. 2009), InHM (VanderKwaak 1999), and
OpenGeoSys (Kolditz et al. 2012). More examples are described in Sebben et al. (2013), Shi
et al. (2013), Partington et al. (2013), Maxwell et al. (2014) and Bronstert et al. (2005). These
fully coupled schemes have in common the attempt to achieve a physics-based description of
all processes involved in the saturated zone, unsaturated zone and surface waters and thus
generally avoid implementing interfaces between separate model modules (e.g. Brunner and
Simmons 2012). In this way, they eliminate the boundaries between the traditional
Bcompartments^ (to varying degrees) and avoid a large number of problems that are related
to using different concepts and software packages for different compartments. For example,
HydroGeoSphere allows for stream/surface drainage network genesis, i.e. a river will form
naturally within the model and interact with the groundwater in a physically based way. There
is no need to predefine the river’s boundaries or its hydraulic head, which can be regarded as
an outstanding advantage as it avoids the problems related to the riverbed-conductance concept
(see section 2.1). In general, the focus shifts away from the traditional Bflux through the river
bottom interface^ type of conceptualisation and becomes part of a holistic description of the
water cycle.

Several model inter-comparisons for fully coupled software packages are ongoing (see, e.g.
Delfs et al. 2012; IHMI Workshop 2011; Maxwell et al. 2014). The problems used for
comparison encompass rather small areas and are built on synthetic test cases (Pryet et al.
2014). Maxwell et al. (2014) report comparisons of larger and more complex cases. The

2 https://www.scopus.com/; compared to the Web of Science, Scopus includes a wider selection of conference
proceedings
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performance of different fully coupled software packages was also investigated by Sebben
et al. (2013). They found that a lack of test cases and limited options for evaluating model
performance (mainly river discharge only) hinder a meaningful comparison. It is common to
use only river discharge (and not groundwater heads) to evaluate model performance of
integrated models (Hattermann et al. 2004; Sebben et al. 2013). Table 1 shows an overview
of fully coupled models and their application to catchments within the range defined as
regional in this article.

An additional software package which is quite frequently mentioned in the literature is
InHM (Blum et al. 2002; Jones et al. 2006 ; VanderKwaak 1999 ). However, to the knowledge
of the authors, this has only been applied to very small catchments between 0.001 and 0.1 km2

so far (Blum et al. 2002; Jones et al. 2006; Mirus and Loague 2013; VanderKwaak and Loague
2001). Guay et al. (2013) and Semenova and Beven (2015) list even more examples of models
from the fully coupled modelling domain.

3.2 Loosely Coupled Schemes

While fully coupled, physics-based modelling concepts and software packages are relatively
easy to identify and describe, as they are Bmonolithic^ by definition, it is more difficult to
evaluate loosely coupled schemes, which consist of two or more independent model software
packages. Apart from the fact that a large variety of model types (hydrologic, hydraulic,
numerical, conceptual, 2D/3D, lumped, distributed, etc.) can be involved, these model codes
can be coupled in very different ways with respect to the exchange parameters and various
spatial and temporal aspects of coupling. Many such loosely integrated schemes are unique,
i.e. only developed and used by specific groups and/or in specific spatial or problem contexts.
Other coupling schemes are more standardised and are used by larger communities in varying

Table 1 Overview of fully coupled schemes and their largest-scale applications

Model name Descriptions and reviews Published regional scale applications / largest scaled
applications / selected smaller scale applications

HydroGeoSphere Brunner and Simmons (2012)
Colautti (2010)
Ebel et al. (2009)
Park et al. (2009)
Therrien and Sudicky (1996)
Therrien et al. (2009)
Harter and Morel-Seytoux

(2013)

• Continental scale model for the whole of Canada
mentioned in Sudicky (2013)

• Rokua esker aquifer (ca 250 km2) (Ala-aho et al. 2015)
• Haean-myun Catchment South Korea (62.7 km2)

(Bartsch et al. 2014)
• Geer Basin, Belgium, 480 km2 (Goderniaux et al. 2011)
• San Joaquin Valley 17,232 km2 (Bolger et al. 2011)
• Toluca Valley basin 2,100 km2 (Calderhead et al. 2011)

OpenGeoSys Delfs et al. (2012)
Kolditz et al. (2012)

• Western Dead Sea escarpment, Israel, Palestine,
3,800 km2 (Gräbe et al. 2013)

• Meijiang catchment, China, 6,983 km2 (Sun et al. 2011)

ParFlow,
ParFlow.CLM*

Ashby and Falgout (1996)
Jones and Woodward (2001)
Kollet and Maxwell (2006)
Maxwell et al. (2010)
Maxwell et al. (2013)

• Continental scale model for the whole of the United
States (Maxwell et al. 2013 )

• Ringkobing Fjord / Skjern River basin catchment,
western • Denmark 208 km2 (Ajami et al. 2014a;
Ajami et al. 2014b)

• Little Washita basin Oklahoma, USA, 1,600 km2

(Condon and Maxwell 2014)

*Common Land Model (Dai et al. 2003)

12 Barthel R., Banzhaf S.



contexts. It should be mentioned that in loosely coupled schemes, coupling can be Bstrong^,
i.e. the exchange is spatially and temporally explicit for the model time, which allows the
representation of feedbacks (Bronstert et al. 2005; Furman 2008). Alternatively, coupling can
be Bweak^, i.e. models are run completely consecutively. Hybrid forms also occur.

3.2.1 Ready-made Model Packages for GW-SW

Overviews of ready-made model packages for GW-SW (primarily addressing loosely coupled
schemes) have been compiled by CDM (2001), Blum et al. (2002), Levy and Xu (2012),
Bobba (2012), Alaghmand et al. (2013), and Sebben et al. (2013). These overviews, however,
do not directly address applicability or applications at the regional scale.

Most loosely coupled schemes are, in one way or another, based on MODFLOW
(Harbaugh 2005; McDonald and Harbaugh 1988), which represents the groundwater com-
partment and its various options represent surface water related boundary conditions. In
principle, MODFLOW calculates the fluxes across the boundary between aquifer and surface
water based on the difference in hydraulic head, an exchange coefficient representing the
hydraulic conductivity of the river bottom and geometric parameters of the interface. This can
be done using different modules, e.g. the river package, drain package, stream flow routing
package or the general head package (Prudic et al. 2004). Additions and enhancements to this
basic scheme are frequently published (Barlow and Harbaugh 2006). Besides the
MODFLOW-based, ready-made software packages, other mainly commercial software pack-
ages, are available that follow a similar approach to solve equations for groundwater flow,
surface water run-off and unsaturated flow independently and couple the processes via the
exchange of results through boundaries. In most ready-made packages, coupling is strong.

In addition to the software packages listed in Table 2 more packages are mentioned in the
literature. Again, many are based on MODFLOWor can, in some way, be linked or coupled to
it, e.g. HEC-RAS (Rodriguez et al. 2008), DAFLOW (Jobson 1989), HEC-HMS
(Scharffenberg and Fleming 2010), or MD-SWAT-MODFLOW (Ke 2013). Non-
MODFLOW based packages include HMS (CDM 2001; Yu et al. 1999), DYNSYSTEM
(CDM 2015), and IGSM (LaBolle et al. 2003; Watson 1993). Regional applications of these
have not, to the knowledge of the authors, been published.

3.2.2 Other Applications of Loosely Coupled Schemes with Applications at the Regional

Scale

The loosely coupled model software packages described in the previous section include, in
general, fully developed coupling schemes, i.e. they can immediately be applied for simulating
GW-SW without the need for a new user to develop their own interfaces, etc. In addition to
such ready-to-use software packages, there are several examples in which previously inde-
pendent groundwater and surface water models have been coupled within a specific problem
context. Concepts for context specific integration of two or more standalone models (GW, SW,
UZ) are hard to review in a systematic way as there are so many unique combinations. It is also
difficult to decide where to put the boundary between the coupling of models of groundwater
and surface water and the addition of a module that represents the other compartments relative
to a groundwater or surface water model, not necessarily taking into account the actual
processes. Many such models seem to exist (e.g. Feyen 2005) but not all of them have
necessarily been published in peer-reviewed literature. They are often developed by national

Groundwater and surface water interaction at the regional-scale 13
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agencies and use existing standalone models for GW and SW as a basis. Table 3 lists those
model applications that could be identified from journal literature and clearly fall into the range
we defined as regional (> 1,000 km2).

In addition to the examples listed in Table 3, more packages are mentioned in the literature
but it remains unclear how relevant they are or could be. Gilfedder et al. (2012), e.g. describe
GWlag. This is a conceptual model for improving water resource decision-making by
connecting surface water and groundwater characteristics and their interactions with land-use
changes, which was applied in the Tarcutta Creek catchment, a part of the Murrumbidgee
River catchment in New South Wales, Australia (1,630 km2). SWIM is a modified version of
SWAT (Hattermann et al. 2004), with a groundwater module that only models groundwater
levels at a spatial resolution of sub-catchments. A modified version has been applied to the
Elbe-catchment in Germany (see Table 3).

3.3 Summary of Modelling Tools and Regional Applications

In total, we identified 17 (253) ready-to-use software packages (see Tables 1-3) to integrate
GW and SW that were applied at the regional scale or could potentially be applied at the
regional scale. Four (5) of these are fully coupled systems. The fully coupled software
packages are quite similar with respect to functionality and features, while the loosely coupled
systems differ with respect to a huge range of different aspects.

We identified 25 applications of regional models in areas between 1,000 and 100,000 km2.
Five of these employed a fully coupled system, 13 utilised ready-to-use packages, 7 employed
more individual solutions. In addition there are 16 regions between 100 and 1,000 km2 that
could be considered Bsmall regional scale^, whereof 12 made use of loosely coupled schemes.

In summary, around 30 software packages or more individually coupled modelling schemes
were developed that claim to be applicable at the catchment or regional scale. These were
applied to around 40 model applications covering regions between 100 and 100,000 km2. It is
easy to conclude that this means that most models where not used in more than one regional
scale catchment. It is also clear that none of the catchments was modelled with more than one
modelling scheme.

It is probably very easy to overlook ongoing and completed integrated modelling activities,
in particular in the field of loosely coupled, context specific modelling schemes, when
focusing on journal literature only. It may be that such regional integrated models are presented
more often in conference contributions and reports than in the easily accessible journal
literature. This is confirmed to some extent by Wood (2012): "…. I suspect that the sheer

size and data complexity of these integrated models with their voluminous outputs might

(make) them difficult to publish in traditional Bwhite^ or Bgrey^ hydrogeological literature.^ A
more detailed analysis of this issue was provided by Burell (2008), who claims that integrated
models cannot be adequately published in journal literature at all.

Nevertheless, the number of regional applications of coupled groundwater and surface
water models is far lower than expected considering the importance of the topic and in view of
the large number of publications dealing with integrated models of groundwater and surface
water. In particular in the groundwater field, a lack of peer-reviewed scientific publications

pertaining to regional scale studies and models can be observed (Barthel, 2014a). Moreover,
the often cited trend towards more integration has not yet led to the wide use of integrated

3 Numbers in brackets: mentioned in the literature but no clear description within the context of this paper
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models. For example, Rossman and Zlotnik (2013), reviewed 88 regional groundwater-flow
modelling applications from the US and found that only 7% of them included any attempt at all
to couple groundwater and surface water. Despite the low numbers, it is promising that most
regional scale integrated models were published within the last 5 years. This might indicate a
trend and mean that even more work is in progress.

3.3.1 Application Potential and Limitations of Fully Coupled Software Packages

The functionality of most of the fully coupled systems is overwhelming and it seems that they
provide answers to almost any question we might have about water resources (see, e.g.
Brunner and Simmons 2012). The usefulness of the fully coupled systems at the regional
scale is quite often explicitly pointed out. On the other hand, few regional applications have
been published and comparisons to other modelling approaches applied to the same area are
missing. The viability of the models has primarily been proven in various test applications
(Kollet et al. 2010; Sebben et al. 2013) and proof of applicability in practical management still
has to be provided (Miller et al. 2013). So far, the application of fully coupled software
packages seems to be largely restricted to academic studies, mainly at smaller scales and at
specific test sites. Harter and Morel-Seytoux (2013) presented an evaluation of HGS’ appli-
cability to (regional) management problems and concluded that its present use is mainly
academic and they expressed doubts about the validity of the mathematical representation at
large scales. According to Harter and Morel-Seytoux (2013), both issues are common to many
aspects of modern soil physics and fully coupled models (see also Semenova and Beven
2015). This might be a result of the huge computational cost, which has only recently been met
by the availability of powerful parallel computing systems to a wider public. And yet it should
be noted that these model concepts are relatively new, indicated by a sharp increase in related
publications since around 2005. Almost all model applications in regions larger than 100 km2

were published after 2010, the majority in 2014.

3.3.2 Application Potential and Limitations of Loosely Coupled Schemes

Numerous loosely coupled schemes have been developed for the regional scale, but the
number of actual published regional applications of these is low. Looking at the examples
published in the scientific literature it seems that each individual scheme is applied only a few
times or even just once (by one group of researchers, in one catchment). Extracting general
findings or drawing conclusions from comparisons is therefore hardly possible.

It is apparent that the majority of regional scale models addressing GW-SW make use of
either traditional hydrological (rainfall runoff in the widest sense) or groundwater flow models
and represent the other part by relatively simple, conceptual descriptions (see also Fleckenstein
et al. 2006; Hattermann et al. 2004). It is quite common that regional integrated models are
based on surface water models rather than on groundwater models (Werner et al. 2006).
Groundwater-centred integrated models most often employ MODFLOW, using a more or less
complex solution for surface water discharge and soil moisture to provide input for the chosen
boundary condition packages. From the loosely coupled systems with a full representation of
both surface and groundwater, it appears that MIKE SHE and more recently FEFLOW coupled
with MIKE11 are most often used for regional studies. The respective applications are more
often driven by practical management questions than by mere scientific interest – a noteworthy
aspect when it comes to laying out future pathways for integrated hydrological research.
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The problems associated with such loosely coupled schemes stem from the fact that hydro-
logical models typically do not calculate river stages at any specific point along a stretch of river.
To obtain the information needed for calculating exchange fluxes based on pressure differences,
interpolation of river water levels between gauges or other simple and pragmatic solutions are
required. Another issue is that river bottom elevations above a common datum (sea level) are
quite often not available for all potentially relevant river reaches. Hence, channel bottom
elevations have to be fitted or derived from proxy data (Scibek et al. 2007; Wolf et al. 2008).
This leads to a general problem within loosely coupled systems: GW-SW in such systems has to
be based on the calculation of the exchange fluxes as a result of potential differences, the
geometry of the river bed, and its hydraulic properties. In one way or another, most of the loosely
coupled schemes apply the critical riverbed-conductance concept (see section 2.1).

It is uncommon to report on failure and deficits when writing about models, either in peer
reviewed scientific literature or in grey literature. This makes it hard to evaluate the true
potential of an approach. Our own experiences from the GLOWA-Danube project for the
Upper Danube catchment (77,000 km², Barthel et al. 2012; Ludwig et al. 2003) and in the
RiverTwin project for the Neckar catchment (14,000 km², Barthel et al. 2008a; Gaiser et al.
2008) in Germany gave deeper insights of the tremendous challenges associated with inte-
grated modelling at the regional scale. Some of these difficulties have been discussed in detail
in previous publications (Barthel 2006; Barthel et al. 2008a; Götzinger et al. 2008; Rojanschi
et al. 2006; Wolf et al. 2008). For example, huge problems arise when groundwater recharge,
calculated by conceptual hydrological models is applied to physics-based numerical ground-
water flow models because the spatial distribution of this recharge does not take into account
the geology of regional aquifers (discussion in Barthel 2006; Jie et al. 2011; Wolf et al. 2008).
But most importantly, it became evident that data availability is far from sufficient, e.g. with
respect to parameterising the exchange terms in MODFLOW. This is worrying as the Neckar
and the Upper Danube catchment may be among the most intensively monitored regional-
scale-catchments in the world.

3.4 Regional Integrated Modelling in View of General Challenges of Hydrological

Modelling

It was stated at the beginning of this paper that the subject BGW-SW^ is one that is strongly
connected to many of the big challenges of hydrological sciences:

& How should one deal with uncertainty associated with data, models and predictions in the
context of integration and stakeholder demands (e.g. Castelletti et al. 2008; Li et al. 2011)?

& Should models be as simple or as complex as possible (see, e.g. Beven and Cloke 2012;
Wood et al. 2011; Wood et al. 2012)?

& How should we deal with heterogeneity, how do we scale up processes, properties and
model parameters (see, e.g. Bárdossy and Singh 2011; de Marsily et al. 2005; Fleckenstein
et al. 2006; Götzinger and Bardossy 2007; McDonnell et al. 2007; Nœtinger et al. 2005;
Samaniego et al. 2010; Vermeulen et al. 2006)?

These questions are relevant for all sorts of hydrological problems and at all scales, but they
are much more pronounced for regional scale GW-SW (Barthel 2014a). Discussing these
issues on the general and abstract level of an overview as presented in this article is
unfortunately impossible.
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4 Discussion

The objective of this paper was to review the scientific literature that provides guidance on
how to analyse, describe, understand, and finally model GW-SW meaningfully at the regional
scale. The results of this evaluation are not very encouraging: knowledge of the topic is
scattered and often difficult to identify. It is clear that a large body of literature related to GW-
SW in general exists. A large amount of information is available about GW-SWat small scales
and the number of studies in this field, both experimental and modelling, is rapidly increasing.
Unfortunately, little guidance is available on how to apply the knowledge gained from these
activities at the regional scale as defined in this article. The specific issue of BGW-SW at the
regional scale^ is hardly addressed explicitly at all.

It seems that part of the problem is defining what exactly ‘GW-SWat the regional scale’ is.
While at the point or local scale it is easy to describe GW-SW as a process with a defined
location, direction, and driving forces, it remains unclear if the same is possible at the regional
scale (compare Figure 1 and Figure 2). GW-SW at the regional scale is often no longer a
Bprocess^ of exchange between one groundwater and one surface water body as it usually is at
local scales. GW-SW at the regional scale can be regarded as the result of the combination of
all processes in a regional catchment or any other appropriately sized area of interest. How
relevant these processes are depends on the regional setting and thus on a combination of
rather different factors. But, more importantly, the relevance of different processes needs to be
defined in relation to the problem setting, data availability and other practical constraints and
demands. It is thus probably necessary to frame the definition of GW-SW at the regional scale
more widely than at the local scale. GW-SW at the regional scale encompasses the entire
terrestrial hydrological cycle, all the processes leading to changes of pressure, saturation
(concentrations) within and even outside the area of interest.

The best source of information about GW-SWat the regional scale is literature on integrated
modelling (see section 3). A large variety of modelling concepts capable of representing GW-
SW has been published. Many of those concepts have the potential for application at the
regional scale, yet real regional scale applications are still rare. This makes it difficult to assess
the validity and appropriateness of the published approaches. The available knowledge
remains scattered and difficult to use. It may be seen as a problem that regional, integrated
modelling efforts are normally created by government agencies, which often have lower
scientific ambitions than scientists from academia. Therefore much of the work carried out
in the field may remain unpublished (see Barthel 2014a). Additionally, publishing large
integrated modelling efforts is difficult within the constraints of a journal article (Burell
2008; Wood 2012).

If GW-SW at the regional scale is essentially regarded as the sum of all hydrological
processes in a region/catchment, then the most appropriate way to address this seems to be the
use of fully coupled, physics-based models. Those models actually attempt the required
holistic description of the hydrological cycle and have the power to connect various processes
over a range of spatial and temporal scales. However, while they seem to have the potential to
solve all the related problems, it still has to be demonstrated that they are valid and applicable
to practical regional management problems. Most authors agree that regional scale integrated
modelling is constrained by data availability and that fully coupled models are usually not
advantageous when combined with limited data (e.g. Brunner et al. 2010; Semenova and
Beven 2015). Therefore, despite the attractiveness of fully coupled schemes, coupling rela-
tively simple models using relatively simple coupling schemes may still provide a suitable

Groundwater and surface water interaction at the regional-scale 21



approach even if this means severe oversimplification of complex regional systems. Currently
neither of the parties advocating more or less complexity seems to be able to prove that their
approach is better. Systematic comparisons using several alternative approaches are missing
for the regional scale and thus advantages and disadvantages of one approach over another
remain unknown.

It is not possible to determine the most suitable strategy for regional scale integrated
modelling if the discussion focuses only on the scientific viewpoint. Even if the scientific
community desires general, applicable, transferable approaches to deal with GW-SW at the
regional scale, it might not be feasible to define such an approach independent of a practical
management context. Thus, defining the management problem that needs to be solved and at
what level of accuracy (special and temporal) is a necessary step, along with determining the
degree of uncertainty that is acceptable. This means that approaches need to be context-
specific and it is always necessary to define them together with stakeholders and end-users. In
such a context, the quantitative performance criteria usually applied within the scientific
community (the Nash-Sutcliff coefficient etc.) or approaches to quantifying uncertainty remain
rather abstract, difficult to communicate concepts that do not explain the usefulness and
applicability of a model and its results for answering practical management questions.
Regional models might thus have to be developed from a different perspective: either merely
driven by unique, context- and scale-specific demands within the area of practical water
resources management or by developing integrated regional models for the sole purpose of
providing a regional framework for nested local solutions. Participatory and transdisciplinary
approaches may be more helpful in the attempt to provide meaningful regional solutions.
Instead of asking how we can fundamentally identify, understand, describe, and model all
relevant processes at the regional scale, we may have to ask what the nature of the result of our
models should be, in order to meet the requirements of practical management at the regional
scale. In the two regional integrated projects that formed the starting point and stimulus to
write this paper an intensive dialogue with stakeholders and potential end-users was carried
out. It has frequently been pointed out that a gap exists between science and practice
and that scientists are not creating the knowledge that practice (society) actually
needs, thus explaining the low confidence of practitioners in models developed by
scientists (e.g. Argent et al. 1999; Borowski and Hare 2007; Brugnach et al. 2007; de
Kok and Wind 2003; Lerner et al. 2011; Olsson and Andersson 2007).

5 Concluding Remarks

The review of the literature that deals with GW-SW at the regional scale showed that
there are very few studies that address this topic directly. Field experiments and
studies based on regional monitoring of both GW and SW are largely missing, as
are fundamental theoretical considerations on how to address the problem. Knowledge
of how to examine GW-SW at the regional scale is mainly derived from studies
carried out at local scales, without a clear theory of how Bupscaling^ should be
performed (Sebben et al. 2013). There is hardly any evidence that this approach is
appropriate. It is frequently mentioned that the relevance (dominance) of processes
might be different at different scales, but there is no clear quantitative proof of this
with respect to GW-SW. In general, existing knowledge pertaining to GW-SW at the
regional scale is still very scattered and distributed over a wide range of different
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research fields. A large number of modelling concepts that are intended to be used for
the integrated modelling of groundwater and surface water at the regional scale have
been published. Many of them, however, have not been applied at the regional scale
as defined in this article. To the knowledge of the authors, there is no single case
study were two or more fundamentally different modelling concepts have been tested
in the same catchment and many modelling concepts have not been applied in more
than one catchment. A systematic comparison is thus impossible. On the basis of
peer-reviewed journal literature, it is not possible to decide which approaches are
feasible, suitable and appropriate for integrated regional modelling under specific
conditions (e.g. a given complexity of geology and a given level of data availability).
The few regional scale integrated models described in the literature are all very
specific, adapted to the specific conditions of the region and the relevant publications
focus on these specific aspects rather than on generic findings.

Perhaps when looking for solutions at the regional scale, one should refer to conference
proceedings, agency reports and software manuals. This may be true, but cannot lead to a
satisfying result from a scientific perspective. It is an unfortunate situation for the research
community if, as suggested by (Wood 2012), scientific results in this important subject area are
mainly being published outside the peer-reviewed scientific literature.

Compliance with ethical standards

Conflict of Interest No conflict of interest.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.

References

Ajami H, Evans JP, McCabe MF, Stisen S (2014a) Technical note: Reducing the spin-up time of integrated
surface water-groundwater models. Hydrol Earth Syst Sci 18:5169–5179

Ajami H, McCabe MF, Evans JP, Stisen S (2014b) Assessing the impact of model spin-up on surface water-
groundwater interactions using an integrated hydrologic model. Water Resour Res 50:2636–2656

Akiyama T, Sakai A, Yamazaki Y, Wang G, Fujita K, Nakawo M, Kubota J, Konagaya Y (2007) Surfacewater-
groundwater interaction in the Heihe River basin, Northwestern China. Bull Glaciol Res 24:87–94

Ala-aho P, Rossi PM, Isokangas E, Kløve B (2015) Fully integrated surface–subsurface flow modelling of
groundwater–lake interaction in an esker aquifer: Model verification with stable isotopes and airborne
thermal imaging. J Hydrol 522:391–406 doi:10.1016/j.jhydrol.2014.12.054

Alaghmand S, Beecham S, Hassanli A (2013) A review of the numerical modelling of salt mobilization from
groundwater-surface water interactions. Water Res 40:325–341. doi:10.1134/S009780781303010X

Allen DJ, Darling WG, Gooddy DC, Lapworth DJ, Newell AJ, Williams AT, Allen D, Abesser C (2010)
Interaction between groundwater, the hyporheic zone and a Chalk stream: a case study from the River
Lambourn, UK. Hydrogeol J 18:1125–1141. doi:10.1007/s10040-010-0592-2

Anibas C, Verbeiren B, Buis K, Chormański J, De Doncker L, Okruszko T, Meire P, Batelaan O (2012) A
hierarchical approach on groundwater-surface water interaction in wetlands along the upper Biebrza River,
Poland. Hydrol Earth Syst Sci 16:2329–2346. doi:10.5194/hess-16-2329-2012

Argent RM, Grayson RB, Ewing SA (1999) Integrated models for environmental management: Issues of process
and design. Environ Int 25:693–699. doi:10.1016/S0160-4120(99)00052-5

Arnold JG, Allen PM, Bernhardt G (1993) A comprehensive surface-groundwater flow model. J Hydrol 142:47–
69

Groundwater and surface water interaction at the regional-scale 23

http://dx.doi.org/10.1016/j.jhydrol.2014.12.054
http://dx.doi.org/10.1134/S009780781303010X
http://dx.doi.org/10.1007/s10040-010-0592-2
http://dx.doi.org/10.5194/hess-16-2329-2012
http://dx.doi.org/10.1016/S0160-4120(99)00052-5


Arnold JG, Fohrer N (2005) SWAT2000: Current capabilities and research opportunities in applied watershed
modelling. Hydrol Process 19:563–572

Ashby SF, Falgout RD (1996) A parallel multigrid preconditioned conjugate gradient algorithm for groundwater
flow simulations. Nucl Sci Eng 124:145–159

Banzhaf S, Krein A, Scheytt T (2013) Using selected pharmaceutical compounds as indicators for surface water
and groundwater interaction in the hyporheic zone of a low permeability riverbank. Hydrol Process 27:
2892–2902. doi:10.1002/hyp.9435

Bárdossy A, Singh SK (2011) Regionalization of hydrological model parameters using data depth. Hydrol Res
42:356–371

Barlow PM, Harbaugh AW (2006) USGS Directions in MODFLOW Development. Ground Water 44:771–774.
doi:10.1111/j.1745-6584.2006.00260.x

Barthel R (2006) Common problematic aspects of coupling hydrological models with groundwater flow models
on the river catchment scale. Adv Geosci 9:63–71. doi:10.5194/adgeo-9-63-2006

Barthel R (2014a) A call for more fundamental science in regional hydrogeology. Hydrogeol J 22:507–510
Barthel R (2014b) HESS Opinions "Integration of groundwater and surface water research: an interdisciplinary

problem?". Hydrol Earth Syst Sci 18:2615–2628. doi:10.5194/hess-18-2615-2014
Barthel R, Jagelke J, Götzinger J, Gaiser T, Printz A (2008a) Aspects of choosing appropriate concepts for modelling

groundwater resources in regional integrated water resources management - Examples from the Neckar
(Germany) and Ouémé catchment (Benin). Phys Chem Earth 33:92–114. doi:10.1016/j.pce.2007.04.013

Barthel R, Mauser W, Braun J (2008b) Integrated modelling of Global Change effects on the water cycle in the
upper Danube catchment (Germany) - the groundwater management perspective. In: Carillo JJ, Ortega MA
(eds) Groundwater flow understanding from local to regional scale. IAH, selected papers on hydrogeology,
Vol 12.. pp 47-72

Barthel R, Reichenau TG, Krimly T, Dabbert S, Schneider K, Mauser W (2012) Integrated modeling of global
change impacts on agriculture and groundwater resources. Water Resour Manag 26:1929–1951. doi:10.
1007/s11269-012-0001-9

Barthel R, Rojanschi V, Wolf J, Braun J (2005) Large-scale water resources management within the framework
of GLOWA-Danube. Part A: The groundwater model. Phys Chem Earth 30:372–382. doi:10.1016/j.pce.
2005.06.003

Bartsch S, Frei S, Ruidisch M, Shope CL, Peiffer S, Kim B, Fleckenstein JH (2014) River-aquifer exchange
fluxes under monsoonal climate conditions. J Hydrol 509:601–614. doi:10.1016/j.jhydrol.2013.12.005

Bauer P, Gumbricht T, Kinzelbach W (2006) A regional coupled surface water/groundwater model of the
Okavango Delta. Botsw Water Resour Res 42. doi:10.1029/2005WR004234

Becker A, Braun P (1999) Disaggregation, aggregation and spatial scaling in hydrological modelling. J Hydrol
217:239–252

Beven KJ, Cloke HL (2012) Comment on "Hyperresolution global land surface modeling: Meeting a grand
challenge for monitoring Earth's terrestrial water" by Eric F. Wood et al Water Resour Res 48. doi:10.1029/
2011wr010982

Bicknell BR, Imhoff JC, Kittle JL, Donigian AS, Johanson RC (1997) Hydrological Simulation Program-
Fortran, user's manual for version 11: U.S. Environmental Protection Agency, National Exposure
Research Laboratory, Athens, Ga., EPA/600/R-97/080, 755 pp.

Blakers RS, Croke BFW, Jakeman AJ The influence of model simplicity on uncertainty in the context of surface -
Groundwater modelling and integrated assessment. In, Perth, WA, 2011. 19th International Congress on
Modelling and Simulation - Sustaining Our Future: Understanding and Living with Uncertainty,
MODSIM2011. pp 3833-3839

Blum VS, Hathaway DL, White KM Modeling flow at the stream-aquifer interface: a review of this feature in
tools of the trade. In: American Water Resource Association Conference on Surface Water - Groundwater
Interactions, July 1-3, Keystone, Colorado, 2002. pp 7-12

Bobba AG (2012) Ground Water-Surface Water Interface (GWSWI) Modeling: Recent Advances and Future
Challenges. Water Resour Manag 26:4105–4131. doi:10.1007/s11269-012-0134-x

Bolger BL, Park Y-J, Unger AJA, Sudicky EA (2011) Simulating the pre-development hydrologic conditions in
the San Joaquin Valley, California. J Hydrol 411:322–330. doi:10.1016/j.jhydrol.2011.10.013

Borowski I, Hare M (2007) Exploring the gap between water managers and researchers: Difficulties of model-
based tools to support practical water management. Water Resour Manag 21:1049–1074

Boulton AJ, Findlay S, Marmonier P, Stanley EH, Maurice Valett H (1998) The functional significance of the
hyporheic zone in streams and rivers. Annu Rev Ecol Syst 29:59–81

Bronstert A, Carrera J, Kabat P, Lütkemeier S (2005) Coupled models for the hydrological cycle - integrating
atmosphere, biosphere, and pedosphere. Springer

Brugnach M, Tagg A, Keil F, de Lange WJ (2007) Uncertainty matters: Computer models at the science-policy
interface. Water Resour Manag 21:1075–1090. doi:10.1007/s11269-006-9099-y

24 Barthel R., Banzhaf S.

http://dx.doi.org/10.1002/hyp.9435
http://dx.doi.org/10.1111/j.1745-6584.2006.00260.x
http://dx.doi.org/10.5194/adgeo-9-63-2006
http://dx.doi.org/10.5194/hess-18-2615-2014
http://dx.doi.org/10.1016/j.pce.2007.04.013
http://dx.doi.org/10.1007/s11269-012-0001-9
http://dx.doi.org/10.1007/s11269-012-0001-9
http://dx.doi.org/10.1016/j.pce.2005.06.003
http://dx.doi.org/10.1016/j.pce.2005.06.003
http://dx.doi.org/10.1016/j.jhydrol.2013.12.005
http://dx.doi.org/10.1029/2005WR004234
http://dx.doi.org/10.1029/2011wr010982
http://dx.doi.org/10.1029/2011wr010982
http://dx.doi.org/10.1007/s11269-012-0134-x
http://dx.doi.org/10.1016/j.jhydrol.2011.10.013
http://dx.doi.org/10.1007/s11269-006-9099-y


Brunke M, Gonser T (1997) The ecological significance of exchange processes between rivers and groundwater.
Freshw Biol 37:1–33. doi:10.1046/j.1365-2427.1997.00143.x

Brunner P, Simmons CT (2012) HydroGeoSphere: A Fully Integrated, Physically Based Hydrological Model.
Ground Water 50:170–176. doi:10.1111/j.1745-6584.2011.00882.x

Brunner P, Simmons CT, Cook PG, Therrien R (2010) Modeling Surface Water-Groundwater Interaction with
MODFLOW: Some Considerations. Ground Water 48:174–180. doi:10.1111/j.1745-6584.2009.00644.x

Burell A (2008) Art or science? The challenges of publishing peer reviewed papers based on linked models
Agrarwirtschaft 57:391-394

Calderhead AI, Therrien R, Rivera A, Martel R, Garfias J (2011) Simulating pumping-induced regional land
subsidence with the use of InSAR and field data in the Toluca Valley, Mexico. Adv Water Resour 34:83–97.
doi:10.1016/j.advwatres.2010.09.017

California Department of Water Resources (2013) Integrated Water Flow Model, IWFM v4.0, Theoretical
Documentation.

Camporese M, Paniconi C, Putti M, Orlandini S (2010) Surface-subsurface flow modeling with path-based
runoff routing, boundary condition-based coupling, and assimilation of multisource observation data. Water
Resour Res 46:22. doi:10.1029/2008wr007536

Candela L, Elorza F, Tamoh K, Jiménez-Martínez J, Aureli A (2014) Groundwater modelling with limited data
sets: the Chari–Logone area (Lake Chad Basin, Chad). Hydrol Process 28:3714–3727

Carrera J, Alcolea A, Medina A, Hidalgo J, Slooten LJ (2005) Inverse Problem in Hydrogeology. Hydrogeol J
13:206–222

Castelletti A, Pianosi F, Soncini-Sessa R (2008) Integration, participation and optimal control in water resources
planning and management. Appl Math Comput 206:21–33. doi:10.1016/j.amc.2007.09.069

CDM (2001) Camp Dresser & McKee. Evaluation of integrated surface water and groundwater modeling tools.
http://www.mikepoweredbydhi.com/upload/dhisoftwarearchive/papersanddocs/waterresources/MSHE_
Code_Evaluations/CDM_ISGW_Report.pdf. Accessed 09/2015

CDM (2015) DYNSYSTEM. IntegratedWater ResourceModeling Code. www.dynsystem.com/. Accessed 09/2015
Colautti D (2010) Modelling the Effects of Climate Change on the Surface and Subsurface Hydrology of the

Grand River Watershed.
Condon LE, Maxwell RM (2014) Groundwater-fed irrigation impacts spatially distributed temporal scaling

behavior of the natural system: A spatio-temporal framework for understanding water management impacts.
Environ Res Lett 9

Conradt T, Kaltofen M, Hentschel M, Hattermann FF, Wechsung F (2007) Impacts of global change on water-
related sectors and society in a trans-boundary central European river basin - Part 2: from eco-hydrology to
water demand management. Adv Geosci 11:93–99. doi:10.5194/adgeo-11-93-2007

CSIRO (2008) Water availability in the Murray-Darling Basin. A report to the Australian Government from the
CSIRO Murray-Darling Basin Sustainable Yields Project, Australia

Dahl M, Nilsson B, Langhoff JH, Refsgaard JC (2007) Review of classification systems and new multi-scale
typology of groundwater–surface water interaction. J Hydrol 344:1–16. doi:10.1016/j.jhydrol.2007.06.027

Dai Y, Zeng X, Dickinson RE, Baker I, Bonan GB, Bosilovich MG, Denning AS, Dirmeyer PA, Houser PR, Niu
G, Oleson KW, Schlosser CA, Yang ZL (2003) The common landmodel. B AmMeteorol Soc 84:1013–1023

David CH, Habets F, Maidment DR, Yang ZL (2011) RAPID applied to the SIM-France model. Hydrol Process
25:3412–3425

de Kok J-L, Wind HG (2003) Design and application of decision-support systems for integrated water
management: lessons to be learnt. Phys Chem Earth 28:571–578. doi:10.1016/s1474-7065(03)00103-7

De Lange WJ, Prinsen GF, Hoogewoud JC, Veldhuizen AA, Verkaik J, Oude Essink GHP, Van Walsum PEV,
Delsman JR, Hunink JC, Massop HT, Kroon T (2014) An operational, multi-scale, multi-model system for
consensus-based, integrated water management and policy analysis: The Netherlands Hydrological
Instrument. Environ Model Softw 59:98–108

de Marsily G, Delay F, Goncalves J, Renard P, Teles V, Violette S (2005) Dealing with spatial heterogeneity.
Hydrogeol J 13:161–183. doi:10.1007/s10040-004-0432-3

Delfs JO, Sudicky EA, Parky YJ, Rob G (2012) McLareny, Kalbacher T, Kolditz O An inter-comparison of two
coupled hydrogeological models. XIX International Conference on Water Resources, In

DHI-WASY (2013) FEFLOW 6.2. Finite Element Subsurface Flow & Transport Simulation System. User
Manual. DHI-WASY GmbH, Berlin, Germany, 202 pp.

DHI (2011) MIKE 11 - river modelling unlimited. http://www.dhisoftware.com/Products/WaterResources/
MIKE11.aspx. Accessed 09/2015

Diekkrüger B, Kirkby MJ, Schröder U Regionalization in hydrology. IAHS publication no. 254. In, 1999. IAHS
Press, Institute of Hydrology, Wallingford, Oxfordshire,

Dietrich O, Steidl J, Pavlik D (2012) The impact of global change on the water balance of large wetlands in the
Elbe Lowland. Reg Environ Chang 12:701–713

Groundwater and surface water interaction at the regional-scale 25

http://dx.doi.org/10.1046/j.1365-2427.1997.00143.x
http://dx.doi.org/10.1111/j.1745-6584.2011.00882.x
http://dx.doi.org/10.1111/j.1745-6584.2009.00644.x
http://dx.doi.org/10.1016/j.advwatres.2010.09.017
http://dx.doi.org/10.1029/2008wr007536
http://dx.doi.org/10.1016/j.amc.2007.09.069
http://www.mikepoweredbydhi.com/upload/dhisoftwarearchive/papersanddocs/waterresources/MSHE_Code_Evaluations/CDM_ISGW_Report.pdf
http://www.mikepoweredbydhi.com/upload/dhisoftwarearchive/papersanddocs/waterresources/MSHE_Code_Evaluations/CDM_ISGW_Report.pdf
http://www.dynsystem.com
http://dx.doi.org/10.5194/adgeo-11-93-2007
http://dx.doi.org/10.1016/j.jhydrol.2007.06.027
http://dx.doi.org/10.1016/s1474-7065(03)00103-7
http://dx.doi.org/10.1007/s10040-004-0432-3
http://www.dhisoftware.com/Products/WaterResources/MIKE11.aspx
http://www.dhisoftware.com/Products/WaterResources/MIKE11.aspx


Ebel BA, Mirus BB, Heppner CS, VanderKwaak JE, Loague K (2009) First-order exchange coefficient coupling
for simulating surface water-groundwater interactions: parameter sensitivity and consistency with a physics-
based approach. Hydrol Process 23:1949–1959. doi:10.1002/hyp.7279

Elsawwaf M, Feyen J, Batelaan O, Bakr M (2014) Groundwater-surface water interaction in Lake Nasser,
Southern Egypt. Hydrol Process 28:414–430

Etchevers P, Golaz C, Habets F (2001) Simulation of the water budget and the river flows of the Rhone basin
from 1981 to 1994. J Hydrol 244:60–85

Farmer CL (2002) Upscaling: a review. Int J Numer Meth Fl 40:63–78. doi:10.1002/fld.267
Feyen L (2005) Large Scale Groundwater Modelling. Joint Research Centre
Fleckenstein JH, Niswonger RG, Fogg GE (2006) River-aquifer interactions, geologic heterogeneity, and low-

flow management. Ground Water 44:837–852. doi:10.1111/j.1745-6584.2006.00190.x
Furman A (2008) Modeling coupled surface-subsurface flow processes: A review. Vadose Zone J 7:741–756.

doi:10.2136/Vzj2007.0065
Gaiser T, Printz A, von Raumer HGS, Götzinger J, Dukhovny VA, Barthel R, Sorokin A, Tuchin A, Kiourtsidis

C, Ganoulis I, Stahr K (2008) Development of a regional model for integrated management of water
resources at the basin scale. Phys Chem Earth 33:175–182. doi:10.1016/j.pce.2007.04.018

Gaukroger AM, Werner AD (2011) On the Panday and Huyakorn surface-subsurface hydrology test case:
analysis of internal flow dynamics. Hydrol Process 25:2085–2093. doi:10.1002/hyp.7959

Gilfedder M, Rassam DW, Stenson MP, Jolly ID, Walker GR, Littleboy M (2012) Incorporating land-use
changes and surface-groundwater interactions in a simple catchment water yield model. Environ Model
Softw 38:62–73. doi:10.1016/j.envsoft.2012.05.005

Goderniaux P, Brouyére S, Blenkinsop S, Burton A, Fowler HJ, Orban P, Dassargues A (2011) Modeling climate
change impacts on groundwater resources using transient stochastic climatic scenarios. Water Resour Res 47

Götzinger J, Bardossy A (2007) Comparison of four regionalisation methods for a distributed hydrological
model. J Hydrol 333:374–384. doi:10.1016/j.jhydrol.2006.09.008

Götzinger J, Barthel R, Jagelke J, Bárdossy A (2008) The role of groundwater recharge and baseflow in
integrated models. IAHS Red book series 321:103–109

Gräbe A, Rödiger T, Rink K, Fischer T, Sun F, Wang W, Siebert C, Kolditz O (2013) Numerical analysis of the
groundwater regime in the western Dead Sea escarpment, Israel + West Bank. Environ Earth Sci 69:571–
585. doi:10.1007/s12665-012-1795-8

Grayson RB, Bloeschl G (2000) Spatial Patterns in Hydrological Processes: Observations and Modelling.
Cambridge University Press, Cambridge

Guay C, Nastev M, Paniconi C, Sulis M (2013) Comparison of two modeling approaches for groundwater–
surface water interactions. Hydrol Process 27:2258–2270. doi:10.1002/hyp.9323

Habets F, Gascoin S, Korkmaz S, Thiéry D, Zribi M, Amraoui N, Carli M, Ducharne A, Leblois E, Ledoux E,
Martin E, Noilhan J, Ottlé C, Viennot P (2010) Multi-model comparison of a major flood in the
groundwater-fed basin of the Somme River (France). Hydrol Earth Syst Sci 14:99–117

Hall J, Marillier B, Kretschmer P, Quinton B Integrated surface water and groundwater modelling to support the
Murray Drainage and Water Management Plan, south-west Western Australia. In, Perth, WA, 2011. 19th
International Congress on Modelling and Simulation - Sustaining Our Future: Understanding and Living
with Uncertainty, MODSIM2011. pp 3938-3944

Harbaugh AW (2005) MODFLOW-2005, The U.S. Geological Survey modular ground-water model—the
Ground-Water Flow Process: U.S. Geological Survey Techniques and Methods 6-A16.

Harter T, Morel-Seytoux H Peer Review of the IWFM, MODFLOWand HGS Model Codes: Potential for Water
Management Applications in California’s Central Valley and Other Irrigated Groundwater Basins. In:
California Water and Environmental Modeling Forum, Promoting Excellence and Consensus in Water and
Environmental Modeling, Sacramento, 2013.

Harvey JW, Bencala KE (1993) The effect of streambed topography on surface-subsurface water exchange in
mountain catchments. Water Resour Res 29:89–98. doi:10.1029/92wr01960

Hassan, Lubczynski, Richard, Niswonger, Su (2014) Surface–groundwater interactions in hard rocks in Sardon
Catchment of western Spain: An integrated modeling approach. J Hydrol 517 (2014) 390–410:390–410 doi:
10.1016/j.jhydrol.2014.05.026

Hattermann F, Krysanova V, Wechsung F, Wattenbach M (2004) Integrating groundwater dynamics in regional
hydrological modelling. Environ Model Softw 19:1039–1051. doi:10.1016/j.envsoft.2003.11.007

Hayashi M, Rosenberry DO (2002) Effects of groundwater exchange on the hydrology and ecology of surface
water. Ground Water 40:309–316

Herron N, Croke B (2009) Including the influence of groundwater exchanges in a lumped rainfall-runoff model.
Math Comput Simul 79:2689–2700. doi:10.1016/j.matcom.2008.08.007

Hill MC, Tiedeman CR (2007) Effective groundwater model calibration: with anaylysis of data, sensitivities,
predictions, and uncertainty. John Wiley and Sons, Hoboken, New Jersey

26 Barthel R., Banzhaf S.

http://dx.doi.org/10.1002/hyp.7279
http://dx.doi.org/10.1002/fld.267
http://dx.doi.org/10.1111/j.1745-6584.2006.00190.x
http://dx.doi.org/10.2136/Vzj2007.0065
http://dx.doi.org/10.1016/j.pce.2007.04.018
http://dx.doi.org/10.1002/hyp.7959
http://dx.doi.org/10.1016/j.envsoft.2012.05.005
http://dx.doi.org/10.1016/j.jhydrol.2006.09.008
http://dx.doi.org/10.1007/s12665-012-1795-8
http://dx.doi.org/10.1002/hyp.9323
http://dx.doi.org/10.1029/92wr01960
http://dx.doi.org/10.1016/j.jhydrol.2014.05.026
http://dx.doi.org/10.1016/j.envsoft.2003.11.007
http://dx.doi.org/10.1016/j.matcom.2008.08.007


Højberg AL, Troldborg L, Stisen S, Christensen BBS, Henriksen HJ (2013) Stakeholder driven update and
improvement of a national water resources model. Environ Model Softw 40:202–213. doi:10.1016/j.envsoft.
2012.09.010

Hu LT, Wang ZJ, Tian W, Zhao JS (2009) Coupled surface water-groundwater model and its application in the
Arid Shiyang River basin, China. Hydrol Process 23:2033–2044. doi:10.1002/Hyp.7333

Hughes JD, Liu J (2008) MIKE SHE: Software for Integrated Surface Water/Ground Water Modeling. Ground
Water 46:797–802. doi:10.1111/j.1745-6584.2008.00500.x

HydroGeoLogic Inc (2015) MODHMS. http://www.hgl.com/expertise/modeling-and-optimization/software-
tools/modhms/. Accessed 09/2015

IHMI Workshop (2011) Integrated Hydrologic Model Intercomparison Workshop: Benchmark Simulations.
http://igwmc.mines.edu/workshop/intercomparison.html. Accessed 09/2015

Irvine DJ, Brunner P, Franssen H-JH, Simmons CT (2012) Heterogeneous or homogeneous? Implications of
simplifying heterogeneous streambeds in models of losing streams. J Hydrol 424–425:16–23. doi:10.1016/j.
jhydrol.2011.11.051

Ivkovic KM (2009) A top–down approach to characterise aquifer–river interaction processes. J Hydrol 365:145–
155. doi:10.1016/j.jhydrol.2008.11.021

Ivkovic KM, Letcher RA, Croke BFW (2009) Use of a simple surface-groundwater interaction model to inform
water management. Aust J Earth Sci 56:71–80. doi:10.1080/08120090802541945

Jaber FH, Shukla S (2012) Mike She: Model Use, Calibration, and Validation. T Asabe 55:1479–1489
Jagelke J, Barthel R (2005) Conceptualization and implementation of a regional groundwater model for the

Neckar catchment in the framework of an integrated regional model. Adv Geosci 5:105–111. doi:10.5194/
adgeo-5-105-2005

Jakeman AJ, Hornberger GM (1993) How much complexity is warranted in a rainfall-runoff model. Water
Resour Res 29:2637–2649. doi:10.1029/93wr00877

Jie Z, van Heyden J, Bendel D, Barthel R (2011) Combination of soil-water balance models and water-table
fluctuation methods for evaluation and improvement of groundwater recharge calculations. Hydrogeol J 19:
1487–1502. doi:10.1007/s10040-011-0772-8

Jobson HE (1989) Users manual for an open-channel streamflow model based on the diffusion analogy: U.S.
Geological Survey Water-Resources Investigations 89-4133, 73 pp.

Jolly ID, Rassam DW (2009) A review of modelling of groundwater-surface water interactions in arid/
semi-arid floodplains. 18th World Imacs Congress and Modsim09 International Congress on
Modelling and Simulation: Interfacing Modelling and Simulation with Mathematical and
Computational Sciences.

Jones JE, Woodward CS (2001) Newton–Krylov-multigrid solvers for large-scale, highly heterogeneous,
variably saturated flow problems. Adv Water Resour 24:763–774. doi:10.1016/S0309-1708(00)00075-0

Jones JP, Sudicky EA, Brookfield AE, Park YJ (2006) An assessment of the tracer-based approach to quantifying
groundwater contributions to streamflow. Water Resour Res 42:W02407. doi:10.1029/2005WR004130

Kalbus E, Kalbacher T, Kolditz O, Kruger E, Seegert J, Rostel G, Teutsch G, Borchardt D, Krebs P (2012)
Integrated Water Resources Management under different hydrological, climatic and socio-economic condi-
tions. Environ Earth Sci 65:1363–1366. doi:10.1007/s12665-011-1330-3

Kalbus E, Reinstorf F, Schirmer M (2006) Measuring methods for groundwater - surface water interactions: a
review. Hydrol Earth Syst Sci 10:873–887

Ke KY (2013) Application of an integrated surface water-groundwater model to multi-aquifers modeling in
Choushui River alluvial fan. Taiwan Hydrol Process. doi:10.1002/hyp.9678

Kim NW, Chung IM, Won YS, Arnold JG (2008) Development and application of the integrated SWAT-
MODFLOW model. J Hydrol 356:1–16

Kirchner JW (2006) Getting the right answers for the right reasons: Linking measurements, analyses, and models
to advance the science of hydrology. Water Resour Res 42:W03S04 doi:10.1029/2005WR004362

Kleeberg HB, Mauser W, Peschke G, Streit U (1999) Hydrologie und Regionalisierung–Ergebnisse eines
Schwerpunktprogramms (1992-1998). Weinheim, Forschungsbericht Deutsche Forschungsgemeinschaft

Kolditz O, Bauer S, Bilke L, Böttcher N, Delfs JO, Fischer T, Görke UJ, Kalbacher T, Kosakowski G,
McDermott CI, Park CH, Radu F, Rink K, Shao H, Shao HB, Sun F, Sun YY, Singh AK, Taron J,
Walther M, Wang W, Watanabe N, Wu Y, Xie M, Xu W, Zehner B (2012) OpenGeoSys: an open-source
initiative for numerical simulation of thermo-hydro-mechanical/chemical (THM/C) processes in porous
media. Environ Earth Sci 67:589–599. doi:10.1007/s12665-012-1546-x

Kollet SJ, Maxwell RM (2006) Integrated surface–groundwater flow modeling: A free-surface overland flow
boundary condition in a parallel groundwater flow model. Adv Water Resour 29:945–958. doi:10.1016/j.
advwatres.2005.08.006

Kollet SJ, Maxwell RM (2008) Capturing the influence of groundwater dynamics on land surface processes
using an integrated, distributed watershed model. Water Resour Res 44

Groundwater and surface water interaction at the regional-scale 27

http://dx.doi.org/10.1016/j.envsoft.2012.09.010
http://dx.doi.org/10.1016/j.envsoft.2012.09.010
http://dx.doi.org/10.1002/Hyp.7333
http://dx.doi.org/10.1111/j.1745-6584.2008.00500.x
http://www.hgl.com/expertise/modeling-and-optimization/software-tools/modhms/
http://www.hgl.com/expertise/modeling-and-optimization/software-tools/modhms/
http://igwmc.mines.edu/workshop/intercomparison.html
http://dx.doi.org/10.1016/j.jhydrol.2011.11.051
http://dx.doi.org/10.1016/j.jhydrol.2011.11.051
http://dx.doi.org/10.1016/j.jhydrol.2008.11.021
http://dx.doi.org/10.1080/08120090802541945
http://dx.doi.org/10.5194/adgeo-5-105-2005
http://dx.doi.org/10.5194/adgeo-5-105-2005
http://dx.doi.org/10.1029/93wr00877
http://dx.doi.org/10.1007/s10040-011-0772-8
http://dx.doi.org/10.1016/S0309-1708(00)00075-0
http://dx.doi.org/10.1029/2005WR004130
http://dx.doi.org/10.1007/s12665-011-1330-3
http://dx.doi.org/10.1002/hyp.9678
http://dx.doi.org/10.1029/2005WR004362
http://dx.doi.org/10.1007/s12665-012-1546-x
http://dx.doi.org/10.1016/j.advwatres.2005.08.006
http://dx.doi.org/10.1016/j.advwatres.2005.08.006


Kollet SJ, Maxwell RM, Woodward CS, Smith S, Vanderborght J, Vereecken H, Simmer C (2010) Proof of
concept of regional scale hydrologic simulations at hydrologic resolution utilizing massively parallel
computer resources. Water Resour Res 46. doi:10.1029/2009wr008730

Korkmaz S, Ledoux E, Önder H (2009) Application of the coupled model to the Somme river basin. J Hydrol
366:21–34

Krause S,Bronstert A (2007) The impact of groundwater-surfacewater interactions on thewater balance of amesoscale
lowland river catchment in northeastern Germany. Hydrol Process 21:169–184. doi:10.1002/hyp.6182

Krause S, Bronstert A, Zehe E (2007) Groundwater-surface water interactions in a North German lowland
floodplain - Implications for the river discharge dynamics and riparian water balance. J Hydrol 347:404–417.
doi:10.1016/j.jhydrol.2007.09.028

Krause S, Hannah DM, Fleckenstein JH (2009) Hyporheic hydrology: Interactions at the groundwater-surface
water interface. Hydrol Process 23:2103–2107

LaBolle EM, Ahmed AA, Fogg GE (2003) Review of the Integrated Groundwater and Surface-Water Model
(IGSM). Ground Water 41:238–246. doi:10.1111/j.1745-6584.2003.tb02587.x

Lamontagne S, Taylor AR, Cook PG, Crosbie RS, Brownbill R, Williams RM, Brunner P (2014) Field
assessment of surface water–groundwater connectivity in a semi-arid river basin (Murray–Darling,
Australia). Hydrol Process 28:1561–1572. doi:10.1002/hyp.9691

Langhoff JH, Rasmussen KR, Christensen S (2006) Quantification and regionalization of groundwater–surface
water interaction along an alluvial stream. J Hydrol 320:342–358. doi:10.1016/j.jhydrol.2005.07.040

Larkin RG, Sharp JM (1992) On the relationship between river-basin geomorphology, aquifer hydraulics, and
ground-water flow direction in alluvial aquifers. Geol Soc Am Bull 104:1608–1620. doi:10.1130/0016-
7606(1992)104<1608:otrbrb>2.3.co;2

Leavesley GH, Lichty R, Troutman B, Saindon L (1983) Precipitation-runoff modeling system: User's manual.
US Geological Survey

Ledoux E, Girard G, de Marsily G, Villeneuve JP, Deschenes J (1989) Spatially Distributed Modeling:
Conceptual Approach, Coupling Surface Water And Groundwater. In: Morel-Seytoux HJ (ed) Unsaturated
Flow in Hydrologic Modeling, vol 275. NATO ASI Series, Springer Netherlands, pp. 435–454. doi:10.1007/
978-94-009-2352-2_16

Ledoux E, Girard G, Villeneuve JP (1984) Proposal for a coupled model to simulate surface water and
groundwater run-off in a catchment area. Houille Blanche 39:101-110+124

Ledoux E, Gomez E, Monget JM, Viavattene C, Viennot P, Ducharne A, Benoit M, Mignolet C, Schott C, Mary
B (2007) Agriculture and groundwater nitrate contamination in the Seine basin. The STICS-MODCOU
modelling chain. Sci Total Environ 375:33–47

Lerner DN, Kumar V, Holzkämper A, Surridge BWJ, Harris B (2011) Challenges in developing an integrated
catchment management model. Water Environ J 25:345–354. doi:10.1111/j.1747-6593.2010.00229.x

Levy J, Xu Y (2012) Review: Groundwater management and groundwater/surface-water interaction in the
context of South African water policy. Hydrogeol J 20:205–226. doi:10.1007/s10040-011-0776-4

Li YP, Huang GH, Nie SL, Chen X (2011) A robust modeling approach for regional water management under
multiple uncertainties. Agric Water Manag 98:1577–1588. doi:10.1016/j.agwat.2011.05.008

Loague K, Heppner CS, Mirus BB, Ebel BA, Ran Q, Carr AE, BeVille SH, VanderKwaak JE (2006) Physics-
based hydrologic-response simulation: foundation for hydroecology and hydrogeomorphology. Hydrol
Process 20:1231–1237. doi:10.1002/hyp.6179

Ludwig K, Bremicker M (2006) The Water Balance Model LARSIM - Design, Content and Applications, vol 22.
Freiburger Schriften zur Hydrologie, Freiburg

Ludwig R, Mauser W, Niemeyer S, Colgan A, Stolz R, Escher-Vetter H, Kuhn M, Reichstein M, Tenhunen J,
Kraus A, Ludwig M, Barth M, Hennicker R (2003) Web-based modelling of energy, water and matter fluxes
to support decision making in mesoscale catchments - the integrative perspective of GLOWA-Danube. Phys
Chem Earth 28:621–634. doi:10.1016/s1474-7065(03)00108-6

Markstrom SL, Niswonger RG, Regan RS, Prudic DE, Barlow PM (2008) GSFLOW—Coupled Ground-Water
and Surface-Water Flow Model Based on the Integration of the Precipitation-Runoff Modeling System
(PRMS) and the Modular Ground-Water Flow Model (MODFLOW-2005). USGS

Mauser W, Bach H (2009) PROMET - Large scale distributed hydrological modelling to study the impact of
climate change on the water flows of mountain watersheds. J Hydrol 376:362–377. doi:10.1016/j.jhydrol.
2009.07.046

Maxwell R, Condon L, Kollet S Diagnosing scaling behavior of groundwater with a fully-integrated, high
resolution hydrologic model simulated over the continental US. In: AGU Fall Meeting Abstracts, 2013. p 01

Maxwell RM, Kollet SJ, Smith SG, Woodward CS, Falgout RD, Ferguson IM, Baldwin C, Bosl WJ, Hornung R,
Ashby S (2010) ParFlow User’s Manual. International GroundWater Modeling Center Report GWMI 2010-
01, 132p.

28 Barthel R., Banzhaf S.

http://dx.doi.org/10.1029/2009wr008730
http://dx.doi.org/10.1002/hyp.6182
http://dx.doi.org/10.1016/j.jhydrol.2007.09.028
http://dx.doi.org/10.1111/j.1745-6584.2003.tb02587.x
http://dx.doi.org/10.1002/hyp.9691
http://dx.doi.org/10.1016/j.jhydrol.2005.07.040
http://dx.doi.org/10.1130/0016-7606(1992)104%3C1608:otrbrb%3E2.3.co;2
http://dx.doi.org/10.1130/0016-7606(1992)104%3C1608:otrbrb%3E2.3.co;2
http://dx.doi.org/10.1007/978-94-009-2352-2_16
http://dx.doi.org/10.1007/978-94-009-2352-2_16
http://dx.doi.org/10.1111/j.1747-6593.2010.00229.x
http://dx.doi.org/10.1007/s10040-011-0776-4
http://dx.doi.org/10.1016/j.agwat.2011.05.008
http://dx.doi.org/10.1002/hyp.6179
http://dx.doi.org/10.1016/s1474-7065(03)00108-6
http://dx.doi.org/10.1016/j.jhydrol.2009.07.046
http://dx.doi.org/10.1016/j.jhydrol.2009.07.046


Maxwell RM, Putti M, Meyerhoff S, Delfs JO, Ferguson IM, Ivanov V, Kim J, Kolditz O, Kollet SJ, Kumar M,
Lopez S, Niu J, Paniconi C, Park YJ, Phanikumar MS, Shen C, Sudicky EA, Sulis M (2014) Surface-
subsurface model intercomparison: A first set of benchmark results to diagnose integrated hydrology and
feedbacks. Water Resour Res 50:1531–1549

McDonald M, Harbaugh A (1988) A modular three-dimensional finite-difference groundwater flow model.
USGS. Techniques of water resources investigations, book 6, chapter A 1, 83-875.

McDonnell JJ, Sivapalan M, Vache K, Dunn S, Grant G, Haggerty R, Hinz C, Hooper R, Kirchner J, Roderick
ML, Selker J, Weiler M (2007) Moving beyond heterogeneity and process complexity: A new vision for
watershed hydrology. Water Resour Res 43. doi:10.1029/2006wr005467

McDonnell JJ, Woods R (2004) On the Need for Catchment Classification. J Hydrol 299:2–3
Miller CT, Dawson CN, Farthing MW, Hou TY, Huang JF, Kees CE, Kelley CT, Langtangen HP (2013)

Numerical simulation of water resources problems: Models, methods, and trends. Adv Water Resour 51:
405–437. doi:10.1016/j.advwatres.2012.05.008

Miller NL, Dale LL, Brush CF, Vicuna SD, Kadir TN, Dogrul EC, Chung FI (2009) Drought resilience of the
california central valley surface-ground-water- conveyance system. J AmWater Resour As 45:857–866. doi:
10.1111/j.1752-1688.2009.00329.x

Mirus BB, Loague K (2013) How runoff begins (and ends): Characterizing hydrologic response at the catchment
scale. Water Resour Res 49:2987–3006. doi:10.1002/wrcr.20218

Neuman SP, Di Federico V (2003) Multifaceted nature of hydrogeologic scaling and its interpretation. Rev
Geophys 41. doi:10.1029/2003rg000130

Niswonger RG, Allander KK, Jeton AE (2014) Collaborative modelling and integrated decision support system
analysis of a developed terminal lake basin. J Hydrol 517:521–537. doi:10.1016/j.jhydrol.2014.05.043

Nœtinger B, Artus V, Zargar G (2005) The future of stochastic and upscaling methods in hydrogeology.
Hydrogeol J 13:184–201. doi:10.1007/s10040-004-0427-0

Olsson JA, Andersson L (2007) Possibilities and problems with the use of models as a communication tool in
water resource management. Water Resour Manag 21:97–110. doi:10.1007/s11269-006-9043-1

Panday S, Huyakorn PS (2004) A fully coupled physically-based spatially-distributed model for evaluating
surface/subsurface flow. Adv Water Resour 27:361–382. doi:10.1016/j.advwatres.2004.02.016

Paniconi C, Wood EF (1993) A detailed model for simulation of catchment scale subsurface hydrologic
processes. Water Resour Res 29:1601–1620

Parajka J, Merz R, Bloschl G (2005) A comparison of regionalisation methods for catchment model parameters.
Hydrol Earth Syst Sci 9:157–171

Park Y-J, Sudicky EA, Panday S, Matanga G (2009) Implicit Subtime Stepping for Solving Nonlinear Flow
Equations in an Integrated Surface-Subsurface System. Vadose Zone J 8:825–836. doi:10.2136/vzj2009.0013

Partington D, Brunner P, Frei S, Simmons CT, Werner AD, Therrien R, Maier HR, Dandy GC, Fleckenstein JH
(2013) Interpreting streamflow generation mechanisms from integrated surface-subsurface flow models of a
riparian wetland and catchment. Water Resour Res 49:5501–5519. doi:10.1002/wrcr.20405

Prudic DE, Konikow LF, Banta ER (2004) A New Streamflow-Routing (SFR1) Package to Simulate Stream-
Aquifer Interaction with MODFLOW-2000. USGS, Carson City, Nevada, USA

Pryet A, Labarthe B, Saleh F, Akopian M, Flipo N (2014) Reporting of Stream-Aquifer Flow Distribution at the
Regional Scale with a Distributed Process-Based Model. Water Resour Manag 29:139–159. doi:10.1007/
s11269-014-0832-7

Qin H, Cao G, Kristensen M, Refsgaard JC, Rasmussen MO, He X, Liu J, Shu Y, Zheng C (2013) Integrated
hydrological modeling of the North China Plain and implications for sustainable water management. Hydrol
Earth Syst Sci 17:3759–3778. doi:10.5194/hess-17-3759-2013

Ragab R, Bromley J (2010) IHMS-Integrated Hydrological Modelling System. Part 1. Hydrological processes
and general structure. Hydrol Process 24:2663–2680. doi:10.1002/Hyp.7681

Ragab R, Bromley J, Dörflinger G, Katsikides S (2010) IHMS-Integrated hydrological modelling system. Part 2.
application of linked unsaturated, DiCaSM and saturated zone, MODFLOW models on Kouris and Akrotiri
catchments in Cyprus. Hydrol Process 24:2681–2692

Rassam DW, Peeters L, Pickett T, Jolly I, Holz L (2013) Accounting for surface-groundwater interactions and
their uncertainty in river and groundwater models: A case study in the Namoi River, Australia. Environ
Model Softw 50:108–119. doi:10.1016/j.envsoft.2013.09.004

Refsgaard JC,Hojberg AL,Moller I, HansenM, SondergaardV (2010) Groundwater modeling in integratedwater
resources management–visions for 2020. GroundWater 48:633–648. doi:10.1111/j.1745-6584.2009.00634.x

Refsgaard JC, Storm B (1995) MIKESHE. In: Singh VP (ed) Computer models of watershed hydrology. Water
Resources Publications, Colorado, USA. Water Resources Publications, Colorado, USA, pp 806-846

Renard P, de Marsily G (1997) Calculating equivalent permeability: A review. Adv Water Resour 20:253–278.
doi:10.1016/s0309-1708(96)00050-4

Groundwater and surface water interaction at the regional-scale 29

http://dx.doi.org/10.1029/2006wr005467
http://dx.doi.org/10.1016/j.advwatres.2012.05.008
http://dx.doi.org/10.1111/j.1752-1688.2009.00329.x
http://dx.doi.org/10.1002/wrcr.20218
http://dx.doi.org/10.1029/2003rg000130
http://dx.doi.org/10.1016/j.jhydrol.2014.05.043
http://dx.doi.org/10.1007/s10040-004-0427-0
http://dx.doi.org/10.1007/s11269-006-9043-1
http://dx.doi.org/10.1016/j.advwatres.2004.02.016
http://dx.doi.org/10.2136/vzj2009.0013
http://dx.doi.org/10.1002/wrcr.20405
http://dx.doi.org/10.1007/s11269-014-0832-7
http://dx.doi.org/10.1007/s11269-014-0832-7
http://dx.doi.org/10.5194/hess-17-3759-2013
http://dx.doi.org/10.1002/Hyp.7681
http://dx.doi.org/10.1016/j.envsoft.2013.09.004
http://dx.doi.org/10.1111/j.1745-6584.2009.00634.x
http://dx.doi.org/10.1016/s0309-1708(96)00050-4


Rivard C, Lefebvre R, Paradis D (2014) Regional recharge estimation using multiple methods: An application in
the Annapolis Valley, Nova Scotia (Canada). Environ Earth Sci 71:1389–1408

Rodriguez LB, Cello PA, Vionnet CA, Goodrich D (2008) Fully conservative coupling of HEC-RAS with
MODFLOW to simulate stream - aquifer interactions in a drainage basin. J Hydrol 353:129–142. doi:10.
1016/j.jhydrol.2008.02.002

Rojanschi V, Wolf J, Barthel R (2006) Storage cascade vs. MODFLOW for the modelling of groundwater flow in
the context of the calibration of a hydrological model in the Ammer catchment. Adv Geosci 9:101–108

Rosenberry DO, LaBaugh JW (2008) Field techniques for estimating water fluxes between surface water and
ground water: U.S. Geological Survey Techniques and Methods 4–D2. USGS,

Ross MA, Tara PD, Geurink JS, Stewart MT (1997) FIPR Hydrologic Model users manual and technical
documentation. Center for modeling hydrologic and aquatic systems. University of South Florida, Tampa,
Florida

Rossman NR, Zlotnik VA (2013) Review: Regional groundwater flow modeling in heavily irrigated basins of
selected states in the western United States. Hydrogeol J 21:1173–1192. doi:10.1007/s10040-013-1010-3

Said A, Stevens DK, Sehlke G (2005) Estimating water budget in a regional aquifer using HSPF-modflow
integrated model. J Am Water Resour As 41:55–66. doi:10.1111/j.1752-1688.2005.tb03717.x

Saleh F, Flipo N, Habets F, Ducharne A, Oudin L, Viennot P, Ledoux E (2011) Modeling the impact of in-stream
water level fluctuations on stream-aquifer interactions at the regional scale. J Hydrol 400:490–500. doi:10.
1016/j.jhydrol.2011.02.001

Samaniego L, Kumar R, Attinger S (2010) Multiscale parameter regionalization of a grid-based hydrologic
model at the mesoscale. Water Resour Res 46

Sánchez-Vila X, Girardi JP, Carrera J (1995) A Synthesis of Approaches to Upscaling of Hydraulic
Conductivities. Water Resour Res 31:867–882. doi:10.1029/94WR02754

Savenije HHG, Van der Zaag P (2008) Integrated water resources management: Concepts and issues. Phys Chem
Earth 33:290–297. doi:10.1016/j.pce.2008.02.003

Schaffranek RW, Baltzer RA, Goldberg DE (1981) A model for simulation of flow in singular and interconnected
channels, USGS Tech. Water Resour. Invest., Book 7, Chap. C3, 110 pp.

Scharffenberg WA, Fleming MJ (2010) Hydrologic Modeling System HEC-HMS user's manual. U.S. Army
Corps of Engineers, Davis, California, p. 316

Schulla J (1997) Hydrologische Modellierung von Flussgebieten zur Abschätzung der Folgen von
Klimaänderungen. Dissertation ETH 12018, Verlag Geographisches Institut ETH Zürich

Schulla J (2013) Model description WaSiM. Technical report, p. 318
Scibek J, Allen DM (2006) Modeled impacts of predicted climate change on recharge and groundwater levels.

Water Resour Res 42. doi:10.1029/2005wr004742
Scibek J, Allen DM, Cannon AJ, Whitfield PH (2007) Groundwater–surface water interaction under scenarios of

climate change using a high-resolution transient groundwater model. J Hydrol 333:165–181. doi:10.1016/j.
jhydrol.2006.08.005

Sebben ML, Werner AD, Liggett JE, Partington D, Simmons CT (2013) On the testing of fully integrated
surface-subsurface hydrological models. Hydrol Process 27:1276–1285. doi:10.1002/Hyp.9630

Semenova O, Beven K (2015) Barriers to progress in distributed hydrological modelling. Hydrol Process:n/a-n/a.
doi:10.1002/hyp.10434

Shi Y, Davis KJ, Duffy CJ, Yu X (2013) Development of a coupled land surface hydrologic model and evaluation
at a critical zone observatory. J Hydrometeorol 14:1401–1420. doi:10.1175/JHM-D-12-0145.1

Singh SK, Liang JY, Bardossy A (2012) Improving the calibration strategy of the physically-based model
WaSiM-ETH using critical events. Hydrol Sci J 57:1487–1505. doi:10.1080/02626667.2012.727091

Sivakumar B (2004) Dominant processes concept in hydrology: moving forward. Hydrol Process 18:2349–2353.
doi:10.1002/Hyp.5606

Sivakumar B (2008) Dominant processes concept, model simplification and classification framework in catch-
ment hydrology. Stoch Env Res Risk A 22:737–748. doi:10.1007/s00477-007-0183-5

Sivapalan MBG, Zhang L, Vertessy R (2003) Downward Approach to Hydrological Prediction. Hydrol Process
17:2101–2111

Sophocleous M (2002) Interactions between groundwater and surface water: the state of the science. Hydrogeol J
10:52–67. doi:10.1007/s10040-001-0170-8

Sophocleous M, Perkins SP (2000) Methodology and Application of Combined Watershed and Ground-Water
Models in Kansas. J Hydrol 236:185–201

Sophocleous MA, Koelliker JK, Govindaraju RS, Birdie T, Ramireddygari SR, Perkins SP (1999) Integrated
numerical modeling for basin-wide water management: The case of the Rattlesnake Creek basin in south-
central Kansas. J Hydrol 214:179–196. doi:10.1016/s0022-1694(98)00289-3

Spanoudaki K, Stamou AI, Nanou-Giannarou A (2009) Development and verification of a 3-D integrated surface
water–groundwater model. J Hydrol 375:410–427. doi:10.1016/j.jhydrol.2009.06.041

30 Barthel R., Banzhaf S.

http://dx.doi.org/10.1016/j.jhydrol.2008.02.002
http://dx.doi.org/10.1016/j.jhydrol.2008.02.002
http://dx.doi.org/10.1007/s10040-013-1010-3
http://dx.doi.org/10.1111/j.1752-1688.2005.tb03717.x
http://dx.doi.org/10.1016/j.jhydrol.2011.02.001
http://dx.doi.org/10.1016/j.jhydrol.2011.02.001
http://dx.doi.org/10.1029/94WR02754
http://dx.doi.org/10.1016/j.pce.2008.02.003
http://dx.doi.org/10.1029/2005wr004742
http://dx.doi.org/10.1016/j.jhydrol.2006.08.005
http://dx.doi.org/10.1016/j.jhydrol.2006.08.005
http://dx.doi.org/10.1002/Hyp.9630
http://dx.doi.org/10.1002/hyp.10434
http://dx.doi.org/10.1175/JHM-D-12-0145.1
http://dx.doi.org/10.1080/02626667.2012.727091
http://dx.doi.org/10.1002/Hyp.5606
http://dx.doi.org/10.1007/s00477-007-0183-5
http://dx.doi.org/10.1007/s10040-001-0170-8
http://dx.doi.org/10.1016/s0022-1694(98)00289-3
http://dx.doi.org/10.1016/j.jhydrol.2009.06.041


Sudicky EA A Physically-Based Modelling Approach to Assess the Impact of Climate Change on Canadian
Surface and Groundwater Resources. In: 3rd International HydroGeoSphere User Conference 2013,
Neuchatel Switzerland, 2013.

Sulis M, Paniconi C, Rivard C, Harvey R, Chaumont D (2011) Assessment of climate change impacts at the
catchment scale with a detailed hydrological model of surface-subsurface interactions and comparison with a
land surface model. Water Resour Res 47. doi:10.1029/2010WR009167

Sun F, Chen C, Wang W, Wu Y, Lai G (2011) Kolditz O Compartment approach for regional
hydrological analysis: Application to the Meijiang catchment, China. IAHS-AISH Publication, In, pp.
102–108

Surfleet CG, Tullos D (2013) Uncertainty in hydrologic modelling for estimating hydrologic response due to
climate change (Santiam River, Oregon). Hydrol Process 27:3560–3576. doi:10.1002/Hyp.9485

Surfleet CG, Tullos D, Chang H, Jung IW (2012) Selection of hydrologic modeling approaches for climate
change assessment: A comparison of model scale and structures. J Hydrol 464-465:233–248. doi:10.1016/j.
jhydrol.2012.07.012

Swain ED, Wexler EJ (1996) A coupled surface-water and ground-water flow model (MODBRANCH) for
simulation of stream-aquifer interaction. U.S. Geological Survey

Therrien R, McLaren RG, Sudicky EA, Panday SM (2009) HydroGeoSphere – a three-dimensional numerical
model describing fully-integrated subsurface and surface flow and solute transport. Groundwater
Simulations Group

Therrien R, Sudicky EA (1996) Three-dimensional analysis of variably-saturated flow and solute transport in
discretely-fractured porous media. J Contam Hydrol 23:1–44. doi:10.1016/0169-7722(95)00088-7

Thierion C, Longuevergne L, Habets F, Ledoux E, Ackerer P, Majdalani S, Leblois E, Lecluse S, Martin E,
Queguiner S, Viennot P (2012) Assessing the water balance of the Upper Rhine Graben hydrosystem. J
Hydrol 424-425:68–83

Tian Y, Zheng Y, Wu B, Wu X, Liu J, Zheng C (2015) Modeling surface water-groundwater interaction in arid
and semi-arid regions with intensive agriculture. Environ Model Softw 63:170–184. doi:10.1016/j.envsoft.
2014.10.011

Trudel M, Leconte R, Paniconi C (2014) Analysis of the hydrological response of a distributed physically-based
model using post-assimilation (EnKF) diagnostics of streamflow and in situ soil moisture observations. J
Hydrol 514:192–201

Tweed S, Leblanc M, Cartwright I (2009) Groundwater–surface water interaction and the impact of a multi-year
drought on lakes conditions in South-East Australia. J Hydrol 379:41–53. doi:10.1016/j.jhydrol.2009.09.043

Valerio A, Rajaram H, Zagona E (2010) Incorporating groundwater-surface water interaction into river manage-
ment models. Ground Water 48:661–673. doi:10.1111/j.1745-6584.2010.00702.x

VanderKwaak JE (1999) Numerical simulation of flow and chemical transport in integrated surface-subsurface
hydrologic systems. University of Waterloo, Thesis, 243 pp

VanderKwaak JE, Loague K (2001) Hydrologic-Response simulations for the R-5 catchment with a compre-
hensive physics-based model. Water Resour Res 37:999–1013. doi:10.1029/2000WR900272

Vermeulen PTM, te Stroet CBM, Heemink AW (2006) Limitations to upscaling of groundwater flow models
dominated by surface water interaction. Water Resour Res 42:n/a-n/a doi:10.1029/2005wr004620

Wagener T, Sivapalan M, Troch P, Woods R (2007) Catchment Classification and Hydrologic Similarity. Geogr
Compass 1:901–931. doi:10.1111/j.1749-8198.2007.00039.x

Watson M (1993) Documentation and user’s manual for Integrated Groundwater and Surface Water
Model.

Werner AD, Bakker M, Post VEA, Vandenbohede A, Lu C, Ataie-Ashtiani B, Simmons CT, Barry DA (2013)
Seawater intrusion processes, investigation and management: Recent advances and future challenges. Adv
Water Resour 51:3–26. doi:10.1016/j.advwatres.2012.03.004

Werner AD, Gallagher MR, Weeks SW (2006) Regional-scale, fully coupled modelling of stream–aquifer
interaction in a tropical catchment. J Hydrol 328:497–510. doi:10.1016/j.jhydrol.2005.12.034

Wilcox LJ, Bowman RS, Shafike NG (2007) Evaluation of Rio Grande Management Alternatives Using a
Surface-Water/Ground-Water Model1. J Am Water Resour As 43:1595–1603. doi:10.1111/j.1752-1688.
2007.00131.x

Winter TC (1999) Relation of streams, lakes, and wetlands to groundwater flow systems. Hydrogeol J 7:28–45.
doi:10.1007/s100400050178

Winter TC, Harvey JW, Franke OL, Alley WM (1998) Groundwater and surface water - a single resource vol
1139. USGS

Winter TC, Rosenberry DO (1995) The interaction of groundwater with prairie pothole wetlands in the
Cottonwood Lake Area, East-Central North Dakota, 1979-1990. Wetlands 15:193–211

Woessner WW (2000) Stream and fluvial plain ground water interactions: Rescaling hydrogeologic thought.
Ground Water 38:423–429. doi:10.1111/j.1745-6584.2000.tb00228.x

Groundwater and surface water interaction at the regional-scale 31

http://dx.doi.org/10.1029/2010WR009167
http://dx.doi.org/10.1002/Hyp.9485
http://dx.doi.org/10.1016/j.jhydrol.2012.07.012
http://dx.doi.org/10.1016/j.jhydrol.2012.07.012
http://dx.doi.org/10.1016/0169-7722(95)00088-7
http://dx.doi.org/10.1016/j.envsoft.2014.10.011
http://dx.doi.org/10.1016/j.envsoft.2014.10.011
http://dx.doi.org/10.1016/j.jhydrol.2009.09.043
http://dx.doi.org/10.1111/j.1745-6584.2010.00702.x
http://dx.doi.org/10.1029/2000WR900272
http://dx.doi.org/10.1029/2005wr004620
http://dx.doi.org/10.1111/j.1749-8198.2007.00039.x
http://dx.doi.org/10.1016/j.advwatres.2012.03.004
http://dx.doi.org/10.1016/j.jhydrol.2005.12.034
http://dx.doi.org/10.1111/j.1752-1688.2007.00131.x
http://dx.doi.org/10.1111/j.1752-1688.2007.00131.x
http://dx.doi.org/10.1007/s100400050178
http://dx.doi.org/10.1111/j.1745-6584.2000.tb00228.x


Wolf J, Barthel R, Braun J (2008) Modeling ground water flow in alluvial mountainous catchments on a
watershed scale. Ground Water 46:695–705. doi:10.1111/j.1745-6584.2008.00456.x

Wood EF, Roundy JK, Troy TJ, van Beek LPH, Bierkens MFP, Blyth E, de Roo A, Doll P, Ek M, Famiglietti J,
Gochis D, van de Giesen N, Houser P, Jaffe PR, Kollet S, Lehner B, Lettenmaier DP, Peters-Lidard C,
Sivapalan M, Sheffield J, Wade A, Whitehead P (2011) Hyperresolution global land surface modeling:
Meeting a grand challenge for monitoring Earth's terrestrial water. Water Resour Res 47. doi:10.1029/
2010wr010090

Wood EF, Roundy JK, Troy TJ, van Beek R, Bierkens M, Blyth E, de Roo A, Doll P, EkM, Famiglietti J, Gochis
D, van de Giesen N, Houser P, Jaffe P, Kollet S, Lehner B, Lettenmaier DP, Peters-Lidard CD, Sivapalan M,
Sheffield J, Wade AJ, Whitehead P (2012) Reply to comment by Keith J. Beven and Hannah L. Cloke on
"Hyperresolution global land surface modeling: Meeting a grand challenge for monitoring Earth's terrestrial
water''. Water Resour Res 48 doi:10.1029/2011wr011202

Wood WW (2012) Reductionism to integrationism: a paradigm shift. Ground Water 50:167. doi:10.1111/j.1745-
6584.2011.00900.x

Yu Z, Lakhtakia MN, Yarnal B, White RA, Miller DA, Frakes B, Barron EJ, Duffy C, Schwartz FW (1999)
Simulating the river-basin response to atmospheric forcing by linking a mesoscale meteorological model and
hydrologic model system. J Hydrol 218:72–91. doi:10.1016/S0022-1694(99)00022-0

Zagona EA, Fulp TJ, Shane R, Magee T, Goranflo HM (2001) Riverware: A Generalized Tool for Complex
Reservoir SystemModeling1. J AmWater Resour As 37:913–929. doi:10.1111/j.1752-1688.2001.tb05522.x

Zhang Q, Li LJ (2009) Development and application of an integrated surface runoff and groundwater flow model
for a catchment of Lake Taihu watershed, China. Quat Int 208:102–108. doi:10.1016/j.quaint.2008.10.015

Zhou J, Hu BX, Cheng G, Wang G, Li X (2011) Development of a three-dimensional watershed modelling
system for water cycle in the middle part of the Heihe rivershed, in the west of China. Hydrol Process 25:
1964–1978. doi:10.1002/hyp.7952

Zhou Y, Li W (2011) A review of regional groundwater flow modeling. Geosci Front 2:205–214. doi:10.1016/j.
gsf.2011.03.003

32 Barthel R., Banzhaf S.

http://dx.doi.org/10.1111/j.1745-6584.2008.00456.x
http://dx.doi.org/10.1029/2010wr010090
http://dx.doi.org/10.1029/2010wr010090
http://dx.doi.org/10.1029/2011wr011202
http://dx.doi.org/10.1111/j.1745-6584.2011.00900.x
http://dx.doi.org/10.1111/j.1745-6584.2011.00900.x
http://dx.doi.org/10.1016/S0022-1694(99)00022-0
http://dx.doi.org/10.1111/j.1752-1688.2001.tb05522.x
http://dx.doi.org/10.1016/j.quaint.2008.10.015
http://dx.doi.org/10.1002/hyp.7952
http://dx.doi.org/10.1016/j.gsf.2011.03.003
http://dx.doi.org/10.1016/j.gsf.2011.03.003

	Groundwater and Surface Water Interaction at the Regional-scale – A Review with Focus on Regional Integrated Models
	Abstract
	Introduction
	Coverage of Groundwater-surface Water Interaction at the Regional Scale in the Literature
	Objectives and Scope of this Review

	Conceptual Differences of GW-SW at Different Scales
	Characteristics of the Point Scale
	Characteristics of the Local Scale
	Characteristics of the Sub-catchment Scale
	Characteristics of the Regional Scale
	GW-SW Related Processes at Different Scales

	Modelling GW-SW at the Regional Scale
	Fully Coupled Schemes
	Loosely Coupled Schemes
	Ready-made Model Packages for GW-SW
	Other Applications of Loosely Coupled Schemes with Applications at the Regional Scale

	Summary of Modelling Tools and Regional Applications
	Application Potential and Limitations of Fully Coupled Software Packages
	Application Potential and Limitations of Loosely Coupled Schemes

	Regional Integrated Modelling in View of General Challenges of Hydrological Modelling

	Discussion
	Concluding Remarks
	References


