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Abstract. Model coupling requires a thorough conceptuali- 1 Introduction

sation of the coupling strategy, including an exact definition

of the individual model domains, the “transboundary” pro- Model coupling (or rather, model concepts) on a large or
cesses and the exchange parameters. It is shown here thaigional scale £10*~1(° km?) is a common task in mod-

in the case of coupling groundwater flow and hydrological ern integrated water resources management (IWRM). It has
models —in particular on the regional scale — it is very impor- become apparent — in particular in Global Change research
tant to find a common definition and scale-appropriate pro— that processes must inevitably be perceived in an inte-
cess description of groundwater recharge and baseflow (ograted way. The impacts of climate change can not be eval-
“groundwater runoff/discharge”) in order to achieve a mean-uated meaningfully without considering, for example, land
ingful representation of the processes that link the unsatuuse changes (subsequent or independent) or other natural
rated and saturated zones and the river network. As suchand socio-economic developments. As fully integrated holis-
integration by means of coupling established disciplinarytic model concepts (i.e. models which do not just comprise
models is problematic given that in such models, processeseveral individual “old” models) for this purpose do not ex-
are defined from a purpose-oriented, disciplinary perspecist (yet), one means of integration is the coupling of exist-
tive and are therefore not necessarily consistent with defiing disciplinary models. Problems arise here because disci-
nitions of the same process in the model concepts of otheplinary models were usually originally designed to solve spe-
disciplines. This article contains a general introduction tocific problems in different domains of the water cycle. The
the requirements and challenges of model coupling in Inteprocesses and the process descriptions they include and the
grated Water Resources Management including a definitiorextent of their domain of interest was adapted to a typical
of the most relevant technical terms, a short description ofclass of problems. Therefore the coupling of two or more
the commonly used approach of model coupling and finallydisciplinary models is associated with conceptual inconsis-
a detailed consideration of the role of groundwater rechargeencies and incompatibilities because the individual models
and baseflow in coupling groundwater models with hydro-may describe the same process differently, may ignore im-
logical models. The conclusions summarize the most releportant connecting processes or overlaps and gaps between
vant problems rather than giving practical solutions. Thisthe model domains may exist. This paper cannot cover the
paper aims to point out that working on a large scale in anfield of model coupling in hydrology extensively. A broad
integrated context requires rethinking traditional disciplinary overview is given by Bronstert et al. (2005).

workflows and encouraging communication between the dif-  GLowA-Danube fttp://iwww.glowa.ory and Rivertwin
ferent disciplines involved. Itis worth noting that the aspects (http:/www.rivertwin.org are interdisciplinary, interna-
discussed here are mainly viewed from a groundwater pertional projects that attempt to develop integrated strategies
spective, which reflects the author’s background. and tools for water and land use management. Within these
projects the author’s research group is responsible for the
groundwater domain and its connections to the other do-
mains of the hydrological cycle as well as to human ac-
tivities. After approximately five years of intensive de-
Correspondence tdR. Barthel velopment of strategies to couple groundwater models to
(roland.barthel@iws.uni-stuttgart.de) SVAT (soil-vegetation-atmosphere-transfer) and hydraulic
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and hydrological models on the very large scale (catch-plicitly. This definition may include everything from simple
ments of 80000 and 14 000 Bmrespectively the Danube black box models to highly parameterized physically based
and Neckar), it has become apparent that the concept of intemodels. Finallyparameterrefer to (dimensionlesgalibra-
disciplinary model coupling requires a new outlook on cer- tion parameterswhereas/ariablesdefine measurable quan-
tain aspects of the hydrological cycle. tities (physical parametejs The author is aware of the fact
It is shown here that it is crucial to include several con- that using the terms “parameter” and “variable” in this way
siderations in the coupling strategy to achieve any valuablamight be misleading, since they are used differently by differ-
coupling of hydrological and groundwater models; it must ent disciplines. According to the author’s experiences from
be ensured that processes, parameters, model discretisationterdisciplinary projects, it is crucial to define these seem-
(spatial and temporal) are defined coherently on either sideingly “common sense terms” in order to avoid severe misun-
Neither gaps nor overlaps of model domains and processederstandings and subsequently bad model results.
may exist. The scale and context dependency of models must Finally the termmodel couplingtself has to be defined:
be considered, in particularly with regard to the anticipatedModel coupling here means coupling of distinct existing
applications of the coupled (or integrated) model. In this pa-models or model concepts that were developed to simulate
per, two terms that are usually of great importance in the atprocesses in one “system”, e.g. coupling of a typical model
tempt to relate surface and subsurface processes were chosemncept for the saturated zone (MODFLOW,; McDonald and
to demonstrate the importance of the aforementioned conHarbaugh, 1988) with a typical hydrological model concept
siderationsgroundwater recharg andbaseflow(or ground-  (HBV, Bergstbm, 1995). Coupling in the present context
water runoff/discharge; from here on regarded as synonymsnainly means coupling via exchange variables rather than
even though distinctions would be possible). These apparedirectly coupling process equations and code (see Fig. 1).
ently well-known, well-defined terms are, if analysed in de-
tail, highly dependent on scale and context. Moreover they
are understood differently in “surface” and “subsurface hy-2 Model coupling on the large scale
drology” (groundwater, saturated flow, hydrogeology etc.)
depending on the main focus of interest (saturated — unsatucoupling of models on the regional scale is relatively new
rated flow processes etc.). As will be shown later, it is of sig-and no generalised concepts exist. The problems and is-
nificance whether we look at groundwater recharge mainlysues are manifold, in particular since each catchment and
as somethingetting intothe saturated zone or as something each problem has its special characteristics and requirements.
leavingthe unsaturated zone. A detailed analysis of this as-Therefore a detailed consideration is not possible here. It is
pect reveals a “forgotten domain” of the hydrological cycle however necessary to at least mention the most important is-
that has neither gained much interest from groundwater nopues in order to make clear, that those aspects dealt with in
unsaturated zone researchers: the deeper unsaturated zoftore detail later are only two out of many. Considerations
located between the bottom of the root zone and the groundtelated to model coupling on the large scale can be classified
water level (or aquifer top in case of a confined situation), in three main categories:
see Harter and Hopmans (2004) for a detailed discussion.
Before starting a detailed description of the problem, some
terms — as they are used in the context of this paper — will be
defined. Acatchmentefers to river catchments in the range
of 10° to 10° km? and more. This scale is referred to as “re-
gional”. A systemmeans a main component or domain of 3. Specific aspects related to model coupling on the large
the hydrological cycle (compartment); e.g. the “groundwa- scale
ter system”, or the “unsaturated zone (system)™. The term
modelincludes both the actual model, as one representation Aspects of the first category are: data requirements and
of a real natural system, as well as the “model concept” (adata availability, discretisation and scaling aspects (pro-
mathematical or verbal formulation of processes without ref-cesses, variables and parameters) and computational de-
erence to a certain location). In this pap&roundwater mands. It is worth mentioning here that even if the model is
modelsare flow models that simulate piezometric heads, flowquite fast a thorough analysis of the huge amounts of model
directions and fluxes in one or more aquifers, discretized inresult data beyond looking at performance criteria can be
grids or elements according to the actual geometry of geovery time consuming. Since these problems are well known
logical layers. Groundwater modelas introduced here are and not very specific, they will not be dealt with from here
limited to simulation of saturated zone processeés/dro- on.
logical modelsare less specifically defined as models that The second group of aspects is related to coupling of sys-
simulate the water cycle of a catchment with a focus on pro-tems that are governed by different processes and variables
cesses near the land surface, including soil and the unsatand consequently equations) and that have different focal
urated zone but not describing the groundwater system expoints on spatial and temporal scales. A lot of research has

1. Aspects related to modelling on the large scale in gen-
eral

2. Aspects related to model coupling in general
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l ; System A : System B l b
|
requires input d, f 4 R requires input a, b
| >
Model A I Model B
calculates output a, ¢ ) d ; calculates output d, e, g

Fig. 1. Coupling two models using exchange variables, where some of the output variables of one model form input variables for the other.
a andd are exchange variables used for coupling.

been dedicated to these aspects (see e.g. Bronstert et al.,— How are the individual systems defined and what are the
2005). Again, no further discussion is made here. (dominant) processes that take place in each system?
Finally the third group combines the problems acknowl-
edged from the first two groups and adds new ones. In the — Where and what is the boundary between the systems?
author’s opinion, the most eminent issue in coupling mod- IS ita sharp and stable or just a virtual, time-dependent
els on a large scale (third category aspects) seems to be the boundary?
need for a real joint model calibration. Joint calibration in
general should be beneficial (at least theoretically) because —
it allows calibration against more than one output variable
(e.g. Seibert, 2000). This advantage however decreases quite
rapidly as the model area increases due to the computational _
capacity required. Large scale groundwater flow models are
usually quite slow. As a consequence, automatic, iterative
calibration and optimisation procedures can not usually be
applied successfully. — What are the dynamic relations between the two sys-
tems (one or bi-directional, feedback, different dynam-
ics)?

Which processes connect the systems to each other?
Are the connecting processes clearly related to pro-
cesses that take place within the individual systems?

Which process descriptions are needed, which are avail-
able, which are applicable in view of discretisation and
data availability?

3 Development of coupling strategies

— Which measurable quantities are available to determine
the effect of changes in inputs to the individual system
and how do these quantities relate to the connecting pro-
cesses?

Within the scope of this paper, it is assumed that the basic
coupling strategy is as shown in Fig. 1. Mod#&] which
represents system A, calculates an output which forms an in-
put for modelB (system B). It is furthermore assumed that

the coupling strategy is mainly based on the use of existing _ what are the relevant process scales (time and space)
model concepts rather than on the development of new ones.  and how are they related to the scale of the problem?

For the remaining part of this paper Modelis a hydrologi- Are the relevant scales equal on either side?
cal model, ModelB represents a groundwater flow model.

The first step in attempting to couple two models that de-Answers to the questions listed above should lead to the defi-
scribe different but interdependent systems should be thaition of system boundaries, connecting processes, exchange
consideration of some basic questions. They include thevariables and appropriate scales and finally to a first concep-
guestions that should generally be asked before starting ttual description of at least one possible coupling approach.
model. These questions relate to the problems the coupled Once such a conceptualization has been achieved, the next
model complex will be used to solve, the output variablesstep is to choose (or to develop) the appropriate individual
that are required, the relevant scales, the required accuraayodels for each system: “Appropriate” means that the mod-
of the results, the data availability etc. As considering theseels treat their domain in a way that satisfies the answers to
general question should be a standard procedure in modehe questions listed above. Whereas internal processes are
conceptualisation, the topic is not elaborated on. of minor importance here, the exchange processes and vari-

In addition to these general issues there are a number adbles require special attention. From Fig. 1 it is clear that
questions that relate specifically to model coupling of two an input variabled of model A must be equal to the out-
systems: put variabled of model B. In this casegqual means not
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Fig. 2. Fundamental systems and processes that are typically considered when groundwater and surface water/unsaturated zone systems ¢
coupled.

only equal units and equal spatial and temporal discretisaever, if we have a closer look at this simple scheme we will
tion — in most cases it will not be too problematic to adjust find that is conceptually problematic because of the weak
these values formally by means of conversion, aggregatiordefinitions of the terms it is founded on.

and dis-aggregation. What is far more important and at the

same more difficult to achieve is guaranteeing equality of the

exchange variable with respect to “meaning”. Ddesalcu- 4 Groundwater recharge and baseflow — definition and
lated by modeB really have the same meaningdgequired characteristics

by A? Is it conceptually the same thing?

In the case of coupling hydrological and groundwater As shown in the previous section, groundwater recharge and
models, the first step in developing the coupling strategy, i.ebaseflow are two main processes that link the unsaturated and
the identification of systems and connecting processes is corsaturated zones or, in a more specific sense, the link between
ceptually quite difficult if all possible processes on all scaleshydrological and groundwater models. Using the balance
are to be considered. In the context of this paper howeveterms controlled by these two processes along with interflow
certain simplifications are made: Firstly it is assumed thatand surface runoff, it is seemingly possible to close the hy-
the effects of direct evaporation from groundwater, capillary drological balance of a catchment. Of course storage in the
rise, and root water uptake from groundwater (all flows outdifferent compartments of the system (groundwater, soil and
of the groundwater upwards) can be neglected. We also wildelayed discharge in the surface and river runoff) also has to
assume that fluxes from the ‘surface water’ system (rivers) tdoe considered.
the groundwater system are small compared to fluxes in the |t is well known that neither groundwater recharge nor
opposite direction. This allows us to ignore certain compli- baseflow can be measured directly because it is largely un-
cated, non-linear and interdependent feedback processes. known where and how these processes take place and be-

Given these assumptions, the hydrological cycle can because these processes are inaccessible for measuring proce-
simplified to the situation shown on the right hand side of dures or cannot be clearly separated from others. Less well
Fig. 2: a system reduced to a hydrological block (model)known is the fact that no common definition that would be
and a groundwater block (model) which is consistent with meaningful in the context of large scale models exists for ei-
the scheme shown in Fig. 1. The two connecting processether of these terms. Proof of this is the existence of a large
aregroundwater rechargeas the quantity leaving the unsatu- number of methods to determine groundwater recharge as
rated part and entering the groundwater systembpasdflow  well as baseflow. The methods are conceptually very dif-
as the part leaving the groundwater and entering the surfackerent and accordingly yield very different results. Ground-
water system. When all the assumptions and generalisationsater recharge can be directly calculated using physically
mentioned above are considered, an apparently simple anased approaches (unsaturated flow equations, tracers, chem-
straight forward coupling principle can be established. How-istry, isotopes ...) or indirectly using conceptual models
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W 1 Precipitation

Soil or root (& %\ Inflltratlc-m
zone Percolation
Groundwater Recharge Type 1: Definition
""""""""" used in many physically based unsaturated
unsaturated zone models (also: lysimeters)
zone

Groundwater Recharge Type 2:
Standard definition used
saturated in groundwater modelling
zone -
groundwater

zone

Fig. 3. Groundwater recharge — two contrary conceptual interpretations. Type 1: water leaving the root zone, Type 2: water entering the
saturated zone.

(for an overview of state-of-the-art methods see: de Vries2002). The basic assumption here is: When water leaves
et al., 2002). Baseflow is usually determined using con-the domain influenced by vegetation (roots) and evaporation
ceptual approaches (hydrograph separation, e.g. Tallaksefgapillary rise etc.) vertically downwards, it will reach the
1995) in rare cases also using hydrochemical and isotopigroundwater eventually and must therefore be equivalent to
cal methods but is also calculated, using groundwater modgroundwater recharge. Figure 3 exemplifies these two con-
els, as the amount of water flowing towards a river boundarytradictory views:
condition. There is a lot of evidence coming from different  According to Fig. 3, it would be valid to assume that
studies worldwide that the results of most approaches usedroundwater recharge defined as “root zone percolation” and
to determine the groundwater contribution to river dischargegroundwater recharge defined as “water entering the satu-
are highly unreliable or at least only valid under very spe-rated zone” describe the same quantities volumetrically. This
cific conditions for specific catchments (see e.g. Halford andis only true if volumes are averaged over a longer period of
Mayer, 2000; Vogel and Kroll, 1995). time, since depending on the distance between the root zone
One reason why so many different methods were estabbottom and the groundwater surface, a temporal delay oc-
lished is the actuality of contrasting catchment characteriscurs.
tics and different data availability as well as different scales Figure 3 shows a very specific situation with a shallow
of application. At the same time, diverse approaches arggroundwater table (thickness of root zone and the total thick-
the result of a different understanding of what recharge anchess of the unsaturated zone are of the same order of mag-
baseflow really are. Conflicting view points across different nitude), a completely flat relief and homogenous, isotropic
disciplines can be recognized. In the case of groundwateconditions. On a larger scale it is highly unlikely that condi-
recharge, two extreme interpretations can be identified: tions like this are realized everywhere in a catchment. On a
Groundwater recharge is usually defined as the sum ofarge scale, relief will be present and the subsurface will usu-
all inflows to a groundwater system or aquifer. From the ally show heterogeneity. Under such conditions, the scheme
groundwater standpoint, this includes all inflows from above,shown in Fig. 3 must be replaced with the scheme shown in
from below and lateral inflows. Only under very specific con- Fig. 4.
ditions it is possible to measure or calculate all these recharge Figure 4 shows a still idealized, simple situation but is
terms. Therefore even groundwater experts almost always ranore realistic with respect to formation of groundwater
duce the recharge definition in practice to the inflows comingrecharge. It becomes obvious that in an area with relief, the
from above (precipitation, effluent rivers). But still their fo- depth to the groundwater is a relevant factor for any transient
cus is usually on the volume of watenteringa (specific) = model (Fig. 4, left side). Of even greater influence however
aquifer. On the other hand, surface hydrologists and soilare heterogeneities such as impermeable or less permeable
scientists usually suppose groundwater recharge to be thkayers that occur in the unsaturated part between root zone
amount of water leaving the soil or root zone, since this isand groundwater (Fig. 4, right side). Such layers of lower
the domain they predominantly deal with (see Scanlon et al.permeability can be found everywhere and the deeper the
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Assumption: precipitation and infiltration: homogeneously root zone percolation = SVAT-
all over the area groundwater recharge
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Fig. 4. More realistic (compared to Fig. 3) but still highly conceptual view of land surface, soil and groundwater processes.

depth to the groundwater is, the more frequent and the more In the previous section it was concluded, that on the large
effective they usually are. They lead to the formation of sat-scale at least a part of the water that percolated through the
urated lenses (perched water) and subsequently to horizontabot zone becomes “interflow” after it has been forced to flow
flow in the deeper unsaturated or partly saturated zone. Flovihorizontally due to less permeable structures (see Fig. 4). In
can be towards neighbouring catchments or can lead to théhe course of this conclusion, a second problematic aspect
formation of springs. In either case, the flow does not reactbecomes apparent; the question of when a saturated domain
the groundwater system and must therefore not be considerezshould be considered as “groundwater” and subsequently
as groundwater recharge. when a flow in a saturated domain should be nhamed ground-
At this point, a definite gap in the two groundwater W_ater flow_ (baseflow _[?]) _or_bettgr interflow? In the case of
recharge definitions in Fig. 3 becomes apparent: If less perFi9- 4 on right hand side, infiltrating water seeps through the
meable layers are present — or anisotropic, heterogeneod&”‘saturated zone until it reaches an impermeable layer. Here
conditions in general, the recharge actually reaching thdt@ccumulates and forms a (smal=cale!]) saturated lens.
groundwater systemustbe smaller than the recharge leav- Depending on the hydraulic conditions within th|s lens even-
ing the soillroot zone. The horizontal flow induced by the tually saturated flow (groundwater flow [?]) will be estab-
structures in the deep unsaturated zones can cause an ovépned. Whether such a perched (small) saturated lens is con-
all loss of water from the catchment under investigation orSidered to be groundwater or if it should be called a (small)
becomesnterflow (i.e., it reaches the surface water system Saturated domain in a predominantly unsaturated zone now

without having been part of the groundwater system after fepends on_the situation, i.e. the sqale and t_he contef_t. This
passage through the unsaturated zone). also determines whether the resulting flow is called “inter-

flow” or “groundwater flow” (baseflow).
The key to this problem would be a better understand- g ( )

ing or at least a thorough recognition of the conditions and The definition of groundwater, in particular in a modelling
the processes within the deeper unsaturated zone, which wa®ntext is a highly scale-dependent one. Obviously not any
previously named here a “forgotten domain” in hydrological perched or local aquifer or small saturated domain of some
sciences (Harter and Hopmans, 2004). This zone, locatech® can be taken into account as groundwater in a regional
between the bottom of the “root zone” and the groundwatergroundwater flow model, even if the processes within this
level (or aquifer top in the case of a confined situation) cansaturated domain are dominantly saturated flow processes.
be of considerable thickness on the regional scale (relevant ifrigure 5 demonstrates how a clear definition of groundwater
the range of 10 to 1000 m) and can lead to a difference of ums a saturated domain becomes questionable when the rele-
to 100% between root zone percolation and actual recharggant scale changes over several orders of magnitude. It also
to a regional aquifer (see e.g. Rauert et al., 1993; Andres andhows how a seemingly clearly defined term such as ground-
Egger, 1985). In practical groundwater modelling this is awater recharge becomes ambiguous when regarded on dif-
well known fact (see e.g. Sanford, 2002), however the apferent scales and in different contexts — depending on which
proaches to deal with this problem (transfer functions) areaquifer is relevant for the specific problem. Finally it shows
usually of highly pragmatic rather than of scientific nature that recharge is not only a question of volume but also of
(see e.g. Lemmaland Tattari, 1998; Tankersley et al., 1993). time. Even if the recharge averaged over long periods might
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Fig. 5. Groundwater defined at different scales. The relevant definition in groundwater modelling depends highly on the size of the model
domain and the discretisations Bo Rz show the relevant groundwater recharge for each of the relevant aquifers (scales).

be the same, its temporal relation to climatic events (climate5 Conclusions
change) might be completely different.

The scale dependency of definitions and the view point'” this s_hort discussion, some common probIemaFic aspects
of the definitions identified so far (Figs. 3, 4) imply that the ©f coupling groundwater flow models and hydrological mod-
second process of interest, which is baseflow (see Fig. 2)¢!S (in @ broader sense) were described. Coupling of such

should show analogous dependencies. The problem of findMdels is required in IWRM and Global Change research;
ing a “true” definition for baseflow is explained schemati- furthermore it becomes apparent that the demand for model

cally in Fig. 6. coupling ri.ses with.the.size of the model area and the length
According to Fig. 6 the definition of baseflow, depends on:Of t.he period that is simulated. It was shown that the two
main processes that connect surface and subsurface hydro-
) ) ) logical systems are groundwater recharge and baseflow (as-
a) the river (stream order, gauge etc.) that is considered,; e here to be a synonym to groundwater runoff). Conse-
in the hydrological model (less relevant if the model is ; ently it was stated that these two processes can be used to
merely conceptual), couple surface and subsurface models, i.e. hydrological and
groundwater flow models. Groundwater recharge is an out-
b) the aquifer or aquifers described by the groundwaterput of hydrological models and forms an input (time variant
flow model and boundary condition) for groundwater flow models. Baseflow
is calculated by groundwater flow models and is used as an
c) the scale, the discretisation and the context of the modinput for hydrological models.
els. In a next step, it was shown that the definition and mean-
ing of both groundwater recharge and baseflow depend on
disciplinary view points and additionally on the scale, dis-
cretisation and context of the modelling task. Groundwater
recharge as often defined in SVAT models is not necessar-
ily the same as groundwater recharge required by a regional
groundwater flow model. Baseflow calculated by a ground-
water flow model is not necessarily the baseflow a concep-
tual hydrological or a hydraulic river model assumes. 1t is

Whereas in aonceptualhydrological model it is com-
pletely irrelevantwhere baseflow comes from (it is just a
“slow” runoff component) baseflow in a groundwater flow
model must beexactlythe volume of water flowing into an
explicitly defined river, that infiltrated from the explicitly de-
fined aquifers of the groundwater flow model. The same

applies for groundwater recharge: RechargeifRFig. 6 i
PP g 9 o g therefore necessary to define these exchange processes and

is not equal to rechargesRand therefore not applicable as )
9 ges PP variables (and how they are calculated and used) very care-

recharge in a groundwater model that considers only thef v in all st f model devel t and calibration i
large scale regional aquifer shown at the bottom of Fig. 6. dily In afl stages ot modet cevelopment and catibration in
order to avoid severe modelling errors.

Each “recharge” and “baseflow” has to be related to specific
aquifers.
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Fig. 6. Scale and context dependency of groundwater-related hydrological processes.

A source of severe problems in coupling surface (unsatufor groundwater flow simulation shows that the “old”, well-
rated flow) and subsurface (unsaturated flow) models is thestablished, well-validated and quite often relatively simple
fact that the unsaturated zone — in particularly on the regionamodels that would be appropriate for the use on the large
scale — can be of considerable thickness (up to 1000 m andcale are very problem-specific and therefore not suitable for
more). What is defined as the unsaturated zone depends aftegration. On the other hand, newer model concepts, es-
course always on the scale of the problem (see Fig. 5). Aparpecially in the groundwater field, are much better suited for
from the temporal effects this has on percolation, horizontalintegration as they often can describe saturated as well as un-
flow within this zone can lead to the result that water per-saturated flow. However, they are very parameter/variable
colating through the upper part of the unsaturated zone (1 talemanding and are therefore not suitable for application on
10 m) will never or only partly reach the aquifer of interest. It a regional scale.
is partly because this zone is inaccessible for measurements Finally these considerations lead to the question of
and partly because no branch of hydrological sciences feel¥hether it always makes sense to follow the approach

responsible, that processes in this deep unsaturated zone (8 coupling existing models in integrated modelling? A
transfer zone) are treated in a highly simplified or Concep_deswable alternative would be the development of new, fully

tual manner, no matter how sophisticated the models for thégie?ggtfgégﬁgﬁg tCSOgﬁs\t/;t&agﬁrzalg%gpgca;iy dﬁs't%?sed

zones above or below might be. alternative proves impractical in view of the urgent demand

From these considerations, extensive conclusions can b#r ready-to-use concepts, new sectoral model concepts
drawn. The relatively new concept of IWRM as well as customized for the application in integrated systems on the

Global Change research have raised the demand for mod€9ional scale should be developed.
els _that can be.applled on the regional Sc_:ale and that.allov\édited by: R. Barthel, J. &zinger, G. Hartmann, J. Jagelke,
an integrated view of a!l processes. Until now, most inte- V. Rojanschi, and J. Wolf
gr_ated (coqpl_ed) modell_lng approaches are based on the Colsayiewed by: anonymous referees
pling of existing modelling concepts. Existing models are

usually designed for a specific purpose and a specific scale.

They follow a certain approach of process descriptions by

including and calculating variables in a characteristic way.

The problematic aspect when coupling such existing mod-

els is the question of how to make them work together in a

consistent way. A review of available models in particular
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