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Abstract. Today there is a great consensus that water re- The overall conclusions are that GW hydrology and SW
source research needs to become more holistic, integratingydrogeology study rather different objects of interest, us-
perspectives of a large variety of disciplines. Groundwatering different types of observation, working on different prob-
and surface water (hereafter: GW and SW) are typically idendem settings. They have thus developed a different theory,
tified as different compartments of the hydrological cycle methodology and terminology. However, there seems to be
and were traditionally often studied and managed separatelya widespread lack of awareness of these differences, which
However, despite this separation, these respective fields dfinders the detection of the existing interdisciplinary as-
study are usually not considered to be different disciplines.pects of GW and SW integration and consequently the de-
They are often seen as different specializations of hydrol-velopment of a truly unifying interdisciplinary theory and
ogy with a different focus yet similar theory, concepts, and methodology. Thus, despite having the ultimate goal of cre-
methodology. The present article discusses how this notiorating a more holistic approach, we may have to start inte-
may form a substantial obstacle in the further integration ofgration by analyzing potential disciplinary differences. Im-
GW and SW research and management. proved understanding among hydrologists of whtrdisci-

The article focuses on the regional scale (areas of approxiplinary means and how it works is needed. Hydrologists, de-
mately 16 to 16f km?), which is identified as the scale where spite frequently being involved in multidisciplinary projects,
integration is most greatly needed, but ironically where theare not sufficiently involved imeveloping interdisciplinary
least amount of fully integrated research seems to be undesstrategiesand do usually not regard the process of integra-
taken. The state of research on integrating GW and SW retion as such as a research topic of its own. There seems to
search is briefly reviewed and the most essential differencebe a general reluctance to apply a (truly) interdisciplinary
between GW hydrology (or hydrogeology, geohydrology) methodology because this is tedious and few immediate in-
and SW hydrology are presented. Groundwater recharge ancentives are experienced.
baseflow are used as examples to illustrate different perspec- The objective of the present opinion paper is to stimulate a
tives on similar phenomena that can cause severe misundegiscussion rather than to provide recipes on how to integrate
standings and errors in the conceptualization of integrationrGW and SW research or to explain how specific problems
schemes. The fact that integration of GW and SW researclof GW-SW interaction should be solved on a technical level.
on the regional scale necessarily must move beyond the hyFor that purpose it presents complicated topics in a rather
drological aspects, by collaborating with the social sciencessimplified, bold way, ignoring to some degree subtleties and
and increasing the interaction between science and society ipotentially controversial issues.
general, is also discussed. The typical elements of an ideal
interdisciplinary workflow are presented and their relevance
with respect to the integration of GW and SW is discussed.
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1 Introduction 2010; Langevin and Panday, 2012; Miller and Gray, 2002;
Schwartz, 2013) and in the more surface water-oriented com-

1.1 The status of integration of groundwater and munity (e.g., Montanari et al., 2013; Sivapalan et al., 2012;
surface water hydrology Wagener et al., 2010) authors argue convincingly for a more

) holistic perspective and more interdisciplinary approaches to
“Easy to say, hard to do: integrated surface water and groundgy rojogical research — including collaboration with social
water management in the Murray-Darling Basin” is the ti- griences and a much deeper integration of societal demands.
tle of a recent publication (Ross, 2012a) on the difficulties However, all the above-mentioned authors, even if they very

of managing integratively what should be understood as “g,qqasively point out why this is necessary, do not say much
single resource” (Winter et al., 1998). The Murray-Darling 5444t the practical ways to implement this.

Basin in Australia can be considered a good example of are- 1 has to e pointed out that this discussion paper does
gionally scaled catchment Wlthalqng tradition in mtegratgd not attempt to make suggestions about how integration
research (Blackmore, 1995), but still, as Ross (2012a) point§¢ rasearch in groundwater and surface water hydrology
out, there seem to be large deficits in the actual integration. ;14 be or should be performed in a technical (i.e., physi-
of groundwater and surface water management. T a 1€SSgl, | /chemical/mathematical) sense. It is also beyond the scope
degree he identified the same problem setting in Color_adq)f this paper to exemplify which specific problems should
and Idaho (Ross, 2012b), and many other authors describe g, sydied in an interdisciplinary way and which might
similar separation in dlﬁereqt parts of the world (e.g.., Levy not need such an approach. Many authors have discussed
and Xu, 2011 for South Africa). Ross (2012a) studied theg,ch aspects in excellent research and review papers (e.g.,
obstacles to integration foremost from a social science pergqpnocleous, 2002) or comprehensive compilations in books
spective with a focus on legal and economical questions. Iy o Bronstert et al., 2005). The objective of this opinion pa-
his discussion, he mentions briefly the separation of groundber is rather to point out that knowing what separates GW and
water and surface water researchers into different scientifiG\y research might help us to come to better mutual under-
communities as one cause of the lack of truly integrative ap-anding, better communication and finally better integration.
proaches. The present article strives to Iook_at this §eparat|0|1}he level of this discussion is thereby rather non-technical,
of communities as a cause of the lack of integration morey, 4id the key messages of the discussion getting lost in

closely: arguments about technical details.

— Are groundwater hydrology (or hydrogeology, or geo-
hydrology — hereafter regarded as synonyms) and surl-2 Why the regional scale?
face water hydrology just specializations of the same
discipline (and thus following the same principle ideas AS pointed out before there is an overwhelming consensus
and concepts), or is it possible that they are rather far@mong scientists and practitioners in the entire water sec-
from each other, each with their own traditions, con- tor that the pressing problems in water resource manage-
cepts, models and objectives and thus not working to-ment can only be solved in an integrated way (Savenije and
gether as closely as they should (or could)? Van der Zaag, 2008). Building on this, the discussion in the
present paper is foremost concerned with integration on the
— Are these differences particularly emphasized for regional scale or catchment scale, i.e., areas betweeantDd
regional-scale research? 10° km?. This choice was made mainly because from a prac-
tical management (or societal) viewpoint, the largest need
and surface water research on the regional scale as an irﬁgr integration and thL.JS integrated researc.h exists on larger
terdisciplinary problem and try to learn and benefit from scales (Bouwer, 2002; Holman et al., 2012; Refsgaard et al.,
interdisciplinary research concepts applied in other sec-2010)‘ The larger the area of study, the_ more fz_ictors and pro-
tors of science? cesses have to be considered (including societal aspects) —
thus integrated solutions are required (Hgjberg et al., 2013;
The discussion of how acknowledging groundwater hydrol-McGonigle et al., 2012). The smaller an area is the more
ogy and surface water hydrology as different disciplines maylikely it is that a non-integrative solution is sufficient. As with
help to integrate them better is the main but not the only asimany statements in this discussion paper, the latter is one
pect of the present article. Recognizing a problem as interthat might be discussed controversially. From a purely scien-
disciplinary is a first and very important step, but developingtific viewpoint, it could be argued that integration can best be
an interdisciplinary approach from there of course requiresachieved on small scales (where it is less time-consuming)
much more. Interdisciplinarity has long become a buzz-and that the found approaches could then be scaled up from
word in the scientific world. Hydrology maybe was not al- there. From a more practical, management point of view,
ways at the forefront of their respective related activities, buthowever, it may be doubted that this is feasible, in particu-
more recently, more and more authors have argued strongliar with respect to the integration of socio-economic aspects.
for it. Both in the groundwater community (e.g., Galloway, At the same time it could or should be mentioned that on

— Should we thus regard thategration of groundwater
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the other end of the spectrum of scales, more and more atolved simultaneously, and (ii) loosely coupled models — iter-
tempts are made to integrate an even wider range of hydroative solution methods, where models are linked by using the
logical processes on continental and global scales. These aresults of one model as an input to another. The full capac-
important developments and integration on those scales maiy of fully coupled codes like ParFlow (Kollet and Maxwell,
be equally important as on the regional scale. 2006) and HydroGeoSphere (Brunner and Simmons, 2012)
has so far foremost been demonstrated in study areas smaller
than what was defined asgionalin the present paper. The
more common approach on the regional scale is loose cou-
pling, with typically a focus on either groundwater or surface
The question discussed in this article is if regarding ground-Water’ where the respective *less important” side is repre-

. sented by rather simplified equations and geometry (Furman,
water hydrology and surface water hydrology as essent|ally2008_ Markstrom et al., 2008). In general, the vast majority

different disciplines could help to integrate groundwater andOf regional models cannot be called integrated in a process-

surface water research better. This implies the assumptioBaseol sense. Rossman and Zlotnik (2013), who reviewed 88
that the current state of integration of these two topics re-~ " ‘ . S

o e - ._._regional groundwater-flow modeling applications from the
quires improvement. To see if this assumption is approprlateUS found that only 7% of those made an attempt to cou-

three major domains of integrated research on groundwater . .
S ple groundwater and surface water. An interesting observa-
and surface water are evaluated briefly:

tion regarding integrated groundwater—surface water models

2 Current status of integration of ground and surface
water research on the regional scale

1. Integrated regional field studies on the regional scale is that calibration (validation, verifi-
. . cation) is often done usingnly surface water observations
2. Integrated regional modeling (Hattermann et al., 2004; Sebben et al., 2013).

The objective ofntegrated regional management and as-
sessments to manage the technical, environmental, social
Integrated regional field studiasse field observations from and economic aspects of groundwater and surface water re-
both compartments to analyze and describe properties ansources and their interaction. While field studies and mod-
processes across boundaries between groundwater and seting can be carried out on any scale, the regional scale
face water. As comprehensive reviews of this subject are nots the typical scale for integrated water resource manage-
available, it is difficult to provide evidence of the following ment and assessment. The lack of integration of groundwa-
statements without citing a huge number of individual refer-ter and surface water in water resource management was
ences. Most readers might still agree that of the overwhelmalready pointed out at the very beginning of the article.
ing number of scientific studies that use regional hydrolog-While integrated water resources management (IWRM) is
ical data sets (be it proprietary measurements or from pubby now a well-known and accepted concept (Savenije and
lic observation networks), relatively few combine ground- Van der Zaag, 2008), the success of integrated management
water and surface water observations in a truly integratecand assessment is different and greatly dependent upon tra-
way. The majority of studies that actually do integrate ob-ditions, water law, and hydrological/hydrogeological condi-
servations from those different compartments are rather detions in different countries and regions (Ross, 2012b). Var-
scriptive (e.g., in order to generate status reports, therebyous deficits and challenges encountered in the integrative
often separating groundwater and surface water into differ-management of groundwater and surface water are addressed
ent chapters) than oriented at analyzing interaction betweeby several authors (Brugnach et al., 2007; Croke et al., 2007,
the compartments. On the other hand, the majority of fieldFoster and Ait-Kadi, 2012; Jakeman and Letcher, 2003;
studies that actually do look at exchange processes and feedunier and Mostert, 2012; Ross, 2012a). The integrated man-
backs of groundwater and surface water are carried out omgement of groundwater and surface water inherits the fore-
local scales: hillslopes, riparian systems, the hyporheic zonenost technical problems for integrated field studies and inte-
flood plains, etc. grated modeling described above as it is necessarily based on

Integrated regional modelingn comparison to integrated these. Additionally, it faces institutional problems and social
field studies, models are not immediately constrained by theconflicts that even add another dimension — showing a need
size of the study area and the costs of observations. On thior a much wider scope of integrated groundwater—surface
contrary, one essential purpose of models is to describe inwater research on the regional scale (see Sect. 5.2).
directly and evaluate processes and properties in between or
in the absence of direct observations. This is why region-
ally integrated models that provide coupled descriptions of3 Differences between groundwater and surface water
groundwater and surface water processes are quite abundant. hydrology
Generally, two main types of integrated groundwater—surface
water models can be distinguished: (i) fully coupled models, The previous section indicated that integration of groundwa-
where equations governing surface and subsurface flows arer and surface water on the regional scale, be it in research

3. Integrated regional management and assessment
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or practical management, is not as advanced as it should bdevelopment of educational programs, and in some cases
and could be. The following section will look at manifesta- by regional geological/hydrological conditions. Much more
tions of differences between groundwater and surface wateinteresting than making semantic considerations is to ana-
hydrology to be able to evaluate whether or not these differ-lyze the practical manifestations of the differences between
ences are responsible for the deficiencies in integration. Thgroundwater hydrology and surface water hydrology. The
discussion of the differences is mainly done based on a comfollowing paragraphs address some of the differences ob-
parison of terminology and concepts used in both fields. Asserved by the author. To keep this short, some rather com-
terminology and concepts are usually understood and applieglicated topics are presented in a rather simplified, bold way,
differently depending on individual perspectives and context,to some degree ignoring controversial aspects and dissenting
it is foreseeable that readers may agree or disagree to diffeperspectives. As always, things are simply not just pure black
ent extents. However, it should be acknowledged that the purer pure white. The differences between GW and SW hydrol-
pose of this discussion is not to draw clear lines and to arriveogy presented here are thus not defined by clear separating
at unique definitions, but to raise awareness of obstacles thdtoundaries; it is often rather tendencies in one or the other
might not be immediately obvious. direction.
Different objects of interestMost researchers in ground-
3.1 Definitions of hydrology and hydrological research  water hydrology are foremost concerned with processes in
areas the saturated domains of the subsurface. Thus, their central
] o o focus of interest imquifers or aquifer system#lso by ne-
“Hydrology” according to many general dictionaries, includ- ¢essity, groundwater hydrologists must be interested in wa-
ing for example Mgrrlgm-_\Nebst’erls seen as the science (o movement into and out of the saturated zone. Therefore,
of the propertlgs, distribution, movement, use and managege unsaturated zone (“groundwater recharge from precipi-
ment of water in the earth system. Brutsaert (2005) presentgy(ion and to a lesser degree surface waters (“infiltration
a short overview of definitions of the term “hydrology”. He ot gyrface water through the river bed”) play a certain role.
draws the conclusion that the most widely agreed on deﬂm—rhey form important “boundary conditions” to groundwa-
tion of hydrology limits its scope to continental (terrestrial) (g, systems, and it is of interest how these boundary con-
water processes. In fact, there seems to be strong conseijons influence the groundwater system as such and not
sus that water in the oceans (oceanography), the atmosphegg, mych what outside processes create the conditions at the
(meteorology, climatology), but to some degree also lakes,qyndaries. Surface water hydrology has a focus on terres-
(imnology) and glaciers (glaciology) are not the central fo- 5| flowing surface waters; the main targets of surface wa-
cus of what most hydrologists mean when talking about their, hydrology are thus rivers and the near-surface parts of
profession. Groundwater (groundwater hydrology, hydroge-ejr catchmentsGroundwater is often seen as an essential
ology), on the contrary, is never explicitly excluded from o of 5 catchment's characteristics. However, the focus is
“hydrology”, yet there seems to be a relatively large group of ;y,ch ess on processes within the groundwater system than
scientists within the hydrological sciences that think of “hy- 5 how groundwater contributes to the runoff network at the
drology” more or less exclusively as the science of terrestrial|gng's surface (as a source term or boundary condition).
(flowing) surfacewaters, that is rivers and their catchments. Aquifers(groundwater systems) amiver catchmentsre
Groundwater hydrology is often seen as the specializationaiher different spatial objects with respect to a large number
of hydrology,.whlch focuses on subsurface considerations ¢ properties and processes (the term “groundwater catch-
Atthe same time, a large number of peoplelsgérogeology  ment” that is eventually used is excluded from this discussion
as a sub-discipline of geology (note that this is the only occapecause of its ambiguity):
sion where this paper makes a distinction between groundwa-
ter hydrology and hydrogeology). The rationale behind this — Catchments can easily and almost unambiguously be
is that properties and processes in the subsurface are the do- delineated, based on relief, while groundwater systems

main of the discipline of geology, and understanding stratig- in most cases have no clear limits in any direction. Their
raphy, structural geology, mineralogy and geochemistry are  boundaries are often highly dynamic as a result of nat-
essential to understanding groundwater systems. ural and anthropogenic influences and often remain un-

known due to limited accessibility.
3.2 Manifestations of differences between groundwater

and surface water hydrology — In- and out-flows of catchments can be clearly defined

and measured (with some practical limitations), while

Different definitions are biased by the educational back- the in-flows and out-flows of groundwater systems can
ground and perspective of the respective discipline, but hardly ever be measured and even a conceptual descrip-

also by national scientific traditions and the historical tion can be difficult or impossible even if the location of

boundaries is known (see previous item).

lhttp://www.merriam-webster.com/dictionary/hydrology
visited 10/01/2014.
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— Aquifers or groundwater systems are strictly three- occur within the catchment. On the contrary, groundwa-
dimensional objects, often with a vertical differentiation ter level observations are representative of a certain lo-
into independent sub-systems. On the contrary, much of  cation and a certain depth only. This is a consequence of
the spatial variability of a surface water catchment can subsurface heterogeneity and hydraulic barriers or con-
be explained by the variability of near-surface proper- nections in both the horizontal and vertical directions
ties within the two horizontal dimensions. paired with the fact that those structures are often hid-

, den in the inaccessible subsurface.
— Data on groundwater systems are often only accessible

by drilling or indirect observations, while very impor- ~ — While discharge hydrographs typically often show
tant characteristics of catchments can be retrieved by  cyclic behavior with recurring features (wet and dry sea-
mapping the surface and remote-sensing data. sons occurring every year with only moderate long-term

fluctuations — exceptions such as hydrographs in tidally
influenced regions are of course possible), a groundwa-
ter hydrograph can be completely dominated by low
frequencies without any significant seasonal behavior
as a result of the long residence and response times of
groundwater systems.

— Groundwater systems are dominated by saturated flow,
while flow in surface catchments is separated into sur-
face runoff, open channel flow and unsaturated flow. Al-
though governed by the same principle laws of fluid me-
chanics, the dominant processes are essentially different
on the scale of process description and have thus led

to entirely different sets of mathematical formulations. - Measurements of river discharge and river levels at a
In groundwater systems, the main direction of flow is gauge can be much more directly interpreted with re-
often horizontal, but strong and deep-reaching vertical spect to consequences (flooded areas, general water
flow components with strong spatially varying magni- availability). On the contrary, a piezometric head or wa-
tude may occur. On the contrary, the typical flow com- ter table elevation has no immediate clear and simple
ponents studied in detail in surface hydrology are con- relation to water availability. To interpret a groundwa-
centrated at or near the surface following topographical ter level, local knowledge and/or other, often difficult to
gradients rather than pressure gradients. obtain information are required and conceptually diffi-

cult transformations need to be carried out. The mean-
ing of a hydraulic head is always specific to the individ-

ual location and the geological/hydrogeological condi-

tions there.

— Catchments and aquifers have different dynamics.
Catchments are flow dominated, with typically rela-
tively short residence times in the domains that are
most interesting to surface water hydrology. It is of-
ten possible to close the water balance within one yearDifferent timescalesQuite often, when differences between
and in-flow and out-flow are much larger than storage.GW and SW hydrology are discussed, different timescales
Aquifers are often storage dominated, i.e., they can haveyre mentioned as a separating feature. Processes in SW hy-
very long residence and response times and can even hgrology are considered to be faster, and thus shorter periods
almost fully decoupled from seasonal variations. Stor-are studied, while processes in GW hydrology are consid-
age can be huge in comparison to in- and out-flows. Thisered to be less dynamic. These differences are technically
difference, however, is an apparent one created by difvery relevant, in particular for the coupling of GW and SW
ferent perceptions. models. They might, however, play a minor role as a reason

Different types of observationén both surface water and for the separat?on of .GW a.nd SW hydrology, and the aut.hor
refrains from discussing this further here. It is, however, im-

groundwater hydrology there is a large and growing num- . . )
ber of observational methods that can be used to characteriﬂh%Ortant to acknowledge that integration on a regional scale

river catchments and groundwater systems and a wide vari- aé_tf(f) look an _Iongert'qmlescatl)(las on eltger 5||<_je.t_ e
ety of properties and processes therein. To simplify matters, ! etrences 'l': p/)r?]c |catpro emstan ?jpp icatio av—h
this discussion disregards the fact that many of the observa [ng water quality/chemistry aspects aside again, much re-

tions are related to water quality/chemistry. The focus of this® search in groundwater hydrology is centred on the question

discussion is on water quantity, i.e., discharge measured cgf wha: the mflge?hc;a of"pumpln%/mf[lltr?tlo? ono?roundwiall-
gauging stations, and groundwater head or water table eIevci?er systems is, both locally (*aquifer testing”) and regionally

tion in observation wells (piezometers). Both types of obser-\ Waler resource management )- The underlying questions
le often related to how much is stored in a groundwater sys-

of water levels or discharge. However, even if hydrographst m and how much/how fast one can withdraw from storage —
usually over long periods of time. In surface hydrology there

of piezometric head and discharge often look quite similar,,
they have essentially different characteristics: is a lot of emphasis on the prediction of discharge, often in re-
lation to floods. The temporal dynamics are quite often more
— A discharge hydrograph is, with some limitations, an interesting than the average conditions. Differences in prob-
integral measurement summarizing the processes thdem context and application are difficult to frame in a few
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sentences, in particular because it is well known that in theor chemical properties. Such parameters are often determined
long run groundwater and surface water problems cannot bey calibration. It may very well be argued that there is “not
decoupled. However, it is still important to keep in mind that much physics” in hydraulic conductivity calibrated for a
groundwater and surface water research historically started00x 100 m model cell in a groundwater flow model, but
from different types of questions and that this had and stillprobably still more than in a purely empirically determined
has a large impact on the development of the respective sckecession coefficient of an SW hydrological model. There is
entific studies. a very strong tendency for SW water models to be more con-
Different methodologyEven if the basic physical (and ceptual and for GW models to be more physics based, but
chemical) laws are the same for surface and subsurface hythere is no clear separation and many exceptions exist on ei-
drological processes, the different objects of interest, differ-ther side. In summary it can be said that models in surface
ent types of observations and different sets of problems leaénd subsurface hydrology necessatigve to be different
to the development of different methodologies. Many ap-because they are used to describe different objects, attempt
proaches to predicting the behavior of groundwater system$o match different types of observations, and answer quite
follow mechanistic continuum approaches, with the aim of different questions.
describing flow and transport pathways explicitly in space Different terminologyGroundwater and surface water hy-
and time. In contrast, the characteristics of surface watedrologists often use the same terms, yet with a slightly, some-
hydrographs and the integral character of catchments (settmes even a completely different meaning. For example, the
above) have opened ways for more conceptual empiricalljterm “conceptual model” has a completely different meaning
based and statistical approaches. Concepts such as the uimtgroundwater hydrology than it has in surface hydrology.
hydrograph or the concept of linear storage cascades are onljhe author wants to avoid a lengthy (and hopeless) discus-
feasible because of the assumption that all water going intssion of such terms and trusts that most readers recognize such
a catchment (minus evapotranspiration losses) ends up at therminology issues. It should be mentioned that the ambigu-
gauge at the outlet of the catchment. Making a prediction ofous use of model-related terminology is discussed within the
what might happen in the future based on a statistical analyrespective fields, but such discussions of model terminology
sis of the past behavior of a catchment, as is done for examhardly span both groundwater and surface water models (see,
ple by deriving flood return periods from past data, is a con-e.g., Beven and Young, 2013).
cept hardly known in groundwater hydrology. This is proba- The problem of different use of terminology goes be-
bly not so much because of methodological constraints, buyyond modeling. A specific example of this (“groundwater
because such an approach usually does not yield any answerscharge”) will be given in Sect. 4. The problem is that be-
to typical groundwater problems. On the other hand, all thecause the same terms are used in a similar context, it is often
methods used in groundwater hydrology to derive ground-assumed that they have the same meaning — with the conse-
water flow direction, velocity and origin are not necessarily quence that the differences are not detected at all or only after
applicable and/or meaningful in surface hydrology. these misunderstandings have led to problematic situations.
Different modelsA discussion of all the different model- Differences in administration, management and legisla-
ing approaches and strategies in surface and groundwater hyion. In many countries, groundwater and surface water were
drology is clearly beyond the scope of this paper. The hugdraditionally managed by different agencies (surveys) and
number of modeling concepts and codes in both the groundunder different legislation. The consequences of this for re-
water and the surface water fields makes even a brief desearch might not be immediately obvious:
scription of this subject difficult. What adds to the problem
is the different use of modeling terminology — even within
groundwater or surface water hydrology, respectively (see
next paragraph). Even if this might be debateable in many
cases, one could say that in general in subsurface hydrology
on the regional scale, the majority of models used are dis-
tributed numerical models based on a continuum approach,
i.e., the governing differential equations describing flow and
transport are solved numerically for a given domain that is
accordingly discretized into elements. These models can be
called mechanistic, i.e., based on physical and chemical laws
and the use of parameters that are assumed to represent mea-
surable properties. In surface hydrology, as a tendency, many Different educationin Sect. 3.1, different ways to place
more models are “conceptual”, ranging from black box mod- groundwater and surface water hydrology in different dis-
els to more physically based distributed process models, butiplinary contexts were presented. These differences are re-
in general, surface hydrological models often involve “pa- flected by different disciplinary educational programs. Dif-
rameters” that have no direct relation to measurable physicalerent national and regional traditions and the increasing

— Administration and policy makers have always sought
advice from research. Questions coming from different
agencies have thus led to the development of different
problem settings (see above) and different solutions.

— Monitoring networks for groundwater and surface water
developed largely independently and were not designed
to monitor interactions between the systems. Their im-
plementation followed the sectorial problem settings
and has thus created data sets that can foremost be used
only in a specified context.
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number of programs and specializations again make it diffi-boundaries in a strict mechanical sense. However, from a
cult to cover this field in a few sentences. A good proxy to in- practical point of view, one can observe quite essential
dicate the difference and separation of education might be thehanges in properties and processes at relatively distinct
relatively clear distinction between textbooks on groundwa-locations, forming conceptual boundaries in a less strict
ter hydrology (here usually “hydrogeology”) and surface wa- sense. Fully coupled approaches to describing groundwater-
ter hydrology. Typically, a groundwater- or a surface water-unsaturated zone surface water systems as a continuum are
oriented textbook will contain a shorter sub-section of thefeasible, but difficult to implement on the regional scale.
respective other subject, but books with a balanced coverag&herefore, integration across conceptual system boundaries
of both subjects do not exist to the knowledge of the author. is quite often done by looking at each of the systems sep-
arately and coupling them through the processes that occur
3.3 Different scientific communities at the boundaries. In the following, two major connections

i ] o o between the compartments will be discussed:
Without being able to prove this with quantitative data, the

author observes that groundwater hydrogeologists and sur- 1. Fluxes across the bottom of a river. Depending on cli-

face water hydrologists tend to separate into different sci- ~ mate, relief and geology this flux can occur in dif-
entific communities who have their own conferences, orga-  ferent directions and under different saturation condi-
nizations and networks. This might differ from country to tions (see, e.g., Sophocleous, 2002), but the example
country as a result of different scientific traditions, but even ~ Wwill only look at the contact of a river with a saturated

if the existence of different communities might not be con- aquifer and discuss the flux directed to the river exclu-

sidered to be a hard fact, there are some indications that this  Sively. This flux is often referred to as “baseflow”.
separation exists and has consequences everywhere. For ex: .
ample, it might be the reason why the convincing concepts 2. Egl:l)jf;t:;rzc:)snseghzg?en?ﬁfgxziwggosgzﬁte:t ?Q:v:?-
of PUB (Predictions in Ungauged Basins) (Sivapalan et al., : s ) P y .

. ! . tically downward directed flux from the unsaturated into
2003) that were discussed intensively for more than a decade S P
; . the saturated zone, which is commonly called “ground-
in (surface water) hydrology have not found much recogni- ,
CN water recharge”.
tion in groundwater hydrology.
Baseflow and groundwater recharge play an essential role in
both groundwater and surface water research and practice.
| The amount of literature on both concepts is overwhelming.
examples As neither groundwater recharge nor baseflow can usually

The discussion presented in the previous sections indicate e measured directly, a large number of indirect methods for

. . . - . their estimation exists (for overviews see, e.g., de Vries and
E:estt/vaeleictecgelg:iﬁr?r?iﬂr?gges\?v;?grd ﬁ;&tilfégeailgeé?gffj_&mmers, 2002; Ghasemizade and Schirmer, 2013; Jie et al.,

. . 2011; Scanlon et al., 2002; Tallaksen, 1995). The available
water hydrology on the regional scale. The following sec-

tion will illustrate the practical implications of these using methods are conceptually very different and often yield very

two examples. The description of these examples is rathe(rj"cferent resu_lts. . .
Baseflow is usually determined using conceptual ap-

brief. Interested readers are referred to Barthel (2006) and .
Gotzinger et al. (2008), where those examples were pre_proaches (conceptual hydrological models and hydrograph

sented in more detail. It is important to acknowledge thatSeparatlon _(Levy and Xu, 2011).); howevgr, rec_ently it has
. . ) . often also included hydrochemical and isotopic methods
example 1 is mainly, if not exclusively, relevant on the re-

. . . hasemizade and Schirmer, 2013) or numerical models
gional scale, where processes in the entire catchment (an

not just in a river reach or an aquifer) are integrated. This; evy and. Xu, 2011).'There IS a lot of evidence originat-
means, e.g., that from an SW hydrology point of view, per- ing from different studies worldwide that the results of most
colatior,1 df \./;/ater through the unsaturated zone must ,be regpproaches to baseflow estimation are highly unreliable or

arded as a main process in generating baseflow. This a aat least only valid under very specific conditions (see, e.g.,
9 P 9 9 ; g IIQaIford and Mayer, 2000; Partington et al., 2012; Vogel and

opens a hew discussion on whether or not infiltration or per- L
colation through the vadose zone is a hydrological or rather aKm”’ 1996). Groundwater recharge estimation methods have

soil science topic. Again, the presentation here is rather bold?" €ven wider spectrum of approaches (see, e.g., d.e Vries
ignoring the subtleties. and Simmers, 2002)._ Some reasons why so many dlff_erent
methods were established — and thus often yield very differ-
ent results — are contrasting catchment/groundwater system
characteristics, different data availability and different scales
of application. However, different approaches are also the

Within the hydrological cycle, groundwater, surface water result ofa difference in the understanding of recharge and
and the unsaturated zone form a continuum without cleaaseflow

4 Different perspectives and misunderstandings:

4.1 Example 1: different perspectives on groundwater
recharge and baseflow

www.hydrol-earth-syst-sci.net/18/2615/2014/ Hydrol. Earth Syst. Sci., 18, 2612628 2014



2622 R. Barthel: Integration of groundwater and surface water research: an interdisciplinary problem?

In the case of groundwater recharge, two different perspecpractical applications it is important to know (exactly) where
tives can be identified: from a groundwater-focused perspecand when the groundwater enters the river.
tive, groundwater recharge is defined as the sum of in-flows Problems related to different definitions of groundwa-
enteringthe saturated groundwater zone from above, belowter recharge and baseflow typically occur when numerical
and laterally. Surface hydrologists and soil scientists, in con-groundwater models are driven by recharge that is calcu-
trast, often assume that groundwater recharge is the amoutdted by conceptual hydrological models or when groundwa-
of waterleavingthe soil or root zone vertically downwards ter and surface water models are coupled using recharge and
(see Barthel, 2006; Scanlon et al., 2002). The basic assumgaseflow as linking processes. The spatial distribution of this
tion here is that when water leaves the domain influencedecharge calculated by hydrological models often ignores the
by vegetation and evaporation moving downwards, it will actual geological situation (Barthel, 2006; Goétzinger et al.,
eventually have to reach the groundwater and therefore mus2008).
be equivalent to groundwater recharge. An even simpler, but
closely related, understanding of groundwater recharge is 4.2 Example 2: the hillslope
water balance-based consideration, where recharge has to. , ) .
be what is left of precipitation after evapotranspiration, sur-Mismatching perspectives are also related to the choice of

face runoff, soil moisture storage, etc. have been subtractetUdy Objects: it is quite interesting to see that when sur-
In general, this kind of consideration works well for ap- face water hydrologists become more deeply involved with
proaches that are calibrated against observed river dischargi!€ Saturated zone (groundwater), this is often done in the
The question of whether or not water has actually entered th&0ntext ofhillslopes the sloping region adjacent to a river.

groundwater domain (see the recharge definition in the hy-Sroundwater at such a location is often shallow and uncon-
drogeological sense presented above) will then not have afined- Hillslopes are of great interest in surface hydrology

influence on the quality of the calibration results. as they, from a surface-oriented perspective, encompass al-

It should, however, be immediately clear thatgroundwatermOSt all relevant processes. On the other hand, the hills-

recharge defined as “root zone percolation” and groundwalOpe situation is not of much particular interest to ground-

ter recharge defined as “water entering the saturated zong¥ater hydrologists, mainly because the spatial and tempo-
cannot be fully identical because, depending on the distancE?! scales O]:h'"S"IOpe processes are much too small to be of
between the root zone bottom and the groundwater surface, dterest for “real” groundwater processes or because many
least a temporal delay must occur. This delay can be ignoredpcal-scale groundwater problems are not situated in this spe-
or at least easily determined when the groundwater table i§2/ topographic condition. Not exactly a quantitative proof
close to the surface. which is often the casdamal scales  ©f this, but still interesting, are the results of a simple liter-
(see, e.g., hillslopes in Sect. 4.2). Onegional scaleit is ~ &ture research: the Scopus databasew.scopus.comlists
highly unlikely that shallow (and unconfined) groundwater Oy 18 papers containing *hillslope” or *hill-slope” under

tables are present everywhere. On a large scale, the relief arffticle title, keywords or abstract for the almost exclusively
heterogeneity of the deep unsaturated zone will lead to congroundwater-oriented journaldydrogeology JournaAND

siderable differences in temporal delay at different locations.Groundwater while 717 papers meet the same criteria in the
Even more important is that on the regional scale, and with?ournal of HydrologyAND Hydrological Processeswhich

growing depth in the groundwater, domains of low perme-2r€ more surface water oriented. _
ability in the unsaturated zone will lead to the formation of ~1he reason to be interested in groundwater at hillslopes
local, independent saturated zones (perched water) and suf@y be less the interest in groundwater system properties and
sequently to horizontal flow. Water transferred horizontally Processes itself than the contribution of groundwater to the
may discharge at the surface at springs and thus does n&iScharge in the adjacent river. The most problematic aspect
reach the groundwater system (the mysterious “interflow”).Of this might be thqt the groundwater situation at hlllslqpes
Thus, with a growing scale the differences between the two>6€MS t0 have a big influence on the general perception of
recharge definitions start to grow (Barthel, 2006). grou_ndwater. Without being able to provu_je hard evidence
In the case of baseflow, the differences in conceptualiza®f this, the author has made the observation that many sur-

tion are even more pronounced. Again, two perspectives caffic® water hydrologists tend to regard groundwater systems
be identified: standard hydrograph separation methods deriv@S Shallow, undifferentiated systems, which form bucket-like
baseflow simply speaking as the slow component of a riversinks (or sourc_es) fqr water that comes fr(_)m the unsaturated
discharge time series. The empirical methods mainly used©ne Or flows into rivers. If you have a hilislope (or flood-
cannot identify where baseflow actually originates. Base-P!&in) in mind, there will be many cases where the situation

flow becomes a portion of discharge measured/simulatedVill be exactly like this, but there is a danger that this view of
at a gauging station, i.e., an integral measure for a catchthe connection between the unsaturated zone, surface water

ment. From a groundwater perspective, however, “haseflow@nd groundwater will be extended to larger systems, where

is seen rather as “groundwater discharge”, and for mosthe groundwater situation is usually much more complex and
the connections are less straightforward.
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5 Interdisciplinary aspects of groundwater and surface
water integration on the regional scale
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process for interdisciplinary research and discusses compre-
hensively the relevance of performing and the risks of omit-

ting any of the steps. Some of the steps may at first seem
The question asked at the beginning of this article wastrivial, yet it is the interdisciplinary context that makes them
whether regarding groundwater hydrology and surface waworth considering:

ter hydrology as different disciplines and whether acknowl-
edging this might help to integrate them better. The previous
sections have indicated a number of strong differences and
several fields with a lack of integration. To evaluate whether
applying interdisciplinary concepts may lead to better inte-
gration, the following section will at first briefly review in-
terdisciplinary approaches and discuss their relevance with
respect to the integration of groundwater and surface water
hydrology. Furthermore, this section will discuss the integra-
tion of groundwater and surface water in the wider context
of interdisciplinarity, mainly with respect to the integration
of the natural and social sciences and the interaction between
science and society in general.

According to Repko (2011), “academic disciplines are
scholarly communities that specify which phenomenon to

study, advance certain central concepts and organizing the- 2.

ories, embrace certain methods of investigation, provide fo-
rums for sharing research and insights ... Each discipline has
its own defining elements — phenomena, assumptions, episte-
mology, concepts, theories and methods”. Looking at the dif-
ferences derived in Sect. 3, a number of aspects can be iden-
tified that suggest that groundwater hydrology and surface
water hydrology actually could be considered different dis-
ciplines. To prove this might actually be impossible, yet this
applies generally to the delineation of disciplines (Abbott,
2001).

5.1 Interdisciplinarity and interdisciplinary
methodology

4.

If applying interdisciplinary methodology to the integration

of groundwater and surface water research is considered ben-
eficial, then first a clarification of “interdisciplinarity” is nec-
essary. Some definitions of interdisciplinarity focus on how
research is performed (e.g., Roy et al., 2013); others empha-

size the problem context of research. Repko (2011) reviews -

several widely used definitions of interdisciplinary research,
extracts the common elements of these definitions and finally
condenses them into the following: “Interdisciplinary studies
is a process of answering a question, solving a problem or
addressing a topic that is too broad or complex to be dealt
with adequately by a single discipline, and draws on the dis-
ciplines with the goal of integrating their insight to construct
a more comprehensive understanding”.

Within the huge body of literature on interdisciplinarity, a 7.

large number of partly conflicting theories of how interdisci-
plinary research should be conducted are available. The au-
thor does not make an attempt to review and compare the dif-
ferent theories, but instead presents the one that comes clos-
est to his own ideas: Szostak (2002) presents a twelve-step

www.hydrol-earth-syst-sci.net/18/2615/2014/

1.

Start with an interdisciplinary questiorThis step can
mean and encompass different things depending on the
starting point of the research: either to explore whether
or not a research question is suitable for an interdis-
ciplinary approach, or to frame a research problem or
question in an interdisciplinary way. In the context of
the discussion presented in this article, this first step is
difficult to define and maybe difficult to understand. To
determine whether a question is interdisciplinary or in
order to ask a question in an interdisciplinary way, it-
erations with steps 2—4 will be needed for clarification.
Only the later steps in the workflow will help to decide
whether or not an interdisciplinary approach adds new
insights and gives better results than a disciplinary one.

Identify the key phenomena involved, but also sub-
sidiary phenomenaThis will help to identify the de-
gree of interdisciplinarity needed. Subsidiary phenom-
ena might be regarded negligible from one disciplinary
view point, but they might be the key phenomena of
another.

3. Ascertain which theories and methods are particularly

relevant to the question at hand ... Be careful not to ig-
nore casually theories and methods that may shed some
lesser, but significant light on the questidivhile dis-
ciplinary research often focuses on a few established
methods in the field, the key to true interdisciplinarity
is openness to any theory or method.

Perform a detailed literature surveyhis means a re-
view of the literature describing a problem fraath pos-
sible disciplinary perspectives. This step thus also re-
quires a review of the different terminology and how
terms are used by different disciplines.

Identify relevant disciplines and disciplinary perspec-
tives This step could be seen as a conclusion of steps 1—
4 and may require several iterations of those.

6. If some relevant phenomena (or links between these),

theories, or methods identified in (2) and (3) have
received little or no attention in the literature, the
researcher should try to perform or encourage such
research

Evaluate the results of previous researghe goal is to
identify key phenomena that may have been excluded
from previous analyses and to evaluate the impact that
this may have had on results. It is important to identify
disciplinary perspectives and the biases resulting from
this.
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8. Compare and contrast results from previous disci- demand, land-use changes, hydraulic structures, etc. In par-
plinary or interdisciplinary researchlif different disci- ticular, on the regional scale, anthropogenic impacts and pro-
plines reach differing conclusions, it should be checkedcesses in neighboring compartments require integration of
whether these differences are merely semantic or reala much wider range of aspects, in particular also those of
If differences are real, the question needs to be askeda socio-economic nature. Detailed evaluations of the differ-
what would have to change in order to generate similarent usages of the term “integration” are provided by Kelly et
(unique) results? al. (2013) and Jakeman and Letcher (2003).

o , . Furthermore, it is difficult to imagine integrated GW-SW

9. Develop a more comprehensive/integrative analysis research on the regional scale that is purely driven by scien-
This step encompasses a wide range of activities. In adsific jnterest. Research will quite often need to have an ap-
dition to understanding the parts, the |nterd|SC|pI|n§1ry plied component to justify the efforts and they can hardly ig-
researcher must attempt to understand how multiplé, e existing problems and the demands of practical manage-
tcc?l::izioknwig?hfeeregr?zcuknilfc;/ci)r?gs tlaéirrilcgr ':n'stﬁfgglzz;r%ent. Stakeholder involvement, participatory modeling ap-

h 4 . - proaches and communication strategies are thus also an es-
is possible or whether different phenomena within the ge il part (see Carmona et al., 2013 for a comprehensive
problem in question require different methodologies.  yisession). Any researcher who wants to become involved

10. Reflect on the results of integratioHow and why do in integrated water research on the regional scale should thus
the results of interdisciplinary research differ from pre- P€come acquainted with the idea (and challenges) of work-
vious disciplinary research? What is the added value of"9 together with social scientists and a wider non-scientific

integration? What degree of integration is truly neces-Public. A good starting point for this are the discussions
sary and what could be omitted? presented by Strang (2007), Fischer et al. (2011) or Jahn

et al. (2012), who discuss the collaboration between natu-
11. Testthe results of integratiomhat results should be val- ral and social scientists in general. A large body of literature
idated or verified does not require justification in the is also available on the interaction between science and the
field of natural sciences; however, as Szostak (2002non-scientific world. Keywords are the “science policy in-
points out, one has to be careful of biasing such testderface”, “participatory research”, and “transdisciplinarity”
and one should also be prepared to adjust the analysiésee, e.g., Brugnach et al., 2007; Croke et al., 2007; Pahl-
in the face of new information. Wostl et al., 2007; Carr et al.,, 2012; Pohl, 2008, 2010;
) ] o ] Schoot Uiterkamp and Vlek, 2007). Highly recommended
12. Communicate the resultdgain, this is an obvious part s ssions on the role of science in society are provided by

of any research, yet interdisciplinary research faces theystdalslid (2011), Weber et al. (2011) and Weichselgartner
great challenge of having to communicate to both an 4 Kasperson (2010).

interdisciplinary audience and to various disciplinary

audiences. 5.3 Interdisciplinary challenges

A good example of where and when research could bene- . . )

fit from such an interdisciplinary approach is the example Th€ Ppreceding sections have provided arguments why
of groundwater recharge on the regional scale presented iff9ional-scale research in general should be carried out from
Sect. 4.1. The author leaves it to the interested reader t@" interdisciplinary perspective or at least that such research
do this exercise. For example, such an analysis could reveaiiould start with a careful evaluation of the potentially inter-
that flow and transport through the deeper vadose zone haviSciplinary aspects involved (see items 1-8in Sect. 5.1). The
hardly received any attention (see step 6) but have a signif€oNSensus that interdisciplinarity (and transdisciplinarity) is
icant impact on the results (step 8). In general, the quesN€eded to tackle the challenges of water resource manage-
tion of where and when integration is feasible and usefulMeNt iS overwhelming. To mention interdisciplinary compo-

is discussed in excellent books like the one by Bronstert ef!€Nts Of research seems to be seen as important when de-

al. (2005). scribing individual research profiles or strategies and visions
of research institutions. However, scientific evaluation of in-

5.2 The regional scale as a platform for broader inter- terdisciplinary research shows a different reality. Much of the

and trans-disciplinary research research that is considered interdisciplinary by those who

perform it is at best multi-disciplinary, i.e., more than one
Integration of groundwater and surface water is an impor-disciplines work together on one problem yet stay in their
tant step towards holistic research in water resources, bubwn disciplinary tradition without creating new unifying the-
truly integrated research has to go far beyond these firsories, concepts and methodologies (Roy et al., 2013). More-
efforts. The best integrated groundwater—soil-surface wateover, the majority of research remains strictly disciplinary.
model still requires meaningful inputs and boundary con- So why are there these differences between proposed
ditions, i.e., meteorological input and information on water plans and actual outcomes? Among the obstacles to
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interdisciplinary research that are usually mentioned first isdifficulties in collaboration and mutual understanding be-
the traditional disciplinary organization of educational sys-tween surface water hydrologists and groundwater hydrol-
tems and research institutes. Related to this is the observagists arise often because the fundamental differences be-
tion that interdisciplinary research limits career advancementween the two subjects are not acknowledged. &ppar-
and funding possibilities (Froedeman et al., 2010; Vasbinderent closeness of the two disciplines leads to the result that
et al., 2010). This might be difficult to believe in view of partners in a collaboration ofteassumethat they fully un-
the overwhelming consensus on the importance of interdisciderstand what the others are doing (and how they do it, why
plinarity. A reason might be that both career advancementhey do it, what their perspectives on problems and processes
and research funding is still mainly based on strictly dis- are), because they use very similar terminology and seem-
ciplinary review processes. “Good research” is defined dif-ingly similar concepts. The danger is that this assumption
ferently in different disciplines, but few reviewers will have is not questioned and the actual dissimilarity of terms and
an overview of what “good interdisciplinary research” is concepts goes undiscovered. This could not happen if such
(see Fischer et al., 2011; Froedeman et al., 2010; Heberleirg collaboration would be designed using an interdisciplinary
1988; Vasbinder et al., 2010). Publishing a (truly) interdis- methodology, where determining and understanding the dif-
ciplinary manuscript is tedious and still a great challengeferences in research concepts is always the first step (see
(Schoot Uiterkamp and Vlek, 2007; Wood, 2012). Planning Sect. 5.1 as well as MacMynowski, 2007 and Strang, 2007).
a (truly) interdisciplinary research proposal with a careful It might seem contradictory to the goal of more holistic re-
evaluation of all aspects (see Sect. 5.1) requires great efforsearch in the water field (see, e.g., Galloway, 2010; Wagener
To design such research in a way that satisfies all the biaseet al., 2010) to focus on differences rather than on the com-
disciplinary reviewers is challenging. The most crucial as-monalities of research fields. However, evenif it is highly de-
pect is the tediousness of interdisciplinary research. There isirable in the future that all problems in water resource man-
overwhelming consensus on the fact that interdisciplinary re-agement are solved in a holistic effort, we still need to face
search requires much more time than disciplinary researclthe fact that knowledge, expertise and perspectives are dis-
(e.g., Campbell, 2005; Lerner et al., 2011; Strang, 2007)tributed irregularly amongst individual researchers, who, in
Collaboration requires a significant amount of time to beturn, have rather limited possibilities to share and communi-
spent in communication between the participants, so that altate their full knowledge and viewpoints. Each contribution
achieve at least a basic understanding of the types of theoryp integrated research will thus be biased by individual ex-
methods, data and analysis used by the others. Collaboraertise and constrained by different backgrounds. The key to
tion also requires commitment and an openness to acknowlsuccessful integration might lie not so much in the attempt to
edging and understanding differences (MacMynowski, 2007;make everyone a universal scientist (or practitioner, decision
Strang, 2007). Marzano et al. (2006) and Bell et al. (2005)maker, etc.), but rather in the attempt to enable better com-
show that the majority of researchers are not particularly ex-munication, i.e., sharing of knowledge between disciplinary
cited about this side of interdisciplinarity. In particular, re- experts. An essential step in communication is to make sure
searchers in the early career stages are discouraged by tligat there is a common understanding about the different in-
disadvantageous time-consuming publication record, limit-dividual perspectives on the subject. This requires awareness
ing aspects of interdisciplinary research (Bruhn, 2000). of difference: we need to acknowledge that there are (surface
water-oriented) hydrologists and (groundwater-oriented) hy-
drogeologists. This does not mean that there is a sharp insu-
6 Discussion and conclusions perable boundary between these groups, nor does it mean that
there are no scientists that are located somewhere in between.
The discussion presented in this article is inspired by the reCollaboration between individuals or groups of either affinity
cently published concept of the new IAHS scientific decadeshould be considered interdisciplinary and based on a work-
“Panta Rhei” (Montanari et al., 2013), which emphasizes theflow as presented in Sect. 5.1. Good collaboration requires
necessity for a more holistic perspective of hydrological re-knowingwhatthe collaboration partners deal withgwthey
search. The integration of groundwater and surface water hydeal with it andwhythey do it in a specific way. One of the
drology is thereby particularly interesting in retrospect of the referees who reviewed this article provided a nice analogy by
previous scientific decade on PUB. The assumption here isnentioning that the discussion presented in the opinion pa-
that PUB might not have been entirely successful in integratper reminded him of the famous book by John Gray “Men
ing groundwater, and the groundwater community might notAre from Mars, Women Are from Venus”. | have not read
have taken adequate notice of the PUB activities. this book and do not want to judge its quality and the opin-
As mentioned earlier in this paper, the question of whetherions it conveys, but the title makes it easy to assume what
GW and SW should be called different disciplines, sub-is meant: even if men and women are from the same species,
disciplines or just specializations within one common field the assumption that their behavior and thinking are motivated
is not considered important. What is important though is theby the same reasoning might not be helpful in the attempt to
awarenesghat substantial differences exist. It seems thatachieve good “integration”. Back to hydrology: a workflow,
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as presented in Sect. 5.1, will help to identify gaps and overBeven, K. and Young, P.: A guide to good practice in modeling se-
laps and eventually to develop an appropriate new theory and mantics for authors and referees, Water Resour. Res., 49, 5092
methodology. 5098, 2013.

Four essential findings result from this discussion: Blackmore, D. J.: Murray-Darling Basin Commission: A case study
in integrated catchment management, Proceedings of the 1995

1. Groundwater hydrology and surface water hydrology 7th International Symposium on River Basin Management, Perg-
are significantly different and have developed a differ- amon Press Inc., Kruger National Park, S. Africa, 1995.
ent theory, methodology and terminology. Bouwer, H.: Integrated Water Management for the 20st Century:
Problems and Solutions, J. Irrig. Drain. Eng., 128, 193-202,
2. A lack of awareness of these differences hinders de- 2002.
tection of the existing interdisciplinary aspects of GW- Bronstert, A., Carrera, J., Kabat, P., and Litkemeier, S.: Coupled
SW integration and thus the application of an interdisci- models for the hydrological cycle — integrating atmosphere, bio-
plinary methodology that would help to identify a uni-  SPhere, and pedosphere, Springer, Berlin, Heidelberg, New York,

fying theory and methodology. 2005. . |
Brugnach, M., Tagg, A., Keil, F., and de Lange, W. J.: Uncertainty

3. Most hydrologists (groundwater and surface water) are matters: Computer models at the science-policy interface, Water
not sufficiently involved in truly interdisciplinary re- _ Resour. Manage., 21, 1075-1090, 2007.
search, have a lack of understanding of what interdis-Bruhn, J. G.: Interdisciplinary research: a philosophy, art form, ar-
o . . tifact or antidote?, Integ. Physiol. Behav. Sci., 35, 58-66, 2000.
f:lpllnarlty is and hovy it v_vorks._The)_/ are not Suffl_CIentIy Brunner, P. and Simmons, C. T.: HydroGeoSphere: A Fully Inte-
involved in developing interdisciplinary strategies and d. Phvsicallv Based Hvdrolodical Model. G dw 50
do not usually regard the process of integration as such graed, nysically Based Hydrological Model, Ground Water, 55,
y regard the p 9 170-176, 2012.
as a research topic of its own. Brutsaert, W.: Hydrology — An introduction, Cambridge University

4. There seems to be a general reluctance to apply a (truly Press, Cambridge, 2005,
' Eampbell, L. M.: Overcoming obstacles to interdisciplinary re-

interdisciplinary methodology because this is tedious search. Conserv. Biol. 19. 574-577. 2005
and few incentives are provided. Carmona, G., Varela-Ortega, C., and Bromley, J.: Supporting deci-

The key to tackling the resulting problems seems to be that Sion making under uncertainty: Development of a participatory
scientists at all levels need to be educated in interdisciplinary ntegrated model for water management in the middle Guadiana
thinking and in understanding the benefits, but also the "V€' basl'”' Ehrl“"ron' Model. i’onw"‘:"o' 14|4‘1,57' 2018.
challenges, of interdisciplinarity. Interdisciplinary educa- C&: G-, Bloschl, G., and Loucks, D. P.: Evaluating participation in
tional programs (for a compilation of further references water resource management: A review, Water Resour. Res., 48,
see Seibert et al., 2013) are a good start. It is probably V\li11401‘ do'lo'19231/2011WR01166€012'

inevitable to follow a bottom-up approach, i.e., to start in Coke, B. F. W., Ticehurst, J. L., Letcher, R. A., Norton, J. P,
early undergraduate training to establish the awareness that Néwham, L. T. H., and Jakeman, A. J.: Integrated assessment of
each problem can be viewed from different perspectives. It water resources: Australian experiences, Water Resour. Manage.,
seems to me that the focus of interdisciplinary education 21, 351-373, 2007. ,
should be not so much about trying to make each Studen@e Vries, J. J. and Simmers, |.: Groundwater recharge: an overwiew
a universal scientist but to establish knowledge on how ,thprocesses and challenges, Hydro'l'J" 10, 15;17' 2002'|
highly specialized experts can combine their knowledgeiScher. A. R. H., Tobi, H., and Ronteltap, A.: When natural met
in a meaningful way: “It appears clear to us that, within so_(:lal: Arewew_of_collabpraﬂon between the natural and social
interdisciplinary projects, as much conscious effort and time_ SCi€nces, Interdiscipl. Sci. Rev., 36, 341-358, 2011.

has to be put into ‘making it work’ as is required for the Foster, S. and Ait-Kadi, M.: Integrated Wgt_er Resources Manage-
scientific research itself and that relational issues are of Ment (IWRM): How does groundwater fitin?, Hydrogeol. J., 20,
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