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Thesis summary

Groundwater models are widely applied in groundwater management to guide decision
making. The success of groundwater management is directly dependent on a good
understandhig of the groundwater system. A conceptual model is a summary of our current
knowledge about a groundwater system describing the dominating processes and the overall
physical structure of the geology. One of the major sources of uncertainties in groundwate
model predictions is the conceptual uncertainty that arises when more than one conceptual
model can explain the available data. The goal of this thesis is to identify current approaches,
unify scattered insights and develop a systematic methodologylafggological conceptual
model development and testing, which leads to an improved characterisation of conceptual

uncertainty.

Conceptual model development involves formulation of hypotheses about the groundwater
system functioning. These are the initatisions in the modelling that drive the groundwater
model predictions and form the basis of the uncertainty analysis. In this thesis we advocate
for a systematic model development approach based on mutually exclusive hypotheses. We
developed bold hypotlses about the model structure, challenging what was considered
possible for the system, in order to give more transparent explanatdnobf model

structures were considered possible.

Conceptual model testimgpnsists of holding the developed modelsiagfadata to evaluate

their validity. Model testing is essential in order to gain confidence in the developed models
and remove those models from the ensemble that are inconsistent with the data. We show that
model testing does not have to be a trnasuning task but can happen in relatively simple

forward models. We advocate for reserving as much data as possible for the model testing



exercise rather than using all data for model development in order to be able to explain why

no other conceptual modelsgausible.

The methodology developed in this thesis is applied to the Wildman River area, Northern
Territory, Australia. By acknowledging the existence of conceptual uncertainty, we increase
the confidence in the water balance for the area. A secord @ahe investigation is the
connectivity of sinkholdike depressions in the area to groundwater and whether they may act

as conduits of groundwater recharge.

The insights gained from this thesis enables more accessible methodology for conceptual
modeldevelopment and testing. By acknowledging and accounting for conceptual
uncertainty, more confidence can be gained in groundwater model predictions leading to

improved groundwater management.
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Chapter 1: Introduction

1.1 BACKGROUND

1.1.1 Groundwater managementand groundwater models

As an accessible freshwater resource, groundwater represents an essential component for
human needs and activities. Groundwater is used as a drinking water resource, for irrigation
and thereby for food and fibre production, in inwhas$ processes, to fditate mining and

coal seam gas extraction and to sustain the environment. Increased groundwater pumping
raises the question of the sustainabilityho$ resourcgGiordano, 2009)Exploiting the
groundwagr system, can lead to negative impacts such as aquifer defletroall et al.,

2002) land subsidence resulting from dewatering and depressurization of an €oider

et al., 2006)seawater intrusion causing bores to be contaminated by salfRastr2005)

and destabilization of groundwater depemdecosystems, directlynpacting biodiversityde

Graaf et al., 2019)

Groundwatemodels are widely ap@d for groundwater management to guide decision
making as they serve as a simple but practical representation of the groundwater system in
guestim. Groundwater models can simulate past and present conditions of the groundwater
systm as well as predictinfgture response to natural (e.g. climate) and anthropogenic stress
(e.g. pumping]Barnett et al 2012) The success of groundwater management and avoidance
of the abovementioned consequences of overexploitation is directly dependent on a good

understanding of the groundwater sysi{g&uonikow and Kendy, 2005)

As groundwater models are simple representatibascomplex reality, thepredictions are
inherently uncertain. Characterisation of the predictive uncertainty provides the decision

maker the insights needed to understand the risks when it comes to groundwater management



(Middlemis et al., 2019)A good characterisation of the predictive uncertainty of a
groundwater model has the potent@increase the likelihood to successfutgmtify

suitable locatias for developing a new groundwater reso\fidiropoulos and Tolikas,

2004) or aid in the design of mine dewatering and provide more robust estimates of
environmental impact of mine operatigi@urrell et al., 2017)A poor understanding of the

risks involved with making decisions around groundwater use can,-easst lead to a

negative impact on the groundwater quantity and/or quality and oftetsresabnsiderable
costswhen remedial actions must be imposed. At best, a poor understanding of the risks
involved may lead to underutilisation of the water resource and thereby missed opportunities

for agricultural or industrial development or town wagepply.

1.1.2 Uncertainties in groundwater models

Uncertainties in groundwater models are generally classified into model structure uncertainty
(incomplete understanding and simplified description of modelled processes), parameter
uncertainty (parameter valuem)d input uncertaintyncluding scenario uncertainty (external
driving forces)Refsgaard et al2006; Vrugt, 2016; Walker et al., 200Paraneter and input
uncertainty can generally be characterised by varying the paramebeput valus

continuously in the interval considered plausible for the walueler consideratio®n the
otherhand dructural uncertainty is characterised by comipguith discrete alternative

model structuredJncertainties of the former are sometimes referred to as aleatory (random
uncertainty) while uncertainties of the latter category are epistemic (arising tthiofla

knowledge)Beven, 2016)

Conceptual uncertainty isdhpart of structural uncertaythat relates to the understanding
of groundwatesystem functioningThe conceptual model definition is one of the first steps
in any groundwater modelling exercise and precedes any effort to mathematically represent

the groundwater system. The conceptnadel provides the underlying assumptions about

Chapter lintroduction 2



domi nating processes and physical structure
model is incorrect, advanced numerical model[lling can only lead to nicely presented

garbageo (Jiao et al., 2005).

1.2 RESEARCH PROBLEM

The hydrogeological conceptualbdelis, in this thesis, considered to dacientific theory

about groundwater system functionidgp pl yi ng a r ¢g@kbhshas20@2k Vvi ewpoi
conceptual model is regarded as an attempt to describe the underlying nature ofutadity,

A

anantir eal i st 6 s v i e wgptndl madel is an instronaent that hedps us make
predictions of observational phenoméRrayurel.1l). Relatedtotheantie al i st 6 s Vvi ewg
the underdetermination of the scientific thed@pnceptual uncertainty concerns the
underdetermination of the conceptual model leading to aniregjitif of conceptual models.

This means that the available evidence can give rise to different conceptual understandings
(Stanford, 2017)This holds true for the hydrogeological conceptual m&leral studies

have shown, that experts presented with the same datxafig come up with different

interpretations of the conceiustructure, e.gBond et al., 2007; Hgjberg and Refsgaard,

2005; Seifert et al., 2012)

Realism approach Anti-realism approach

Conceptual model % Conceptual model
Attempt to describe underlying nature of Instrument that helps us make

reality predictions of observational phenonmena
The truth model exists in the ensemble Many models explain data equally well
Removing models NS Removing models

When model shown to perform worse VAN When model is falsified
than other model

Methods 0. Methods
Model selection = Model testing

Figure 1.1. Realism vs. antiealism aproach toconceptual modellingThe different philosophical understandings of the
conceptual model lead to the application of different methods.

Chapter lintroduction 3



Traditionally in most groundwater modelling siesl only a single conceptual model is
developed, thereby ignoring the conceptual uncertainty. The traditional conceptual model
building approach is essentially a Kuhn cy@&d, 2018) a single paradigm (conceptual
model) will be developed that describes the current understanding. The paradigm will be
challenged by anoabies that will be explained away, but as thenber and severity of
anomalies built up, a crisis (or conceptual surprise) will occur. This crisis will end in a
revolution that then culminates in a paradigm shift (a definition of a new conceptual model).
Kuhn describes the transfafrallegiance from om paradigm to another as an act of will

(based on faith and peer pressure), rather than rationality (based on evidence and reason)
(Okasha, 2002)t happens only slowly and with resistance. This challenges the falsifiability

of a conceptdanodel, which to some degree separates scigapepseudescience.

In recent years the multhodel approach has received increased attention in hydrogeology
e.g.(Mustafa et al., 2020; Rojas &., 2010c; Troldborg et al., 2007 themulti-model

approach the underdetermination of the hydrogeological conceptual model problem is
acknowledged and alternative conceptual models (or paradigms) are evaluated and used to
make predictions. Mosttention in literature has, however, been foduge making

predictions using multiple models, not on how to create a set of multiple models.

To develop a scientific theory, sometingedistinction is made between discovery and
justification. Discovery ishe act of conceiving a theory, while justifica is the process of
justifying its claim to truti{Schickore, 2018)n hydrogeologicatonceptual model building
discovery and justificationan be correlatetb conceptuamodel development and
conceptuamodel testing, respectivelyhese are the two key aspects of the characterisation
and ewaluation of conceptual uncertainty. Conceptuabei development involves

formulation of hypotheses about the groundwater system functioning, while conceptual model

Chapter lintroduction 4



testing consists of holding these hypotheses against data to evaluate their validity. In th

following, these two aspects are discussed.

The objective of a groundwater model has an influence on how uncertainties should be dealt
with (Middlemis et al., 2019)n the following sections we will differentiate between

prediction focused and exploration focussed groundwater modelling. In prediction focused
approaches, the objective isrtake predictions answering management questfegen ad
Gordick, 2005)while in exploration focused approaches the objective is to gain a better
system understanding without an immediate management question ifHemaanset al.,

2015)

1.2.1 Model development

The objective of the model development approach in an exploration focussed exercise is to
populate the model space with all plausible models, while in a prediction foamz®adcht

is to populate the model sgawith all useful models.e. those relevant to the prediction

When exploring the model space for all plausible models, the model development should aim
at making bold hypotheses that maximizes the difference between alternative models
(Guillaume et al., 2016)r'he models that are useful orfiir-purpose are those of the

plausible models that have a greapact on a specific predictio(Beven, 2018)

When the definition of the conceptual model is limited to the qualitative, fundamental
understanding and insight into a systdmeoretcally it maybe possible to populate the entire

plausible model spachowever it is not practically possible

No practical guidelines exist to systematically characterise conceptual uncertainty. In fact, in
philosophy of science it is discussed whetheract of discovery can even be systematic
(Schickore, 2018)The condition that conceptuancertainty can only be characterised by

setting of discrete alternatives rather than as a continuous rariges indifficult to handle.
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The result of the mukmodel approach is generally thought to rely on the creativity of the
modeller or expert@Marshall, 2017}o develop alternative models. The creativity of a
modeller will always be limited by confirmation bias, thathis way we interpret data is
always biased by our initial understanding. The modeller may be unaivasenmittingto a
conceptual understandjreven before the data is interpreted and the translation of
conceptualization to mathematical model structurghtnéven happen informally. Therefore
the ensemble of models in a mutiodel approach is thought to be a result of subjectiveness

and even chace(Gondwe et al., 2010; Rajabi et al., 2018; Refsgaard et al.,.2006)

As it is not practially possible to populate the plausible model space, it will consist of known
unknowns and unknown unknowrihe known unknown conceptual mosleéfer to models

that we can develop, but which we are unable to discriminate between given current data. The
unknown unknown conceptual models are the plausible conceptual models that we are still

unaware of.

When an unknown unknown is uncovered itfieio termed a conceptual surprise
(Bredehoeft, 2005However, rather it would be a surprise if we in our first attempt were

successful in developing the true conceptinderstanding.

A conceptual surprise related to the physical structure could lasttwveryof a fault

creating a barrier to groundwatéow. Another example is finding palaeovalleyhatcreaes

a direct pathway from the surface to deeper aquif@raceptual surprises related to the
process structure could mentifying point-based groundwaters the maimechargerocess
rather than dfuserecharge or finding evidence for a previously undetected groundwater
discharge component to a lake watdabee.The unknown unknowns may affect predictions
such as catchment areas of wells, the vulnerability of the aquifers towards contamirghtion an

the sustainable extraction limit from aquifers. Surprises are however, rarely documented in
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literature due to @sitive publication biagBeven, 2018)that is papers are more likely lbe

accepted for publication if they report successful models.

A general advice to alternative model development is that in addition to be collectively
exhaustive they must be mutually exclusiRefsgaard et al., 201.2The mutually exclusive,
collectively exhaustive concepts alfastrated inFigurel.2. The grey boxes represent the
underdetermined, plausible model space that is populated with alternative models represented
by the coloured @xes through the model development exercise. The alternative models are
mutually exclusive when they do not overlap (representingavenlapping ideas)hey are
collectively exhaustive when they cover the entire model space. The remainder of the model
space that is not populated is represented by unknown unknown conceptual models. The
alternative models populating the model space give rise to alternative predictions. The range
of the predictions (on the-axis) illustrates the uncertainty given the cutierowledge. The
aleatory uncertainty is here represented for each model by a normal distribution, but it could
have any other probability distribution. The conceptual uncertainty is represented by the

different models illustrated with different colours.

In Figurel.2a a mutually exclusive and collectively exhaustive range of models has been
developed. This situation is not realistic as there will always be valid coateptu
understandings that we are just not aware ofn ifwe were able to define a collectively
exhaustive range of models, it would be difficult to prove that no other plausible model

existed.

When the range of models is not collectively exhaustigufe1.2b), that is all plausible
models have not been developed, the resulting predictions are underestimating the conceptual

uncertainty. As illustrated iRigure1.2b, the predictions may also be biased. In groundwater
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modelling it is generally understood that onsidering the uncertainties on predictions only

provides the illgion of certaintfPappenberger and Beven, 2006; Pielke, 2001)

When models are not mutually exclusi¥gurel.2c), in that they represent similar ideas,

they give rise to simdlr predictions. When predictions are based on manymotually

exclusive models, a false confidence in these predictions can arise because they are based on
many models. The confidence is false as one may expect more of the model space has been
charactesedby the many models, but as is illustratedrigure1.2c, this may not be the

case.

In summary, a systematic model development process is important becansel¢tier

defines the set of plausible conceptual models that fieenbasis for the uncertainty analysis.
These are the initial decisions in the modelling that drives where the predictions will end up.
For modelling studies to be reliable, a clear patmfdata to results must be mapped. This
implies that any assumptionade in the modelling process must be justified by either data or
a clear identification of the reasoning behind the assumptions. This leads to increased
transparency in reportinghich males the work more defensibM/hile this framework is
generally apjed, most groundwater modelling studies fail to explain why no other

conceptualisations are plausible.
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a) \/ Mutually Exclusive A b) \/ Mutually Exclusive X Mutually Exclusive

\/ Collectively Exhaustive X Collectively Exhaustive X Collectively Exhaustive

Probability

Prediction
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| e e e e e e I | e o e e e e e = |
Model space Model space Model space
Model 1 Model 4 Model 7 - MECE prob
Model 2 Model 5 Model 8 ~—— Estimated prob
Model 3 Model 6 Model 9

Figure 1.2. Multiple conceptual modein the model space (bottom) and predictions one can expeotaio érom

alternative models (top). Mutually exclusive (rmrerlapping models in the model space), collectively exhaustive
(alternative models fill out the entire model space) (MECE) nsaate illustrated in a) which is the unobtainable goal of the
mode development process. b) mutually exclusive;calectively exhaustive models may underestimate uncertainty and
lead to biased predictions. c) alternative models that are not mutuallyséxe may lead to very similar predictions and
thereby a false adidence in the result.

1.2.2 Model testing

In amodel testing exercise the understanding that we have developed is challenged by
comparing the model with new data not previously used in thelrdedelopment. In
hydrogeol ogy this i sodelmeuvdlmedatriedred,r eal ttho wa
avoided here as it implies the result of the exercise and that models can actually be validated
(Oreskes eal., 1994) The objective of model testing is to gain confideircthe developed
models. A nice side effect is that we may be able to reject some models, which is sometimes
considered even more valualgBeven, 2018; Hunt and Welter, ZI)1Rejecting models

reduces the uncertainty of predictions #imelworkload for future modelling exercises in the
area as one less conceptual model will have to be considered, i.e. if model testing shows
preferential recharge to an aquifer is not pldawe do not need to consider this in future

modelling exercises
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Some concepts related to model testing are illustratEdyure1.3. Again, the grey box

represents the plausible model space, while the coloured ones represent alternative models. In
a successful model testing exercise, sorodets that were otherwise plausible, will be

rejected because they are inconsistent with thmgedata. Fronfigurel.3a toFigurel.3b

two models are rejected thereby redgdie plausible model spaaad the predictive

uncertainty of groundwater models based on the defined conceptual model.

In the exploration focused approach, we can afford to take arealisit viewpoin{Okasha,

2002)in that we believe many models can explain ¢aigurel.1). However,n a prediction
focused approach, we are often pushed to take a realist viewpoint; that some of these models
are better than others. We are pushed towards themmeasvpoint as the problem otherwise
becomes too computational expensive (e.g. Mustaf@)202hat makes some models better

than others is, however, still controversial.

In prediction focussed groundwater modellingpdels are consequently sometimes resaov

from a model ensemble even if they are still considered plausible. Here the usefigl anede
separated from models that are not useful. Whether models are useful often depends on the
objective of the model workflow. The choice of models to be remawed the ensemble is
based on an intercomparison of model performance, e.g. with a misbsicsetechnique or

a Bayes FactqiBrunetti et al., 2017; Poeter and Anderson, 2006Lhapter 3 we apply this
approach and try to remove moslélom the ensemble by setting a threshold on the Bayes

Factor.

In an exploration focussgeapproach however, models are only removed from the ensemble if
they are inconsistent with data, i.e. the consistent models are separated from models that are
incongstent. The models are compared directly to data rather than to each other. We apply

thisapproach in Chapter 4 where a Bayesian framework is combined with a falsification type
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approach. The falsification type approach consists of checking the modelst again

independent data and rejecting models that are inconsistent.

Models that are not elimated from the ensemble are confirmed conditional on the available
data(Beven and Young, 2013n an exploratory analysidh¢ more data the model is tested
against the more certainty we can have that the model is likely going-twreet.In a

prediction focussed approach the data dsetesting might be restricted by the modelling

objective.

Theoretically all models angrong in that they are all very crude simplifications of reality,
but the conditionally confirmed models are wrong within reasonable limits. They represent

the modelghat are best suited to represent different aspects of the system.

Modelbased hypothestgsting is limited by confirmation holism, that is we can only test
collections of hypotheses and not individual hypotheses. If a model is found to be inconsistent
with data, we will not know if the fault lies with the hypothesis we sought to test or

somevhere else in the model. A hypothesis can therefore also only be conditionally rejected
based on the assumptions made elsewhere in the model. In the model testiaghegsoin

Chapter 3 and 4 we have focused on very simple models. As simple modelsWeve fe
assumptions, the assignment of the fault of a rejected model to the correct hypothesis is more

likely than in a complex model with many assumptions.

In case albdeveloped models are rejectétgurel.3c), a conceptual surpasas been

uncovered. That is, none of the models in the ensemble are consistent with the data. A
conceptual surprise should ideally lead to a complete overhaul aftbeptualization,

rethinking the entire model structure. However, as this requiresaticheffort, sometimes

the data that doe®t conform to our expectations is discounted unconsciously or the model is

slightly changed through an-dxc modification taconform to the dta. The latter approach
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can be taken because of confirmation holise,the fault is thought to lie somewhere glse
notin the conceptual understanding. This is a convenient assumption as starting the

modelling process over from the beging is avoided.

In summarymodel testing approaches are important because thepaaase the confidence

in the models resulting from the model development exercise. Model testing in hydrogeology

is, however, still relatively rare. In many of the sasdreviewed in Chapter 2 alternative

plausible models are removed from an ensemblewiut bei ng falsified (r
andeven fewer studiesnly remove models from the ensemble if they are falsified-(anti

real i st s Biguehl) iThisaneans) deveéloped models are rarely justified using
independentt at a. Whil e we still dondt have a syste
discovery, we need to applysgstematic justification approach to make the groundwater

modelling workflow a rational, logical process.

A a) A b) A ©

<
(\t\/ SR >j
% W P U
& _ NS
@
T P K\\B ___________ \j
- | | I ]
o i ) ! 1
= ! g | ! vl &=
! o ! I
: _________________ 1 : tomsmssmme s e e I > \‘ | |
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Figure 1.3. Influence of conceptual model testing on the plausible model space and predictiontua)y exclusive but not
collectively exhaustive alternative models developed through a model development exercise. b) The result of a testing
exercise where two models have been rejected from the initial ensemble in a), thereby reducing the plalsisigac®

and range of predictions. c) All models from a) are rejected and a new model has therefore been defined; the conceptual
surprise. Note thgparts of the model space may still be unknown although a conceptual surprise has been uncovered.
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1.3 FIELD SITE AND DATA COLLECTION

The methods presented in this thesis have been applied to Wildman River area, Northern
Territory, Australia Figurel.4). Two major investigationsn Wildman River area have been
undertaken in recent years by the Department of Natural Resources in Northern Territory
(Tickell and Zaar, 2017gnd CSIRO as part of the Northern Australia Water Resource
Assessment (NAWRA(Turnadge et al., 2018ajhe aim of both was to evaluate and
improve understanding of the water resources as well as identifying areas suitable for
groundwater dependent agricultural developmBIfWRA further assessed the impact and

risks of water resource and irrigation development by using a groundwater model.

Wildman River area

DS

[ Cadaster

- Streams

[ Sinkhole-like depressions
* Field sites

)y i il |
A Lknh—, 0 25 50 75 100

Topography [masl]

Figure 1.4. Overview of Wildman Riverea located in Northern Territory (NT), Australia. The field sites for the for Chapter
4 are marked with blue stars.

Chapter lintroduction 13



TheWildman River area was chosen as a case study for this thesis as the area still has
potentially important hydrogeological featuresttimay impact the susceptibility of shallow
groundwater to developments at the surface. These features, i.e. the degree of surface water
groundwater interactions via streams and sinkhikéedepressions, have been the subject of
previous research but sal open questions remain regarding their hydrogeological
conceptualisation. Some of these conceptual questions related to the water balance of the
Wildman Riverareaare addressed in Chapter 3, while the structure and functioning of

sinkholelike depres®ns are addressed in Chapter 4.

As part of Chapter 3, a field trip to Wildm&iver aregFigurel.5) was conducted to collect
water level measurements and to getraegal hydrological and hydrogeological

understanding of the are@ second field trip was conducted to collect essential data to
investigate the sinkholikke depressions (Chapter 4). Refraction seismic data, frequency
domain electromagnetic induction (CMiata), sediment samples, water levels, topography
and 366degre= photos were collected for five depressions, although not all the data was used

in Chapter 4.

Figure 1.5. Field trips to Wildman River area. Collecting water level measurements (left), sedimergsémigdle) and
seismic refraction data (right).
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1.4 RESEARCH AIM

Even if conceptual uncertainty is considered a major source of uncertainty in most
groundwater moelling studies, no systematic approach exits to characterise and evaluate
conceptual uncertaint A systematic approach to evaluating conceptual uncertainty is
necessary to increase the transparency and reproducibility of the groundwater modelling
processaand minimize the underestimation of uncertainty of model predictions. The aim of
this thesis iso make conceptual model development and testing approaches in the multi
model approach more accessible by developing workflows that collectively provide a

compehensive, objective, and repeatable workflow to develop and test conceptual models.

While thefocus of the application of the conceptual model uncertainty workflow is on a
hydrogeological system, conceptual uncertainty is not specific to hydrogeolsmghtéfrom
this thesis can be transferred to other mddeled disciplines where assumptiongioe

modelled system functioning are necessary like economy, biology and meteorology.
The specific aims of the thesis are to:

1. Identify current approaches, tyniscattered insights and improve the methodology of
hydrogeological conceptual model developini®r characterisation of conceptual
uncertainty.

2. ldentify current approaches, unify scattered insights and imphexreethodology of
hydrogeological concepailmodel testing to increase confidence in conceptual models
and subsequent groundwater flowaeboutputs

3. Increasenydrogeologicsystem understandiraf key featuresn Wildman Riverarea

such as the water balance and the recharge progegsplying aproaches 1 and 2.

The way the aims of this thesis maps to the thesis structure is presehaddein 1.

1.5 STRUCTURE OF THIS THESIS
Chapter Zorovides an overview of how conceptual uncertainty have been considered and

evaluated in international literature. Ttleaptergoes beyond just reviewing the literature by
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defining fa the hydrogeological community an essential future pathway for singilatin
conceptual uncertaintyt focuses on the conceptuaicertainty in hydrogeological models,
the presented concepts are however generally applicable to alttgpagioral dynamical
environmental systems models. This chapter has been published in thevim&ed Journal

of Hydrology(Enemark et al., 2019a)

Chapter 3 presents an approach to mbdsked Bayesian hypothesis testing in a simple
additive stochastic groundwater balance model, which involves optimization of a model in
function of both parameter values and conceptual model throughdiraessionbsampling.

The method was demonstrated on a water balance model for the Wildman River area.
Although none of the conceptual models could be rejected, more confidence was gained in
the water balance predictianbhis chapter has been publishedhe peetreviewed journal

Water(Enemark et al., 2019b)

Chapter 4 proposes an approachystematic hydrogeological conceptual model
development and testing. The method is applied to the Wildman River area where sinkhole
like depressions are testesing remote sensing and geophgkitatato evaluate whether

they can act asonduits forecharge. Despite focussing on a very specific conceptually
uncertain component in Wildman River area, the presented methodology on systematically
testing conceptual models is generally applicaBlapter 5 isubmitted tdhe peereviewed

journal Water Resgrces Research.

Chapter 5 summarises and infer conclusions from the thesis chapters and provides an outlook

for applications and future investigations.

TheappendiceA-C provide chapter speaifiadditional information for chap®B-5, while

Appendix D provides aublicationlist resulting fom thePhD project.
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Tablel.1. Overview of thesis structur&¢ctionl.4) in relation to the research aimSéctionl.4).

Research aim 1 |

Research aim 2

Research aim 3

general literature review
and drawing analogies t(

the study site.

a framework to model
testing using an anti
realism approach.

Chager 2 | Identify current approaches, unify scattered
insights, identify current challenges.

Chapter 3 | Mutually exclusive Realism approach. Improve confidence in
models in fatorial Making testing more | water balance.
approach based on stud| accessible by applying
site specific literature simple water balance
review. model.

Chapter 4 | Mutually exclusive Anti-realismapproach. | Improve
models in factorial Making testing more | conceptualization of
approach basesh accessible by presentir sinkholelike

depressions.
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Chapter 2: HydrogeologicalConceptual Model

Building and Testing: A Review

Trine EnemarkLuk JM PeetersDirk Mallants Okke Batelaan

Published inJournal ofHydrology

LEnemark, T., Peeters, L. J. M., Mallants, D., & Batelaan, O. (2019). Hydrogeologicaptwal model
building and testing: A review. Journal of Hydrology, 569. https://doi.org/10.1016/j.jhydrol.2018.12.007



2.1 ABSTRACT

Hydrogeological onceptuamodels are collections of hypothesiescribing the
understanding of groundwater systeamdthey areconsidered one of the major sources of
uncertainty igroundwater flow and transpartodelling.A commonmethod for
characterizing the conceptual uncertainty is the amuttdel approach, where alternative
plausibleconceptual models are develogedl evalated This reviewaims togive an
overview of howmultiple alternative models have been developestedandused for
predictions in the mukimodel aproach in international literature amalidentify the

remaining challenges.

The review shows that onhfew guidelines for developing the multiple conceptual models
exist, andheseare rarely followed. The challenge of generatimgudually exclusive and
collectively exhaustiveange of plausible modeisyetto be solvedRegarding conceptual
model testing,the reviewed studies show that a challenge resiaifinding data that i®oth

suitableto discriminate between conceptual modwaid relevanto the model objective

We argue thathere is a need f@ systematic approach to conceptual model building where
all aspects of conceptuadiion relevant to the study objective are covefaat.each

conceptual issuigentified alternative models representing hypotheses that are mutually
exclusive should bdefined. Using a systematjhypothesidasedapproachincreases the
transparency in the modelling workflow atiereforethe confidence in the final model
predictionswhile also anticipating conceptual surpriséile the focus of this review is on
hydrogeological applications, the concepts and challenges concerning model building and

testing areapplicable tespatictemporal dynamical environmental systems moutetgeneral
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2.2 INTRODUCTION

Groundwater modedonceptualizatioms a crucial first step in grundwater model
developmenf{Anderson et al., 20154} provides a systematic, internally consistent overview
of system boundaries, properties and processes relevant to the research, dquiekfingthe

gap between hydrogeologicdiaracteriation and groundwater modelling.

As theconceptualizations relatedo the fundamentals of the problem definition, it is
considered one of the major sources of uncertaintyimericalgroundwater modelling
(Gupta et al.2012) Estimating parameters through calibration with madequateconceptual
modelmay lead tdiased parameter valu@@oherty and Welter, 2010Biased parameter
values are especially problematic whextrapolating to predictions that areadifferent type
than the calibration data, represaulifferent stress regimey have donger timeframe than
thecalibration periodWhite et al., 2014)Not accounting for conceptual model uncertainty
can potentially greatly underestimate total uncertainty and give false confidence in model

results as viudly illustrated inBredehoef(2005)

To developconceptual mods] two maja approaches have been traditionally appli@dhe
consensus model approg@rassington and Younger, 201@)d(ii) the multtmodel
approach{Neuman and Wierenga, 2008)gure2.1). The development of conceptunodels

is based on the available geological and hydrologidafmation, whichare observed data

such as water levels, borehole information and tracer concentrations, but often also include a

component of soft knowledge, such as geological insigregmert interpretation.
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Figure 2.1. Iterative process for the conceptual modelling process via the consensus emouétiapproachModified
from Environment Agenc§2002)and Suzuki et al. (2008 ach model test stepvolvesintroducing new data and thereby
identifying newplausiblemodés uncovering conceptual surprisesd rejecing other models that are inconsistavith the
new data.

In thesingle consensusonceptual model approaeah available observations and knowledge
is iteratively integratethto a single conceptual mod@arnett et al., 2012; I1zady et al.,
2014) providing astaircase of confidend&edeon et al., 2013)n this casgthe conceptual
model represents the current consensus on system beh@nassington and Younger,

2010)

As illustrated inSchwartz et ali2017) conceptual model uncertainty is generally accounted
for in the consensus approach by increasing the complexity of the rimmdleasing

complexity effectively turns conpéual model uncertainty into parameter uncertainty by
adding more processes to thedaband/or increasing resolution in space and time. Increasing
the degrees of freedom means that-nnmueness increaseshichis often balanced through
optimal model coplexity favouiing the simplest model that can adequately reproduce
historical condibns(Young et al., 1996)The main advantage is thatamprehensively
capturexonceptual issues in the model. The ndrewback is that models quickly become

intractable and too computatialty demandingo carry out parameter inferen@mother
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