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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 

understanding 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 groundwater 

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 methodology of hydrogeological 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 initial decisions 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 hypotheses about the model structure, challenging what was considered 

possible for the system, in order to give more transparent explanation of which model 

structures were considered possible.  

Conceptual model testing consists of holding the developed models against data 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 time-consuming task but can happen in relatively simple 

forward models. We advocate for reserving as much data as possible for the model testing 
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exercise rather than using all data for model development in order to be able to explain why 

no other conceptual models are plausible.  

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 second aspect of the investigation is the 

connectivity of sinkhole-like 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 

model development 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 management and 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 industrial processes, to facilitate mining and 

coal seam gas extraction and to sustain the environment. Increased groundwater pumping 

raises the question of the sustainability of this resource (Giordano, 2009). Exploiting the 

groundwater system, can lead to negative impacts such as aquifer depletion (Terrell et al., 

2002), land subsidence resulting from dewatering and depressurization of an aquifer (Dixon 

et al., 2006), seawater intrusion causing bores to be contaminated by saltwater (Post, 2005) 

and destabilization of groundwater dependent ecosystems, directly impacting biodiversity (de 

Graaf et al., 2019).  

Groundwater models are widely applied for groundwater management to guide decision 

making as they serve as a simple but practical representation of the groundwater system in 

question. Groundwater models can simulate past and present conditions of the groundwater 

system as well as predicting future 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 above-mentioned consequences of overexploitation is directly dependent on a good 

understanding of the groundwater system (Konikow and Kendy, 2005). 

As groundwater models are simple representations of a complex reality, their predictions 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 
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(Middlemis et al., 2019). A good characterisation of the predictive uncertainty of a 

groundwater model has the potential to increase the likelihood to successfully identify 

suitable locations for developing a new groundwater resource (Sidiropoulos and Tolikas, 

2004), or aid in the design of mine dewatering and provide more robust estimates of 

environmental impact of mine operations (Currell et al., 2017). A poor understanding of the 

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

negative impact on the groundwater quantity and/or quality and often results in considerable 

costs when 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 water supply. 

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 values) and input uncertainty including scenario uncertainty (external 

driving forces) (Refsgaard et al., 2006; Vrugt, 2016; Walker et al., 2003). Parameter and input 

uncertainty can generally be characterised by varying the parameters or input values 

continuously in the interval considered plausible for the values under consideration. On the 

other hand, structural uncertainty is characterised by coming up with discrete alternative 

model structures. Uncertainties of the former are sometimes referred to as aleatory (random 

uncertainty) while uncertainties of the latter category are epistemic (arising from lack of 

knowledge) (Beven, 2016).  

Conceptual uncertainty is that part of structural uncertainty that relates to the understanding 

of groundwater system functioning. The 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 conceptual model provides the underlying assumptions about 
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dominating processes and physical structure in the groundwater model, so ñIf the conceptual 

model is incorrect, advanced numerical model[l]ing can only lead to nicely presented 

garbageò (Jiao et al., 2005).  

1.2 RESEARCH PROBLEM  

The hydrogeological conceptual model is, in this thesis, considered to be a scientific theory 

about groundwater system functioning. Applying a realistôs viewpoint (Okasha, 2002), a 

conceptual model is regarded as an attempt to describe the underlying nature of reality, while 

an anti-realistôs viewpoint is that the conceptual model is an instrument that helps us make 

predictions of observational phenomena (Figure 1.1). Related to the anti-realistôs viewpoint is 

the underdetermination of the scientific theory. Conceptual uncertainty concerns the 

underdetermination of the conceptual model leading to an equifinality 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 model. Several studies 

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

interpretations of the conceptual structure, e.g. (Bond et al., 2007; Højberg and Refsgaard, 

2005; Seifert et al., 2012).  

 

Figure 1.1. Realism vs. anti-realism approach to conceptual modelling. The different philosophical understandings of the 

conceptual model lead to the application of different methods.  
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Traditionally in most groundwater modelling studies, only a single conceptual model is 

developed, thereby ignoring the conceptual uncertainty. The traditional conceptual model 

building approach is essentially a Kuhn cycle (Bird, 2018): a single paradigm (conceptual 

model) will be developed that describes the current understanding. The paradigm will be 

challenged by anomalies that will be explained away, but as the number 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 transfer of allegiance from one paradigm to another as an act of will 

(based on faith and peer pressure), rather than rationality (based on evidence and reason) 

(Okasha, 2002). It happens only slowly and with resistance. This challenges the falsifiability 

of a conceptual model, which to some degree separates science from pseudo-science.  

In recent years the multi-model approach has received increased attention in hydrogeology 

e.g. (Mustafa et al., 2020; Rojas et al., 2010c; Troldborg et al., 2007). In the multi-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. Most attention in literature has, however, been focused on making 

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

To develop a scientific theory, sometimes a distinction is made between discovery and 

justification. Discovery is the act of conceiving a theory, while justification is the process of 

justifying its claim to truth (Schickore, 2018). In hydrogeological conceptual model building 

discovery and justification can be correlated to conceptual model development and 

conceptual model testing, respectively. These are the two key aspects of the characterisation 

and evaluation of conceptual uncertainty. Conceptual model development involves 

formulation of hypotheses about the groundwater system functioning, while conceptual model 
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testing consists of holding these hypotheses against data to evaluate their validity. In the 

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). In the following sections we will differentiate between 

prediction focused and exploration focussed groundwater modelling. In prediction focused 

approaches, the objective is to make predictions answering management questions (Feyen and 

Gorelick, 2005) while in exploration focused approaches the objective is to gain a better 

system understanding without an immediate management question in mind (Hermans et 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 focussed approach it 

is to populate the model space with all useful models, i.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). The models that are useful or fit-for-purpose are those of the 

plausible models that have a great impact on a specific prediction (Beven, 2018).  

When the definition of the conceptual model is limited to the qualitative, fundamental 

understanding and insight into a system, theoretically it may be possible to populate the entire 

plausible model space, however, it is not practically possible.  

No practical guidelines exist to systematically characterise conceptual uncertainty. In fact, in 

philosophy of science it is discussed whether the act of discovery can even be systematic 

(Schickore, 2018). The condition that conceptual uncertainty can only be characterised by 

setting of discrete alternatives rather than as a continuous range, makes it difficult to handle. 
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The result of the multi-model approach is generally thought to rely on the creativity of the 

modeller or experts (Marshall, 2017) to develop alternative models. The creativity of a 

modeller will always be limited by confirmation bias, that is the way we interpret data is 

always biased by our initial understanding. The modeller may be unaware of committing to a 

conceptual understanding even before the data is interpreted and the translation of 

conceptualization to mathematical model structure might even happen informally. Therefore 

the ensemble of models in a multi-model approach is thought to be a result of subjectiveness 

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

As it is not practically possible to populate the plausible model space, it will consist of known 

unknowns and unknown unknowns. The known unknown conceptual models refer 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 it is often termed a conceptual surprise 

(Bredehoeft, 2005). However, rather it would be a surprise if we in our first attempt were 

successful in developing the true conceptual understanding. 

A conceptual surprise related to the physical structure could be the discovery of a fault 

creating a barrier to groundwater flow. Another example is finding a palaeovalley that creates 

a direct pathway from the surface to deeper aquifers. Conceptual surprises related to the 

process structure could be identifying point-based groundwater as the main recharge process 

rather than diffuse recharge or finding evidence for a previously undetected groundwater 

discharge component to a lake water balance. The unknown unknowns may affect predictions 

such as catchment areas of wells, the vulnerability of the aquifers towards contamination and 

the sustainable extraction limit from aquifers. Surprises are however, rarely documented in 
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literature due to positive publication bias (Beven, 2018), that is papers are more likely to be 

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 exclusive (Refsgaard et al., 2012). The mutually exclusive, 

collectively exhaustive concepts are illustrated in Figure 1.2. The grey boxes represent the 

underdetermined, plausible model space that is populated with alternative models represented 

by the coloured boxes through the model development exercise. The alternative models are 

mutually exclusive when they do not overlap (representing non-overlapping ideas). They 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 x-axis) illustrates the uncertainty given the current knowledge. 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 Figure 1.2a a mutually exclusive and collectively exhaustive range of models has been 

developed. This situation is not realistic as there will always be valid conceptual 

understandings that we are just not aware of yet. Even if we 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 exhaustive (Figure 1.2b), that is all plausible 

models have not been developed, the resulting predictions are underestimating the conceptual 

uncertainty. As illustrated in Figure 1.2b, the predictions may also be biased. In groundwater 
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modelling it is generally understood that not considering the uncertainties on predictions only 

provides the illusion of certainty (Pappenberger and Beven, 2006; Pielke, 2001). 

When models are not mutually exclusive (Figure 1.2c), in that they represent similar ideas, 

they give rise to similar predictions. When predictions are based on many non-mutually 

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 

characterised by the many models, but as is illustrated in Figure 1.2c, this may not be the 

case.  

In summary, a systematic model development process is important because the modeller 

defines the set of plausible conceptual models that form the basis 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 path from data to results must be mapped. This 

implies that any assumption made 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 reporting which makes the work more defensible. While this framework is 

generally applied, most groundwater modelling studies fail to explain why no other 

conceptualisations are plausible. 
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Figure 1.2. Multiple conceptual models in the model space (bottom) and predictions one can expect to obtain from 

alternative models (top). Mutually exclusive (non-overlapping models in the model space), collectively exhaustive 

(alternative models fill out the entire model space) (MECE) models are illustrated in a) which is the unobtainable goal of the 

model development process. b) mutually exclusive, non-collectively exhaustive models may underestimate uncertainty and 

lead to biased predictions. c) alternative models that are not mutually exclusive may lead to very similar predictions and 

thereby a false confidence in the result.  

1.2.2 Model testing 

In a model testing exercise the understanding that we have developed is challenged by 

comparing the model with new data not previously used in the model development. In 

hydrogeology this is sometimes referred to as ñmodel validationò, although this term is 

avoided here as it implies the result of the exercise and that models can actually be validated 

(Oreskes et al., 1994). The objective of model testing is to gain confidence in the developed 

models. A nice side effect is that we may be able to reject some models, which is sometimes 

considered even more valuable (Beven, 2018; Hunt and Welter, 2010). Rejecting models 

reduces the uncertainty of predictions and the workload 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 probable, we do not need to consider this in future 

modelling exercises.  
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Some concepts related to model testing are illustrated in Figure 1.3. Again, the grey box 

represents the plausible model space, while the coloured ones represent alternative models. In 

a successful model testing exercise, some models that were otherwise plausible, will be 

rejected because they are inconsistent with the testing data. From Figure 1.3a to Figure 1.3b 

two models are rejected thereby reducing the plausible model space and the predictive 

uncertainty of groundwater models based on the defined conceptual model.  

In the exploration focused approach, we can afford to take an anti-realist viewpoint (Okasha, 

2002) in that we believe many models can explain data (Figure 1.1). However, in 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 the realism viewpoint as the problem otherwise 

becomes too computational expensive (e.g. Mustafa 2020). What makes some models better 

than others is, however, still controversial.  

In prediction focussed groundwater modelling, models are consequently sometimes removed 

from a model ensemble even if they are still considered plausible. Here the useful models are 

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 removed from the ensemble is 

based on an intercomparison of model performance, e.g. with a model selection technique or 

a Bayes Factor (Brunetti et al., 2017; Poeter and Anderson, 2005). In Chapter 3 we apply this 

approach and try to remove models from the ensemble by setting a threshold on the Bayes 

Factor.  

In an exploration focussed approach 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 

inconsistent. The models are compared directly to data rather than to each other. We apply 

this approach in Chapter 4 where a Bayesian framework is combined with a falsification type 



 

Chapter 1: Introduction  11 

 

approach. The falsification type approach consists of checking the models against 

independent data and rejecting models that are inconsistent. 

Models that are not eliminated from the ensemble are confirmed conditional on the available 

data (Beven and Young, 2013). In an exploratory analysis, the more data the model is tested 

against the more certainty we can have that the model is likely going to be correct. In a 

prediction focussed approach the data used for testing might be restricted by the modelling 

objective.  

Theoretically all models are wrong in that they are all very crude simplifications of reality, 

but the conditionally confirmed models are wrong within reasonable limits. They represent 

the models that are best suited to represent different aspects of the system. 

Model-based hypothesis testing 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 

somewhere 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 testing approaches in 

Chapter 3 and 4 we have focused on very simple models. As simple models have fewer 

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 all developed models are rejected (Figure 1.3c), a conceptual surprise has 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 of the conceptualization, 

rethinking the entire model structure. However, as this requires time and effort, sometimes 

the data that does not conform to our expectations is discounted unconsciously or the model is 

slightly changed through an ad-hoc modification to conform to the data. The latter approach 
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can be taken because of confirmation holism, i.e. the fault is thought to lie somewhere else, 

not in the conceptual understanding. This is a convenient assumption as starting the 

modelling process over from the beginning is avoided.  

In summary model testing approaches are important because they can increase the confidence 

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

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

plausible models are removed from an ensemble without being falsified (realistsô approach) 

and even fewer studies only remove models from the ensemble if they are falsified (anti-

realistsô approach) (Figure 1.1). This means developed models are rarely justified using 

independent data. While we still donôt have a systematic approach to model development or 

discovery, we need to apply a systematic justification approach to make the groundwater 

modelling workflow a rational, logical process. 

 

Figure 1.3. Influence of conceptual model testing on the plausible model space and predictions. a) mutually 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 plausible model space 

and range of predictions. c) All models from a) are rejected and a new model has therefore been defined; the conceptual 

surprise. Note that parts of the model space may still be unknown although a conceptual surprise has been uncovered.  
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1.3 FIELD SI TE AND DATA COLLECTION  

The methods presented in this thesis have been applied to Wildman River area, Northern 

Territory, Australia (Figure 1.4). Two major investigations in Wildman River area have been 

undertaken in recent years by the Department of Natural Resources in Northern Territory 

(Tickell and Zaar, 2017) and CSIRO as part of the Northern Australia Water Resource 

Assessment (NAWRA) (Turnadge et al., 2018a). The aim of both was to evaluate and 

improve understanding of the water resources as well as identifying areas suitable for 

groundwater dependent agricultural development. NAWRA further assessed the impact and 

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

 

Figure 1.4. Overview of Wildman River area located in Northern Territory (NT), Australia. The field sites for the for Chapter 

4 are marked with blue stars.  
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The Wildman River area was chosen as a case study for this thesis as the area still has 

potentially important hydrogeological features that may impact the susceptibility of shallow 

groundwater to developments at the surface. These features, i.e. the degree of surface water ï 

groundwater interactions via streams and sinkhole-like depressions, have been the subject of 

previous research but several open questions remain regarding their hydrogeological 

conceptualisation. Some of these conceptual questions related to the water balance of the 

Wildman River area are addressed in Chapter 3, while the structure and functioning of 

sinkhole-like depressions are addressed in Chapter 4.  

As part of Chapter 3, a field trip to Wildman River area (Figure 1.5) was conducted to collect 

water level measurements and to get a general hydrological and hydrogeological 

understanding of the area. A second field trip was conducted to collect essential data to 

investigate the sinkhole-like depressions (Chapter 4). Refraction seismic data, frequency 

domain electromagnetic induction (CMD data), sediment samples, water levels, topography 

and 360-degree 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), sediment samples (middle) 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 modelling studies, no systematic approach exits to characterise and evaluate 

conceptual uncertainty. A systematic approach to evaluating conceptual uncertainty is 

necessary to increase the transparency and reproducibility of the groundwater modelling 

process and minimize the underestimation of uncertainty of model predictions. The aim of 

this thesis is to make conceptual model development and testing approaches in the multi-

model approach more accessible by developing workflows that collectively provide a 

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

While the focus of the application of the conceptual model uncertainty workflow is on a 

hydrogeological system, conceptual uncertainty is not specific to hydrogeology. Insights from 

this thesis can be transferred to other model-based disciplines where assumptions on the 

modelled system functioning are necessary like economy, biology and meteorology.  

The specific aims of the thesis are to:  

1. Identify current approaches, unify scattered insights and improve the methodology of 

hydrogeological conceptual model development for characterisation of conceptual 

uncertainty.  

2. Identify current approaches, unify scattered insights and improve the methodology of 

hydrogeological conceptual model testing to increase confidence in conceptual models 

and subsequent groundwater flow model outputs.  

3. Increase hydrogeologic system understanding of key features in Wildman River area 

such as the water balance and the recharge process by applying approaches 1 and 2.  

The way the aims of this thesis maps to the thesis structure is presented in Table 1.1.  

1.5 STRUCTURE OF THIS THESIS 

Chapter 2 provides an overview of how conceptual uncertainty have been considered and 

evaluated in international literature. The chapter goes beyond just reviewing the literature by 
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defining for the hydrogeological community an essential future pathway for simulating 

conceptual uncertainty. It focuses on the conceptual uncertainty in hydrogeological models, 

the presented concepts are however generally applicable to all spatio-temporal dynamical 

environmental systems models. This chapter has been published in the peer-reviewed Journal 

of Hydrology (Enemark et al., 2019a). 

Chapter 3 presents an approach to model-based 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 through trans-dimensional sampling. 

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 predictions. This chapter has been published in the peer-reviewed journal 

Water (Enemark et al., 2019b). 

Chapter 4 proposes an approach to systematic hydrogeological conceptual model 

development and testing. The method is applied to the Wildman River area where sinkhole-

like depressions are tested using remote sensing and geophysical data to evaluate whether 

they can act as conduits for recharge. Despite focussing on a very specific conceptually 

uncertain component in Wildman River area, the presented methodology on systematically 

testing conceptual models is generally applicable. Chapter 5 is submitted to the peer-reviewed 

journal Water Resources Research. 

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

for applications and future investigations.  

The appendices A-C provide chapter specific additional information for chapters 3-5, while 

Appendix D provides a publication list resulting from the PhD project. 
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Table 1.1. Overview of thesis structure (Section 1.4) in relation to the research aims (Section 1.4).  

 Research aim 1 Research aim 2 Research aim 3 

Chapter 2 Identify current approaches, unify scattered 

insights, identify current challenges.  

 

Chapter 3 Mutually exclusive 

models in factorial 

approach based on study 

site specific literature 

review. 

Realism approach. 

Making testing more 

accessible by applying 

simple water balance 

model.  

Improve confidence in 

water balance. 

Chapter 4 Mutually exclusive 

models in factorial 

approach based on 

general literature review 

and drawing analogies to 

the study site. 

Anti-realism approach. 

Making testing more 

accessible by presenting 

a framework to model 

testing using an anti-

realism approach. 

Improve 

conceptualization of 

sinkhole-like 

depressions. 
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2.1 ABSTRACT  

Hydrogeological conceptual models are collections of hypotheses describing the 

understanding of groundwater systems and they are considered one of the major sources of 

uncertainty in groundwater flow and transport modelling. A common method for 

characterizing the conceptual uncertainty is the multi-model approach, where alternative 

plausible conceptual models are developed and evaluated. This review aims to give an 

overview of how multiple alternative models have been developed, tested and used for 

predictions in the multi-model approach in international literature and to identify the 

remaining challenges.  

The review shows that only a few guidelines for developing the multiple conceptual models 

exist, and these are rarely followed. The challenge of generating a mutually exclusive and 

collectively exhaustive range of plausible models is yet to be solved. Regarding conceptual 

model testing, the reviewed studies show that a challenge remains in finding data that is both 

suitable to discriminate between conceptual models and relevant to the model objective.  

We argue that there is a need for a systematic approach to conceptual model building where 

all aspects of conceptualization relevant to the study objective are covered. For each 

conceptual issue identified, alternative models representing hypotheses that are mutually 

exclusive should be defined. Using a systematic, hypothesis based approach increases the 

transparency in the modelling workflow and therefore the confidence in the final model 

predictions, while also anticipating conceptual surprises. While the focus of this review is on 

hydrogeological applications, the concepts and challenges concerning model building and 

testing are applicable to spatio-temporal dynamical environmental systems models in general.  
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2.2 INTRODUCTION  

Groundwater model conceptualization is a crucial first step in groundwater model 

development (Anderson et al., 2015a). It provides a systematic, internally consistent overview 

of system boundaries, properties and processes relevant to the research question, bridging the 

gap between hydrogeological characterization and groundwater modelling.  

As the conceptualization is related to the fundamentals of the problem definition, it is 

considered one of the major sources of uncertainty in numerical groundwater modelling 

(Gupta et al., 2012). Estimating parameters through calibration with an inadequate conceptual 

model may lead to biased parameter values (Doherty and Welter, 2010). Biased parameter 

values are especially problematic when extrapolating to predictions that are of a different type 

than the calibration data, represent a different stress regime, or have a longer timeframe than 

the calibration period (White et al., 2014). Not accounting for conceptual model uncertainty 

can potentially greatly underestimate total uncertainty and give false confidence in model 

results, as vividly illustrated in Bredehoeft (2005).   

To develop conceptual models, two major approaches have been traditionally applied: (i) the 

consensus model approach (Brassington and Younger, 2010) and (ii) the multi-model 

approach (Neuman and Wierenga, 2003) (Figure 2.1). The development of conceptual models 

is based on the available geological and hydrological information, which are observed data, 

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

component of soft knowledge, such as geological insights or expert interpretation.  
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Figure 2.1. Iterative process for the conceptual modelling process via the consensus or multi-model approach. Modified 

from Environment Agency (2002) and Suzuki et al. (2008). Each model test step involves introducing new data and thereby 

identifying new plausible models uncovering conceptual surprises, and rejecting other models that are inconsistent with the 

new data.  

In the single consensus conceptual model approach all available observations and knowledge 

is iteratively integrated into a single conceptual model (Barnett et al., 2012; Izady et al., 

2014), providing a staircase of confidence (Gedeon et al., 2013). In this case, the conceptual 

model represents the current consensus on system behaviour (Brassington and Younger, 

2010).  

As illustrated in Schwartz et al. (2017), conceptual model uncertainty is generally accounted 

for in the consensus approach by increasing the complexity of the model. Increasing 

complexity effectively turns conceptual model uncertainty into parameter uncertainty by 

adding more processes to the model and/or increasing resolution in space and time. Increasing 

the degrees of freedom means that non-uniqueness increases, which is often balanced through 

optimal model complexity favouring the simplest model that can adequately reproduce 

historical conditions (Young et al., 1996). The main advantage is that it comprehensively 

captures conceptual issues in the model. The main drawback is that models quickly become 

intractable and too computationally demanding to carry out parameter inference. Another 








































































































































































































































































































