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Abstract
The demand for drinking water is constantly increasing around the world, which partly
entails an increased demand for groundwater of decent quality and quantity. Since ground-
water is hidden beneath the ground, it is difficult to obtain a detailed comprehension of the
hydrogeological conditions of an aquifer system. Groundwater modelling is a useful tool to
increase the understanding of a current groundwater system and can be used to simulate
future scenarios and events. The aim of this thesis is to set up several groundwater mod-
els and evaluate the impact of uncertainties regarding the conceptual understanding of
boundary conditions. The models are based on an aquifer system located in a glaciofluvial
deposit outside of Umeå Municipality (Sweden), where several geological and hydrogeolog-
ical investigations have been conducted. Based on a conceptual model of the study area,
a numerical model is set up with MODFLOW2005, to analyse how different boundary
conditions affect the model results. Manual calibration is performed on parameter values
and sensitivity analysis of different boundary conditions. The findings indicate that all
the examined boundary conditions are viable for utilization; nevertheless, it should be
noted that there can be considerable variations in the obtained results. Uncertainties in
the conceptual model, and the numerical model, are discussed and ideas for further stud-
ies are presented. In conclusion, the geological model is the key conceptual uncertainty.
All boundary condition combinations that were tested are applicable, with the most sig-
nificant differences emerging during pumping events when the system is stressed. An
understanding of the system and the model itself is essential for identifying uncertainties
and recognising their impact on the modelling results.

Keywords: Groundwater modelling, Groundwater model uncertainty, Conceptual model,
Numerical model, MODFLOW2005, Flopy, Glaciofluvial deposit
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1
Introduction

Water is the most important necessity for life on Earth. Clean water is not only vital for
drinking and sanitation, but also essential in agriculture and other industries (Barthel et
al., 2021). It is, therefore, a part of the Sustainable Development Goals, made by United
Nations (2022). Goal number six, calledClean water and sanitation, is to ensure access
to clean water for everyone, which includes prevention of water scarcity and improvement
of drinking water management.

The access to fresh water for drinking water supply varies around the world, since it
depends on local climate and geology conditions. The fresh water is either surface water
or groundwater and stands for about 2.5 % of the total amount of water on Earth (U.S.
Geological Survey, 2018). The demand for drinking water is constantly increasing due to
the growth of population, agriculture, and industry (especially the energy sector) (U.S.
Geological Survey, 2018). In Sweden, the accessibility of fresh water is generally good,
and both surface water and groundwater is used to supply the population with drinking
water. Today, 50 % of Swedish municipal water supplies are based on groundwater, half
of which comes from natural groundwater and the other half from arti�cial groundwater
(Svenskt Vatten, 2016). In large cities, it is common to use surface water as a fresh
water source, since the withdrawal capacity from surface water is often greater than from
aquifers. However, surface water can easily get contaminated by stormwater, agriculture
runo�, construction, and industries etc. and is, therefore, of varying quality (D. Walker
et al., 2019). Furthermore, the risk of contamination might increase in the future as a
result of the growing population, urbanization and climate change. These activities cause
releases of nutrients, pathogens, and plastics, among others that contaminates the water
(Borthakur & Singh, 2020).

Since groundwater partly consists of in�ltrated surface water, and since the ground itself
can be contaminated, groundwater can also be of poor quality and may not be suitable as
drinking water. However, the energy demand and use of chemicals are higher at a surface
water treatment plant compared to the treatment of groundwater, since surface water
has to be puri�ed to a larger extent (Svenskt Vatten, 2019). This is due to the natural
�ltration that occurs in the soil when a groundwater system is recharged.

Managed Aquifer Recharge (MAR) is one way to take advantage of both surface water
quantity and groundwater quality. By using arti�cial recharge, the amount of available
groundwater in an aquifer can be increased (Fetter, 2014). To implement a MAR system,
the hydraulic properties of the aquifer is of great importance. However, the knowledge
of an aquifer is always limited due to natural variations, such as recharge and geological
heterogeneity and the fact that the aquifer and groundwater are below the surface and
thus to a large extent out of sight. Due to the natural variation and our limited knowledge

1



1. Introduction

about it, assumptions needs to be made when conceptualising the project area, which leads
to uncertainties and a limited understanding of the groundwater system.

Groundwater modelling is a useful tool to increase the understanding of groundwater �ow
within an aquifer and the system as a whole (Bakker & Post, 2022). Modelling can give
us an understanding of the current situation by simplifying the complex reality and by
using di�erent equations to calculate di�erent parameters from a range of measured input
data. In a time of constant change, considering extensive infrastructure developments,
climate change, and a growing population, it is also necessary to understand more about
the future and to be able to make predictions. Mathematical models can use past and
present data to calculate future scenarios that can help us understand the consequences
of today's actions. Furthermore, models can help us understand hidden systems where
limited amount of data exists, such as a complex aquifer system. However, due to the many
sources of uncertainties in modelling, it is necessary to analyse how di�erent uncertainties
a�ect the mathematical model.

Umeå municipality in northern Sweden is growing and the demand for drinking water
is expected to increase by 50 % in a near future. The municipality wants to implement
an arti�cial groundwater recharge facility to expand their drinking water supply. In this
thesis, a conceptual and a mathematical groundwater model is developed of an aquifer
system in a glacio�uvial deposit outside of Umeå municipality, in Vännäs.

1.1 Aim

The overall aim of this study is to set up several groundwater models and evaluate the
impact of uncertainties on the overall result. This will be done by performing a local sensi-
tivity analysis of multiple models that are based on di�erent conceptualisations regarding
boundary conditions of the model area. Uncertainties in the models will be documented
and analysed, with a local sensitivity analysis. This entails that one attribute will be
changed at a time, to observe what impact that attribute has on the results. To meet the
aim, the following research questions will be answered:

ˆ What are the key conceptual uncertainties in de�ning conditions for the study area,
and how do they a�ect the overall result?

ˆ How do di�erent boundary conditions in numerical groundwater models in�uence
the resulting groundwater levels?

ˆ How do numerical modelling uncertainties contribute to the overall uncertainty of
groundwater model results?

1.2 Limitations

This thesis is focusing on the research questions and has the following limitations:

ˆ The data that will be used in the thesis are based on previous investigations. No
further investigation will be conducted during the thesis process.

ˆ Water quality is not considered in this thesis.

2



1. Introduction

1.3 Thesis structure

The following section provides an overview of the structure of this thesis, highlighting the
key sections that constitute its framework. This structure has been designed to ensure a
logical �ow that matches the process of the thesis.

The thesis is divided into several main chapters, each serving a speci�c purpose in con-
tributing to the overall understanding of the research subject. These chapters include:

ˆ Introduction: This chapter presents the study area and highlights the signi�cance
of the research. It also outlines the aim, objectives, and limitations of the study.

ˆ Theory, Methods, and Concepts: This chapter consists of a literature review on
existing theories related to the research topic, as well as the methods and concepts
employed for conducting the conceptual and numerical models and for assessing the
results.

ˆ Case Study Application: This chapter provides a general description of the case
study area and presents the conceptual model. The conceptual model is presented
in several parts, following the order of its creation.

ˆ Numerical Model Development: This chapter details the development of the
numerical model based on the conceptual model, following a structure similar to
that of the conceptual model. The chapter also includes parameter calibration.

ˆ Results: The results chapter describes the model results, presented in both text
and �gures.

ˆ Discussion: The discussion section involves analyzing the results, addressing un-
certainties, and examining the impact of di�erent boundary conditions. It concludes
with a general discussion on uncertainties in groundwater modeling.

ˆ Conclusion: This chapter summarizes the main �ndings of the study and provides
answers to the research questions.

3



2
Theory, Methods, and Concepts

The following chapter includes theory about the di�erent steps of groundwater modelling,
such as conceptual models, numerical models, calibration and uncertainties in the model.
Used methods are also presented as well as important concepts for the work.

2.1 Groundwater Modelling

A model is a simpli�ed version of a complex real system (Anderson et al., 2015). In
hydrogeology, modelling is often used as a method to summarise known facts of the system
in form of written text, �gures, and tables, and to get a further understanding of aquifer
conditions. Groundwater models are a crucial part of hydrogeology since aquifer response
cannot be fully tested in the �eld (Bakker & Post, 2022). There are several types of
groundwater models that �lls di�erent functions. Conceptual models are static models
that describe what is known about a speci�c aquifer site. There are also several types of
dynamic models that can investigate and describe movements in the aquifer, such as �ow
and �ux. These can be divided into physical models and mathematical models (Fetter,
2014; Anderson et al., 2015). Physical models are mostly made in a laboratory scale, where
tanks and columns can be �lled with porous materials to test the hydraulic conductivity
and �ow of the system. Analog models are also physical models where electric current
is used instead of water to study the �ow in a system. However, both the physical scale
models and the analog models have signi�cant disadvantages (Fetter, 2014). It can require
professional knowledge in carpentry, plumbing, and wiring, as well as a lot of space and
funds to construct the models. Furthermore, the models are not extensively �exible and
it can be di�cult to change the characteristics. In mathematical models, on the other
hand, parameters could easily be modi�ed and are based on equations of �ow, heat,
and mass transport. These models can be data-driven or process-based (Anderson et al.,
2015). Data-driven models use equations to calculate unknown variables from known data,
while process-based models use governing equations, such as boundary conditions, which
describes the physical process of a system. The mathematical models can then be solved
analytically or numerically, depending on the complexity of the system. According to
Zheng and Bennett (1995), it is necessary to use a numerical model when a groundwater
system has complex boundary conditions or when there are varying parameter values
within the model boundary.

Groundwater modelling is an iterative process where some steps might be rede�ned during
the development of the �nal model (Anderson et al., 2015; Refsgaard et al., 2007; Butts
et al., 2004). Figure 2.1 presents the steps in a groundwater modelling process. The
�rst step is to de�ne the purpose of the model and to decide which parameters and
processes needs to be considered. Furthermore, the de�nition of the purpose can lead to

4



2. Theory, Methods, and Concepts

the formulation of speci�c research questions, which will generate a need for reasonable
limitations in order to make a simple model. Simple models are generally quicker to solve
computationally. Furthermore, they are easier to interpret and understand, thus easier to
conduct an uncertainty analysis on. However, the level of complexity should be adjusted
for the problem being addressed (El-Ghonemy et al., 2005). The next step is to create the
conceptual model, which is further described in Section 2.2 Conceptual models. Based on
the purpose of the model and the conceptual model, the mathematical model and code
are decided (Section 2.3 Numerical Groundwater models). The model design step includes
translating the conceptual model into the mathematical model. In this step, the model
grid is designed, boundaries are de�ned, and parameter values are assigned. Furthermore,
the calibration of the model can be an important part of developing a model, according
to Anderson et al. (2015), and is described in section 2.6 Calibration. If the calibration
is rejected, it is necessary to adjust the model design or improve the conceptual model
to achieve an approved calibration. When the calibration is accepted, a base model is
established and forecast simulations can be performed. The forecast simulations are used
to simulate future events or responses of the system. In addition, uncertainties for the
forecast simulations and the model has to be evaluated. Types and sources of uncertainties
are further described in section 2.7 Uncertainties. Next step is to analyse the result gained
from the simulations. However, if new data is available, the conceptual model should be
updated and the following steps are then performed again. When the results are analysed,
the report could be completed.

Figure 2.1: Groundwater modelling process, with inspiration from Anderson et al. (2015).

2.2 Conceptual Models

A conceptual model is a simpli�ed description and presentation of a complex system
(Enemark et al., 2019; Gupta et al., 2012; El-Ghonemy et al., 2005). Hydrogeological sys-
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2. Theory, Methods, and Concepts

tems are complex due to spatial variation of properties, leading to di�erent �ow processes
within an area. Therefore, the set-up of a conceptual model is essential for the groundwa-
ter modelling process to get a systematic overview and understanding of the site, in terms
of structure and processes (Fetter, 2014). Additionally, it is not possible to examine the
system in its entirety due to time and �nancial constraints. The conceptual model will
therefore include several limitations and uncertainties.

The conceptual model development involves both the physical and process structures of
the system, where the �rst includes behaviour of the system in absence of water and
energy, whereas the process structure includes the processes that are mediated through
the physical structure (Gupta et al., 2012). The development of a conceptual model
is based on available data and knowledge about the hydrogeological characteristics of
the system. According to Gupta et al. (2012), the degree of understanding depends on
training and experience. The model is updated when more data and knowledge about
the system is gained, which makes the development of a conceptual model an iterative
process (Brassington & Younger, 2010). The conceptual model should be customised to
the speci�c site and aim of the project. However, it is important to avoid making the model
oversimpli�ed or undersimpli�ed (El-Ghonemy et al., 2005). A risk with an oversimpli�ed
model is that the model poorly represent reality and is missing important details. On
the other hand, an undersimpli�ed model is too complex to be able to build a numerical
model. A framework for conceptual modelling is presented in Table 2.1.

Table 2.1: Framework for conceptual modelling. Inspired by Brassington and Younger
(2010).

Steps Activity Description

1 De�ne objectives
De�ne aim, elements of study
and research objectives.

2
Topography
and hydrology

Identify water features,
estimate catchment boundary.
Conduct a topography analysis.

3 Geology
Collect and interpret
geological, borehole,
and geophysical data.

4 Aquifer framework

Interpret data from pumping tests.
De�ne aquifer boundaries,
spatial distribution
and hydraulic properties.

5 Groundwater �ow
De�ning groundwater �ow
directions and hydraulic head.

6 Aquifer relationships

Assess relationship between
groundwater levels,
other aquifers and
surface water bodies
and quantify groundwater �ow.

7 Water balance
Assess available groundwater
resources using water balance.

8 Description of model
Perform a written description
of the conceptual model
with illustrations.
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2. Theory, Methods, and Concepts

The process of developing a conceptual model contains several steps. Di�erent guides
and recommendations about building a conceptual model, and which data is required, is
found in the literature. American Society for Testing and Materials (ASTM International)
have a standard guide for conceptualisation of groundwater systems, including a step-wise
proceeding framework and a checklist of required data (ASTM International, 2019). A
similar framework is proposed by Brassington and Younger (2010), based on a compila-
tion of available guidelines in selected hydrogeology publications. The steps should be
performed in the right order since de�ned parameters and data from the step before is
used in the next step. All of the steps contributes to the conceptual model and could be
updated during the process of groundwater modelling when gaining more available data
or knowledge. Table 2.1 above is based on the framework from Brassington and Younger
(2010).

Similar to the whole groundwater modelling process, the �rst step in the framework is to
de�ne the aim and the research objectives of the conceptual model. Since a groundwater
model is based on geological and hydrological information, the next step is to identify,
collect, and de�ne available data from the site. Most of the data comes from �eld mea-
surements from boreholes or geophysical investigations of di�erent sections of the system.
Collecting data from several points, in combination with interpretation of the data, leads
to a preliminary understanding of the system. There is, however, a limited amount of
data available from boreholes, thus a set of assumptions need to be made in order to build
a model for further analysis (Zhou & Herath, 2017). If the assumptions are made with
insu�cient knowledge, it will lead to major uncertainties. According to several studies, the
largest uncertainty in groundwater models comes from the conceptualisation (Bredehoeft,
2005; Rojas et al., 2010; Zhou & Herath, 2017).

2.3 Numerical Groundwater Models

As earlier mentioned, mathematical models can be solved numerically when a process-
based groundwater model has complex boundary conditions or when parameter values
di�er within the boundaries (Fetter, 2014; Anderson et al., 2015). Process-based models
that are based on groundwater �ow are built from the principles of mass conservation
and Darcy's law, which states that water is neither created or destroyed and that water
�ows from high to low potential energy. These principles are the basis of the governing
equations of the mathematical model, which are listed below in Equation 2.1, 2.2, 2.3, and
2.4, which are all taken from Anderson et al. (2015).

Darcy's law:

q
A

= �
k
�

�P
L

(2.1)

where: q Flow.
A Area.
k Permeability.
� Fluid viscosity.
�P Pressure drop.
L Length of medium.
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Water balance equation:

�qx

�x
+

�qy

�y
+

�qz

�z
� W � = � Ss

�h
�t

(2.2)

where: qx ; qy ; qz Flux/�ow rate in di�erent axes.
W � Volumetric in�ow rate from sources and sinks.
Ss Speci�c storage (volume of water released from storage

per unit change in head, h).
t Time.

To simplify Equation 2.2 for practical use, the components of the speci�c discharge vector,
q, can be rewritten as:

qx = � K x
�h
�x

qy = � K y
�h
�y

qz = � K z
�h
�z

(2.3)

When equation 2.3 is substituted into 2.2, it gives the general governing equation (dif-
ferential equation) that represents 3D transient groundwater �ow for heterogeneous and
an-isotropic conditions:

�
�x

(K x
�h
�x

) +
�
�y

(K y
�h
�y

) +
�
�z

(K z
�h
�z

) = Ss
�h
�t

� W � (2.4)

where: K The hydraulic conductivity tensor.

As earlier mentioned, the boundary conditions can be quite complex in a numerical model
in consequence of the governing equations. These can then be solved with numerical meth-
ods, such as the �nite elementary (FE) or the �nite di�erential (FD) method (Anderson
et al., 2015). The FE method divides the domain (model area) into small elements where
the solution is approximated over each element and seeks to minimize the error by solving
a system of equations. Whereas the FD method divides the domain into a grid of points
where the solution is approximated by �nite di�erences between the points and seeks to
solve a system of equations that relates values of unknown functions for each point. The
FE method is appropriate to use for more complex boundary conditions, however, the FD
method is simpler to implement and does not need as much computational capacity.

2.4 Boundary Conditions

The model also consists of boundary conditions, which can be explained as processes along
the boundaries or along sources and sinks inside of the model domain (Anderson et al.,
2015). These can be divided into three types, which will have di�erent e�ects on the
hydrogeology in the model:

ˆ Dirichlet conditions - Speci�ed head boundary, where the head (groundwater level)
is set to a speci�c value along the boundary.
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ˆ Neumann conditions - Speci�ed �ow boundary, where the derivative of the head is
set along the boundary.

ˆ Cauchy conditions - Head-dependent boundary, where the boundary crossing �ow is
calculated from the gradient between a set head outside of the model domain and
the computed head within the domain.

If a head boundary is used, the boundary crossing �ow will be calculated or set. Whereas,
if a �ow boundary is used, the head will be calculated when running the model. The
important di�erence between a speci�ed head boundary and a head-dependant boundary
is that the �rst mentioned head is maintained throughout the simulation period (USGS,
n.d.). However, a head-dependent head boundary will have a varying head over time.

Furthermore, there are conditions in some model boundaries where a no-�ow boundary can
be assumed. This can happen when the boundary has a perpendicular direction against
the groundwater level contours in an area, i.e. a water divide. No-�ow can also be assumed
when some type of groundwater divider occurs.

2.5 MODFLOW

The boundary conditions, together with the governing equations, can be inserted into a
number of di�erent GUI's (Graphical User Interfaces), such as the modelling software's,
Groundwater Modeling System (GMS), Visual Mod�ow and Groundwater Vistas (Bakker
et al., 2016). The GUI formats and assembles data, creates input �les, executes code, and
can also process output �les (Anderson et al., 2015). The most commonly used underlying
FD code in GUI's is called MODFLOW, which is a numerical modelling software (Leaf &
Fienen, 2022). It can also be described as a groundwater �ow model whose input values
are not yet de�ned. An alternative method to using a GUI is to use a programming
language, such as Python, to make a MODFLOW model (Bakker et al., 2016). The same
underlying code and governing equations are used with another interface.

Python has a package, called Flopy, which is a set of tools that allows the user to import
and de�ne parameters, the FD grid, and boundary conditions in a domain to build a
numerical model (Bakker et al., 2016). The script writes the input �les for MODFLOW
and can then be used to run the model and present results as binary model output and
customised plots. To be able to create a script, there are a number of steps that could be
followed. The following steps are inspired from Bakker et al. (2016).

1. Import FloPy and other packages

2. Create a MODFLOW model

3. De�ne the model set up, including discretisation and boundary conditions

4. De�ne the model stress period data

5. De�ne the model solver and solution method to obtain heads

6. Generate the MODFLOW input �les to disk

7. Run the model

8. Calibration
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2.6 Calibration

To be able to validate that a numerical model does not contain false assumptions and
that the chosen boundary conditions match reality, it is necessary to calibrate the model
(Tonkin & Doherty, 2009). This is done by comparing the model results to available data
from the site. Parameters, such as hydraulic conductivity and recharge rate, can then
be adjusted to match the measured values. It is possible to calibrate the model towards
groundwater levels in a steady state or towards measured values from a pumping test, as
long as the out�ow from the pumping test is included to get the water budget as close to
zero as possible in the model (Anderson et al., 2015).

If the model contains accurate processes, potential errors in predictions could depend on
parameter values. Since it can be di�cult to assume the correct parameter values, the
values could be calibrated by manual calibration or parameter estimation computationally.
A common software used for parameter estimation is PEST (Model-Independent Param-
eter Estimation and Uncertainty Analysis) (Doherty, 2003). The method gives optimal
parameter values and calibration statistics. Another method for calibration is manual
calibration, which is widely used to calibrate models (Boyle et al., 2000). This is when
measured values are manually compared to the results from the model. The model pa-
rameters are thereafter changed until the simulated results correspond to the measured
values. Manual calibration is labor intensive, however, one advantage is to have control
over the parameters and to understand which parameters a�ect the model results.

2.7 Uncertainties

In groundwater models and modelling, uncertainty is one major factor to consider when
evaluating the result and the quality of the model. Uncertainties comes from several
di�erent sources and arises for various reasons. Input and output data from the model
can be unreliable, due to sampling errors, misinterpretation of the data, lack of knowledge
about how to use the data, and many other reasons. As earlier mentioned, a complex
natural system contains inherent variability, which can be a major cause of uncertainty
in a model (W. Walker et al., 2003; Samani et al., 2018). However, the uncertainty is
not just the absence of knowledge, unknown unknowns is a major part of uncertainty in
models (Anderson et al., 2015). There are several methods to decrease the uncertainties
in models and modelling. However, the uncertainty can never be completely eliminated
(Anderson et al., 2015). Thus, awareness of how the uncertainty can in�uence the system
is essential and it needs to be evaluated when the results are analysed. Moreover, it is
important to document assumptions made in e.g the conceptual model for the evaluation
of the results (El-Ghonemy et al., 2005).

In the literature, there are several ways to consider uncertainty and determine which
sources are contributing to the uncertainty (Refsgaard et al., 2007). Uncertainty could
be described in three dimensions, (i) Nature, (ii) Type, and (iii) Source (W. Walker et
al., 2003; Refsgaard et al., 2007). According to W. Walker et al. (2003) and Refsgaard et
al. (2007), the nature of uncertainty is divided into two parts; epistemic uncertainty and
stochastic/aleatory uncertainty. Epistemic uncertainty is due to inadequate knowledge,
which can be reduced by increasing the knowledge. Aleatory and stochastic uncertainties
are due to inherent variability and unpredictability in the system (Gong et al., 2013).

The levels (or types) of uncertainty refers to a point on the spectrum between having clear,
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deterministic knowledge and complete ignorance at which uncertainty becomes apparent
(W. Walker et al., 2003). Historically, aleatory uncertainty has been the main uncertainty
considered in natural science and modelling processes. A common uncertainty comes from
measurement uncertainty due to sampling error. Moreover, scenario uncertainty is also
a level of uncertainty to consider, since the future of the studied system entails a range
of possible outcomes (Samani et al., 2018; Rojas et al., 2010). Furthermore, recognised
ignorance is another type of uncertainty which implies that the ignorance of knowledge
is partly reducible. The last type to consider is the total ignorance, which is irreducible
since it is about the unknown unknowns.

2.7.1 Uncertainty Sources

The sources or locations of uncertainty refer to di�erent parts of the modelling process
where the uncertainty arises from. In modelling, there are several sources of uncertainty.
The main ones are input data, parameters, model structure and model technical uncer-
tainty (Refsgaard et al., 2007).

Input data
Uncertainty due to input data arises from the lack of data or data of poor quality that
is not representative for the site (Refsgaard et al., 2007). It is therefore important to
research what type and amount of data that is available and which data is necessary
and relevant to include in the model. The more parameters that are included, the
more complex the model becomes. Over-parameterization, meaning more parame-
ters are included in the model than the data can represent, is problematic (Beisbart
& Saam, 2019). It increases the uncertainty since the data is distributed through all
parameters and if the data quality is lacking, it a�ects the model result (Engelhardt
et al., 2014). However, too few parameters can make the model oversimpli�ed and
the risk is that the model will not be able to represent the actual processes in the
system.

Parameter uncertainty
The parameter uncertainty is about parameter values and could include both aleatory
and epistemic components (Refsgaard et al., 2007). Aleatory uncertainty arises from
natural variability that is challenging to capture within parameter value data. The
impact of variability in parameter values cannot be precisely determined or con-
trolled. The epistemic component of parameter uncertainty refers to the uncertainty
arising from a lack of knowledge due to limitations in available data or measurement
errors. Data sampling errors can occur due to too few samples or non-representative
samples.

Model structure, including the conceptual model
Thirdly, model structure uncertainty is one of the main uncertainties to consider in
the groundwater modelling process. When conceptualising, a general understanding
of the site is essential, since it is the base of all the assumptions that will be made
in the model. An incomplete understanding of the geology and system inevitably
contributes to the model structure uncertainty (W. Walker et al., 2003). The model
structure also includes the boundaries, i.e. the extent of the system modelled and
the relationship between input data and parameters. The boundary conditions and
classi�cation of aquifers are uncertain and is often simpli�ed in a groundwater model.
Furthermore, equations used to set up the model and the interactions between vari-
ables are considered within the model structure (W. Walker et al., 2003).
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Model technical uncertainty
The model technical uncertainty refers to numerical approximations and errors in
the software that is used (Refsgaard et al., 2007; W. Walker et al., 2003). Errors
and bugs are di�cult to reduce since they are integrated into the software code.

2.7.2 Uncertainty Analysis

To assess the uncertainties in a model, an uncertainty analysis should be performed.
Uncertainty analysis is often performed at the end of the modelling process and is included
in the groundwater modelling process (Figure 2.1) as the last step before the analysis of
the result. However, according to Refsgaard et al. (2007), the uncertainties should be
taken into account during the entire process to be able to minimize them and the modeler
should be aware of the di�erent uncertainties existing in the model. Refsgaard et al.
(2007) have listed 13 di�erent uncertainty analysis methods, and a few of them that could
be connected to this project is presented below.

Monte Carlo simulations: is used to evaluate statistical uncertainty. By running a large
number of simulations with random input parameters, Monte Carlo simulations can
provide a range of possible outcomes and their probabilities, which can be used to
quantify and characterize the uncertainty associated with a model.

Multi model simulation: refers to model structure uncertainty. By setting up several
models with di�erent structures, the model structure uncertainty could be anal-
ysed. This is normally performed by setting up di�erent conceptual models based
on geological assumptions.

Scenario analysis: is a tool to deal with scenario uncertainty. The analysis contains
di�erent possible futures and is made by simulating di�erent scenarios. The goal
of a scenario analysis is to identify the range of possible outcomes under di�erent
assumptions or conditions and to assess the risks and opportunities associated with
each scenario.

Uncertainty matrix: is used to identify the most important uncertainties (W. Walker et
al., 2003; Refsgaard et al., 2007). The matrix structures the uncertainties by source
and type and each uncertainty gives a weighting based on how large the uncertainty
is and how important the source is for the project context.

Expert elicitation: is a common supporting method for uncertainty analysis (Refsgaard,
van der Sluijs, Brown, & van der Keur, 2006). The aim of expert elicitation is to
gather knowledge from experts to make assumptions and assess variables and their
uncertainties which is useful when creating conceptual models (Sebok et al., 2016).
It is often used in multi-model simulations by asking di�erent experts to provide
conceptual interpretations and then comparing the resulting models.

To cover all uncertainties, including both sources and types of uncertainties, several meth-
ods should be used.

2.7.3 Sensitivity Analysis

To be able to identify parameter and model uncertainties in a complex model it can be
bene�cial to determine which parameter that are most in�uential on the model results
(Hamby, 1994). This can be done by performing a sensitivity analysis (SA). There are
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many di�erent methods on how to perform an SA, however, generally it is conducted by
the following steps, which is taken from Hamby (1994):

1. De�ning the model and its independent and dependent variables.

2. Assigning probability density functions to each input parameter.

3. Generating an input matrix through an appropriate random sampling method, cal-
culating an output vector.

4. Assessing the in�uences and relative importance of each input/output relationship.

A sensitivity analysis can be performed on a local or a global level. In a local SA, the
analysis only addresses chosen parameters which entails that a sensitivity ranking can be
obtained quite quickly by increasing the one chosen parameter at a time, with a given
percentage, while the other parameters are set constant. Whereas, in a global SA, all
parameters in the model are addressed.

Uncertainty and sensitivity analyses are often combined as a method to revise the model
structure (Saltelli et al., 2006). The results of this process can sometimes lead to the
conclusion that the inference of the many parameters in the model are too wide to be able
to use the model as a basis for decision making. Although the model itself cannot be used in
its solitude, the results of the analyses can strengthen the knowledge of which parameters
that need additional research in the project, which would reduce output uncertainty in
further revisions of the model. Sensitivity analysis is in some way a type of uncertainty
analysis.
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3
Case Study Application

This chapter contains a general description of the study area. Furthermore, it contains
the conceptualisation of the site, structured on the basis of the framework for conceptual
modelling in Table 2.1.

3.1 General Description of Case Study Area

The groundwater model is based on an aquifer system in a glacio�uvial deposit,Umeälvsåsen.
This is located outside of Umeå municipality, in the county of Västerbotten, which is in the
north part of Sweden along the east coast. The study area is part of Vännäs municipality,
located approximately 30 km west of Umeå and includes several large rivers and valleys,
which can be seen in Figure 3.1. The glacio�uvial deposit is an esker, calledUmeälvsåsen.
It follows the river, Umeälven, from north-west to south-east, and is one of the largest
eskers in the area.

Figure 3.1: Overview map of case study area, located in Vännäs in the north of Sweden.
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