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Abstract

Groundwater flooding is increasingly recognised as a threat in the UK and throughout Europe.
Rapid rising groundwater levels leading to long-lasting groundwater inundation can cause
considerable damage and social disruption. The Chalk is particularly susceptible to groundwater
flooding due its permeable geology and karstic behaviour. In summer 2012 several areas in
southern England experienced groundwater inundations following the wettest June on record.
Among these were the Frome and Piddle catchments located in West Dorset.

Comparatively few attempts have been made so far to model groundwater levels in the Chalk
on a physical basis and at a high temporal resolution. This study attempted to contribute a
simple, process-based groundwater inundation prediction tool based on the karst model VarKarst.
VarKarst has a compartment structure considering the different flow paths in karst systems. To
model various groundwater levels, matching groundwater storage compartments are chosen and
transferred into groundwater levels using a simple linear relationship. Focus was set on the
Frome catchment due to the fact that the flooding in July 2012 primarily happened there. In
addition, attempts were made to define flood threshold levels. Eventually, future groundwater
flooding risk is examined by means of the bias-corrected output of five Global Climate Models
(GCMs).

The results indicated that the developed method can offer an alternative to already existing
approaches. Groundwater level simulations showed high efficiencies of over 0.80 in the cali-
bration period with only slight decreases in the validation period. Optimised parameters during
calibration showed a karstic behaviour dominated by the matrix which is in accordance with
other studies of the Chalk. Nevertheless, due to considerable under- and overestimations further
improvement of the presented method is demanded. Thereby assumptions regarding the porosity
and the assumed linear relationship are possible starting points. The threshold level was defined
based on a rather coarse dip approach and an event analysis and needs further verification.

Climate predictions of groundwater flooding occurrences showed a positive trend throughout
the century 2000-2099. However, GCM output differed substantially from reality so that results
should be interpreted with caution. To cope with the vastly different GCM output, a model
threshold had to be introduced. In order to improve the reliability of the climate projections,

an application of other bias-correction or downscaling methods should be considered in the future.
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Zusammenfassung

Sowohl im Vereinigten Konigreich, als auch in ganz Europa wird "Groundwater Flood-
ing" zunehmend als Gefahr erkannt. Ein "Groundwater Flooding" findet statt, wenn schnell
ansteigende Grundwasserspiegel liber die Gelidndeoberkante treten. Karstsysteme mit durchlis-
sigem Gestein wie der englische "Chalk" sind dabei besonders anféllig. Im Sommer 2012 fiihrten
starke Regenfille zu Uberflutungen durch aufsteigendes Grundwasser in mehreren Gebieten im
Stiden Englands, darunter die Einzugsgebiete der Frome und der Piddle im westlichen Dorset.

Bislang gibt es nur wenige hochaufgeloste, prozess-basierte Modelle zur Simulation von
Grundwasserspiegeln im englischen "Chalk". Die Bestrebung dieser Arbeit ist daher eine ein-
fache, physikalisch basierte, alternative Methode beizutragen, welche auf dem Karstmodell
VarKarst basiert. Das VarKarst Modell hat eine Struktur mit einer Reihe von Kompartmenten.
Mithilfe dieser Kompartmente ist es in der Lage verschiedene FlieBprozesse, wie sie im Karst
tiblich sind, zu beriicksichtigen. Um die Grundwasserspiegel zu simulieren wird eine einfache,
lineare Beziehung zwischen dem Grundwasserspiegel und einem modellierten Grundwasser-
speicherkompartment angenommen. Dabei wird dasjenige Grundwasserspeicherkompartment
ausgewdhlt, das ein moglichst dhnliches Verhalten wie der entsprechende Grundwasserspiegel
zeigt. Da es im Sommer 2012 hauptsédchlich im Einzugsgebiet der Frome zu einer grundwasserbe-
dingten Uberflutung kam, wurde die Modellierung auf das Frome-EZG beschriinkt. Zusitzlich
zur Modellierung wurde versucht einen Schwellenwert zu bestimmen, ab dem es zu einer
Uberflutung kommt. Zu guter Letzt wurde das zukiinftige Risiko durch aufsteigendes Grund-
wasser untersucht. Dafiir wurde der bias-korrigierte Output von fiinf globalen Klimamodellen
verwendet.

Die Ergebnisse konnten zeigen, dass die entwickelte Methode eine vielversprechende Alter-
native zu bisherigen Ansitzen bietet. Die Modellierung ergab hohe Kling-Gupta Efficiencies
von iiber 0.80 in der Kalibrierungsphase und nur geringe Verschlechterungen wihrend des
Validierungszeitraumes. Die Modellierung zeigte, wie zuvor bereits andere Studien, ein Karstver-
halten welches von der Matrix dominiert wird. Es kam jedoch auch zu grof3en Unter- und
Uberschitzungen der jeweiligen Grundwasserspiegel, sodass eine weitere Verbesserung der
Methode unerlésslich ist. Dabei sollten die Porositit und das angenommene lineare Verhiltnis
erste Ansatzpunkte sein. Der ermittelte Schwellenwert basiert auf einem relativ ungenauem
Ansatz und einer Eventanalyse und sollte daher weiter verifiziert werden.

Die Modellierung zukiinftiger "Groundwater Flooding"-Ereignisse zeigte einen positiven



Trend iiber das Jahrhundert hinweg. Da der Output der Klimamodelle jedoch stark von den
meteorologischen Kennzahlen des Einzugsgebietes abweicht, sollten die Ergebnisse mit Vorsicht
interpretiert werden. Infolgedessen musste ein Modellschwellenwert eingefiihrt werden. Um die
Verlasslichkeit der Vorhersagen zu verbessern sollten daher zusitzliche, beziehungsweise andere,

bias-Korrekturen oder Downscaling-Methoden in Betracht gezogen werden.

Schlagworter: Grundwasser, Hochwasser, hydrologische Modellierung, Karst, Chalk, UK,

Hochwasservorhersage, GCM-output Zukunftsprognosen
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Chapter 1

Introduction

1.1 BACKGROUND

Worldwide, weather-related disasters account for about 90% of the disastrous events in the last
two decades (WDR, 2005, 2014). These disasters include wind storms, droughts and floods.
In Europe, floods are the most common fatal disasters. During the 2000-2009 decade, floods
are reported to have affected over 3.4 million people and taken at least 1000 lives (JAKUBICKA
et al., 2010). In recent years, the United Kingdom faced floods with severe socio-economic
consequences (SLINGO et al.,[2014). In this context, a special case is "groundwater inundation"
or "groundwater flooding" . Groundwater flooding happens when groundwater levels emerge
at the ground surface (DEFRA, 2004). The phenomenon appears to be most severe in areas of
Chalk outcrop such as in parts of southern England (MACDONALD et al., 2012).

Groundwater Flooding has been increasingly recognised in Europe and throughout the UK
(e.g. FINCH et al., 2004; PINAULT et al., 2005; MACDONALD et al., 2007; KREIBICH and
THIEKEN, 2008; KORKMAZ et al., 2009; HUGHES et al., 2011; ROBINS and FINCH, 2012).
However, the underlying processes still remain insufficiently understood (HUGHES et al., 2011)
and an assessment of potential future changes is broadly recommended (JACKSON et al., |[2015;
JIMENEZ-MARTINEZ et al., 2015)).

As reported by the Intergovernmental Panel on Climate Change (IPCC), the world experienced
an increase of about 0.6 °C in average global temperatures over the last century (NAKICENOVIC
et al.,[2000). They further predicted an increase of global temperatures between 2 and 3.5 °C
by 2100, depending on the emission scenario. Besides temperatures, rainfall patterns may
significantly change in some areas (JIMENEZ-MARTINEZ et al., 2015). Climate change is
widely suspected to have significant consequences on groundwater systems (GREEN et al.,[2011)
with impacts on several groundwater issues (TAYLOR et al., 2013). According to JIMENEZ-
MARTINEZ et al. (2015) most researchers appear to agree that there is a trend towards drier
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summer periods and wetter winter periods in the UK. This will likely increase the occurrence of
extreme rainfall events.

So far, comparatively few attempts have been made to establish a simple process-based
groundwater inundation tool. With regard to future climatic, social and industrial pressures
combined with the complexity of karstic aquifers, there is a substantial need for a better under-
standing of groundwater flooding processes. The intention of this work is to draw attention to
future challenges in the area of groundwater flooding and to contribute a simulation tool which
could improve flood risk management.

The present thesis is divided into six chapters followed by the references and appendices.
Besides the background information, this introduction comprises a brief overview on karst
principles, the process of groundwater flooding and on climate modelling. Additionally, the
main objectives of this work are presented. Subsequently, the description of the catchments is
provided in The material and methods used in this study are reviewed in [Chapter 3

presents the results of the study. After discussing the results in the principal
conclusions are set out in [Chapter 6

1.2 STATE OF THE ART

1.2.1 Karst

Karst groundwater provides an important freshwater source for many regions around the
world (GOLDSCHEIDER and DREW, 2007). FORD and WILLIAMS |(2007) estimated that up to
25% of the world’s population obtains water from karstic groundwater resources and around
one tenth of the earth’s continental area is covered by karst regions. However, karst aquifers are
considered as difficult to exploit and highly vulnerable to contamination (BAKALOWICZ, 2005)).
Additionally, they often show rapid responses to hydrological events due to their intrinsic proper-
ties (GOLDSCHEIDER and DREW, |2007)). With regard to their evolution and their hydrological
behaviour, karst systems differ substantially from other hydrological systems (HARTMANN et al.,
2014a). The following section will describe the main hydro(geo)logical peculiarities and their

implications for hydrological modelling.

1.2.1.1 Karst Evolution

Primarily, karst develops from carbonate rocks like limestone or dolomite, but also from gypsum
and other soluble rocks (BAKALOWICZ, 2005). Karst aquifers are evolving with time, prone
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to constantly changing their flow and storage characteristics (GOLDSCHEIDER and DREW,
2007)). The long-lasting, intense interactions between water with dissolved C'O, and soluble
host rocks result in a characteristic karst landscape with specific underground and/or superficial
karst features (HARTMANN et al., 2014a). Often associated with karst evolution is the term
"karstification" which is commonly used to describe the process of dissolution in carbonate
rocks (BAKALOWICZ,|2005; HARTMANN et al., 2014a).

Karstification can enlarge initial fractures or even change the whole extension and orientation
of the flow system (GOLDSCHEIDER and DREW, |2007). HARTMANN et al. (2014a) suggests
that there is a "positive feedback" between enlarged fractures, increased water flow and rock
dissolution. According to KAUFMANN and BRAUN |(2000)| fracture flow can increase by several
orders of magnitude when initial fractures are enlarged by karstification. These mechanisms can
lead to the formation of karst conduits and caves which, in turn, as suggested by GOLDSCHEIDER
and DREW [(2007): "may collapse or be filled with sediments".

Fractures, conduits and caves are often connected, forming extensive hydraulic networks in
the aquifer (HARTMANN et al., 2014a)). Consequently, there are two main ways for water flowing
through the aquifer: Flow occurring through the hydraulic networks and water flow through the

rock matrix.

1.2.1.2 Karst Characteristics

Karst aquifers are highly heterogeneous which is, as identified by GOLDSCHEIDER and DREW
(2007), the major problem in analysing karst hydrogeology. They argue that drilling wells in
karst aquifers can be problematic due to the fact that water-bearing fractures and conduits may
occur directly next to undisturbed rock mass.

Following FORD and WILLIAMS [(2007) hydrogeologists distinguish between primary, sec-
ondary and tertiary porosity: Primary porosity is attributed to the matrix whereas secondary
porosity is attributed to fissures and fractures. Channels or conduits make up the tertiary porosity,
although sometimes the latter two porosities are treated as one.

According to GOLDSCHEIDER and DREW (2007) recharge, infiltration, flow as well as storage
of karst aquifers are showing dual characteristics: Recharge is either autogenic or allogenic.
Whereas autogenic recharge originates from the karst catchment itself, the allogenic recharge
is provided by surrounding non-karst catchments. Infiltration occurs either diffusively through
the rock matrix or rapidly by point recharge. Flow in the matrix is generally slow and laminar

whereas fractures and conduits allow a fast and turbulent flow. Storage is mostly attributed to the
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matrix and only a small percentage is stored in fractures and conduits.

The uppermost zone of a karst area, usually called "epikarst", is characterised by enhanced
permeability and porosity (WILLIAMS, 2008)). Hence, it can play an important role in the
concentration of vertical flow (AQUILINA et al.,[2006). Owing to these characteristics, spring
discharges can vary over several orders of magnitudes and water tables in karst aquifers can
fluctuate by several meters within short periods of time (HARTMANN et al., 2014a).

Surface water catchments and groundwater catchments are often not coincident. The surface
water catchment is controlled by topographical features whereas the groundwater catchment
is determined by underground geological structurestHOWDEN, [2006). Sometimes water flow
between adjacent catchments occurs through so called piracy routes (JUKIC and DENIC-JUKIC,
2009). In conclusion, Figure [I.T]illustrates the basic karst terms and processes.

allogenic recharge area , autogenic recharge area . lateral surface flow

\ lateral subsurface flow /
concentrated recharge

e, exterr;al "+, diffuse recharge
runo :
\ SOI| . . concentrated flow in
"“‘“xv P conduits
“aquitard | - T S o .
_q S % o —__~ diffuse flow matrix

exchange between
matrix and conduits

|

|
o
main |
spring

I
L mowng groundwater divide BAIRIeG RONe - b=

'_ aquitérd :

I
L

Figure 1.1: Conceptualized karst system. The green dashed lines surround the soil/epikarst system, the red
dashed lines surround the groundwater system. Adapted from: HARTMANN et al., p.4.
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1.2.1.3 The Chalk

The English Chalk extends over large parts of south-east England. Remarkably, Chalk provides
about 55% of all groundwater-abstracted drinking water in the UK and is therefore the most
important aquifer, particularly in southern England (LLOYD, 1993).

Following the characterisation of PRICE et al. |(1993), Chalk-porosities typically range
between 20 and 45 percent. Thereby the matrix is primarily composed of small, uniform
coccolith particles leading to small effective pore-throat diameters (0.1 — 1um). Consequently,
matrix permeability is very low ranging from 0.1 to 10 mD. They state, however, that Chalk
aquifers are often extensively fissured and prone to dissolution processes and developing fissure
networks can increase the transmissivities significantly.

The karstic behaviour of the Chalk in southern England is increasingly being recognised
(FITZPATRICK, 2011), even though the Chalk may not be far developed in terms of karstifica-
tion (MAURICE et al., 2006). ATKINSON and SMART (1981)| characterised the English Chalk as
a "non-karstic fissured aquifer" but they also suggest that carbonate aquifers should not be con-
sidered as wholly karstic or wholly non-karstic, but as holding varying degrees of karstification.
LLoYD |(1993) points out, that the Chalk in the UK is characterised by the presence of many dry
valleys and ephemeral streams. This may indicate the existence of an extensive underground
flow network. Chalk soils are largely characterised as shallow (LEE et al.,|2006; BRADFORD and
CROKER, 2007). BURNHAM and MUTTER |(1993)|found soil depths over Chalk ranging between
23 and 121 cm whereas JOHNSON et al. |(2001) examined depths between 50 and 150 cm.

LEE et al. (2006)|reports that previous research suggests that recharge in the Chalk mainly
occurs through the matrix. They state, however, that depending on the Chalk type and on
the situation significant recharge can occur through fissures. JONES and COOPER |(1998)) for
example examined increased fissure flow during wetter (winter) months. HARIA et al. (2003)
found no evidence for rapid preferential flow on an interfluve where the unsaturated zone
was approximately 18 meters. Yet, they found evidence at a site located in a valley where
the groundwater levels are within 4 meters of the ground surface. Similarly, the study from
JOHNSON et al.|(2001)| suggests that recharge through fissures is enhanced when the water table
is close to the surface.

As reported by MACDONALD et al. (1998), rapid groundwater flow occurs throughout the
entire Chalk outcrop. He stated, similar to ALLEN et al. (1997) that rapid groundwater flow can
be most frequently observed nearby Palacogene cover and in valley bottoms. Correspondingly,
BANKS et al. (1995)| observed flow velocities of over 5 kilometres per day in a swallow hole
system in the Chalk. WORTHINGTON |(1999) examined four different carbonate aquifers in terms
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of storage and flow properties. He suggests that all unconfined carbonate aquifers demonstrate
similar behaviour due similar dissolution and fracturing processes. He attributes disagreements
in literature primarily to sampling differences. For all these reasons, the Chalk in the UK can be

seen as "karstic".

1.2.1.4 Karst Modelling

There are several ways to model karst systems. "Blackbox" models simply transfer input to
output by using transfer functions. Conveniently they are very simple, however, they are not
based on physical processes. Considering spatial and temporal variability, process-based karst
models have clear advantages (HARTMANN et al.,|[2014a).

Two main types of process-based karst models can be found in the literature: distributed
(eg. KIRALY, |1998; R0Z0S and KOUTSOYIANNIS, [2006; BUTSCHER and HUGGENBERGER,
2007) and lumped (eg. RIMMER and SALINGAR, 2006; FLEURY et al., 2007; BUTSCHER
and HUGGENBERGER, 2008; FLEURY et al., 2009) modelling approaches. Distributed models
represent flow processes in sub-units building a two dimensional or sometimes three dimensional
grid. Each sub-unit needs specific parameters allowing spatially explicit flow estimations. (HART-
MANN et al.,|2013a)

However, as already stated above, karst aquifers are highly heterogeneous and therefore
accurate data is rarely available. Thus, mainly lumped modelling approaches are applied on karst
systems (JUKIC and DENIC-JUKIC, [2009). HARTMANN et al. (2013a)|introduced the VarKarst
model which can be seen as a hybrid between lumped and distributed modelling approaches due
to its particular model structure (see Section [3.2)).

Generally, hydrological modelling is based on conceptualizing real processes (KUCZERA
and MROCZKOWSKI, |1998). Direct measurement of model parameters is often not feasible and
sometimes impossible. Thus, parameters are estimated indirectly through a calibration procedure
(HARTMANN et al.,|20144a)). They can be estimated manually or automatically (VRUGT et al.,
2003). Today, automatic calibration approaches are preferred e.g. MCAT (WAGENER et al.,
2001), SCE-UA (DUAN et al.,|1992) or SCEM-UA (VRUGT et al., 2003).

Commonly, a goodness of fit measure like the Mean Squared Error (MSE), the Nash-Sutcliffe
Efficiency (NSE, NASH and SUTCLIFFE, 1970) or the Kling-Gupta Efficiency (KGE, GUPTA
et al., 2009) is used as an objective function to calibrate the model against a runoff time series
(KUCZERA and MROCZKOWSKI, [1998). As stated by GUPTA et al. (2009)| the NSE and the
MSE are widely used but also heavily discussed criteria. They presented the KGE, a result of a
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decomposition of the NSE (and MSE), emphasizing the importance of the different components
of the criteria.

There is a trade-off between relatively simple and more complex models (KUCZERA and
MROCZKOWSKI, [1998). As more complex models may include more physical processes
(HARTMANN et al.,[20144a) and produce better fits during calibration (PERRIN et al., 2001), they
have the problem of overparameterization (BEVEN, |1996) leading to parameter unidentifiability
(HARTMANN et al., 2014a)) and less robustness (PERRIN et al., |2001). A large number of
parameters can cause equifinality, meaning that different parameter sets can lead to equally
good model results. As early as 1970, the principle of parsimony in hydrological modelling
has been promoted by BOX and JENKINS. Parsimony in this context means that the simplest
possible model should be selected (BOX and JENKINS, |1970). KUCZERA and MROCZKOW SKI
(1998)| discussed the assets and drawbacks of parsimonious and complex model approaches.
They suggest less than six parameters when calibrating only against streamflow. Multi-objective
approaches, with additional information such as hydrochemical data, can relevantly improve
parameter identifiability (HARTMANN et al.,|2014a).

In order to validate the performance of a model a wide range of techniques is available.
KLEMES |(1986) proposed several methods including the split-sample test. In the split-sample
test available time series are split into two segments. After calibrating against the first segment

the second segment is used for validation.

1.2.2 Groundwater Flooding

As stated and characterised in the reports of DEFRA (2004; 2005) there are several types of
floods, e.g. (i) fluvial flooding, (ii) pluvial or surface water flooding, (iii) coastal flooding and
(iv) groundwater flooding: Whereas (i) and (ii) happen when rivers or soils cannot cope with
the amount of water entering it, coastal flooding (iii) occurs as the weather and tidal conditions
increase sea levels. Groundwater flooding (iv) appears as a result from rising water tables above
the natural surface (see Figure[I.2)) driven by intense rainfalls.

Usually, groundwater flooding events are a winter phenomenon and events in summer periods
occur very rarely (PARRY et al., 2013). In contrast to fluvial flooding, groundwater flooding
events often have longer durations and very low flow velocities (MACDONALD et al., 2008)). Thus
they are a minor threat to human health but they can produce more than twice as much damage to
building fabrics compared to fluvial flooding (COLLIER,|[2014)). They occur most likely in low-
lying areas underlain by permeable strata (DEFRA, 2005; HUGHES et al., 2011). Typically, events

last weeks rather than hours leading to substantial social and economic disruption (MACDONALD
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Figure 1.2: Conceptualized Groundwater Flooding

et al., HUGHES et al.,2011). According to MACDONALD et al. urban areas are at
particular risk since traditional flood protection may be circumvented as the upward flow can
occur ubiquitously. In contrast, MCKENZIE and WARD |(2015)|emphasizes that rural areas are
often faced with greater impact because urban areas can mitigate inundation depths through the
existence of extensive drain and sewer systems.

FINCH et al. analysed the spatial distribution of groundwater flooding. The occurrence
of emerging groundwater seems to be controlled on how the river valley is oriented to the regional
groundwater flow. Zones with increased permeabilities can additionally drive the emergence of
groundwater at the ground surface. The paper described two forms of groundwater flooding:
Firstly, emergence from saturated alluvial deposits and secondly, emergence from permeable
strata, typically located in the upper reaches of streams and rivers.

Following MACDONALD et al. there are three scenarios of groundwater flooding: (i)
long-lasting, regionally extensive groundwater flooding caused by intensive rainfalls, combined
with antecedent conditions of high groundwater tables and high soil moisture, (ii) rapid responsive

groundwater flooding of shallow unconsolidated sedimentary aquifers and (iii) groundwater
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flooding due to reduced industrial activities and therefore reduced abstraction.

HUGHES et al.|(2011) agreed regarding scenarios (i) and (iii) while suggesting that groundwa-
ter flooding can further occur by groundwater flow through the alluvium or caused by geological
barriers. MCKENZIE et al.|(2010) noted that it is sometimes hard to distinguish between different
flood types as they often occur simultaneously. ROBINS and FINCH |(2012)|emphasized the im-
portance of differentiating between groundwater flood and groundwater induced flood. Whereas
the "true groundwater flood" occurs as groundwater levels reach the surface, the groundwater
induced flood happens due to increased base flow, leading rivers to burst their banks.

Regardless of the form, scenario or type, groundwater flooding is highly connected to the
geological settings and the present topography (COBBY et al., 2009). Several attempts have been
made to assess areas which are susceptible to groundwater flooding. JACOBS (2004 )| created
"Groundwater Emergence Maps" (GEMs) by identifying areas where winter groundwater levels
are only within 2 meters below the ground surface. He estimated that 1.7 million properties are at
risk from groundwater flooding in England. The most vulnerable properties (about 380,000) are
located in southern England, where Chalk is the major aquifer type. Following MCKENZIE and
WARD |(2015) these numbers are probably an overestimate since the used approach was rather
course. They add that the procedure by JACOBS does not take into account past flood events.
Their estimated number of properties in susceptible areas is around 920,000. Based on the
groundwater flooding event in winter 2013/2014, they calculated that only 205,700 properties are
at actual risk from groundwater flooding. In addition to endangered properties, the groundwater
itself is at risk since superficial damages can lead to water contamination (KREIBICH and
THIEKEN, 2008)). Besides JACOBS’s attempt, the British Geological Society (BGS) has produced
groundwater flooding susceptibility maps'. They distinguish between "clearwater flooding"
from rising groundwater levels and flooding through "Permeable Superficial Deposits" (PSD)
e.g. when there is a connection between surface watercourses and the adjacent area through the
alluvium (MCKENZIE et al., [2007).

BRADFORD and CROKER |(2007)|used hQ-plots, a combination of discharge and groundwater
head time series to create a fluvial flood alert procedure in the Chalk. They classified the
suitability of boreholes for this approach based on their head-flow response. Only boreholes
which showed a clear bend in the hQ-plots were considered to be suitable. Moreover this bend
corresponded to the respective flood threshold level. For their method they strongly suggest that
data from the extreme event in 2000/01 should be incorporated if possible in Chalk catchments of

southern England. Regarding groundwater flood risk management COBBY et al. |[(2009)| provided

Uhttp://www.bgs.ac.uk/research/groundwater/datainfo/GFSD.html| (as of September 24th, 2015)
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a notable review of the advances made so far. They believe that determining the inundation
depth and its likelihood of occurrence is one of the major challenges of future research. ADAMS
et al.|(2010) presented a framework for an early warning system. They suggested an approach to
model groundwater levels based on a simple linear transfer function.

Furthermore, there are some approaches which include digital elevation models. MCKENZIE
et al. (2010) described the use of digital elevation models to predict areas which are susceptible
to groundwater flooding. With an extensive borehole dataset they interpolated groundwater levels
on a national scale. Where no sufficient data was available they constructed water tables with the
help of river networks, lakes and the sea, assuming hydraulic continuity. They concluded that
proper borehole data is a crucial requirement for groundwater flood susceptibility mapping.

UPTON and JACKSON|(2011) presented an approach to model groundwater inundation extents
by simulating a set of hydrographs with a simple lumped parameter groundwater model. They
further transposed the modelled hydrograph to a network of boreholes to model groundwater
emergence more precisely. However, their approach is only based on monthly values possibly
missing shorter groundwater flooding events. BUTLER et al. (2012)|notes that one major difficulty
when modelling groundwater levels is the parameterization of the unsaturated zone.

According to current climate models, the risk of groundwater flooding will possibly increase
(UPTON and JACKSON, 2011). JIMENEZ-MARTINEZ et al.|(2015) predicted an increase of future
groundwater flooding events in a catchment of the English Chalk. They used transfer functions
to avoid modelling the whole karst system and defined a trigger level at which groundwater
flooding occurs based on an event in 2000/01. According to their calculations groundwater

flooding events will become approximately 7 times more frequent by the end of this century.

1.2.3 Climate Modelling

There is a vast number of Global Climate Models (GCMs) developed by various research groups
from all over the world. To study and compare those models the Coupled Model Intercomparison
Project (CMIP)? was established (MEEHL et al., 2000). Unfortunately, GCM resolutions remain
relatively coarse as they are designed for global impact studies (HEMPEL et al., 2013).

EHRET et al. (2012)| explains that for using climate models on a regional scale, downscaling
and/or bias-correction methods are needed: For downscaling, preferably "dynamical downscal-
ing" is used to improve simulations. It enhances resolution by nesting a Regional Climate Model
(RCM) into a GCM. They note, however, that the output of a RCM-GCM may lead to a degree

2 Now in the fifth phase (CMIP5). URL: http://cmip-pcmdi.llnl.gov/cmip5/ (as of September 24th, 2015)
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of error that impedes drawing meaningful conclusions out of impact studies.

Bias-correction (BC) adjusts the GCM output towards historic data (EHRET et al., [2012),
building a bridge between GCM output and observed data (HEMPEL et al.,|[2013). Yet, EHRET
et al. |(2012)| criticise current bias-correction methods as they neglect feedback mechanisms and
lack physical justification, rather hiding uncertainties than reducing them. HEMPEL et al. (2013)
introduced the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP) approach for a
trend preserving BC. They agree regarding the fact that bias-correction introduces another level
of uncertainty. They argue, however, that “impact models (...) often require driving climate data
that is statistically similar to the observational datasets with which they were calibrated”. For

further information about the ISI-MIP approach see Section [3.5]

1.3 OBJECTIVES

In the last 15 years groundwater flooding in the UK has increasingly become a subject of research
(CoBBY et al.,[2009). The English Chalk is profoundly susceptible to groundwater flooding and
future climate predictions suggest an increase of intense rain events. This thesis focuses on the
modelling of the groundwater levels in the Frome catchment with emphasis on the groundwater
flooding event in the summer of 2012.

The intention is to apply an adapted version of the VarKarst model introduced by HARTMANN
et al.|(2013a) on the catchment to simulate groundwater levels. Subsequently, attempts are made
to detect whether and when groundwater inundation happens in the catchment. Finally, the
output of five climate models is additionally used as input for the presented model to examine the
future risk of groundwater flooding. Consequently, this thesis attempts to answer the following
research questions:

Is the developed model able to simulate groundwater levels on a daily time step? Is the
presented approach able to adequately detect groundwater inundation? Is it possible to reasonably
determine the future frequency of occurrence of groundwater flooding events? And lastly, is the

approach a useful alternative to already existing approaches?
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Chapter 2

Study site

2.1 GENERAL INFORMATION

The Frome and Piddle catchments are located in West Dorset in the south-west of England (see Fig-
ure [2.1). The two rivers drain adjacent chalk catchments and their elevation varies from over
200 m a.s.l. in the north-west to sea level in the south-east. After all, the catchment areas are
around 414 and 208 km, respectively. (HOWDEN et al., 2010)

The topography is very flat with a mean slope of 3.9 % and a mean height of approximately
111 meter above sea level. The main urban areas are Dorchester and Wareham. The total
population is about 50,000 and is predicted to increase by approximately 10 % by 2035 (DORSET
COUNTY COUNCIL, 2011)). However, it is a rural region with urban areas making up only a
small percentage of the total land use (ENVIRONMENT AGENCY, 2012). Industrial activity is
light and focuses mainly on agriculture (HOWDEN, |2006). Hence it is a area of high amenity
value, known for its good angling opportunities and remarkable flora and fauna (ADAMS et al.,
2003). Agriculture accounts for more than 75 % of the total land use, equally composed of arable
and pasture (WESSEX WATER, 2012).

2.2 CLIMATE

Dorset is one of the southernmost counties in the UK. The climate can be defined as oceanic
with mild winters and warm summers (DORSET COUNTY COUNCIL, 2009).

The mean winter temperature is about 6 °C and the mean summer temperature is around
20°C (DORSET COUNTY COUNCIL, 2005). As can be seen from Table mean annual
precipitation in both catchments lies around 1000 mm exceeding mean annual potential evapo-
transpiration by approximately 400 mm. Since the area is characterised by mild winters snow is
quite rare, particularly in the coastal areas (DORSET COUNTY COUNCIL, |2009).
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Figure 2.1: The Frome and Piddle Catchment

Table 2.1: Mean, minimum and maximum values of precipitation and potential evapotranspiration in the

Frome and Piddle catchments

Parameter =~ Frome Piddle
Period of time Period of time
Precipitation mean 1105 7900 - 2012 mean 997 1900 - 2012
[mmy~']  min 588 min 522
max 1600 max 1464
PET mean 591 1961 - 2008 mean 594 1961 - 2011
[mmy~']  min 527 min 534

max 670 max 669
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Climate projections suggest that the UK will experience increasing temperatures and less
rainfall in summer periods and warmer, wetter winter periods (DORSET COUNTY COUNCIL,
2010). According to GOSLING et al. (2011)|the total amount of rainfall is predicted to remain

unchanged. Hence winter rainfall extremes in the UK are likely to increase in the future.

2.3 HYDROLOGY

The rivers Frome and Piddle arise near Evershot and Alton Pancras, respectively. After flowing
south-east to Dorchester, the river Frome turns due east, running through Wool and Wareham. The
river Piddle flows south-east through Puddletown before running towards Wareham. (HOWDEN
et al., 2010)

Downstream of Wareham, both rivers drain separately into Poole Harbour, which is claimed
to be one of the largest estuaries in Europe (MAY and HUMPHREYS, |2005). Like the whole
UK Chalk outcrop, the area is characterised by ephemeral groundwater-fed streams, so called
(winter-)bournes which normally rise in the wetter winter periods (KEATING, |1982). Notably
one tributary of the Frome river is named "South Winterbourne". As can be seen in Figure [2.1]
the Frome spring at Evershot is not connected to the river shapefile. The shapefile is provided
by the Environment Agency? and explicitly intended for chalk streams. However, it seems that
the file does not involve the branch to the spring. This can be seen as another indicator of the

widespread occurrence of ephemeral streams.

2.3.1 Hydrodynamics

HOWDEN |[(2006)| characterised both rivers as highly groundwater-dominated. For all examined
rivers in the catchments he calculated base flow indices of over 0.79. However, he added that
local impermeable drift strata could regionally enhance direct run-off proportions. As can be
seen in Figure [2.2|both rivers show a similar discharge behaviour. Yet, the mean discharge of the
Frome is over twice as high as the discharge of the Piddle (Table [2.2).

3 http://www.geostore.com/environment-agency/WebStore ?xml=environment-agency/xml/ogcDataDownload.
xml (as of September 24th, 2015)


http://www.geostore.com/environment-agency/WebStore?xml=environment-agency/xml/ogcDataDownload.xml
http://www.geostore.com/environment-agency/WebStore?xml=environment-agency/xml/ogcDataDownload.xml
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Figure 2.2: Daily discharges [m3s™!] of the Frome (East Stoke gauging station) and the Piddle (Baggs

Mill gauging station) over the modelling period

ADAMS et al.|[(2003) and HOWDEN (2006)| (among others) suggested that there may be ground-
water transfers between both catchments. HOWDEN |(2006) quantifies water balance losses of
5 % in the Frome catchment (at East Stoke) and 8 % in the Piddle catchment (at Baggs Mill).
This may indicate negligible water losses through inter catchment flow. Following the National
Rivers Authority (NRA) the catchments are heavily utilised for water abstractions (NRA, |199J).
However, they distinguish between surface water abstractions and groundwater abstractions. The
total maximum licensed annual water quantity for both catchments is around 128,000 M1 (128
mio m3) with groundwater accounting for about 50 %. Non-consumptive abstractions (e.g. for
fish farming) account for approximately 70 % of the surface water abstracted. Groundwater
abstractions are primarily consumptive and either used for public or private water supply. Ac-
cording to MANSELL-MOULLIN (as cited in HOWDEN, [2006, p. 137) groundwater abstractions

may be up to 10 percent of the annual runoff in the catchments.
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Table 2.2: Hydrological data of the Frome (at East Stoke) and Piddle (at Baggs Mill). Source: CEH, 2015

Parameter Frome Piddle Unit
East Stoke ~ Baggs Mill
Period of Record 1965 -2013 1963 - 2013 y
Base Flow Index 0.86 0.89 -
Mean Flow 6.65 2.44 m3s~!
95% Exceedance (Q95) 2.45 0.79 m3s~!
70% Exceedance (Q70) 3.74 1.25 m3s~!
50% Exceedance (Q50) 5.31 1.85 m3s~!
10% Exceedance (Q10)  12.65 4.89 m3s~!

2.3.2 Hydrochemistry

Since this thesis focuses on the hydrodynamics of the system, only some basic hydrochemical
information are presented. Further information can be found in the comprehensive work of
HOWDEN [(2006) and HOWDEN et al. (2010).

All in all, a high quality for both groundwater and surface water has been attested by the NRA
in 1995. Conversely, the ENVIRONMENT AGENCY |(2009) characterises the quality and quantity
of the groundwater as poor at least in the middle reaches of the catchments. Furthermore they
predict a future deterioration of both parameters. Following BRUNNER et al.|(2010) the biological
quality of the river Frome is poor whereas the physico-chemical quality is good. HOWDEN
(20006) identifies increased agricultural activity and associated rise of nitrate and potassium
concentrations as the major impact on the groundwater quality. According to HOWDEN et al.
(2010) the waters of the rivers are nutrient-rich and of a calcium bicarbonate type and therefore

characteristic for Chalk-associated agricultural catchments.

2.4 GEOLOGY

The following geological description is mainly based on the doctoral thesis of HOWDEN (2006,
p.81 ff) which contains a comprehensive characterisation of the hydrogeological peculiarities.
Historically, the English Chalk was divided into 3 groups: Upper, middle and lower Chalk (JUKES-
BROWNE, |1880; JUKES-BROWNE and HILL, 1900, [1903, 1904)). During the 1990s a new and
more complex lithostratigraphic scheme was developed among others by BRISTOW et al. (1997)

dividing the Chalk into ten units. Remarkably, all ten units outcrop in the catchments. Thus, the
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lithology of the Frome and Piddle catchments can be described as complex.

The geology is predominated by the Cretaceous Chalk outcrop. The Chalk matrix is thereby
dominated by the mineral calcite. Approximately 65 % of the catchments are underlain by Chalk.
As can be seen from Figure the catchments share similar geological features. However,
whereas the river Piddle and its tributaries rise primarily from Jurassic limestones and mudstones
or the Gault, the headwaters of the Frome include outcrops of the Upper Greensand, often
overlain by the rather impermeable Zig-Zag Chalk. The middle reaches of both rivers traverse
the Cretaceous Chalk outcrop followed by Palaeogene strata in the lower reaches, eventually
draining into Poole Harbour.

Over 40 % of the catchment are covered by drift deposits. Hence, the catchments comprise six

main geological units: (i) Jurassic, (ii) Upper Greensand, (iii) Gault, (iv) Chalk, (v) Palacogene
and (vi) Drift. While (i) relies more upon matrix than fracture flow the water movement in (ii)
occurs mainly through the matrix. Both units appear in a confined and an unconfined form in
the catchments. The Gault (iii) virtually acts as an aquiclude, providing confining layers above
Jurassic and impermeable bases to Upper Greensand aquifers. The major aquifer Chalk (iv)
appears mainly unconfined. However, in the lower reaches it is overlain by Palacogene strata,
resulting in confined aquifer conditions.
The region around the Frome catchment is known for the highest density of solution features
in the UK (EDMONDS, [1983)). A considerable number of these features can be observed in the
interfluve between the Frome and Piddle (ADAMS et al., 2003)). As stated in Subsection|1.2.1.3
Palaeogene strata combined with Chalk is known to enhance karstification. The corresponding
soils are often acidic and quite clayey leading acidic runoff to discrete points (ALLEN et al.,
1997).
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2.5 SOILS

The distribution of soil types corresponds highly to the underlying geology. Loams over chalk,
shallow silts, deep loamy, sandy and shallow clays contribute the lion’s share of the soils occurring
in the study area (BRUNNER et al., 2010). The soils of the upper parts of the catchments are
mainly shallow and well drained (NRA,[1995)). In the middle and lower reaches the soils are
becoming more sandy and acidic due to waterlogged conditions caused by either groundwater or
winter flooding (NRA,|1995; BRUNNER et al., 2010). Generally, soils that develop on carbonate
rock are relatively high in clay content (FORD and WILLIAMS, 2007). ALLEN et al. (1997)
argues that high clay contents may concentrate runoff to discrete points explaining increased

solution activities associated with Palaeogene-covered Chalk.

2.6 GROUNDWATER FLOODING

Exceptionally large amounts of rainfall on 6-7 July in 2012 led to flooding in several areas in
the United Kingdom, particularly in southwest England. Following the wettest June on record
counties like Devon and Dorset faced over 100 mm of rain in only two days. (ALMOND, [2013)

According to BENNETT (2013) and BUTLER |(2013)|flooding in the Frome catchment occurred
primarily in the South Winterbourne valley and in Maiden Newton. The large precipitation event
initially led to flash flooding and resulted in a rapid response of the groundwater levels. The flood
in the South Winterbourne valley lasted for approximately two weeks with inundation depths
between 500 and 700 mm. 42 properties as well as several roads were flooded during the event.
For example, the trunk road A35 between Dorchester and Winterbourne Abbas was closed in
both directions due to the flooding (BBC, |2012). The report of BUTLER |(2013) suggests that the
strongly heterogeneous rainfall pattern led to the localised flooding in the South Winterbourne
valley (see Figure in the Appendix).

The British Geological Society (BGS) produced “Groundwater Flooding Susceptibility Maps”
based on rock types and modelled groundwater levels. Figure[A.3](Appendix) shows the areas in
the Frome and Piddle catchment which are susceptible emerging groundwater. Generally the
Frome catchment comprises larger susceptible areas, particularly around Dorchester and in the
South Winterbourne valley.

Figure[A.T]in the Appendix shows the behaviour of the borehole Kingston Russell, which is
also in the subcatchment South Winterbourne. The borehole has been used by the Environment

Agency for flood alert purposes. Unfortunately this borehole is not included in this study. The
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figure illustrates how frequently the threshold levels have been exceeded between 2004 and 2013.
Research suggests that considerable larger events occurred in the catchment, such as the
winter events in 2000/01 and 2013/14. However, due to a lack of data availability, attempts were

made to develop a prediction tool based on the event in summer 2012.
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Material & Methods

The following chapter comprises all relevant information about the used data and performed

methods. After an overview on the available data and the VarKarst model, the implementation

strategy is demonstrated. Following that, methods to define a groundwater inundation threshold

are presented. Finally, five climatic scenarios are introduced and hence used for prediction

of future groundwater flooding occure

simplified manner.

nces. Figure 3.1 shows the main steps undertaken in a
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Figure 3.1: Flowchart of the study steps.

1.) Testing of the VarKarst model in the catchment and

consequent adaptation 2.) Calibration with the adapted VarKarst model 3.) Threshold Analysis

to examine flood occurrences 4.) Using GCM-output for future projections
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3.1 AVAILABLE DATA

The discharge data was obtained from the Centre for Ecology & Hydrology (CEH). The daily
mean discharges date back to the 1960s and can be downloaded freely from the official website®.
The borehole data was provided by the Environment Agency (EA) and obtained via the University
of Bristol. The digital elevation model was produced by the U.S. Geological Survey’ (USGS). It
is provided in a 3 arc-sec resolution and "void-filled". This means that the recorded raw data
which comprise "nodata" areas was corrected with two different filling algorithms (LEHNER
et al.,[2006). The catchment polygon shapefiles were again provided by the CEH. River network
shapefiles were obtained from the EA. The climate scenario data was provided by the Inter-
Sectoral Model Intercomparison Project (ISI-MIP)%.The total data used for modelling in this
study can be seen in Table 3.1}

Table 3.1: Data used for modelling

Parameter Source  Period of time Resolution Unit
Precipitation CEH 01.01.2000 - 31.12.2012 daily mm d~!
Discharge CEH 01.01.2000 - 31.12.2012 daily m3s~!
Pot. Evapotranspiration CEH 01.01.2000 - 31.12.2008 daily mm d~!
Groundwater levels EA 01.01.2003 - 31.12.2012  daily/monthly m a.s.L
Digital Elevation Model’ USGS - 3 arc-sec
Global Climate Model Output®  ISI-MIP  01.01.1968 - 31.12.2099 daily mm & °C

In the beginning, no further information about the temporal resolution and the time spans of
the borehole data was available. Unfortunately, only four boreholes provided a high temporal
resolution. The high resolution raw data had been collected at a 15-minute interval. For further
analysis, the data was aggregated on a daily basis with R. The low resolution boreholes comprised
data with roughly one measurement per month. Apart from the gauges and the meteorological
stations, Figure [3.2] shows all borehole locations and their measure frequency between 2008 and
2012. Later modelling focusses on the three boreholes "Ashton Farm", "Ridgeway" and "Black

House". Only "Ashton Farm" contains a continuous time series without gaps from 2003 to 2012.

*http://www.ceh.ac.uk/data/| (as of September 24th, 2015)

3 http://hydrosheds.cr.usgs.gov/dataavail.php (as of September 24th, 2015)

6 https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/
rd2-cross-cutting-activities/isi-mip| (as of September 24th, 2015)

" 'The resolution of the available digital elevation models at USGS is stored in the format of arc-seconds. At the
equator one arc-second equals approximately 30 meters. In the northern latitudes of the present study site a
3 arc-seconds grid cell measures approximately 60x90 meters. (ARCUSER, 2015)

8 Spatial resolution 0.5° x 0.5° (see Section


http://www.ceh.ac.uk/data/
http://hydrosheds.cr.usgs.gov/dataavail.php
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
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Figure 3.2: Gauges, meteorological stations and borehole locations and their measure frequency between
2008 and 2012

The potential evapotranspiration in both catchments has a strong annual cycle. Since most recent
data from years 2009-2012 (Frome) was missing, representative PET-years were calculated on
the basis of the last fifty years. These representative years were then attached to time series. The

strong annual cycle and the artificial PET-years can be seen in Figure[3.3]

mm/day

T T T T T
2000 2002 2004 2006 2008 2010 2012

Figure 3.3: Annual cycle of the potential evapotranspiration in the Frome catchment
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3.2 THE VARKARST MODEL

In this section the VarKarst model and its functioning will be explained. After some general
information about the model a detailed view on the calculation procedure is provided. The
major part of this section is based on HARTMANN et al. and HARTMANN et al.
Table [3.2] comprises all relevant equations.

3.2.1 General Information

The VarKarst model is a process-based hydrological karst model programmed in MATLAB®
which operates on a daily timestep. It was introduced by HARTMANN et al. and was
initially applied on a catchment in Southern Spain. Similar to other karst models, it distinguishes
between three subroutines representing the soil system, the epikarst system and the groundwater
system. The model is able to consider (i) varying soil and epikarst depths, (ii) the duality
of recharge (concentrated/diffuse) and the variability of (ii1) epikarst hydrodynamics and (iv)

groundwater hydrodynamics by using Pareto functions.

Precipitation 1 t Evaporation
saturation excess surface flow
[ 4 [ 4
Soil
/

Epikarst

diffuse rdcharge|

groundwater flow | ﬁ entrated |

acharge | Groundwater

< Spring

Figure 3.4: The VarKarst model. Modified from HARTMANN et al.|(2013a)

Pareto functions are continuous probability distribution functions. They require one distribution
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parameter and have been broadly used in hydrological modelling (NADARAJAH and ALI, 2008]).
To attribute the complex karst system behaviour the Pareto functions are applied to a set of
N = 15 model compartments. The number 15 is not predetermined but has been derived by
practical experience from previous studies. Covering the spatial variability this way, the VarKarst
model can be seen as a hybrid model since it comprises characteristics of both lumped and
distributed modelling techniques. Thus, it combines a high degree of sophistication with a
relatively low number of parameters resulting in a parsimonious modelling approach.

VarKarst is able to cope with particular wet and dry conditions due its process-based nature.
As reported by HARTMANN et al.|(2014b), concentrated recharge in VarKarst increased during
extremely wet years whereas diffuse recharge dominated during dry years. They noted, however,
that even if the climate shifted towards drier conditions, extreme events still can pose a threat
when activating the conduit system. Hence, it is not only the amount of precipitation that
is crucial, but also the (spatio-)temporal pattern of the rainfall which influences the model

behaviour.

3.2.2 Calculation Procedure

To begin with, some definitions need to be addressed. A mean soil depth V¢4, s [mm], a mean
epikarst depth V,,,c., r [mm] and an associated distribution coefficient agg [-] are defined to
assess the variability of soil and epikarst depths. The equations for the storage capacities Vs

0
H

and Vg ; [mm] for every compartment ¢ can be seen in Table

After defining the storages, several hydrological processes are simulated in the model. Water
entering the model through precipitation can either directly evaporate, flow to the next com-
partment or percolate to the epikarst system. The actual evapotranspiration from each soil

compartment £, ; [mm] is calculated for every time step ¢ by:

min[VSoil,i (t) + P(t) + QSUTface,i(t)7 VS,i]
Vs.i

)

Eact,i (t) = Epot (t)

3.1

where P [mm] is the precipitation and E,,; [mm] is the potential evapotranspiration (PET)
provided by the CEH (see [3.1][Available data). The surface inflow Qguyrface,i Originates from
compartment ¢ — 1, and is therefore constantly flowing to the next compartment. Water that
does not evaporate or flow to the next compartment percolates as recharge Rpp;; [mm] to
the epikarst system. The outflow of the epikarst depends on the storage coefficients K ; [d]

? For their derivation see HARTMANN et al. (2013a, Appendix A).
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which in turn are controlled by the mean epikarst storage coefficient K., 1 (see Table 0.
The outflow of the epikarst is then separated into diffuse (/24;7¢;) and concentrated (Fconc,i)
groundwater recharge. Whereas the diffuse recharge arrives the groundwater system below in the
compartments 1...N — 1, the concentrated recharge is routed to the last compartment /N forming
the conduit system.

The groundwater outflow is controlled by the groundwater variability constant a¢y and the
groundwater storage coefficients for the matrix Kgy; and the conduits K. Ultimately, the
main spring discharge Q,,q:n(t) merges the fast and the slow component by summing up all
groundwater flows (), from the compartments 1...NV.

The groundwater storage Ve is the focus of this thesis. It is regulated by the input (R
& Reonc,i) and the output (Qcw,;). Figure @] vividly shows the behaviour of the groundwater

storage separated in the different compartments.

0+ [ -

T T T T T T T T T T
1500 1550 1600 1650 1700 1750 1800 1850 1900 1950
Time[d]

Figure 3.5: Groundwater storage (Viy,;) behaviour in the VarKarst model. Every line is a single storage

compartment. Note: This is a magnified view that does not show all compartments

10 For their derivation see HARTMANN et al. (2013a, Appendix A).



Table 3.2: Parameters, descriptions and equations solved in the VarKarst model

Parameter Description Equation Unit
Vs, Soil storage distribution = Vmaz,S (%)GSE mm
Vi Epikarst storage distribution = Vinaz.B (%)GSE mm
(22)
Vinaz,s Maximum soil storage capacity = Vinean,s2 \“¥ mm
(=)
Vinaz,E Maximum epikarst storage capacity = Vinean, g2 \ "1 mm
Eaet,i(t) Actual Evapotranspiration = Epot(t) mi"[VS"“’i(t)+P(€,);QS“’"f‘“”(t)’vs”'] mm
Rppii(t) Recharge to the epikarst = max[Vsei,i(t) + P(t) + Qsurface,i(t) — Eact,i(t) — Vs;,0] mm
QEpii(t) Outflow of the epikarst = m""[VE“"?(tHRE?}i{v;tQS“f““(t)’VE*"’] At mm
Kg Epikarst storage coefficient = Knaz,E (%)aw d
Qsurfi+1(t)  Surface flow to the next model compartment =maz[Vepi,i(t) + Repii(t) — Vi,i, 0] mmd~!
Raify,i(t) Diffuse recharge = fc.iQEpii(t) mm
Reone,i(t) Concentrated recharge =(1— fc,)QEpi,i(t) mm
fc. Variable separation factor = (&) -
Qaw,i(t) Groundwater contributions of the matrix = %@W mmd~!
Kaow, Variable groundwater storage coefficient = K¢ (%) Taew d
N
min[Vaw,n ()4 Reone,i(t),Verit,oF]
Qaw,n (1) Groundwater contributions of the conduit system = e mmd!
N
Qmain(t) Main spring discharge = % Zl Qaw,i(t) 1s7!
1=

[2PON ISADYADA 2Y ] C°E

6¢C
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3.3 MODEL ADAPTATION

3.3.1 Multi-objective Approach

The model provides the opportunity for a multi-objective calibration. Besides streamflow,
previous studies used hydro-chemical data to increase the model performance. The work of
HOWDEN |(2006) suggests that hydro-chemical information would be of negligible value in the
study area.

Since calibrating only against discharge would lead to a lack of robustness, the adapted model
uses the information of discharge and groundwater levels from three boreholes for calibration.
The final model comprises two input time series (Precipitation and PET) and four observed time
series (Discharge and three boreholes) leading to 13 variable model parameters. All variable

parameters and their ranges for calibration are summarised in Table[3.3]

Table 3.3: Variable model parameters, descriptions and ranges for calibration

Parameter Description Unit Ranges
Lower Upper
Vinean,s Mean soil storage capacity mm 0 5000
Vinean,E Mean epikarst storage capacity mm 0 3000
Kinean, . Epikarst mean storage coefficient 1 50
K¢ Conduit storage coefficient 1 10
Gfsep Recharge separation variability constant - 0.1 5
acw Groundwater variability constant - 0.1 5
ase Soil/epikarst depth variability constant - 0.1 2.5
DGW, A Ashton Farm Groundwater level porosity parameter - 0.001 0.5
Ahgw,a  Ashton Farm Groundwater level offset parameter - 50 150
DGW,R Ridgeway Groundwater level porosity parameter - 0.001 0.5
Ahew,r  Ridgeway Groundwater level offset parameter - 50 150
DGW,B Black House Groundwater level porosity parameter - 0.001 0.5
Ahew,p  Black House Groundwater level offset parameter - 50 150

The borehole parameters are introduced to link the modelled groundwater storage to real

groundwater elevations. A simple linear relationship is assumed to transfer the modelled storage

Vew, [mm] into a groundwater level hgy [m a.s.L]:

_ Vew(t)
haw(t) = 1500+ Dow

+ Ahew

(3.2)
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with paw [-] and Ahgy [m] representing the parameters for the porosity and the offset, respec-
tively. It should be noted that pgyy 1s not equivalent to the real but rather to an effective porosity

assuming a vertically constant porosity throughout the aquifer.

3.3.2 Calibration Strategy

The model was previously adapted on a catchment in Spain where the assumption suggested
itself that the initial storages were entirely empty. In the present case, this forced the model in
an non-stationary state, persistently filling up its storages over the modelling period. Hence,
assuming a rather humid climate, the initial storages were set to 100%.

The calibration period ran from 2008 till 2012 and the validation period from 2003 till 2007.
Both periods had additional three-year warm-up periods. Calibration was performed against
four input time series: discharge (Frome at East Stoke) and the three boreholes (Ashton Farm,
Ridgeway and Black House). To improve the groundwater level simulation different weighting
schemes were examined.

The Kling-Gupta Efficiency was used as an objective function. To determine which compart-
ment is suitable for the groundwater level simulation the model uses a modified KGE which

does not include the conditional and unconditional bias (see GUPTA et al., [2009)!:
KGE, =1—|r —1| (3.3)

Looking only at the correlation () between the simulated groundwater storage and observed
groundwater level, the appropriate compartment is exclusively chosen based on the right timing.

During this study, different parameter optimization algorithms (MCAT, SCE-UA, SCEM-UA)
are tested for their suitability. SCEM-UA tended to produce the highest efficiencies along with
relatively short calculation times. Therefore, SCEM-UA was used as the default optimization
algorithm. Besides the quantitative measure of efficiency a qualitative visual inspection is
carried out. To assess whether parameters are sensitive (or identifiable) cumulative parameter
distributions obtained from SCEM-UA were plotted.

In an early phase the model was not able to detect the groundwater flooding event in July
2012 satisfyingly'?. As a consequence, another time series representing only the event was added.
It comprised the groundwater levels at Ashton Farm from 01.07.2012 until 31.08.2012.

11 For a brief derivation see Appendix |C] p.

12 For its performance, see Table and Figures &
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3.4 THRESHOLD ANALYSIS

3.4.1 Dip Approach

Initially it was thought that a groundwater inundation threshold would be visible in the borehole
data. Unfortunately, this was not the case. Therefore attempts were made to detect the threshold
or trigger level at which groundwater inundation occurs. It was assumed that there is a linear
relationship between the borehole dip (i.e. the distance between the ground surface and the
groundwater level) and the vertical distance to the channel network (VDCN). The reason why
these two parameters were used is because they are independent from absolute elevations. During
high water table conditions the relationship is suspected to change: The smaller the vertical

distance to the channel network the bigger the dip to VDCN ratio. The idea is visualised in

Figure 3.6

¥ Water table MMl Surface water [ Permeable strata [l Aquitarde | Boreholes

| Vertical distance to channel network | Borehole dip

Figure 3.6: Conceptualized groundwater table with varying dips during non-flood conditions (top) and

flood-conditions (bottom)
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The borehole dips were mostly present in the raw data provided by the EA. Where this was
not the case'?, the dip was calculated by subtracting the groundwater levels [m a.s.l.] from the
respective borehole elevation [m a.s.l.] obtained from the DEM. The VCDN was calculated with
SAGA-GIS. The respective module, written by CONRAD |(2003), calculates the vertical distance
to a river network by interpolating a river base level which in turn is subtracted from a DEM
(CONRAD, [2007). As an input file for the river network the shapefile mentioned in Section[2.3|
was used. With mean monthly values from all borehole locations over the period 2008-2012,
linear models were set up for every month. Additionally, a model at the time of the flooding,
where all boreholes have measured values, was used to examine the relationship during an event.
From those boreholes who show a low temporal resolution five were measured on the 16.07.2012
and two were measured on the 17.07.2012. At the four high resolution boreholes the mean of

both days is used.

3.4.2 Setting Trigger Levels

Since the dip approach only worked with all available boreholes together but only four boreholes
had a daily resolution it was not sufficient for a continuous warning system. However, it may
give an indication of the magnitude of the flooding threshold. Based on the dip approach and an
event analysis a reasonable threshold was used. Additionally a model threshold was examined.
Although three boreholes were modelled, only the borehole at Ashton Farm was used to predict
groundwater flooding. This is due to the fact that groundwater inundation primarily took place in
the South Winterbourne valley and the other two boreholes are situated in the interfluves where
no groundwater flooding is expected. To count the potential groundwater flooding occurrences
two criteria were investigated: days over threshold level and events. An event was defined as a
series of consecutive days over the threshold level. If two events occur within a range of 3 days,

they are counted as one.

3.5 CLIMATE PROJECTIONS

To analyse whether climate change alters the frequency of occurrence of groundwater flooding,
the bias-corrected output of five GCMs, provided by the ISI-MIP, was used. According to
WARSZAWSKI et al. (2014)| ISI-MIP used these five models to span the space of changes in

temperature and precipitation as best as possible. Following HEMPEL et al. |(2013) the correction

13 Ashton Farm, Ridgeway, Tolpuddle Ball and Black House
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preserves absolute changes in temperature and relative changes in precipitation by (i) adjusting
the monthly mean and (i1) adjusting daily variability about the monthly mean. They argue that,
in contrast to interpolation methods, their BC approach accounts for expected higher temporal
variability at smaller scales. Nevertheless, they concede that BC of daily data with monthly
means may neglect weekly variability leading to a misrepresentation of droughts and floods. For
further information about the ISI-MIP approach see HEMPEL et al. |(2013).

All five models and their origins are listed in Table [3.4] In the following, the models are
named from GCM1 to GCMS5.

Table 3.4: Naming, original name and institute of all global climate models used

Model  Original Name Institute name

GCM1 GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory
GCM2 HadGEM2-ES Met Office Hadley Centre

GCM3 IPSL-CMSA-LR Intitut Pierre-Simon Laplace

GCM4 MIROC-ESM-CHEM Japan Agency for Marine-Earth Science and Technology, Atmo-
sphere and Ocean Research Institute and National Institute for Envi-

ronment Studies
GCM5 NorESM1-M Norwegian Climate Centre

The ISI-MIP dataset comprised daily time series of precipitation and air temperature from
01.01.1968 until 31.12.2099 in a 0.5° x 0.5° resolution. Since two cells of the gridded data
were present in the study area (see Figure the average of both was taken for the further
analysis. As input data for the adapted VarKarst model daily values of precipitation and potential
evapotranspiration from 01.01.2000 until 31.12.2099 are used. The potential evapotranspiration
was calculated using the Thornthwaite equation. In the view of the large uncertainties related to
climate change projections, different Representative Concentration Pathway (RCP) scenarios are
available to obtain from ISI-MIP. In this study the highest scenario (RCP 8.5) is chosen since it is
expected to exhibit the most pronounced results (HEMPEL et al., 2013)). For further information
about emission scenarios see MOSS et al.|(2010).

In a first step, the dataset was analysed with regard to their suitability as input for the VarKarst
model. Following that, the VarKarst model was used as an impact model to assess the future
quantity of groundwater flooding occurrences based on defined threshold levels. To assess the

temporal variation the time series were divided into five periods, each 20 years long.
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Chapter 4

Results

Is the adapted model able to model groundwater levels in the catchment? Can groundwater
inundation be detected? Whether and how will the frequency of groundwater flooding events
change in the future? The following chapter is divided into the three parts presenting the results

of examining these three questions.

4.1 MODEL ADAPTATION

As stated in the methods section, the model was executed with different weighting schemes. Table
M4.1]shows four different weighting schemes and the resulting efficiencies. The KGE's represent
the discharge (KGE(), the groundwater level at Ashton Farm (KGEqw, 4) and during the event
at Ashton Farm (KGEqw, Ap,,,,) as well as the groundwater levels at Ridgeway (KGEqw.r)
and Black House (KGE gy, g). They are listed in the same order as indicated by the respective
weighting scheme in the squared brackets. The numbers in the round brackets refer to the best

found groundwater model compartment.

Table 4.1: Model efficiencies [-] with different weightings in the calbration period (2008-2012) and in
the validation period (2003-2007). The numbers in the brackets correspond to the best found

groundwater model compartment

Efficiency Weighting 1 Weighting 2 Weighting 3 Weighting 4
[2.2.2.2.2] [2.3.3.1.1] [2.4.2.1.1] [.3.3.3.05.05]
Cal Val Cal Val Cal Val Cal Val
KGEg 0.88 0.82 0.90 0.84 0.89 0.84 0.91 0.85
KGEcw, 4 09209 0.84(09) 091(9) 0.74(10) 0.92(8) 0.82(9) 091(8) 0.83(9)
KGEew,Apyen,  0.80 (9) 09319 - 0.91 (8) 093@®) -
KGEow,r 0.86 (9) 0.88 (9) 0.88(8) - 0.88(8) -

KGEaw.p 0.83(8) 0.74(8) 0.85(9) 0.8209)  0858) 080(8) 085(8) 0.77(8)
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Overall, efficiencies are higher than 0.80 in the calibration period with all weighting schemes.
Mostly compartment 8 or 9 is chosen to model the groundwater levels. Only in the validation
period of weighting scheme 2 compartment 10 is used. Sometimes the model compartment
increases from calibration to validation period by 1. After all, weighting scheme 2 and 4 show
the highest performances. Weighting scheme 4 performs slightly better in the validation period,
at least regarding discharge and groundwater levels at Ashton Farm. Therefore , it is chosen as
the final model. Table [4.3|shows the resultant optimised values as well as the model performance
of the final used model. Without exception, partial efficiencies are high in the calibration period.
In the validation period borehole efficiencies decrease by 0.08 and the discharge efficiency
decreases by 0.06.

In general, the optimised values are not at the edges of the ranges except for the recharge
separation variability constant a ., which is on the upper edge of its range. Similarly, the other
variability constants agp and agyy are notably high. Mean soil storage and mean epikarst storage
capacities are in the middle of their ranges with 2024.8 mm and 2357.6 mm, respectively. The
mean epikarst storage coefficient K;,cq, £ 1S quite low whereas the conduit storage coefficient
K¢ is rather high. The porosity parameters of the boreholes exhibit similar values at Ridgeway
and Black House. The porosity parameter at Ashton Farm is moderately higher. The cumulative
parameter distributions differ highly from their uniform distributions as can be seen in Figure
with V,,¢qn, 5 showing the least deviation.

Figure 4.2| and Figure 4.3|show the observations against simulations in the calibration period
and validation period, respectively. Modelled discharge generally matches the observations.
In the calibration period the simulated peaks are often below the observed peaks whereas in
the validation period it is the other way around. When looking at the groundwater levels, the
simulation of Ashton Farm is most fitting. However there are considerable periods which differ
clearly from the observations.

It seems that the simulation generally overestimates the groundwater level in the calibration
period whereas the simulated values in the validation period are lower than observed. This is
supported by the mean observed and modelled groundwater levels in both periods listed in Table
The table additionally contains the mean annual precipitation and the proportion of modelled
diffuse and concentrated recharge in both periods. In average, precipitation in the calibration
period is about 56 mm/y higher than in the validation period. Overall, the ratio of diffuse to
concentrated recharge is about 80:20. The proportion of diffuse recharge is slightly higher in the
validation period.
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Table 4.2: Mean values of mean annual precipitation [mm/y], the proportion of modelled recharge (dif-
fuse:concetrated) as well as observed and modelled groundwater levels [m a.s.l.] at Ashton

Farm in the calibration and validation period

Period Precip. [mm/y] Mod. recharge prop. [%] GWL Ashton Farm [m a.s.1.]
Diffuse Concentrated ~ Observed Modelled

2008-2012 1148 77.5 22.5 67.78 68.61

2003-2007 1092 79.7 20.3 67.43 66.66

All in all, the mean absolute simulation errors in calibration and validation at Ashton Farm are
1.06 m and 0.96 m and the maximum errors are 3.35 m and 3.47 m, respectively. The simulation
of Ridgeway is in good accordance with its fragmentary observed time series. The mean absolute
error in the calibration period is 2.13 m and the maximum error is 7.69 m. Unfortunately, there
were no measurements in the validation period. Simulation of groundwater levels at Black House
is slightly worse. Although the course of the simulation is roughly similar to the observations,
the simulation fails for example at the peaks in 2008 and 2009 with a maximum error of 11.48
m (mean absolute error: 2.07 m). In the validation period the maximum error is 6.53 m (mean

absolute error 2.03 m).



Table 4.3: Model parameters, descriptions, ranges and optimised values

Parameter Description Unit Ranges Optimised values
Lower Upper
Vinean,s Mean soil storage capacity mm 0 5000 2024.8
Vinean,E Mean epikarst storage capacity mm 0 3000 2357.6
Koean,E Epikarst mean storage coefficient 1 50 3.5586
K¢ Conduit storage coefficient 1 10 8.8013
Qfsep Recharge separation variability constant - 0.1 5 4.9657
aGw Groundwater variability constant - 0.1 5 4.1629
asE Soil/epikarst depth variability constant - 0.1 2.5 2.2430
pPaw,A Ashton Farm groundwater level porosity parameter - 0.001 0.5 0.0376
Ahcw,a Ashton Farm groundwater level offset parameter m 50 150 64.052
DGW,R Ridgeway groundwater level porosity parameter - 0.001 0.5 0.0104
Ahew.r Ridgeway groundwater level offset parameter m 50 150 41.882
pPew,B Black House groundwater level porosity parameter - 0.001 0.5 0.0167
Ahew,B Black House groundwater level offset parameter m 50 150 75.585
KGEg Model performance for discharge - 0 1 0.91/0.85*
KGEcw, 4 Model performance for groundwater level at Ashton Farm - 0 1 0.91/0.83*
KGEcw, Apyons Model performance for groundwater level at Ashton Farm (Event) — 0 1 093/ — *
KGEcw,r Model performance for groundwater level at Ridgeway - 0 1 0.88/ — *
KGEcw B Model performance for groundwater level at Black House - 0 1 0.85/0.77*

*Calibration/validation
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Figure 4.2: Final model run with additional focus on the event in July 2012. Precipitation (Sydling St.
Nicholas), observed and modelled discharge (East Stoke) and groundwater levels (Ashton
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Figure 4.3: Final model run with additional focus on the event in July 2012. Precipitation (Sydling St.
Nicholas), observed and modelled discharge (East Stoke) and groundwater levels (Ashton
Farm, Ridgeway, Black House) during the validation period 2003-2007
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4.2 THRESHOLD ANALYSIS

4.2.1 Dip Approach

Figure [A.7]shows the different relationships during all months and their respective y-intercept.
The y-intercept represents the mean modelled dip in the catchment. A positive dip means that
no groundwater flooding is occurring. The coefficient of determination is always above 0.95.
Dips are notably smaller during the winter months. Figure[A.§|indicates an inundation depth of

0.53 m during event.

4.2.2 Setting a Threshold level

The dip approach displayed a rough estimation of the inundation depth which is in accordance
with the reports of BUTLER |(2013) and BENNETT |(2013). With that in mind a threshold level of
71.3 m is set at the borehole "Ashton Farm" which is basically half a meter below the maximum
groundwater level of the event. Figure shows that this is also in good agreement with the
length of the flood event (around 2 weeks).

25

20
|
72
40

I
60

71.3 m

Precipitation [mm]

15
|

Q [m¥/s]
10
|
70
GWL [ma.s.l]

—— Discharge obs ®  Precipitation

—— Ashton Farm obs o
~ o

I I I T T T T T I

o o o o O [ o~ [ [

T I 3T T T T T =z =z

— 0 v o (=} O o (=3 [

(=1 (=] — (o} (o} (=] — o o

Figure 4.4: Precipitation (grey), discharge (blue) and groundwater level at Ashton Farm (green) during the
groundwater flooding event in July 2012 (highlighted red). The lightgrey vertical grid lines

indicate weekly intervals. The threshold level is at 71.3 meter
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The Figure {.5] shows clearly a seasonal pattern with highest values in the winter periods.
In the year of 2012, however, the threshold level is exceeded during the summer following a
winter period with comparably low levels. Both observed and modelled groundwater levels are
over the threshold of 71.3 m on 7 occasions. However, the events are not always in accordance.
The model suggests an event at the beginning of 2008 which is only almost registered with the
observed data. In contrast, the observed groundwater level graph indicates two events at the end
of 2012 where the model only counts one.

Generally, as stated in Sectiond.1] the model overestimates the peaks clearly, leading to an
overestimation of the days over threshold. As the number of events are the same, the model

indicates 333 days over the threshold level whereas the observed time series suggest only 60

days.
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Figure 4.5: Observed (grey dots) and modelled (green line) groundwater level at Ashton Farm, the

threshold level (71.3 m) and the resultant count of events

Of all observed groundwater levels 1.64 percent are higher than 71.3 m. Thus 71.3 m
corresponds to the 98.36th percentile. This percentile is now applied on the modelled time series
resulting in an equivalent model threshold of 72.6 m. Figure [4.6]shows both threshold levels and

the resultant count of events.
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Figure 4.6: Observed (grey dots) and modelled (green line) groundwater level at Ashton Farm, the
threshold levels (71.3 and the 98.36th Percentile) and the resultant count of events

As can be seen from the figure, the model now only indicates 6 events. The events 1 and 2
as well as 4 and 5 are very close to each other. The groundwater flooding event in July 2012
(the 5th observed event) is not counted any more. Table f.4] summarises the counted events and
days over threshold. The second numbers are counts with the newly introduced threshold level.
The modelled days over the model threshold are in good accordance with the observed days over
threshold.

Table 4.4: Counted events and days over threshold in the observed and modelled groundwater levels at
Ashton Farm. The second numbers correspond to threshold based on the 98.36th percentile
Period Observed Modelled

Days Events Days Events
2003-2007 13 2 57/8 2/2
2008-2012 47 5 276/51 574

Total 60 7 333/59 71/6
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4.3 CLIMATE PROJECTIONS

To analyse the ISI-MIP dataset, calculated mean values of the output data (or rather the input
data for the VarKarst model) are listed in Table

Table 4.5: Observed (2000-2012) and predicted (1968-2099) mean annual precipitation and mean annual
potential evapotranspiration
Parameter Historic GCM1 GCM2 GCM3 GCM4 GCMS
Precipitation [mm/y] 1186 934 799 865 887 821
PET [mm/y] 610 376 416 405 420 412

It is apparent that there is a significant difference between the observed historic mean values
and the predicted mean values. Predicted values for precipitation and potential evapotranspiration
both are substantially lower. On average, predicted mean annual precipitation is 325 mm lower
and predicted mean annual PET is 204 mm lower than observed. The difference between the
model outputs among each other is lower but also worth mentioning. Nevertheless, all five model
outputs are used for the analysis. As in Subsection4.2.2] the 98.36th percentile is used as the
respective threshold level for the future simulations. The percentile is, in each case, applied on
the whole modelled time series from 2000 till 2099.

For a comparison, Figure shows exceedance probability curves of the simulated ground-
water levels in the first period (2000-2019) as well as of the historically observed and modelled
groundwater levels (2003-2012). The figure illustrates that the resultant simulated groundwa-
ter levels with the GCM output distinctively differ from each other. This is supported by the
different threshold levels shown in the legend. The Figure also confirms the above mentioned
overestimation of the peaks, as historic modelled groundwater levels (blue) substantially exceed
the observed groundwater levels (green) in the upper 5 %.

Though the values vastly differ from reality, they show certain trends. Tables and[B.3]in the
Appendix contain the temporal evolvement of the precipitation and potential evapotranspiration
of the GCM ouput in average as well as divided into different percentile ranges. The total mean
values of precipitation show no trends regardless of the GCM whereas the mean PET values
show a positive trend with all GCMs. On closer inspection, highest precipitation values (mean
percentile 100-95) show a positive trend throughout the century.

Table {.6) shows all counted events and days over the respective threshold throughout all
periods. GCM1 shows a large number of days over threshold in the first period. In the remaining

periods GCM1 no clear trend can be observed. GCM?2 shows no discernible trend either, but the
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last period (2080-2099) exhibits the largest number of days over threshold. Simulations with
GCM3 and GCM4 lead to a similar pattern with their maxima in the last period regarding both
events and days over threshold. Correspondingly, GCMS5 also suggests an increase of events and
days over threshold throughout the century. Although most events occur in the last period, most
days over threshold occur in the preceding period 2060-2079.

Period: 2000-2019
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Figure 4.7: Exceedance probability curves of the groundwater levels modelled with all five GCMs (2000-
2019) as well as the historically modelled (blue) and observed (green) groundwater levels

(2003-2012). The short horizontal lines represent the respective threshold level
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Table 4.6: Predicted groundwater flooding events and days over respective threshold at Ashton Farm
during 5 periods from 2000 till 2099.

Period GCM1 GCM2 GCM3 GCM4 GCM5
Events  Days Events  Days Events  Days Events  Days Events  Days
2000-2019 7 263 23 102 2 22 2 48 2 94
2020-2039 4 82 11 123 5 147 2 20 1 7
2040-2059 1 79 13 113 5 54 9 170 3 145
2060-2079 5 85 7 79 4 163 2 122 3 190
2080-2099 2 90 14 181 13 213 14 239 4 163

In addition to the sheer count of events or days over threshold, Figure §.8|shows boxplots of
the respective upper 5 % of all five GCM-output fed models throughout the periods. The plots
support the impression that there is a increase of high values throughout the century except with
GCM1. Without the first period, GCM1 shows relatively constant boxes, whereas the largest
values (upper whisker) seem to increase with time. In the cases of GCM2, GCM3 and GCM4 the
median in the last period is at the respective threshold level or above. In addition, the histograms
in Figure[A.9|mainly confirm the positive trend above the thresholds although less vividly. Yet,
they also show the diversity of the resultant groundwater level distributions.
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Figure 4.8: Boxplots of the upper 5 % of the future predicted groundwater level at Ashton Farm during
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Chapter 5

Discussion

This chapter discusses the results of modelling groundwater levels in general and groundwater
inundation in particular. The first section reflects on the uncertainties associated with available
data and the presented approach. The subsequent section attempts to discuss the results and inter-
pret them in a broader context. Finally the last section deals with the impact and transferability
of this study.

5.1 UNCERTAINTIES

In general , uncertainties can have various origins beginning with random or systematic errors
in measurements. L1U and GUPTA (2007) note that "[...] input data, parameters, the model
structure, initial conditions, and the system boundary represent five major sources of uncertainties
in hydrologic modelling.". Uncertainties which relate to this study in particular are described in

the following.

5.1.1 Input

The borehole at Ashton Farm is located in the South Winterbourne valley in the Frome catchment.
The other two used boreholes are located in the interfluve between the Frome and the Piddle
catchment. Strictly speaking they are located in the Piddle catchment and may not be suitable
for a simulation. However, the Piddle and Frome catchments are seemingly connected (ADAMS
et al., 2003; HOWDEN, 2006) and groundwater levels show very similar behaviour. Moreover,
for the purpose of detecting groundwater inundation, only the the borehole at Ashton Farm is
used.

The downside of the reported geological connection between the catchments is that ground-

water transfer of unknown amounts might occur at times and complicate simulations. In addition,
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simulations may be affected by irregular surface water and groundwater abstractions. However,
as reported by HOWDEN (2006), water loss in the Frome catchment is only around negligible 5 %.
Water abstractions might play a role in the Chalk and should not be ignored. Nevertheless, during
flood conditions abstraction rates are not expected to be high. In addition, as BENNETT |(2013)
notes, it would not be feasible to lower groundwater levels during a flood by pumping: Firstly,
the amount of water that would needed to be removed from the area would be too big. Secondly,
an adequate pumping infrastructure would be too expensive. And lastly, abstracted water would
needed to be discharged downstream which in turn would increase the fluvial flood risk. Hence,
impairment of the simulated groundwater level peaks is presumably little or non-existent.

The potential evapotranspiration obtained from the CEH was not complete and had to be filled
up with artificial data. But, as the PET has a strong annual cycle shown in Figure the effect
on the modelling is suspected to be negligible. Precipitation data is obtained from the station
at Sydling St. Nicholas, located at a medium elevation. Although it may not adequately reflect
the spatio-temporal rainfall distribution in the catchment, no other meteorological stations were
included. Because the area is comparably flat, high rainfall gradients are rather improbable. In
contrast, BUTLER [(2013) found a strong heterogeneous rainfall pattern prior to the groundwater
flooding event in July 2012. One way or another, including more meteorological stations
and obtaining complete time series could reduce possible uncertainties associated with the
meteorological input data.

Regarding the dip approach, uncertainties are associated with the rather coarse DEM, the river
shapefile and the fact that only a limited number of boreholes were available in the catchment.
MCKENZIE et al. |(2010), who constructed a water tables using rivers, lakes and boreholes,
emphasized the importance of a extensive borehole network. In addition, the dip approach used
boreholes from the Frome and the Piddle catchment. The calculated dip would therefore be valid
for both catchments. As research suggests, however, only parts in the Frome catchment were
flooded during July 2012 (BENNETT, 2013; BUTLER, 2013).

The analysis of the GCM output revealed substantial differences to the real observed meteoro-
logical time series. Moreover, the analysis of the GCM output revealed that there is a positive
trend in high precipitation values and hence, as several authors noted, a trend towards more
extreme rain events. On the one hand, one could argue that data which differ so radically from
reality are useless for a hydrological impact model as it has been noted similarly by EHRET
et al.|(2012). On the other hand, further correction of the GCM output would have presumably
introduced additional uncertainties. It is beyond any doubt that modelling with these data can

yield only relative rather than absolute results. As a consequence, instead of absolute threshold
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levels, relative thresholds based on a defined percentile were used.

5.1.2 Modelling

The time series of the borehole at Ridgeway was only fragmentary and did not comprise any
values in the validation period. Validation was only possible for discharge and the boreholes at
Ashton Farm and Black House. Nevertheless, Ridgeway was included in the results to show that
the approach is able to model groundwater levels at different locations. To adequately model
the groundwater levels at Ashton Farm, the applied weighting scheme gave little attention to the
boreholes at Ridgeway and Black House. Given these circumstances, the associated simulations
appear to be quite satisfying.

The relationship between groundwater storage and and groundwater level in the model is
assumed to be linear. This might be a too simplistic premise. At the same time, it was tried
to keep it as simple as possible and avoid introducing more parameters in order to follow the
principle of parsimony (see BOX and JENKINS, [1970). In fact, the described model has 13
variable model parameters. Since it includes four observed time series it is in accordance with
the recommendation of KUCZERA and MROCZKOWSKI [(1998) who suggested a maximum of
six parameters when calibrating only against streamflow. Therefore the approach is suspected to
be sufficiently robust because of its multi-objective character. Furthermore, identifiability plots
(See Figure @.T)) do not suggest equifinality. All in all, validity could be further increased with a
both-sided split sample test as described by KLEMES [(1986)| and by including larger (complete)
time series and more boreholes.

As suggested by EHRET et al. (2012),, output from climate models, even after undergoing
bias-correction, often is not suitable for hydrological impact models. And as it has been
shown, the GCM output is far from reality. However, the focus is only set on the relative
trend. Furthermore, unlike the approach by JIMENEZ-MARTINEZ et al.|(2015), VarKarst is a
process-based model and therefore provides a certain reliability outside the calibration period
(KUCZERA and MROCZKOWSKI, 1998)).

5.1.3 Groundwater Flooding

The presented approach defines groundwater flooding as threshold exceeeding groundwater
levels. Therefore it concerns, after ROBINS and FINCH |(2012), only the "true groundwater
flooding". This study does not include an analysis whether "groundwater induced flooding"
happens in the catchment. According to MCKENZIE et al. |(2010) different types of flooding
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often occur simultaneously. Possible effects of superimpositions of flood types would be worth
examining. PARRY et al. |(2013) pointed out that groundwater flooding is primarily a winter
phenomenon. The question whether and how winter and summer events differ is not discussed in
this study, but could be addressed in future research.

The dip approach assumes a linear relationship between the borehole dip and the vertical
distance to channel network and a consistently permeable aquifer. This is quite likely for highly
permeable aquifers like the Chalk (MCKENZIE et al., 2010). However this is only valid in
unconfined aquifers conditions (MCKENZIE et al., 2010) which are only present in the middle
and upper reaches of the catchment (HOWDEN, 2006). The VCDN was calculated with a river
shapefile which might not be accurate enough for this approach (see Section[2.3)). In addition,
the dips are partially calculated using the rather coarse DEM, introducing another uncertainty.

Some boreholes are only probed monthly. During the flood event in 2012 some boreholes
were probed on the 16th and some were probed on 17th of July. This could have altered the
relationship during the flood event (Figure[A.8) leading to another y-intercept. Altogether, only
11 boreholes in the Frome and Piddle catchment were used for this approach. Additionally, these
boreholes were not equally distributed over the catchment. Nonetheless, the results were in
accordance with the reports of BENNETT (2013) and BUTLER |(2013) which provides support
for the later used threshold level. It should also be mentioned that the threshold level was only
selected on the basis of a single event which was, as research suggested, comparably small.
BRADFORD and CROKER ((2007)| suggested that for their approach to define threshold levels
the extreme event in winter 2000/01 should be incorporated. Similarly, JIMENEZ-MARTINEZ
et al. [(2015) defined a threshold level based on the event 2000/2001. However, since several
reports suggest similar inundation depths and durations, the threshold level is suspected to be
comprehensible.

A model threshold was introduced based on the 98.36th percentile corresponding to the
defined threshold at 71.3 meter above sea level. Clearly, a model threshold is rather an artefact
which does not help improving the detection of groundwater inundation. In fact, the model
threshold was primarily introduced to provide reasonable thresholds for the climate projections.
And as the analysis in Subsection 4.2.2| showed, it provided a reasonable number of days
exceeding the threshold.

Events were delimited from one another within a range of three days. Presumably, defining
other ranges, for example one week, would also be feasible. As shown in[4.6] there are three
cases where events were very close to each other (two modelled cases, one observed). In each of

these cases, the time between the exceedances was over two weeks. It remains unclear at what
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point events should be delimited. Considering that, days over threshold might be a more reliable

criterion.

5.2 INTERPRETATION

This section covers the interpretation of the results. Accordingly, this section is divided into the

model results, the threshold analysis and the climate projections.

5.2.1 Model Results

Overall the model performance is satisfying. Simulations at Ashton Farm are far better than at
Ridgeway and Black House. This may on the one hand be attributed to the weighting scheme. On
the other hand it could be attributed to the borehole locations. Both Ridgeway and Black House
are situated on the interfluve with a borehole dip of approximately 50 meters. As suggested by
HARIA et al.|(2003) and JOHNSON et al. |(2001) recharge through fissures is mainly present when
the unsaturated zone is shallow. As the model calibration focusses mainly on the groundwater
level at Ashton Farm where the water table naturally is close to the surface, it may fail to
reproduce groundwater levels at sites with a deep unsaturated zone.

This discrepancy was not attenuated by a varying selection of model compartments. All
three modelled boreholes were simulated using the 8th compartment. Only in the validation
period the GWL at Ashton Farm was simulated with the 9th compartment. The increase of the
model compartment, which is also present with other weighting schemes (see Table 4.1)), can
be interpreted in several ways. In general, it shows that calibration and validation period are
probably quite different. In particular, choosing another model compartment is related to a better
sufficiency of the new compartment either in terms of strength of response or simply in terms
of the temporal pattern. However, since it is only a shift of one compartment it should not be
overinterpreted.

All in all, simulations show only slight deteriorations in the validation period indicating a
good robustness. A look on the parameter values reveals an adequate reflection of the reality.
However, Vi,ean,s and Vi,eqn £ are quite high considering that initial ranges for these parameters
were 0-250/0-500 mm (as in HARTMANN et al., 2013bjc). As previous studies took place in fairly
dry catchments, the ranges were extended substantially to deal with the wet climate in southern
England. Though, the optimised values might be a little overestimated, at least for the mean soil
storage capacity since soils over Chalk tend to be quite shallow (LEE et al.,|2006; BRADFORD
and CROKER, 2007)) as found for example by BURNHAM and MUTTER [(1993) or JOHNSON et al.
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(2001). This might be due to an underestimation of the potential evapotranspiration. A higher
soil storage ultimately leads to a higher actual evapotranspiration (see Equation [3.1)). Another
reason could also be the lack of an unsaturated zone in the VarKarst structure.

A high aggp leads to a higher proportion of epikarst and soil storage in higher compartments.
Additionally, the mean epikarst storage coefficient K.,  is quite low, indicating a excessive
and fast water transport from the epikarst to the groundwater storage. The parameter a )
is on the upper edge of its range. This implies that a high proportion of the concentrated
recharge occurs through the compartment N=15, but most of the recharge, through the other
compartments, is diffuse. A high conduit storage coefficient K¢ and a high agy should lead
to a discharge reaction dominated by the matrix system. Thus, the parameters suggest large
storages and a large proportion of the recharge occurring through the matrix. Analysis of the
recharge proportion revealed that the ratio of diffuse to concentrated recharge is roughly 80:20.
This is in accordance with the findings of JONES and COOPER [(1998) as well as REEVES |(1979)
who reported 30 % and 10-20 % of the recharge occurring through (macro-)fissures in Chalk
catchments, respectively.

Evidently, the validation period was slightly drier than the calibration period which pre-
sumably led to overall lower observed groundwater levels at Ashton Farm. This might forced
the model to underestimate the (already low) groundwater levels. Conversely, in the wetter
calibration period groundwater levels tend to be overestimated. This can not be seen in the
simulation of Black House, which might be due to several reasons: Firstly, due to the fact that
the simulation itself was not precise because of its low calibration weighting. Secondly, because
the rainfall pattern at Black House may differ relevantly from the one obtained from the station
at Sydling St. Nicholas. And lastly, it could be due to the above mentioned issues regarding
recharge through fissures in a deep unsaturated zone.

In essence, the simulations at Ashton Farm and Black House overestimate high levels and
underestimate low levels. The reason for this behaviour might be due to the assumption of a
constant vertical porosity. In reality, porosity is likely to decrease with depth, as considered
by several models, e.g. TOPMODEL (BEVEN and KIRKBY, [1979) or HillVi (WEILER and
MCDONNELL, 2004). Since at low groundwater levels the real porosity is lower than the constant
model porosity, simulated levels fall below observed levels. At higher levels it is the other way
around. Likewise, BUTLER et al. (2012)|emphasized that parameterizing the unsaturated zone
correctly is crucial for modelling groundwater levels in the Chalk. A future consideration of
this aspect could significantly improve the simulations. For this purpose, the porosity could be

incorporated in the storage-level link (Equation [3.2]) depending on the borehole dip.
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5.2.2 Threshold Analysis

The dip approach delivered an estimation of the inundation depth which was in accordance with
the inundation depths reported by BENNETT[(2013) and BUTLER |(2013). Furthermore, it was
supported by the visual analysis of the event. However, visual analysis revealed also that the
maximum groundwater level occurred on the 9.07.2015 whereas the dip approach used the values
at the 16. and 17. of July. When examined critically, the dip approach turns out to be too limited.
In addition to the temporal discrepancy, aforementioned uncertainties associated with the DEM
and river shapefile impede drawing meaningful conclusions. Nevertheless, the applied threshold
is suspected to be reasonable.

As noted in BENNETT|(2013)|the EA uses different warning levels (see also Figure[A.T) which
is also proposed by ADAMS et al. (2010). This might be a meaningful approach to overcome the
rigidity of a single threshold level. To define different alert levels, however, more information is
needed. Analysing more flood events could enhance the robustness of certain threshold levels.
Since the model overestimated the peaks, a model threshold was introduced. The modelled
number of days over threshold with the new threshold were in a good accordance with the
observations. However, this is only due to the fact that a percentile based threshold applied
on a time series with the same length inevitably produces a similar number of exceedances.
In summary, it can be said that the approach is not fully developed. However, if simulations
could be improved, either by incorporating a depth-depending porosity or by a more extensive

calibration, a model threshold could become superfluous.

5.2.3 Climate Projections

The model threshold, however, was essential for the analysis of the climate projections. As it
has been shown in the Section and discussed in the Subsection used input data was
substantially different from reality. Hence, resultant modelled groundwater levels were mainly
unrealistic. The histograms in Figure [A.9] emphasize that the use of different climate models
results in very different groundwater level distributions. Again, this is an indication for the
flexibility of VarKarst regarding different flow paths (as in HARTMANN et al., 2014b). However,
as it now impedes realistic values, results can only be seen relatively.

The analysis of the GCM output showed that there is a positive trend in mean potential
evapotranspiration values. This is due to the expected increasing temperatures (as also predicted
in NAKICENOVIC et al., 2000). Additionally, high precipitation values exhibit a positive trend

throughout the century reflecting the presumable increase of extreme rain events (as noted for
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example in JIMENEZ-MARTINEZ et al., [2015)).

In average, groundwater flooding predictions show a moderately upward trend during the
century. However, trends among the climate models showed no consistency throughout the
periods. Similarly, JIMENEZ-MARTINEZ et al.|(2015) found a positive trend regarding future fre-
quency of groundwater flooding events although their findings were more pronounced. However,
whereas their results referred to a control period from 1960 until 1990, the reference period in
this study is from 2000 until 2019. This may led to a less pronounced trend.

Whether these results are reliable or not remains unclear. The large uncertainties make it
very difficult to assess the future groundwater flooding risk. Following EHRET et al. (2012)
precipitation as an input for hydrological prediction models needs to be realistic in terms of
the mean, the intensity, the intermittency and the spatio-temporal variability. In order to ensure
more reliable and realistic input data, other or additional bias-correction or downscaling methods

should be considered.

5.3 IMPACT

The presented approach to model groundwater levels uses the process-based karst model VarKarst.
The VarKarst model was previously adapted in several settings in Europe and the Middle East
(HARTMANN et al., [2013a)). In contrast to the models of JIMENEZ-MARTINEZ et al. |(2015) and
ADAMS et al. |(2010), it provides a higher transferability due to its process-based nature. Unlike
the approach by UPTON and JACKSON (2011) the presented model simulates groundwater levels
on a daily time step.

As has been noted by COBBY et al.|(2009),, the likelihood and depth of groundwater inun-
dations is one of the major challenges for future research. Since it is a lumped approach it
may provide, after BUTLER et al. (2012), "a good indication of the likelihood of groundwater
flooding, but do[es] not indicate where the flooding will take place". A spatial determination
of groundwater inundation as in UPTON and JACKSON |(2011) would be possible but only in
catchments where the borehole network is extensive. Thereby, the possibility to model several
boreholes with one single calibration, due to compartment structure in VarKarst, might be also
an advantage. BUTLER et al.|(2012) noted that the parameterization of the unsaturated zone is
a major difficulty in the Chalk. Since this study struggles also with the porosity, future work
should take a closer look at this subject.

As the current predictions should be interpreted with caution, its usefulness as an groundwater

flood prediction model remains to be proven. However, the results showed an overall increasing
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trend of groundwater level peaks similar to JIMENEZ-MARTINEZ et al.|(2015). This emphasizes
the importance of further developing reliable flood prediction methods. With further improvement
of the method and more reliable input data, the approach is suspected to offer a simple, process-
based, high-resolution alternative to the current existing approaches.
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Chapter 6

Conclusions

This study focussed on the modelling of groundwater levels in the Frome catchment. An
increasing number of groundwater flooding events in the UK has drawn attention of researchers
in recent years. Most prior research, however, has been limited to either a low temporal resolution
or black box models with no physical basis. Consequently, this study tried to contribute a process-
based approach at a daily time step. The VarKarst model, introduced by HARTMANN et al.
(2013a), was adapted and used for the groundwater level simulation. After calibration and
validation of the model a threshold analysis was undertaken to detect groundwater inundation.
Following that, GCM-output was used to derive future groundwater inundation risk.

Despite all assumptions and uncertainties associated with this study, it is a promising approach.
The model performs satisfyingly at different borehole locations. However, simulation errors
are still quite high and need to be reduced. Thereby, consideration should be given to the
porosity parameters. A depth-depending porosity could reduce observed under/overestimations.
Further, it is questionable whether a simple linear relationship between groundwater storage and
groundwater level is appropriate. The outcomes of the modelling proved the karstic behaviour of
the catchment but also the dominance of the matrix system, which is in accordance with previous
studies of the Chalk.

The dip approach turned out to be too limited, not least because of limited data. Together
with the event analysis, however, it provided an estimation for the threshold level. Owing to
the overestimation of the peaks and the unrealistic GCM-output, a model threshold had to be
introduced. On the one hand, it provided a reasonable estimation of the days over threshold in
the historic modelling period. On the other hand, it was only a workaround which should be
avoided in the future.

Climate projection results suggest a probable increase of groundwater flooding events, which
is in accordance with the work of JIMENEZ-MARTINEZ et al. [(2015). However, since the

input data for the impact model were quite far from reality, results should be interpreted with
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caution. Future climate impact modelling with VarKarst in general and this approach in particular
should especially examine the suitability and realism of the input data. A combination with the
approach by UPTON and JACKSON |(2011) could offer a simple, process-based method to model
groundwater inundation spatially. Thereby, it is recommended to apply the model in catchments
with a extensive borehole network.

Although there is a considerable amount of uncertainties, the approach is suspected to offer a
promising alternative in the field of modelling groundwater inundation. A further development
of the model with more appropriate input data could improve simulations and future predictions

significantly.
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Figure A.1: Behaviour of the borehole at Kingston Russell. Threshold levels refer to different "levels of

risk" determined by the Environment Agency. Adapted from: BENNETT (2013, page 66)
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Figure A.2: Rainfall Accumulations on the 6th & 7th July in Dorset. The dashed circle shows the
South Winterbourne valley, where most of the flooding occured. Modified from: BUT-
LER (2013, page 7)
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Figure A.4: Study area and size of the GCM grid cells
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Figure A.5: Early model run without additional focus on the event in July 2012. Precipitation (Sydling St.
Nicholas), observed and modelled discharge (East Stoke) and groundwater levels (Ashton

Farm, Ridgeway, Black House) during the calibration period 2008-2012
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Figure A.6: Early model run without additional focus on the event in July 2012. Precipitation (Sydling St.
Nicholas), observed and modelled discharge (East Stoke) and groundwater levels (Ashton
Farm, Ridgeway, Black House) during the validation period 2003-2007
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Figure A.7: Linear models of mean monthly values over the time period 2008-2012
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Figure A.8: Linear model at the time of the flooding (Values from the 16th/17th of July)
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Table B.1: Early model run: Model parameters, descriptions, ranges and optimised values

Parameter Description Unit Ranges Optimised values
Lower Upper
Vinean,s Mean soil storage capacity mm 0 5000 4872.1
Vinean,E Mean epikarst storage capacity mm 0 3000 2048.6
Koean,E Epikarst mean storage coefficient 1 50 14.086
K¢ Conduit storage coefficient 1 10 9.9956
Qfsep Recharge separation variability constant - 0.1 5 2.6564
aGw Groundwater variability constant - 0.1 5 4.3459
asE Soil/epikarst depth variability constant - 0.1 2.5 2.0615
pPaw,A Ashton Farm Groundwater level porosity parameter - 0.001 0.5 0.0248
DOffs, A Ashton Farm Groundwater level offset parameter m 50 150 63.860
DGW,R Ridgeway Groundwater level porosity parameter - 0.001 0.5 0.0058
DOffs,R Ridgeway Groundwater level offset parameter m 50 150 49.436
pPew,B Black House Groundwater level porosity parameter - 0.001 0.5 0.0117
DOffs, B Black House Groundwater level offset parameter m 50 150 76.453
KGEycighted Weighted multi-objective model performance - 0 1 0.89/0.81%
KGEq Model performance for discharge - 0 1 0.90/0.84*
KGEaw,a Model performance for groundwater level at Ashton Farm - 0 1 0.93/0.78*
KGEaw,r Model performance for groundwater level at Ridgeway - 0 1 0.89/ — *
KGEaw,B Model performance for groundwater level at Black House - 0 1 0.85/0.81*

*Calibration/validation
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Table B.2: Means of different percentile ranges of future predicted precipitation [mm] and the observed
reference period 2000-2012

Model Period Total mean Percentiles

100-95 100-80 80-60 60-40 40-20 20-0

Observed 2000 - 2012 3.25 29.73 17.57 547 1.92 048 0.01
GCM1 2000 - 2019 2.51 13.20  8.87 4.55 273 098  0.05
2020 - 2039 242 13.46 8.86 4.38 253 092  0.04

2040 - 2059 2.39 13.47 8.85 430 234 077 0.03

2060 - 2079 2.28 13.49 8.86 412 211 0.66  0.02

2080 - 2099 2.30 13.92  9.01 410 206 054 0.02

GCM2 2000 - 2019 2.31 19.09 11.78 489 259 1.04 0.03
2020 - 2039 2.26 19.41 12.09 497 261 1.08  0.03

2040 - 2059 2.15 19.42 1194 462 227 067 0.01

2060 - 2079 2.16 20.26 1236 460 227 074  0.02

2080 - 2099 2.17 20.71 1270 4.68 224  0.65 0.01

GCM3 2000 - 2019 2.32 13.30  8.97 4.73 2.90 1.45 0.10
2020 - 2039 2.50 13.81 9.46 491 3.06 1.66  0.12

2040 - 2059 241 13.95 9.54 490  2.89 146  0.10

2060 - 2079 2.51 1429  9.87 5.06 3.03 1.58  0.11

2080 - 2099 2.46 15.28 10.3 522 3.09 1.43 0.07

GCM4 2000 - 2019 245 11.88 8.27 432 259 1.12 0.07
2020 - 2039 2.53 1240  8.63 4.56  2.82 1.20  0.07

2040 - 2059 2.61 13.31 9.13 4.75 2.80 1.14  0.07

2060 - 2079 2.58 13.13 9.14 4.73 2.79 1.15 0.06

2080 - 2099 271 14.21 9.88 5.09 3.01 126 0.07

GCMS 2000 - 2019 2.23 12.50  8.31 4.08 235 094  0.05
2020 - 2039 2.20 12.48 8.31 380 208 076 0.04

2040 - 2059 222 12.77 8.48 4.01 2.18 0.73 0.03

2060 - 2079 2.34 13.28 8.82 410 232 084 0.04

2080 - 2099 2.20 13.54 8.69 3.83 1.91 0.59 0.03
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Table B.3: Means of different percentile ranges of future predicted potential evapotranspiration [mm] and

the observed reference period 2000-2012. Potential evapotranspiration is calculated with the

Thornthwaite equation

Model Period Total mean Percentiles
100-95 100-80 80-60 60-40 40-20 20-0
Observed 2000 - 2012 1.67 4.81 3.17 2.27 1.50 0.90 0.46
GCM1 2000 -2019 1.04 3.50 2.94 1.87 1.02 0.41 0.04
2020 - 2039 1.07 3.55 2.98 1.95 1.06 0.43 0.04
2040 - 2059 1.08 3.66 3.06 1.95 1.05 0.40 0.04
2060 - 2079 1.08 3.73 3.08 1.93 1.02 0.40 0.04
2080 - 2099 1.09 3.76 3.11 1.97 1.03 0.40 0.04
GCM2 2000 -2019 1.14 3.47 3.01 2.06 1.23 0.51 0.05
2020 - 2039 1.22 3.63 3.17 2.26 1.34 0.55 0.05
2040 - 2059 1.25 3.70 3.27 2.29 1.35 0.55 0.05
2060 - 2079 1.30 3.80 3.34 2.38 1.43 0.58 0.05
2080 - 2099 1.35 3.96 3.49 2.47 1.48 0.60 0.05
GCM3 2000 -2019 1.12 3.24 2.92 2.06 1.22 0.49 0.05
2020 - 2039 1.19 3.41 3.10 2.24 1.28 0.50 0.04
2040 - 2059 1.21 3.44 3.12 2.25 1.33 0.53 0.05
2060 - 2079 1.24 3.52 3.20 2.32 1.34 0.54 0.04
2080 - 2099 1.29 3.56 3.27 2.44 1.41 0.58 0.05
GCM4 2000 - 2019 1.17 4.64 3.61 1.87 1.05 0.48 0.05
2020 - 2039 1.37 5.07 4.12 2.30 1.26 0.53 0.05
2040 - 2059 1.40 5.11 4.19 2.33 1.29 0.55 0.05
2060 - 2079 1.51 5.27 4.44 2.63 1.40 0.57 0.05
2080 - 2099 1.54 5.33 4.47 2.69 1.46 0.60 0.06
GCM5 2000 -2019 1.13 3.61 3.07 2.02 1.17 0.49 0.05
2020 - 2039 1.18 3.64 3.16 2.12 1.25 0.52 0.05
2040 - 2059 1.22 3.79 3.26 2.19 1.30 0.53 0.05
2060 - 2079 1.24 3.95 3.38 2.23 1.28 0.53 0.05
2080 - 2099 1.29 4.07 3.47 2.34 1.34 0.56 0.05
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Derivations

Originally, as demonstrated by GUPTA et al. (2009), the KGE comprises three components:

KGE=1—/(r —1)2+ (a— 12+ (8 — 1)2 (C.1)

with the squared expressions corresponding to the linear correlation, the conditional bias and the
unconditional bias, respectively. Considering only the correlation the simplified expression is as

follows:
KGE, =1 —/(r — 1)? (C.2)
leading to the final equation:

KGE, =1—|r—1| (C.3)
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