NEWCASTLE UNIVERSITY

PHD THESIS

A Methodology for Assessing Flood
Risk from Multiple Sources

Ben Smith

This thesis is presented for the degree of
Doctor of Philosophy

School of Engineering

2= Newcastle
University

May 2020
Word Count: 65 000






A Methodology for Assessing Flood Risk
from Multiple Sources

Antecedent catchment conditions can affect the severity of flooding, and floods are typically
worse when multiple flood sources superimpose. Over one million properties in the UK are at risk
of flooding from multiple sources, however, groundwater, fluvial and pluvial flood sources are
usually considered separately due to their differing characteristics.

This PhD study was composed of two parts: (1) developing a methodology for assessing the
risk of flooding from multiple sources, including the creation of a groundwater-surface water
modelling system and (2) conducting a national assessment identifying catchments with potential
for flooding from multiple sources.

The modelling system used 1000 years of synthetic weather data to create realistic me-
teorological inputs for a physically-based, spatially-distributed hydrological catchment model
(SHETRAN-GB). The hydrological model then simulated 1/30, 1/100 and 1/1000 year catchment
conditions, which were used as inputs for a high resolution hydraulic model (HiPIMS). The
hydraulic model then routed rainfall, stream flow and groundwater emergence to generate a
detailed and comprehensive assessment of flood risk. Sensitivity tests compared the flood extents
and depths from different methods of integrating groundwater and surface water conditions from
the hydrological model into the hydraulic model to find the best method for linking the models.

The capability of a national automated hydrological model to simulate groundwater levels was
tested at five case study catchments using open source hydrogeological datasets. Automated model
configurations were unable to reproduce historical groundwater levels, however simple automated
improvements did increase performance. Improved parameterisation of a basic subsurface increased
model performance more than the introduction of more complex geology, although the latter
was found to be erroneous in places. Correlations between observed and simulated groundwater
levels ranged significantly but were as high as 0.9 at some locations. At one case study site, the
model domain was given subsurface boundary conditions and increased from its topographic
watershed to the estimated groundwater catchment. This dramatically increased the model’s
performance and its sensitivity to parameters. The automated setups provided a useful modelling
base, but local calibration, improved hydrogeological parameters, subsurface boundary conditions
and the use of groundwater domains are necessary for producing good simulations in catchments
containing groundwater.

New indexes were derived for classifying flow regimes to aid the identification of catchments
likely to benefit from the developed methodology, and an initial 29 multisource catchments were
identified out of a total of 435 analysed. Multisource catchments are distributed around the UK
but are typically confined to areas with permeable bedrock, thus are most commonly found in
the South of England.

This research demonstrated that the inclusion of groundwater in the flood risk assessment
increased the flood hazard by prolonging the flood duration from hours to days but did not
notably increase flood depths. Furthermore, the patterns of flood extent changed depending on
the proportion of the flood waters that were derived from the subsurface.

In summary, this study provides a methodology for the better quantification, mapping and
understanding of multisource flood risk, and identifies catchments that are likely to benefit from
the approach.
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1.1

1.1.1

(l . Infroduction

What is a Source?

There are four well known sources of flooding: fluvial flooding, pluvial flooding, groundwater
flooding and coastal flooding. These indicate where the water that is causing the flood originated,
i.e. from a river, directly from rainfall, from the ground or from the sea, and each act in different
ways, at different locations, and on different time-scales. Coastal flooding is largely independent
of the other three and so will not be considered in this study.

Surface Water

Fluvial flooding (i.e. from rivers) refers to flood waters that are derived from the river system
when banks are over-topped or when levees fail. Pluvial flooding (i.e. from rainfall) refers to
flood waters that have not yet entered a watercourse (Falconer et al., 2009). Pluvial flooding
occurs when the ground and drainage network is unable to absorb rainfall, typically due to the
intensity of the rainfall or the nature of the surface it falls on, and so causes water to flow along
the surface.

Surface water shall be used in this thesis to define water that is derived from fluvial and
pluvial inputs, i.e. from rivers and rainfall. This is in line with definitions in the literature (e.g.
Falconer et al., 2009). Surface water can quickly cause a flood with issues arising within a number
of days or hours following either several days of medium intensity rainfall or, in the case of pluvial
flooding, high intensity rainfall over a matter of hours (Falconer et al., 2009). There are a large
number of models in existence that simulate surface water flooding and national risk maps are
publicly available (e.g. Environment Agency, 2019a). Further information is provided in Section
2.1.

Groundwater

Groundwater flooding occurs when the water table rises above ground level, causing groundwater
to emerge from the subsurface (Naughton et al., 2015). This is most likely to occur when high
antecedent (i.e. existing) groundwater conditions are combined with increased rainfall (Macdonald
et al., 2008), especially if this occurs over an extended duration (Jacobs, 2004). As groundwater
flooding requires water to exist in the subsurface, it typically occurs in areas with permeable
underlying rocks such as Chalk and limestone (Jacobs, 2007; Cobby et al., 2009; Hughes et al.,
2011). For further information on the mechanisms of groundwater flooding see Section 2.2,
Zaidman (2014) or Hughes et al. (2011).

Unlike pluvial and fluvial flooding, flooding sourced from groundwater can last for weeks and
even months in some instances (Macdonald et al., 2008; Hughes et al., 2011), such as in England
during the winter of 2000/2001 (Jacobs, 2004) or in the Somme Basin in April 2001 (Pinault
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et al., 2005). This increased duration, relative to fluvial flooding, can increase the economic
cost per property (Green et al., 2006; Morris et al., 2007; McKenzie et al., 2010). The BGS
groundwater susceptibility map indicates that a little more than 1% of England has the potential
to flood from groundwater (Macdonald, 2010). Furthermore, McKenzie and Ward (2015) estimate
122,000 - 290,000 properties in the UK are at risk of groundwater flooding and it is suggested
that groundwater flooding alone causes £210 million (ESI, 2015) - £530 million (Karam, 2016) of
damage to the UK’s economy every year.

Groundwater typically refers to water in a saturated subsurface, however water derived from
the unsaturated zone (the region between the ground surface and the water table) may also be of
interest to this study. As such, in this study groundwater will be taken to include water within
the unsaturated zone.

Groundwater susceptibility maps have been produced that can inform users of the likely
distribution of potential groundwater flooding in the UK. The BGS created a groundwater
susceptibility map in 2009 based on geological and hydrological properties (British Geological
Survey, 2013a) while JBA Consulting undertook a modelling based approach using historical
groundwater levels and the physical properties of underlying aquifers (JBA Consulting, 2016).
ESI (formerly GeoSmart Consulting) created a 5 m resolution groundwater flood risk map (ESI,
2015) that calculates flood risk according to the geologically defined hazard and the likelihood of
occurrence, calculated using historical records. Due to the difficulty of discerning groundwater
flooding from flooding from pluvial (rainwater) and fluvial (river) sources there is a distinct under
reporting of groundwater flooding events and so there is likely to be scope for development in this
latter example. More information on groundwater flood mapping can be found in Section 4.3.

‘Multiple Sources’

Groundwater conditions can have a significant impact on the behaviour of surface water (An and
Yu, 2014; Bennett et al., 2018) and, as such, high groundwater levels can increase the likelihood
of flooding events from intense rainfall. In addition to the 122,000 - 290,000 properties at risk
of flooding from groundwater, a further 980,000 properties are at risk of flooding from multiple
sources (i.e. groundwater combined with fluvial or pluvial floods) (McKenzie and Ward, 2015).
Despite this, due to the different time-scales and causes of these sources, they are typically
considered separately.

Unlike groundwater or surface water, flooding from multiple sources is not yet a phrase
that carries a set definition. In some works, such as the Environment Agency’s MAST project
(Environment Agency, 2011a), multiple sources refers to any combination of pluvial, pluvial,
groundwater and coastal flooding. In this report it will specifically relate the interplay between
surface water and groundwater. Flooding of this type is not thought to require individual sources
to have the magnitudes to cause flooding individually. Mechanisms of multisourced flooding can
be found in Section 2.3.

Multisourced flooding can occur due to high antecedent groundwater levels and/or conditions
that have developed through the duration of a flood event. Multisourced floods refer to floods
caused by the interplay of different sources simultaneously or in close temporal succession in a
single event. This should not be confused with areas susceptible to multiple sources of flooding,
which can experience both groundwater floods and surface water floods but may not necessarily
experience them at the same time.

Few resources exist for quantifying multisourced risk. Of those in the literature that do, very
few of these include groundwater despite the noted importance of antecedent conditions on stream
flow (Saksena et al., 2019) and other hydrological processes. An example of this is a multisourced
flood risk map proposed by the Environment Agency (Environment Agency, 2011a), which did
not include reference to groundwater flooding due to the lack of existing research (Horritt et al.,
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2010).

This PhD develops a methodology for classifying the risk of multisourced flooding that will
aid future understanding of the relationship between the different sources and their combined
hazard.

Risk, Hazard and Susceptibility

Flood risk is the product of the flood hazard and the vulnerability of the area exposed to the
hazard (Schanze, 2006). The term hazard refers to the event itself, i.e. the extent and depth of a
flood, but also takes into account the probability of the event occurring. Vulnerability refers to
how much harm can be caused by the flood. This is a function of the exposure, susceptibility and
resilience of the affected area (Balica and Wright, 2010) and can include factors that are economic
(e.g. damage to property), social (e.g. loss of life or mental health impacts) and ecological (e.g.
pollution or destruction of habitats). Understanding the overall risk posed by a flood is crucial as
a significant hydrological flood does not necessarily mean a significantly damaging flood, or vice
versa (Pielke, 1999).

Equation 1.2.1 — Risk. Flood risk takes into account three main factors, the event, its likelihood
and the damage done by the event.

Risk = Hazard x Vulnerability

Hazard = Event x Probability

Vulnerability = Exposure 4+ Susceptibility — Resilience

L.e. the risk posed by a 1 meter deep flood in an area may be defined as product of the
likelihood of the flood’s occurrence, the extent of the flood and the damage done to properties
within that extent.

Throughout this thesis the term susceptibility is also used. Susceptibility differs from risk in
that it does not take into account likelihood or vulnerability. Instead, it is used to define the
potential to be exposed to an event. Examples of this are groundwater susceptibility maps (Sec.
4.3.2), which show areas that are thought to have the potential to flood from groundwater.

Aims and Objectives

This project develops a methodology for assessing multisource flood risk, considering both surface
and subsurface processes as there is no current methodology for doing this in the UK at either a
local or national scale. As there are national mechanisms for assessing single source flood risk
and the joint risk of flooding from rivers and the sea, the project aims to produce a method that
has the potential for national applications. Much of this work will focus on creating a modelling
system in which catchment conditions, such as groundwater emergence and stream flow, are
simulated in a hydrological model and then fed into hydraulic model for high resolution flow
routing across the surface. The combined modelling of groundwater emergence, stream flow and
rainfall will facilitate a greater understanding of the interplay between different sources and their
combined flood risk. The groundwater levels and stream flows will be modelled using SHETRAN
(Ewen et al., 2000), a physically based, spatially distributed hydrological model. HiPIMS (Liang
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and Smith, 2015) will be used for the subsequent surface routing. Long duration synthetic weather
conditions will be used to drive the modelling system and enable the simulation of extreme events
and the attribution of event likelihoods.

The four main research questions for this project are:

1. Which catchments in the UK are most likely to benefit from a multisourced assessment of
flood risk? (Chapter III)

2. Can an existing national scale, open source hydrological modelling system with a rapid
automated set aid the proposed methodology? (Chapter IV)

3. When creating the multisource modelling system, what is an appropriate method for
accounting for the different spatial resolutions of the hydrological and hydraulic models?
(Chapter V)

4. How does the risk change when assessing flooding from multiple sources, compared to single
sources, and what implications does the multisource assessment have on the way risk is
currently considered? (Chapter VI)

Thesis Structure

Following this introduction, Chapter II provides further details on mechanisms of single and
multisource flooding as well as details on other modelling strategies and historical floods. This
further justifies the project, the choice of methods and models and outlines the research gap in
light of the discussed literature.

Chapter III consists of a national scale investigation that identifies catchments most likely to
be at risk of multisource flooding. This investigation takes 435 high resolution river flow records
and uses them to create groundwater and surface water indexes. These indicate the presence of
the respective sources within catchments across the England and Wales.

Setting up hydrological models capable of simulating groundwater levels requires high volumes
of input data and is a complex process. Recent developments of the hydrological model SHETRAN
have created an automated modelling system capable of the rapid set up of hydrological models
for catchments across Great Britain. It is hoped that the methodology developed in this work
would be simple to implement and, as such, the suitability of this automated national modelling
system is assessed for use in this work. SHETRAN-GB can simulate river flows well in many UK
catchments, however its ability to simulate groundwater levels is as yet untested (Lewis et al.,
2018). Chapter IV assesses SHETRAN-GB’s ability to accurately simulate groundwater levels
by comparing suites of hydrological simulations against observed borehole groundwater levels for
five case study catchments. Different setups run at different spatial resolutions and assess the
performance of three open source hydrogeological datasets: the British Geological Survey’s 1:650
000 scale digital hydrogeology map (British Geological Survey, 2016b), the Environment Agency’s
Aquifer Property Manual (MacDonald and Allen, 2001) and the British Geological Survey’s 3D
geology dataset (Mathers et al., 2014; Watson et al., 2015).

Chapter V focusses on creating a modelling system capable of simulating multisource floods.
The chapter addresses the method of linking SHETRAN and HiPIMS with the aim of resolving
the significant differences in spatial resolutions between the two models. A range of different
groundwater redistributions are trialled and compared to each other and against historical
groundwater emergence patterns. The village of Kilham in East Yorkshire is used as a case study.

Chapter VI compares single source and multisource flood risk for Kilham village and discusses
the implications of such an approach. This implements the modelling system developed in Chapter
V within the greater methodology (Fig. 20.1). A weather generator (Kilsby et al., 2007) provides
long term synthetic meteorological data that is used in a 1000 year hydrological simulation. This
simulation provides hydrological catchment conditions during peak events, that can be fed into
the hydraulic model for high resolution mapping of the flood events with estimated likelihoods.
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A conclusion in Chapter VII steps back and reviews the project and the main findings
before discussing limitations and points for further work.
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2.1

(2. Sources of Flooding

Surface Water

Of the three types of flooding that will be looked at in this study, surface water flooding is the
most well known and easiest to understand. As discussed in Chapter I, the term surface water
will be used to refer to pluvial (rainfall) and fluvial (river) flooding (Fig. 2.1). Both of these can
occur within a matter of minutes to a number of days following rainfall and have durations of the
same range (Falconer et al., 2009). More detail on each of the sources is provided below.

Pluvial Flooding

Pluvial flooding can occur with little warning when the volume of rainfall being converted into
runoff exceeds the drainage capacity of an area and ponds on the surface. This typically occurs in
intense rainfall events and when high proportions of rainfall are converted into runoff, perhaps due
to impermeable surfaces or water logged or frozen ground. Although this is difficult to spatially
predict due to a lack of defined floodplain (Houston et al., 2011), pluvial flooding is especially
prevalent in urban areas and this is where much of the related research is focussed (e.g. Ashley
et al., 2005; ten Veldhuis et al., 2011; Gaitan et al., 2016; Lowe et al., 2017; Sérensen and Mobini,
2017). Cases of pluvial flooding have risen over previous years due to increased development on
floodplains, the presence and growth of impermeable surfaces (Ashley et al., 2005; Houston et al.,
2011), increasingly dense populations and ageing infrastructure. These factors can increase input
to drainage systems during storms and heighten flood risk (ten Veldhuis et al., 2011). Pluvial
flooding is thought to be the flood source that will be most affected by climate change, due to an
increase in the frequency of intense rainfall events (Houston et al., 2011; Soérensen and Mobini,
2017).

A study by Sorensen and Mobini (2017) found spatial flood patterns to differ according to
rainfall intensity. Flooding from short, high intensity storms was found to be more prevalent
near to sewers and main drainage systems and flooding from long, less intense rainfall was less
topographically controlled. Combined sewer and storm drainage systems were found to cause the
majority of flood events in their study area. In these instances, untreated sewage can mix with
flood waters to create an even greater hazard (Houston et al., 2011).

A Swedish study ascertained that more intense rainfall led to greater insurance payouts than
less intense rainfall but that pluvial flood damages could still be caused by rainfall rates of only
12 mm/day. When looking at aggregated daily rainfall rates they found that 25-40 mm/day was
able to cause more damage than rates of 80-100 mm/day (Grahn and Nyberg, 2017).
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Fluvial Flooding

Similar to pluvial flood risk, fluvial flood risk! is influenced by the runoff rate of precipitation
from rural land and the amount of available flow attenuation (Parrott et al., 2009). Runoff rates
and flow attenuation are influenced by catchment characteristics such as size, land cover, slope
and topography as well as the underlying soils and geology (Kundzewicz et al., 2018). They
are also affected by anthropogenic factors such as urbanisation, which typically hastens a river’s
response to rainfall (Wheater and Evans, 2009).

Urban development on floodplains has created sites prone to fluvial (and groundwater) flooding,
as well as creating increased flood risk downstream by reducing flood storage areas (Wheater
and Evans, 2009). Urban developments can also reduce flow attenuation, and therefore increase
flood risk, via the drainage of wetlands, lakes and ponds. However, where used appropriately,
improved drainage can also decrease flood risk by quickly moving water away from vulnerable
areas (Kundzewicz et al., 2018). Furthermore, well managed urbanisation coupled with sustainable
urban drainage systems (SUDS) can decrease flood risk (Andoh and Iwugo, 2002; Zhou, 2014).

Away from urban areas, the intensification of agriculture may also have increased fluvial flood
risk due to the loss of hedgerows, channelisation of rivers and installation of land drains (Wheater
and Evans, 2009). The muddy floods of the South Downs are an example of this, where the
wartime transition from grazing lands to cereal production led to greatly increased runoff rates
(Boardman et al., 2003). The degree to which these factors affect the ratio of runoff to storage
can change through time and may be seasonal, for example dry ground in the summer can form a
less permeable crust and increase runoff and in winter there may be reduced interception from
vegetation.

Reducing fluvial flood hazard typically focusses on decreasing the frequency that the river
level reaches a critical depth at which flooding occurs. This can be achieved by altering channel
geometry to increase the flow of water through the target area, decreasing the bed level, increasing
the bank level, or reducing the peak flow (Lane, 2017). This last point may be achieved via
catchment-based flood management (CBFM), a topic that has gained interest over recent years
via natural flood management (NFM). CBFM and NFM seek to reduce river discharge during
storm events, often via the creation of ponds or dams or by altering land use (Lane, 2017) as this
can affect how the catchment responds to rainfall (Kundzewicz et al., 2018). Bare impermeable
soils have high runoff coefficients, followed by pasture and agricultural land and then forests,
which have low runoff coefficients due to increased interception, infiltration and storage. The
addition of forest cover in catchments is broadly supported to decrease flow peaks in smaller
events, however much of this evidence is based on models rather than observations (Stratford
et al., 2017).

Historical Surface Water Flooding

There have been some significant surface water dominated flood events in the UK in the past
few years. Recently, intense rainfall in June 2019 caused flash flooding in Yorkshire leading to
the destruction of infrastructure, such as Grinton Moor Bridge, damage to properties and loss
of crops and livestock (BBC News, 2019a). At the beginning of August further rainfall caused
additional flooding and damage to Toddbrook reservoir (Hannaford et al., 2018), which resulted
in the evacuation of 1500 local residents (BBC News, 2019b).

It is also worth mentioning the events of December 2015 in which the UK was hit by three
successive storms: Desmond, Fva and Frank. Around 16 000 homes are estimated to have flooded
in England as well as additional properties in Scotland. Storm Desmond increased the UK’s
recorded maximum 24 hr and 48 hr rainfall totals to 341 mm and 405 mm respectively. As these
events occurred away from large aquifers they were almost entirely surface water driven, although

!See Merz et al. (2010a) for a useful and accessible review of fluvial flood risk management.
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Impermeable

(a) Fluvial Flooding (b) Pluvial Flooding

Figure 2.1: Mechanisms of surface water flooding: Fluvial flooding occurs when water runs off the land and
overwhelms the river system, flooding downstream via over topping or bursting banks. Pluvial flooding
occurs from rapid surface water runoff prior to it entering the river system.

many soils were already at saturation following November rainfall (Parry et al., 2015). Storm
Desmond damaged around 1200 bridges, roads and other infrastructure and led to estimated
repair costs of around £120 million in Cumbria alone (ITV News, 2017).

In 2012 there was significant flooding around the country with many of the incidents caused
by localised torrential downpours, as opposed to extreme fluvial flooding as was documented in
2007 and winter 2013/14. Around 8000 properties were flooded, but, while more extensive, this
was much less damaging than the 2007 floods (Parry et al., 2012).

Groundwater Flooding

Groundwater flooding occurs when the water table rises above the ground surface (Fig. 2.2a)
(Robins and Finch, 2012). This can lead to the flooding of basements and subsurface structures
or services as well as the inundation of farmland, properties and infrastructure above ground
and the surcharging of sewers and drains (Jacobs, 2007). This can last for weeks or months (e.g.
Pinault et al., 2005) and is often regionally extensive (Macdonald et al., 2008) - as such, it can
pose a particular risk to transport, disrupting or closing road and rail networks for extended
periods (for examples see Hughes et al., 2011).

In addition to the damages normally associated with flooding, high groundwater levels can
cause structural damage to subsurface structures due to increased pressure (Kreibich and Thieken,
2008). Furthermore, this additional subsurface pressure can create a buoyancy effect that can
further damage buildings, such as in Dresden (Germany) where historical buildings had their
basements deliberately flooded to avoid damage of this kind (Kreibich and Thieken, 2008). The
diffuse nature of groundwater flooding means that fluvial style flood defences offer little benefit
(Cobby et al., 2009).

The main causes for high groundwater levels are:

1. Autogenic (or direct) recharge, where high intensity and/or extreme prolonged rainfall

occurs over permeable areas.

2. Allogenic recharge, where water flows from a watercourse into an underlying aquifer (Jacobs,

2007; Hughes et al., 2011).

Examples of the latter of these can be found in the Upper Rhine (Trémoliéres et al., 1993)

and in the kastic limestones of Ireland (Naughton et al., 2018b). As groundwater can often flow
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far through the subsurface, these mechanisms can lead to flooding both within and far from the
recharge area.

Permeabl
Subsurface

Impermeable Layer

Spring Line

.

(a) Groundwater flooding (b) Groundwater induced flooding

Figure 2.2: Groundwater flooding occurs as the water table rises above the surface whereas groundwater
induced flooding occurs from groundwater that has emerged upslope and flowed across the surface, often
initiating from springs.

Groundwater Flooding Via Superficial Deposits

Allogenic recharge can pose a particular groundwater flood risk where watercourses are surrounded
by permeable superficial deposits. These unconsolidated sediments are often highly permeable
but with relatively low storage capacities and have groundwater levels close to the surface for
much of the year (Macdonald et al., 2012). Increased river levels during or following storm events
can rapidly raise the surrounding groundwater levels (Macdonald et al., 2008), perhaps within a
number of hours and may match the levels in the associated watercourse. These groundwater flows
can bypass river banks and flood defences (Hughes et al., 2011). As such, groundwater flooding in
low lying surrounding areas does not require the river to overtop its banks and may precede the
river level peak. Increased river stages caused by fluvial flood defences may increase groundwater
flooding by creating enhanced pressure gradients between the river and the subsurface (Jacobs,
2007).

If these unconsolidated materials sit atop of permeable deposits then the antecedent ground-
water conditions may influence whether they drain or flood during a storm or river recharge event.
Groundwater flooding of this type is unlikely to be as persistent as flooding from consolidated
aquifers as levels can drop quickly once river levels decrease (Jacobs, 2007). A well used case
study of groundwater flooding via unconsolidated superficial deposits is Oxford, which has flooded
in 2000, 2003 and 2007 (Macdonald et al., 2007, 2012).

Groundwater Rebound

One further cause of rising groundwater levels is the cessation of groundwater abstraction,
potentially due to a decline in industry, that allows groundwater levels to rebound to their natural
levels (Hughes et al., 2011). This may be of particular consequence for previously industrial urban
areas or areas where the groundwater levels were previously lowered for mining purposes (Cobby
et al., 2009). Such areas include London, Birmingham, Nottingham and Liverpool (Macdonald
et al., 2008).

Groundwater Induced Flooding
Springs occur where groundwater emergence is focussed at a point source. These may occur only
in periods of high groundwater levels or all year round and may be linked to the presence of a
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confining impermeable layer, as is shown in Figure 2.2b. Spring water that has flowed across the
surface and caused a flood is termed groundwater induced flooding (Robins and Finch, 2012).

Ephemeral Streams

Many rivers that flow over a permeable subsurface are intermittent or ephemeral. This means
that they only flow at certain times of the year or following rainfall, when the water table is
high. Figure 2.3b shows an example of this where the volume of water emerging into the the
stream is enough to cause flooding. Although confining impermeable layers can impede the flow of
groundwater to the surface, rivers and other structures can break this boundary and can provide
pathways for groundwater flow.

Groundwater flooding of this type lasted several weeks in the Test and Itchen catchments in
the winters of 1994-1995, 2000-2001 and 2002-2003. In these instances high winter rainfall caused
stream heads to migrate several kilometres upstream (Allen and Crane, 2019).

auli nnection
Permeable ulic Connectio
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(a) Groundwater flooding via permeable river de- (b) Groundwater flooding from gaining stream.
posits

Figure 2.3: Rivers can also play a part in groundwater flooding, either conveying water out of the
watercourse through permeable deposits or by providing a pathway for groundwater to reach the surface.

Historical Groundwater Flooding

While groundwater flooding is thought to be under reported (Cobby et al., 2009; Naughton et al.,
2018a), there have been numerous notable floods over the past decades. These include localised
events in the winters of 1993/1994, 1994/1995, 2002/2003 and larger events in the winter of
2000/2001 in the south east of England (Finch et al., 2007), in the summer of 2007 in England
and Wales (Marsh, 2007) and in the winter of 2013/14 in southern and central England (Ascott
et al., 2017).

During 2007, extreme rainfall during May, June and July led to above average groundwater
recharge in permeable catchments. The high groundwater levels caused increased spring flows
and seepages and contributed to the flood peaks and durations in some permeable catchments
(Marsh, 2007). These instances, in which groundwater contributed to river flows, demonstrate
the potential for interactions between different sources of flooding (e.g. Fig. 2.6) that this project
addresses. It was also the summer of 2007 that saw the well known groundwater flooding in
Oxford. Here, high river flows caused increased recharge of the superficial sands and gravels
surrounding the channel and caused groundwater levels to rise and flood a number of properties
(Macdonald et al., 2012).

The winter of 2013/14 was the wettest winter on record with persistent heavy rainfall. At
the start of December 2013 groundwater levels were around their usual range, however, by the
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end of January, following repeated storms, record levels were measured in many boreholes across
the southern Chalk. This led to extensive groundwater flooding during February and continuing
localised flooding into early summer. The floods led to several deaths and associated costs
estimated up to £1.5 billion (Ascott et al., 2017).

Major Aquifers of the UK

The geology of the UK is diverse, with rocks dating from as far back as the Proterozoic. Although
its history has included periods of orogenies, faulting and volcanism, the majority of the UK is
now covered in sedimentary rocks, many of which form aquifers. These can be seen in Figure
2.5 (from Rivett et al., 2007). The north of the England contains the oldest of the aquifers,
the Carboniferous Limestones; these transition into the Permian limestones, Permo-Triassic
sandstones and Jurassic limestones, all running in bands down the country. The youngest aquifers
are the Greensands and Chalks that dominate much of the south of the UK. Of these, the
Chalk, Permo-Triassic Sandstones, Jurassic Limestones and the Lower Greensands are the most
important for water resources (UK Groundwater Forum, 2009), however any that are able to
transmit water to the surface have the potential to pose a flood risk.

In Chapter IV several case studies are used to test the groundwater modelling potential of an
automated hydrological model - due to the distribution of the previous studies that these are built
on, these are all located in England. The brief outline of aquifer systems also focusses on England,
however it should be noted that there are also highly productive aquifer systems in Scotland
(O Dochartaigh et al., 2015b), which can be seen in Figure 2.4 and Ireland. A comprehensive
description of the mechanisms of flooding in the karstic limestones of the Republic of Ireland
can be found in Naughton et al. (2018b). Much of the following information on the aquifers of
England and Wales is summarised from Allen et al. (1997).

Groundwater flooding can occur through superficial deposits (Sec. 2.2), however these are not
considered to be major aquifers. Such materials are deposited by fluvio-glacial processes and so
are generally restricted to floodplains and river terraces and include sands, gravels, glacial tills
and aeolian sands (Jacobs, 2007).

Chalks

Chalk is a soft, white, fine grained (<10 pm) limestone. The Chalk aquifer of the UK, and
much of north-west Europe, was formed through the Upper Cretaceous period as sea levels rose,
covering much of England. The reduced flux of terrestrial material to the marine environment
allowed the build up of very pure calcium carbonate from microscopic planktonic algae. The
Chalk also contains marl layers. These are cm’s thick and can be laterally extensive (Allen et al.,
1997). These bands are harder than the Chalk and contain a much higher proportion of clays
and silts.

Chalk is the UK’s primary aquifer, outcropping over 21 500 km? with thicknesses of several
hundred meters in parts (Allen et al., 1997) and generating around 80% of the public water
supply (Butler et al., 2012). Chalk allows water to flow through both its matrix and its fractures
- termed dual porosity. This also means that the chalk water table has the potential to respond
not only to long term rainfall events but intense storms (Ireson et al., 2009) and can transmit
water into the river system very rapidly (Soley et al., 2012).

This dual porosity makes the Chalk difficult to model. Despite its high porosity, the hydraulic
conductivity of the chalk matrix is low (e.g. 6.4x10~% m/day), much less so than that of the
fractures. These fractures have low permeability, but can transmit water at 100s to 1000s of
meters/day. As such, the transmissivity of the Chalk depends of the volume of fractures. This
means that there are higher transmissivities closer to the surface and transmissivities are greater
in river valleys than in the interfluves (Allen et al., 1997; MacDonald and Allen, 2001), potentially
by an order of magnitude. The Chalk aquifer is regionally heterogeneous due to differences in
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Figure 2.4: Aquifers of Scotland. Taken from O Dochartaigh et al. (2015b), original material from O
Dochartaigh et al. (2015a)

its formation, diagenesis and subsequent tectonic experiences. As such, the Chalk in the north
of the UK is generally harder and less porous than that of the south of the UK (Allen et al.,
1997). Geological heterogeneity within chalk aquifers mean that they are particularly difficult to
model and hard to parametrise. The behaviour of chalk aquifers in extreme conditions is poorly
understood and, as such, the ability of traditional approaches to model chalk aquifers has been
called into question following recent groundwater flooding and droughts. There is a growing
understanding of the dual porosity of chalk and development of coupled matrix-fracture flow
models (Butler et al., 2012).

Jacobs (2004) states that there are fewer reports of groundwater flooding in the northern
Chalks than in the south and concludes that higher transmissivities and impermeable drift cover
may make the northern Chalks slightly less vulnerable to flooding than those of the south. For
further details on parametrising the Chalk see MacDonald and Allen (2001) and Sections 13.1.1
& 13.1.5 of this thesis.

Limestones

Many of the limestones in the UK were deposited in the tropical Jurassic period. During
this period a variety of sediments were laid down, with limestones forming in shallow marine
environments where there was a reduced volume of clastic material from the land. Limestones
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were preferentially laid down in basins with higher, thinner deposits typically eroding. As such,
four main basins exist in the UK with different sequences in each, though there is similarity
between some. The rise and fall of sea level during this period has interbedded the limestones
with shales, clays and sandstones. It is the limestone beds, which are often relatively thin, but
extensive, that make up the main Jurassic aquifer. The limestones have high transmissivities but
low storage coefficients. This allows limestone outcrops to respond quickly to recharge and to
have large seasonal variations in groundwater level. These aquifer beds can be very thin, meaning
that in many places they may only form lenses or may be hydraulically isolated by faults (Allen
et al., 1997).

As with the Chalk discussed above, intergranular flow is very low and most occurs via fractures.
As limestone is soluble in water, many of these fractures are enlarged by groundwater flow and
therefore can have considerable yields. As such, the volume of water that can be transmitted
through the aquifer varies spatially, depending on the presence of these fractures. The interbedded
clay aquitards mean that many of the aquifers are anisotropic, with typically higher conductivities
horizontally than vertically (Allen et al., 1997).

The less extensive and slightly older Permian-Magnesian limestones have similar characteristics
to those mentioned above, with low matrix hydraulic conductivity and preferential flow in fractures.
This is therefore spatially variable, with flow dependent on the presence of fracturing (Allen et al.,
1997). As with all of the limestones and Chalks discussed here, the variation between the flow in
the matrix and the flow in the fractures makes these units difficult to parametrise and model.

Limestones were also deposited in the earlier Carboniferous period. These outcrop further
to the north and west than their Jurassic counterparts and are typically more karstic. Karstic
limestone refers to instances where high fracture porosity and solubility has led to the formation of
enlarged fractures, conduits and caves. Although the limestone matrix has a very low permeability
that provides little potential for groundwater flow, instead, the majority of flow occurs via the
network of fractures and karst system, which has the potential to transmit water at 100s of meters
per hour. This means that groundwater flow can vary spatially dependent on the presence of
a fracture system. Such systems can form discrete systems that link recharge areas to certain
spring locations (Allen et al., 1997).

Allen et al. (1997) states that the fast response times of unconfined Jurassic aquifers means
that the groundwater and surface water processes are closely linked while Jacobs (2008) states that
there may be possible groundwater flooding from the Carboniferous limestones as the fracture flow
responds rapidly to rainfall. Jacobs (2008) suspected that Jurassic and Magnesian limestones may
produce localised flooding. As such, both are potential locations for the multisource investigations
of Chapter III. For more information on the Jurassic limestone aquifer see Section 13.1.4.

Sandstones

There are three main sandstone aquifers in the UK. The Cretaceous Upper and Lower Greensands
and the Permo-Triassic sandstones. Greensands are a type of sandstone named due to its content
of glauconite, a green iron-rich mineral (The Geological Society, 2008).

The Upper Greensand is a poor aquifer with a thickness of up to 60 m that underlies some of
the Chalk aquifer, with which it has hydraulic connection. It is lithologically heterogeneous but
is typically fine grained and calcareous with flow occurring both through the matrix and through
fractures. There is limited recharge to the Upper Greensand from the surface due to a lack of
outcropping.

The Lower Greensand is composed of lithologically variable sands and sandstones interbedded
with localised clay-rich layers or sandy limestones (Ward, 2014). The Lower Greensand is separated
from the Upper Greensand by the Gault (clays). Its shared name with the Upper Greensand is
an artefact from earlier times when the two were easily confused. Like the Upper Greensand, it
also has a small outcrop area. Although the Group can be found in Norfolk and Lincolnshire,
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it is very thin and so is only used as a significant aquifer in its southern extents. The Lower
Greensand is not hydraulically connected across its extent and is, in some places separated by
clay layers with relatively little mixing of groundwater between the layers (Allen et al., 1997).

The Permo-Triassic sandstones form the largest aquifer system in the UK (Jacobs, 2004). In
places the Permian sandstones are separated from the later Triassic sandstones by an aquitard of
Permian marls. Unlike the limestones and Chalks, these sands formed in a terrestrial environment
from fluvial and aeolian processes. There are multiple fining sequences with a general fining
upwards from gravels to sands, silts and muds and these often contain extensive clay layers
from flood deposits. Grain size, geometry and cementation are primary controls on hydraulic
conductivity. Hydraulic conductivities can range from 10~% m/day to 20 m/day (median of 0.56
m/day) with the finer deposits having lower permeabilities and acting as confining layers. Those
sands formed by fluvial processes are anisotropic with layers of differing grain size impeding
horizontal flow. Fractures can have significant effects of the parametrisation of the aquifer by
offering preferential flow paths along bedding-planes and tectonic and diagenetic joints. While
faults can create recharge boundaries some can also impede flow (Allen et al., 1997).

The Upper Greensand poses only a small groundwater flood risk due to its classification as
a poor aquifer and small outcrop area. This can also be said for the northern extents of the
Lower Greensand due to its thin strata and similar lack of outcrop. Even in the south of the UK,
where the Lower Greensands are more extensive, groundwater flooding is unlikely due to due
its low permeability (Jacobs, 2004). Furthermore, the Permo-Triassic sandstones, despite their
much greater extent, are not thought to pose a significant groundwater flood risk (Finch et al.,
2007) and there are very few recorded flooding instances (Jacobs, 2004; Robins and Finch, 2012)
even when groundwater levels have been exceptionally high (British Geological Survey, 2014a).
Groundwater flood risk from sandstones should not be dismissed however and high groundwater
levels may recharge rivers and increase discharge from springs (Finch et al., 2007; GeoSmart
Information, 2019b).

Multisource Flooding

There is relatively little peer reviewed literature on groundwater flooding (Abboud et al., 2018)
and this is even more true for multisource (groundwater-surface water) flooding. As such, little
documentation on the hazards posed by multisource flooding could be found. The literature that
is available on groundwater-surface water interactions focusses on water resources (e.g. Doble
et al., 2012), non-flood generating processes (e.g. Fleckenstein et al., 2006; Krause et al., 2007;
Parkin et al., 2007; Harish Kumar and Nagaraj, 2018; Li et al., 2019; Salem et al., 2020) and
even landslides (e.g Wang et al., 2019). The majority of literature found on river-groundwater
interactions addressed groundwater recharge and flooding via superficial deposits, as is discussed
in Section 2.2 (e.g. Trémoliéres et al., 1993; Hoehn and Scholtis, 2011; MacDonald et al., 2014;
Macdonald et al., 2018). It has been shown that in some locations intense rainfall can drive
groundwater flow in shallow aquifers and that streams can rise due to emergence groundwater
before, or more significantly, than from direct runoff from the rainfall event (Guérin et al., 2019).

The interaction of pluvial and fluvial sources during flood events may also be categorised as
multisourced flooding, although they are not the focus of this study. These sources frequently
coincide creating floods more severe than if they occurred separately (Chen et al., 2010). These
are much better studied than their interactions with groundwater flooding (e.g. Patra et al., 2016;
Breinl et al., 2017; Rizeei et al., 2019).

Despite the lack of information, it is known that antecedent moisture conditions in soil and
the subsurface affect surface water flooding (Vivoni et al., 2007; An and Yu, 2014; Bennett et al.,
2018) and it is known that there are many locations around the UK where this is likely to occur
(McKenzie and Ward, 2015). Two simple mechanisms for multisourced flooding are proposed
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below by which groundwater and surface processes interact to cause enhanced flooding:

1. High groundwater levels, and therefore a saturated subsurface, decrease available storage
during rainfall events and thus cause increased runoff and enhanced surface water flooding
(Fig. 2.6a. This may be followed or accompanied by a groundwater response either due to
piston flow or a further increase in groundwater levels. This is proposed to be most likely
in areas with highly permeable underlying aquifers that can rapidly respond to rainfall,
such as the Chalk.

2. High groundwater levels bolster gaining watercourses and inundated floodplains, decreasing
fluvial drainage capacity and increasing the depth and duration of flooding. This can be
seen in Figure 2.6b and is said to be one of the greatest groundwater flooding risks (Cobby
et al., 2009).

Impermeable Lay e Q‘//Q{,
r

Permeable
Subsurface/

(a) Pluvial and groundwater sources. (b) Fluvial and groundwater sources.

Figure 2.6: Two proposed mechanisms of multisource flooding.

It is proposed that the magnitude of the surface water and groundwater components in a
multisource event are not required to be as large as those in a single source event. For instance,
it is unknown what likelihood component sources of a multisource flood event are required to
equal that of a comparable single source event - i.e. whether a 1 in 100 year fluvial event can be
matched by 1 in 10 year groundwater levels coinciding with 1 in 10 year rainfall. The processes
involved between the single source and multisource floods will differ and so direct comparisons
may not be appropriate but the temporal interplay of these does warrant further investigation
outside of this study (e.g. Lian et al., 2013; Breinl et al., 2017; Rizeei et al., 2019).

Several characteristics are proposed to lead to a catchment being multisource, these can be
simplified into characteristics that generate rapid runoff and characteristics that provide a slower
subsurface response to rainfall. These relate largely to the geology of the catchment and its
land cover however there are a range of contributing factors. These have been split into three
groups, described below. Descriptions include example catchments found during initial searches
for multisource catchments. These include several tributaries to the Thames around London due
to the presence of chalk, low permeability superficial deposits and urbanisation. This pattern
reflects well the findings from a regional flood risk appraisal for the South East of England
(Halcrow, 2008) that states that the Kent Thames Gateway and the South Hampshire Region
have moderate groundwater flood risk with districts such as East Hampshire, Basingstoke and
Dean, Winchester, and Chiltern having a high risk of flooding from groundwater and related
surface water flooding. The report "emphasises the importance of assessing flood risk of an area
from all sources of flooding, not just fluvial and coastal..." (Halcrow, 2008, pp.5). Three additional
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potential multisource catchments are included in the Appendix (Sec. 27).

Saturated Catchments

It is proposed that the simplest form of multisourced catchment is one that is highly permeable
but that can generate surface runoff when fully saturated. The River Ouse catchment near
Brighton is an example of this. The catchment is interlaced with permeable Greensands and
impermeable clays. After sustained rainfall the sands fill up and the catchment suddenly becomes
extremely flashy (pers. com. S. Manning-Jones, Sussex Flow Initiative, 2nd May 2017). There is
recorded multisourced flooding in the catchment with several properties flooded by an event in
the winter of 2000/2001 (DEFRA, 2015). This area has similar geology to the nearby Wealden
geological group (bands of sandstone and clays), which are also known to flood from ‘surface
water run-off from the South Downs, particularly at times of high groundwater levels’ (Mid Sussex
District Council, 2015, pp 57). According the NRFA, the Ouse at Gold Bridge is "...is subject to
flashy flows in summer € more prolonged flooding in winter. Flooding can be extensive with the
valleys either side of the river inundated".

c;owbcreugh

A267

Ouse at Goldbridge - 41005

L
Z
.
:
amz? il

AJ73
DAL £
¢ / 2

_Bevern Stream at Clappers Bridge - 4
i TAA

Heathfield

Uck at Isfield - 41006~

1020

]

A= ; b y
ahg L T A Ji)‘C()use at Barcombe Mills - 41004

Hailsham

\ .\_
QbR N

2. -

<524k £ 1 P

O e

) -,
~ y Friston
S "~ L % Forest

Figure 2.7: The River Ouse and its sub-catchments. (©OpenStreetMap

2.3.2 Mixed Characteristic Catchments

The second group of catchments are proposed to have a mix of characteristics. These require there
to be separate characteristics able to generate both groundwater and surface water responses to
rainfall. This may be in the form of a highly permeable bedrock layer that responds gradually
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to rainfall mixed with a less permeable layer of bedrock or superficial deposit that generates a
surface water dominated response. There are a range of possible causes for both of these opposing
responses. Surface water, for example, can be generated not only by impermeable geology but
also by the presence of urban areas or steep topography.

One example of this is the Pang catchment, a well studied chalk catchment in the south of
England. According to the NRFA, the upper catchment has a 97% covering of highly permeable
bedrock, decreasing to 83% by the middle of the catchment and to 76% by the lowest gauging
station an Pangbourne (NRFA, 2019b). The presence of impermeable tertiary deposits in the
lower catchment cause significant surface runoff in contrast to the baseflow dominated upper
catchment (Peters and van Lanen, 2005). There have been groundwater floods in the winters of
2001/02 and 2012/13 and groundwater is reported to be a significant contributor to fluvial and
pluvial flooding. Groundwater flooding has occurred in multiple locations around the catchment
and from groundwater fed water courses such as Sulham Brook. The catchment is also at risk
from fluvial and pluvial flooding, with one particularly bad instance of flooding in 2007 following
an intense storm after weeks of prolonged rainfall, which had saturated the catchment (West
Berkshire Council, 2013).

A similar multisourced response is present in the groundwater dominated Chalk catchment
of the River Misbourne, which drains from the Chiltern hills towards London. Although it
rests on highly permeable Chalk bedrock it has a 42% covering of low permeability superficial
deposits. Here, sharp peaks in river level have been experienced that can be transmitted down the
catchment with both upper and lower stage gauges recording rapid peaks (R. Lamb, JBA, pers.
com. 12th April 2016). There are multiple Section 19 reports of a good standard for the area
(Buckinghamshire County Council, 2017) including reports of flooding due to high groundwater
levels and mentions of surface water (Buckinghamshire County Council, 2014). According to
Jacobs (2008), both the Misbourne and the neighbouring River Chess have chalk catchments
that cause both groundwater and surface water flooding. It is unclear however from the report
whether "surface water flooding" is due to runoff in intense rainfall events or poorly maintained,
blocked culverts during standard rainfall.

The River Wye is another example flowing from the Chilterns, passing through High Wycombe
and into the Thames. According to the NRFA, the Wye, until its confluence with the Thames at
Hedsor, is baseflow dominated Chalk catchment with flashy responses. Unlike the two examples
above, this is attributed to the presence of urban developments over approximately 20% of the
catchment. There are also glacial flints and fine grained glacial clays covering around 40% of
the catchment increasing the extent of the low permeability surface further. There is historical
groundwater flooding from the River Wye in and around High Wycombe, Hughenden Valley and
Radnage in the winter of 2013/2014. High Wycombe is particularly vulnerable to fluvial and
pluvial flooding from the Wye and Hughenden due to the steep local topography (an average
descent of 90 m/km). Furthermore, there is a known interconnection between surface water and
groundwater sources. 17 properties were flooded in the area in the winter of 2000/2001 (Jacobs,
2014). Further information about the south of the catchment can be found in Jacobs (2009).

Split Catchment

One way in which the above conditions could be satisfied is via a split catchment, i.e. a catchment
that is composed of sub-catchments with differing characteristics. This is demonstrated by the
Kennet catchment (Fig. 2.8), another tributary to the Thames.

The source of the Kennet is near Silbury Hill (Scott Wilson, 2008a), from there it is gauged at
Marlborough, Knighton and Newbury before joining the Thames near Reading. The upper reaches
are rural with mostly permeable Chalk bedrock and limited impermeable superficial deposits.
As such, it is baseflow dominated until its confluence with the Enborne. The Enborne has a
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largely impermeable catchment due to the presence of Tertiary clays, which give it a responsive
regime. Beyond the confluence, the Enborne adds a flashy, surface water component to the
otherwise groundwater dominated River Kennet (NRFA, 2019b). This therefore has the potential
for intense rainfall over the Enborne catchment to meet high groundwater flows from long term
above average rainfall in Kennet’s headwaters, thus creating multisourced events. Figure 2.8
shows the distribution of high permeability and low permeability bedrock in the catchment.
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Figure 2.8: The River Kennet catchment, adapted from NRFA (2019b). Green - high permeability
geology; brown - low permeability geology. The River Kennet exhibits a multisourced response due to the
confluence of the flashy Enborne catchment with its own groundwater regulated regime.

Higher up the catchment, where the chalk aquifer is unconfined, there is potential for
groundwater flooding and there are recorded instances in the villages close to the Og tributary
(Scott Wilson, 2008a) and the dry valley near Ogbourne Maizey (Scott Wilson, 2008b). In addition,
there are reports of combined fluvial and groundwater events in the nearby Avon catchment in
2002 and 2000 in Tidworth and Enford respectively (Scott Wilson, 2008a).



(3. Flood Modelling

Computer modelling of hydrological processes can take two main forms. (1) Statistical and
empirical modelling, which are based on functions and observations, and (2) physically based
modelling, which mathematically describe processes according to their measured properties and
established physical laws (Wheater, 2002). Physically based modelling requires detailed knowledge
of catchment characteristics (Binley et al., 1991), such as geology and land cover, and attributes
these with realistic parameters reflecting hydrological processes, such as how fast surfaces or
mediums transmit water or how they interact with meteorological processes.

This section discusses different modelling approaches and some of the models available in
the literature'. The following terminology is used throughout and is useful to define in advance.
Firstly, models can be categorised into either lumped or distributed models according to how they
consider the domain spatially. Lumped models treat a domain (i.e. the area being modelled)
as a whole with a single output, with parameters representing averages of the whole domain or
sections of it. Distributed models describe a system by spatially dividing it into multiple units and
attributing each with a set of parameters that describe its hydrological processes. These spatial
units can be abstract, perhaps representing sub-catchments within a larger system or areas with
differing hydrological regimes. They can also be more structured, perhaps dividing a system into
a regular grid or TIN (Devia et al., 2015). Outputs can be created for any location within the
model. Distributed models are of the most interest to this study and will typically fall into one
of two categories: hydrodynamic or hydraulic models and hydrological models. Hydrodynamic
and hydraulic models focus on the mechanics of water movement and solve physically based
equations to route water through a domain. Hydrological models simulate elements of the wider
hydrological system, such as climatic and land surface conditions and can be used to improve the
understanding of hydrological processes (Wheater, 2002). These differ in complexity and can be
conceptual® or physically based (Dechant and Hamid, 2014).

In physically based modelling the number of parameters required for each unit typically
depends on the complexity of the model, with complex models often requiring very large or varied
data. Parameters may describe runoff speeds or ratios for different vegetation types or slopes,
or the permeability and transmissivity of different rock or soil types. It is often very important
that the hydrological processes are well parametrised in order to produce accurate simulations.
However, these parameters are often adjusted in instances where models are unable to accurately
capture hydrological processes or where accurate parametrisation is not possible. This process of
manually adjusting parameters to improve model performance is called calibrating; this typically

! An accessible review of flood modelling can be found in Wheater (2002).

2A conceptual model is a broad term generally referring to simplified description of a system and the relevant
processes within it. Examples of conceptual models can include generalised mathematical formulae or diagrams
showing the hydrological processes and their relationships.
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involves inputting recorded meteorological conditions (i.e. rainfall) into a model and adjusting
parameters until outputs (i.e. groundwater levels or river flows) match observations. Calibrating
a model may improve its performance but can also decrease how realistically it captures the
hydrological processes within the system that it has been built to represent. Furthermore, by
adjusting model parameters according to observations the model may no longer be appropriate
for use outside of the range of hydrological events that it has been calibrated with.

Spatially distributed, physically based models seek to reduce reliance on calibration by
accurately capturing hydrological processes by modelling using accurate parameters. The use of
physical parameters enables these types of models to operate outside of their calibration limits
(Beven, 2012), a key part of the methodology proposed here and enacted in Chapter VI. It
also allows them to be used in ungauged river catchments or areas that do not have observed
data to calibrate against. Furthermore, models can be more easily reproduced as they have not
undergone manual tuning and are well suited for increasing the understanding of hydrological
systems. Two downsides to physically based modelling, however, are the significant demands for
data and the high level of complexity required so that models can mathematically capture all
necessary hydrological processes (Lewis et al., 2018). In reality, even the most detailed and well
parametrised models often require some degree of calibration.

This project will employ a physically based modelling approach as it allows for fully distributed
simulations in which models are able to describe the hydrological processes at all points within
the simulation domain without being constrained to their calibration limits.

As previously discussed, this work will look at surface and subsurface flow modelling and
join two models together to make a single multisource modelling system. These surface and
subsurface processes differ in both their temporal and spatial scales and typically use different
mathematical procedures to compute them. For this reason, surface and subsurface processes are
often modelled separately. Calculations for both the surface and the subsurface are constructed
around the principal of satisfying two physical laws:

1. The conservation of mass

2. The conservation of momentum.

These laws have been developed differently for surface and subsurface flow calculations.
Subsurface flows are typically calculated using Darcy’s law, or a simplification thereof. Darcy’s
law takes into account the hydraulic conductivity of the medium that the water is flowing through,
the cross sectional area of the medium and the hydraulic head (i.e. the difference in water level
between the source and the destination). Surface flows on the other hand are typically calculated
using the Saint-Venant equations, or simplifications thereof, which are commonly referred to
as the shallow water equations (Furman, 2008). Both approaches share common roots in the
Navier-Stokes equation, which describes the flow of fluids.

Surface Water Modelling

Surface water modelling focuses on routing water across the ground surface and can be one, two
or three dimensional. There are a large number of models in existence, both commercial and
open access, and a variety of different methods are used to calculate the flow of water across the
model domain (Teng et al., 2017). Empirical models offer a relatively simple, computationally
efficient data based approach but are not able to provide the spatially distributed detailed flood
extents desired by this project. Instead, physically based hydrodynamic and hydrological models
are of interest.

One dimensional models consider flow within a pipe or channel but can extend to floodplains,
assuming them to be simple extrapolations of the channel. These typically use the Saint-Venant
equations of the conservation of mass and conservation of momentum. These require information
on the cross sectional dimensions of the channel or pipe and mathematically calculate the flow
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between different cross-sections (Teng et al., 2017). While 1D models are well suited for many
purposes they are limited to assume a single direction of a single speed across each cross sectional
unit. This makes them unsuited for more complex scenarios where this is unlikely, such as where
flow occurs out of bank or across complex topography where flow speeds and directions are likely
to vary (Chen et al., 2010). Examples of 1D modelling software include InfoWorks ICM (Innovyze,
2020) and Flood Modeller (Jacobs, 2020).

Two dimensional models combat the limitations of the 1D models when simulating out of
channel flows (Hunter et al., 2007). These are the most applicable and widely used surface water
models for the mapping and assessing of flood risk. 2D models use spatially distributed (and often
high resolution) inputs including topography, precipitation and surface roughness to produce
water depths, velocities and inundation times and extents. As with 1D models, 2D models also
use the laws of conservation of mass and momentum and typically use the shallow water equations.
These are similar to two dimensional Saint-Venant equations and can be obtained from the
Navier-Stokes equations. There are different numerical schemes for solving these equations: finite
element, finite difference and finite volume. 1D and 2D models do not consider turbulence or
differences in flow velocity within the water column, a suitable approximation in many cases.
These are accounted for in three dimensional models (Teng et al., 2017).

The rainfall runoff modelling conducted in this work does not have water depths justifying
the use of 3D modelling but does require detailed modelling floodplains. As such, a 2D modelling
approach has been chosen. As the coupled modelling approach in this study only reconfigures
models rather than altering the mathematical processes within them, no further detail on the
mechanisms behind the models is given, from which much of the above information is taken.
Instead a short review of some well known models is given. These have been selected according
to those promoted for use at Newcastle University (CityCAT, HiPIMS), those commonly used in
industry (JFLOW+, TUFLOW), and those found to be prominent when conducting this literature
review (LISFLOOD-FP). Many of these are also discussed in the EA’s 2D hydraulic modelling
benchmarking report (Néelz and Pender, 2013) and are therefore thought to be appropriate
for consideration. CityCAT, HiPIMS , JFLOW+ and TUFLOW all use the full shallow water
equations; this makes them particularly suited to modelling complex 2D flows (i.e. flows involving
complex topography or buildings) however does make them computationally demanding (Néelz
and Pender, 2013).

CityCAT

The City Catchment Analysis Tool (CityCAT) is a software for two dimensional modelling,
analysing and visualising of pluvial and fluvial flood risk. CityCAT was developed at Newcastle
University and is a high resolution, shock capturing system focussed on computational efficiency.
Unlike HiPIMS and JFLOW, CityCAT runs on CPUs and is deployable on the Cloud for
applications requiring high performance computing. CityCAT is set up to use the open source
OS MasterMap dat. This is used to mask buildings from the DTM, allowing it to realistically
compute urban flow paths. Infiltration is estimated using the Green-Ampt method and roof
storage is calculated internally. One further advantage of CityCAT is that it also freely available
for researchers (Glenis et al., 2018).

HiPIMS

The High-Performance Integrated Hydrodynamic Modelling System (HiPIMS) is a 2D, shock
capturing flood model (Liang and Smith, 2015). HiPIMS is an open source code developed at
Newcastle University and has been progressed to run on GPUs (graphics processing units). GPUs
have a higher number of processing elements (i.e. cores) than CPUs (central processing units)
and so can speed up processing considerably by distributing the repetitive calculations involved
with hydraulic modelling across the elements (Smith and Liang, 2013).
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HiPIMS uses uniform Cartesian grids to calculate the flow of water from one cell to another
based on the water depth within each cell and the cell’s elevation. Manning’s coefficient is used
to specify the surface roughness of each cell, which influences the speed of flow to and from that
cell and is typically based on the surface type or land use. HiPIMS can model inputs from point
(e.g. stream flow) and diffuse (e.g. rainfall) sources and can return water depths and velocities
across the grid (Wang and Yang, 2018).

HiPIMS can be used for a variety of modelling scenarios (Smith et al., 2015) from rainfall
runoff events to dam bursts (e.g. Smith and Liang, 2013) at both city (e.g. Liang and Smith,
2015) and catchment scales (e.g. Wang and Yang, 2018).
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Figure 3.1: Taken from Liang and Smith (2015): outputted flood inundation depths from a uniform
precipitation simulation in Glasgow.

JFlow
JFLOW was developed by JBA Consulting in 2002 as a "reduced complexity 2D flow routing model”
and in 2007 was rewritten to run on GPUs. In 2010 JFlow was developed from using diffusion
wave principles into JFlow+, which uses the full shallow water equations (JBA Consulting, 2014b).
JFlow-+ can run in parallel on multiple GPUs, giving it good computational efficiency (Crossley
et al., 2010). Since then it has been further developed to include a GIS user interface and to
reduce run times and computational requirements, thus allowing for increased grid sizes (JBA
Consulting, 2014b).

It has been used to model large areas, such as a European flood map, and was used to
create the EA’s Updated Flood Map for Surface Water (Environment Agency, 2013b) and The
Comprehensive Flood Map UK for England and Wales (JBA Consulting, 2014b).

TUFLOW

TUFLOW is commercial modelling software that is focussed on providing flexible and robust
linking of 1D and 2D flow processes. This allows for modelling complex 1D channel systems and
pips within other hydrological systems while still offering a 2D solver similar to those discussed
above. The benefit of including 1D solvers within the modelling software is the ability to precisely
simulate flows over and through structures such as weirs or bridges that may have significant
affects on hydraulics. TUFLOW operates on CPUs but also has the capability to run on GPUs
to increase performance (BTM Group Ltd, 2018).

LISFLOOD-FP

LISFLOOD-FP is a two dimensional hydrodynamic model used for simulating floodplain inunda-
tion (Coulthard et al., 2013) developed by Bristol University. LISFLOOD-FP was developed from
LISFLOOD, one of the oldest surface water models discussed in this section and which formed a
platform from which JFlow was developed (Bates, 2017).
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As with the four models discussed above LISFLOOD-FP is a 2D hydraulic model that can
calculate depths and flows over a 2D raster grid (Neal et al., 2011). However, unlike the previous
four models, LISFLOOD-FP uses a simplification of the shallow water equations, not considering
the advective acceleration term. This reduces its computational requirements, thus making it well
suited for large modelling domains, but makes its use less justified in complex scenarios where
flows vary rapidly (Néelz and Pender, 2013). As such, LISFLOOD-FP is not as suitable as the
previous models for simulating rapid flooding is urban environments.

Groundwater Flood Modelling

Groundwater models can be used to generate groundwater levels at a single point or phreatic
surfaces across an area. Since the early 1970’s, there has been steady development of groundwater
modelling in the UK, with a general change from the creation of bespoke models within research
institutes to more standardised models that are used by consultants (Shepley et al., 2012).

Models that simulate or predict groundwater levels for a fixed point are typically lumped
models. One basic example of this is a system developed by Adams et al. (2010) as an early
warning system for groundwater flooding. Adams et al. (2010) first used a linear regression model
to mathematically describe the relationship between recharge and the change in groundwater
level from annual minima to the subsequent annual maxima. Estimated winter and autumn
rainfall could then be entered into the relationship to predict the subsequent groundwater level
peak. Data based methods, such as this, rely on precipitation and groundwater level observations
and accurate rainfall predictions and is limited to the area where it was developed. Typical of a
lumped model, this modelling framework only has a single output: the predicted groundwater
level at that observation borehole. While this approach may be suitable for an early warning
system, it does not provide the spatial information desired in this project. Furthermore, while
Butler et al. (2012) state that simplified or lumped models can provide ‘practical tools for flood
risk assessment’ due to their relatively low volume of input data, they go on to say that there is a
need for new methods for assessing flood risk and that this is occurring through ‘a new generation
of distributed groundwater models’.

One bridge between the two methods (distributed and lumped) is described in Upton and
Jackson (2011), where lumped model was used to simulate groundwater level hydrographs for 52
boreholes across the Pang and Lambourn catchments. The lumped model took into account 11
catchment characteristics to describe the relationship between precipitation and groundwater level.
A piezometric surface was then generated by interpolating between the borehole groundwater
levels and river elevations (i.e. GW level was assumed to equal river level). Locations where the
water table breached the surface were taken to indicate groundwater emergence. This produced
good correlation between modelled and observed emergences in the large 2000/2001 groundwater
flood event that hit the South of England. This method does make several assumptions, such as
that groundwater is in hydraulic connection with rivers and that the phreatic surface behaves
regularly between modelled points.

While some may develop their own models, numerous generalised software are readily available
(Brassington, 2017). One of the most widely used groundwater software is MODFLOW, which was
developed by the USGS in 1984 (USGS, 2019) and has since become an industry standard (Zhou
and Li, 2011). MODFLOW was originally developed for groundwater simulations but has since
had further ‘modules’ developed that allows it to simulate coupled surface water-groundwater
processes that account for all major hydrogeological processes. The original groundwater portion
of the code, now termed GWF), is still a core process within the modelling system. This calculates
water movement in three dimensions for different vertical layers within the model according to
the hydraulic conductivity of the flow medium and the differences in hydraulic head at each end
of the medium (Harbaugh, 2005). It does this for all points within the domain and is able to
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construct piezometric surfaces accordingly. MODFLOW is available to download free of charge,
as is a base graphical user interface (GUI). Commercial GUIs (e.g. the Groundwater Modelling
System) are also available.

Following the exceptional groundwater flooding of the winter of 2015/16 in Ireland Naughton
et al. (2018a) created a predictive groundwater flood map for Ireland. This calibrated a lumped
hydrological model according to effective rainfall and observed groundwater flood extents - due
to a lack of systematic recording of previous groundwater flooding the project established their
own monitoring network and extracted data from remote sensing imagery. Once calibrated, the
hydrological model was rerun using synthetic weather data that enabled it to capture extreme
events and conduct frequency analysis. This approach is very similar to the method used in
this project, which generates extreme hydrological data, including groundwater emergence, from
synthetic data. This study uses spatially distributed, physically based models as these are less
reliant on observed flooding data and enable a greater range of processes to be captured.

Regional Groundwater Models

Towards the end of the 1990’s, the Environment Agency began the set up of fully distributed, re-
gional, MODFLOW based groundwater models. Eight regional sub-programmes were constructed
for water resource purposed with the aim of using well understood science to aid water resource
assessments and abstraction management. The eight regional models cover the South West,
Southern, Thames, Anglian, Midlands, Wales, North West and North East EA regions. These
are based on MODFLOW code and are cover the major aquifers of the UK (Sec. 2.2.1). Each of
these models simulate surface and groundwater flow in large aquifer units and are calibrated using
observed hydrometric data predominantly dating from the 1970’s. Each model is time variant
and has distributed parameter fields (Shepley et al., 2012).

A wrapper for the regional groundwater models has been developed called the National
Groundwater Modelling System (NGMS) (Whiteman et al., 2012). This is designed to assist the
Environment Agency with the use of the regional groundwater models and to aid the regulation
of groundwater systems. The NGMS is hosted on a centralised server and can be accessed by
Environment Agency staff for the simulation of ‘what-if’ scenarios. Scenarios may regard resource
management, changes to groundwater abstractions and assessments of climate change impacts.

The NGMS system is progressively updated and, in 2017, covered the majority of the Creta-
ceous Chalk and Triassic Sandstone principal aquifers in England (Fig. 2.5). The groundwater
models typically have horizontal grid resolutions of 200 m and 1-3 time steps per month. While
the system was originally designed for regulatory purposes, it has since been developed by fusing
the system with recharge models and so enabling the simulation of extreme events such as floods
and droughts (Farrell et al., 2017).

Multisource Modelling

Almost one million properties in the UK may be at risk from multisource flooding in which
groundwater plays a role (McKenzie and Ward, 2015) and numerous studies state the importance
of accounting for groundwater processes in hydrological studies (e.g. Saksena et al., 2019; Deb
et al., 2019). The interactions between surface water and groundwater are not linear and can
have significant spatial variation (e.g. Seibert et al., 2003), thus making them hard to predict
and understand. Some integrated models are able to simulate both surface and groundwater
processes but it is also possible to couple different model types together to simulate different (i.e.
multisource) processes.

There have been advances in multisource modelling over recent years, however these do not
typically include groundwater. Of those that do, MIKE SHE and FEFLOW coupled to MIKE
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11 are very popular for regional GW-SW modelling; but those focussing on groundwater are
typically based around MODFLOW and its associated packages (Barthel and Banzhaf, 2016).
This lack of groundwater inclusion may be due to a lack of credible data due to under reporting
and source uncertainty, and the difficulties associated with assigning flood probabilities (Cobby
et al., 2009). Furthermore, the mathematical processes defining subsurface and surface flows
are very different and so calculating the interaction between the two systems is very difficult
(Furman, 2008). Barthel and Banzhaf (2016) also say that it is unclear whether well understood
point GW-SW interactions can be scaled to regional scale modelling. They go on to suggest
that progress in this field is limited by the distributed nature of the subject literature and the
difference in approaches, which makes it difficult to compare available models. This later view is
also taken by Maxwell et al. (2014).

Coupling groundwater and surface water models together is not a new concept. In 1993
Arnold et al. (1993) linked a groundwater model component to a surface water model called
SWRRB (Simulator for Water Resources in Rural Basins) to model surface runoff, percolation,
lateral subsurface flow, evapotranspiration, snow melt, transpiration losses, ponds and reservoirs,
precipitation, air temperature and groundwater flow. This was at much lower resolution (both
spatially and temporally) than is desired in this project, but does show that it has been a point of
interest for some time. Whilst coupling groundwater-surface water models together is relatively
uncommon however, there are many studies that couple surface water models (e.g. Lerat et al.,
2012; Liu et al., 2015; Nguyen et al., 2016; Hdeib et al., 2018; Munar et al., 2018) and there
are commercial software that make this common place in industry (e.g. Flood Modeller and
TUFLOW).

Integrated Models

Integrated models are able to simulate both surface and subsurface processes within a single
modelling system. There are many of these and so only a few of the more popular/prevalent
of these shall be detailed below. A very detailed review of a large number of these (FEFLOW,
FIPR Hydrologic Model (FHM), IHMS, MODBRANCH, MODCOU, MODHMS, SWAT-MOD /
SWAT-MODFLOW, WaSiM, WaSiM-ETH, HEC-HMS, DYNSYSTEM, OpenGeoSys) can be
found in Barthel and Banzhaf (2016). Details on other models such as ATS (Advanced Terrestrial
Simulator), Cast3M, GEOtop, CATHY (CATchment HYdrology), HGS (HydroGeoSphere) and
ParFLOW can be found in Kollet et al. (2017). Details on the latter three of these, along with
OGS (OpenGeoSys), PAWS (Process-based Adaptive Watershed Simulator), PIHM (Penn State
Integrated Hydrologic Model) and tRIBS+VEGGIE can be found in Maxwell et al. (2014). Four
examples of integrated models are discussed below:

GSFLOW
GSFLOW is one of the most widely publicised MODFLOW-based models used for combined
groundwater-surface water modelling. It is an integrated hydrological model, built by the USGS. It
couples the groundwater/surface water processes from MODFLOW-2005 and MODFLOW-NWT
to PRMS (the Precipitation-Runoff Modelling System) (USGS, 2017).
MODFLOW is a popular 3D finite difference modelling software that provides the ground-
water component to the model (Brassington, 2017). MODFLOW itself has a modular
structure, which allows different modelling capabilities to be added on to increase its
capabilities (USGS, 2019). These can include surface water modules (e.g. a streamflow)
that allow it to simulate multiple sources.
PRMS is a physically based, spatially distributed model. It simulates hydrologic processes
to estimate catchment scale water budgets (U.S. Geological Survey, 2019b). This essentially
uses above ground processes such as evapotranspiration, surface runoff, infiltration, etc. to
estimate runoff. PRMS then simulates surface flow of this runoff (U.S. Geological Survey,
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2019c).

GSFLOW simulations run on a daily time step and so are not of high enough spatial or temporal
resolution to meet the objectives of this project. Furthermore, the coupling of groundwater and
surface water processes in GSFLOW (or MODFLOW) is the weakest of those discussed. For
more information, see Gannett et al. (2017).

HydroGeoSphere

HydroGeoSphere is a fully coupled physically based, spatially distributed modelling software that
can simulate stream flow, groundwater flow and surface water flow. One benefit of HydroGeoSphere
is that it is able to take into account the dual porosity of the subsurface (Brunner and Simmons,
2012), something potentially useful when modelling Chalk. For a comparison between MODFLOW
and HydroGeoSphere see Brunner et al. (2010). Unlike MIKE SHE, SHETRAN and MODFLOW,
HydroGeoSphere solves partial differential equations for the surface and sub-surface simultaneously,
including the three dimensional form of the Richard’s equation (Refsgaard et al., 2010). When
discussing the SHE codes below, Refsgaard et al. (2010) stated that HydroGeoSphere was the
only code that had the potential to surpass the MIKE SHE.

MIKE SHE

MIKE SHE is a physically based, spatially distributed model that is able to handle large
datasets and can compute both surface water and groundwater processes. MIKE SHE has been
commercially developed from the Systém Hydrologique Europeén (SHE) model and is now several
decades old (Abbott et al., 1986). Since the late 1980s SHE was developed into MIKE SHE by
the Danish Hydraulic Institute. The SHE model was an integrated model capable of simulating a
large number of major hydrological processes: rainfall, interception, evaporation, surface flow on
land and in rivers and subsurface flow in both the saturated and unsaturated zones. (Refsgaard
et al., 2010).

MIKE SHE uses the same underlying code as in the SHE model, with some modifications and
modernisations, and has been developed to include a graphical user interface. It is now used in
both research and industry around the world but is not a standard tool for hydrological modellers.
The system has also been used to develop a national hydrological model for Denmark for water
resource management (Refsgaard et al., 2010).

SHETRAN

SHETRAN has also been developed from the SHE model by Newcastle University and so it too
is a spatially distributed, physically based model. 3D surface-subsurface flow processes are fully
coupled for simulating water flow and sediment and contaminant transport (Ewen et al., 2000;
Lewis et al., 2018) at a catchment scale. SHETRAN has been used for many studies over the
past few decades and has been shown to be capable of simulating groundwater and surface water
processes well, both in the UK (e.g. Adams and Parkin, 2002; Parkin et al., 2007) and abroad
(e.g. Guerreiro et al., 2017b; Op de Hipt et al., 2017). Subsurface flows are modelled using a 3D
Richards equation capable of representing saturated and unsaturated mediums. 1D channel flow
and 2D overland flow are modelled using the diffusive wave approximation to the Saint-Venant
equations. The model domain is divided into a grid with each cell consisting of a column of units
representing the layers of the subsurface and soil zone. On the top of these columns the land use
can be specified to capture runoff processes at the surface. Rivers are represented by 1D channels,
surrounded by a finer grid that enables the model to capture stream-aquifer flows (Parkin et al.,
2007). As with other models discussed in this section, meteorological data is fed into the model
along with any water exchanges at the edge of the modelling domain (such as groundwater and
fluvial flows) and the model simulated hydrological processes to produce, amongst other things,
river flows, groundwater levels and groundwater flows.
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While SHETRAN is perhaps less well known than MIKE SHE, it has recently undergone
development with the creation of the SHETRAN-GB modelling system (Lewis et al., 2018).
SHETRAN-GB offers various improvements in the SHETRAN code, but its main purpose is to
tackle two of the main limitations of spatially distributed, physically based models: (1) large data
requirements and (2) significant setup times. The system provides an online GUI that allows
users to freely download ready made hydrological models of UK catchments or, if a shape file is
uploaded, an area of the user’s choice. The models use national open access soil, geology, land
use and climate data. These models are designed to not require calibration, however this may be
required. More information on SHETRAN-GB can be found in Chapter IV.

Coupled Models

Coupled models are models that are made up of multiple separate models, this joining can take
various forms (e.g. An and Yu, 2014). Furman (2008) states that most coupled models will require
a numerical system describing both the surface and subsurface component, external boundary
conditions for both elements and internal boundary conditions used for coupling the two together.
Furman (2008) goes on to define three levels of coupling: uncoupled, iterative coupling and full
coupling.

Uncoupled is the simplest of these and has also been termed external coupling: where models
are run consecutively. The outputs from one model are used as inputs for a second with no
feedback into the original model. This is also termed weak loose coupling by Barthel and Banzhaf
(2016) and describes well the method of coupling that shall be used in this project. Barthel and
Banzhaf (2016) state that models coupled in this way are difficult to review due to their wide
variety, and that while many are likely to have been developed (often privately or for single use
simulations) they are not all published in peer reviewed literature.

Iterative coupling (or strong loose coupling) refers to systems in which the second model
provides feedback to the first. Full coupling is where both models and the internal boundary
conditions are solved simultaneously (Furman, 2008; Barthel and Banzhaf, 2016). Passing
information in both directions between the two models allows them to simulate dynamic feedback
processes, where outputs from 1 model affect processes in the second model, which then affect
processes in the 1st model. Example processes include emergent groundwater that flows up from
the subsurface model, is routed through the surface model and then infiltrates back into the
subsurface model or where emergent groundwater increases the runoff coefficient in the surface
model and therefore affects how much water is passed to the subsurface model. These models are
very complex as they have to resolve potentially large differences in the spatial and temporal
resolutions of the two models (Camporese et al., 2010). Simulating dynamic processes such as
these is important but is beyond the scope of this work. When coupling models, whether loosely
of fully, it is important to not account for the same process in both models - a simple example of
this would be using rainfall as an input to both the surface and subsurface models, potentially
doubling the volume of water in the system). For a detailed review of methods for fully coupling
surface and subsurface processes, see Ebel et al. (2009).

Many of the integrated models described in Section 3.3.1 have proven capable of simulating
groundwater and surface processes very well. Although many do model multiple sources, they
do not do this on the fine spatial and temporal scale that is sought in this project. In order to
achieve this increased resolution it is proposed that a high resolution hydrodynamic model be
coupled to a hydrological model, such as those above. Below are some studies that do this in
some form:

PREVAH & BASEMENT
Felder et al. (2017) conducted coupling of a different kind, they linked a hydrological model to
a hydrodynamic model. A semi-distributed hydrological model (PREVAH) simulated rainfall
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runoff in sub-catchments and used the resulting hydrographs as boundary conditions (i.e. inputs)
in a hydrodynamic model (BASEMENT) of the main catchment (i.e. external coupling).

Calculated Emergence and JFlow

A recently published study by JBA, Jacobs and Buckinghamshire County Council (Morris
et al., 2018) conducted a similar project to this work. They estimated the rate of groundwater
emergence using Darcy’s law and field data from a purposely documented flooding event. They
then input the calculated emergence into a 2D hydraulic model (JFlow), which routed the water
and provided estimates of the extent and depth of flooding. The purpose of this was to create a
groundwater flood risk map more similar to those for other sources of flooding to help mitigate
future groundwater flooding events. On page four, they state:

"The rate of groundwater emergence could equally be estimated using a detailed
hydrogeological model calibrated for high groundwater conditions, although these are
rarely coupled to hydraulic surface routing models."

This is an accurate description of this project - SHETRAN will be used as the detailed
hydrogeological model, and HiPIMS will be used as the 2D hydraulic model. They do go on to
state however that:

"Such models are scarce, expensive and time consuming to develop and require extensive
data for calibration.”

It is for this reason that SHETRAN has been chosen, as the developments of SHETRAN-GB
are hoped to overcome these difficulties. The more accessible modelling system should enable the
process of setting up a representative simulation cheaper and more manageable.

A pan-European flood hazard map

In an effort to create a continental scale flood hazard map, Alfieri et al. (2014) used a hydrodynamic
rainfall-runoff model (LISFLOOD) to generate river hydrographs for a 5x5 km resolution grid of
Europe. The distributed and physically based LISFLOOD models were calibrated where possible.
Meteorological data and extreme value fitting generated hydrographs for each river cell for 1 in
100 year events. These 5 km squares were then downscaled so that each river had a hydrograph
for every 100 m stretch of waterway. Each of these 1/100 year hydrographs were used as an
input for LISFLOOD-AAC, a 2D hydraulic model. This generated flood extents and depths that
could be amalgamated to produce a high resolution hazard map of Europe. While this model did
conduct a long term simulation (21 years) and connected hydrological flow outputs into a higher
resolution hydraulic model, it did not take groundwater into account.

Grid-to-Grid & JFLOW
In order to increase understanding of surface water flooding Grid-2-Grid was coupled to JFlow
and tested on two case studies: Newcastle upon Tyne (28 June 2012) and Canvey Island (20 July
2014). This was used to simulate 1:30, 1:100 and 1:1000 year return period events (Hunter et al.,
2016).

Grid-to-Grid is a probabilistic, physically based, distributed hydrological rainfall-runoff model.
It is currently used by the Flood Forecasting Center to estimate river flows for producing five day
flood forecasts across England and Wales (Centre for Ecology & Hydrology, 2016). Unlike the
other models discussed here, it is a physical-conceptual model, taking into account landscape
properties, terrain and geology. It is able to simulate river flows and overland flows (Hunter et al.,
2016).

JFlow is a 2D hydraulic model produced by JBA. For more information on this see Section
3.1. G2G was used to generate 15 minute, 1x1 km boundary conditions for JFlow in the form of
stream flow and overland flow, which JFlow then routed across the surface.
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{RIBS-OFM
Kim et al. (2012) present a coupled model consisting of the hydrological model tRIBS (TIN-Based
Real Time Integrated Basin Simulator) and the hydrodynamic model OFM (Overland Flow
Model). tRIBS is able to simulate surface and subsurface elements of the hydrological cycle and
feed these into OFM via a one way loose coupling. The hydrodynamic model is run at a finer
temporal resolution to account for the faster hydraulic processes. Although the subsurface is
considered in the hydrological model, there are not many references to groundwater in the paper
and there does not seem to be any calibration or testing of the groundwater system, e.g. against
borehole levels. The only direct reference to groundwater is a map of emergence in one of the
figures.

While this study does have similarities with the work planned in this project, there is no
consideration of risk, and there is not the high resolution element that is planned here. Instead,
the work focussed on improving the surface runoff element of the hydrological model.

n-TOPMODELs & CARIMA

In 2002 there was a catastrophic flood event in the Gard Region of France. A study by Bonnifait
et al. (2009) used n-TOPMODELSs and CARIMA to model this event to better understand the
catchment processes. The combined modelling approach was taken as it was believed that both
subsurface and surface processes were at work in the event.

n-TOPMODELs is a hydrological model that can simulate subsurface flows and any resulting
saturated excess overland flow. One difference between TOPMODEL and many of the hydrological
models discussed above is that it required far fewer parameters: hydraulic conductivity at the
surface, rate of decline in conductivity in the soil with depth and the initial storage deficit in the
root zone. The reduced number of parameters helps to constrain uncertainty.

The CARIMA model is a 1D hydraulic model that is used to simulate river flow, presumably
taking into account the n-TOPMODELSs outputs (overland flow and emergence). This seems to
have been used alongside a further 2D model that defines inundated cells, however this is not clear.
This paper demonstrates one of the points made in Barthel and Banzhaf (2016): that models are
not always well described. The focus of their study, unlike this one, is on understanding a single
catchment response, rather than creating a methodology for assessing risk.

One of the limitations of this modelling approach is that the n-TOPMODELSs was only
calibrated against a single flow record. This means that with the significant geological uncertainty
there is little proof that the subsurface is correctly represented. Furthermore, the simplifications
in both of the models mean that the n-TOPMODELs parameters lack physical realism, something
that is important to this study.

Summary

Multisource modelling can occur in many forms and there are a wide selection of models that
are able to simulate multiple sources. This is done in two ways: (1) integrated modelling that
considers both surface and subsurface processes in a single model and (2) coupled modelling,
which joins together separate models that consider surface and subsurface processes separately.
There are different degrees of coupling, from models that simultaneously feed information between
them as they run, to models that run in sequence, using the results of one as the inputs to
another.

The integrated models described here do not provide the capability for the high resolution
routing desired from this study and so are not appropriate by themselves. Of the coupled models,
several are able provide streamflows and surface processes but largely do not consider groundwater
processes. Of those that do (e.g. n-TOPMODELs) none have been found that are able to provide
the physically based spatially distributed approach that is desired.
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None of the models found in this literature suit the full needs of this study and so a modelling
system will be created that does. This modelling system will use the integrated, physically based,
spatially distributed hydrological model SHETRAN to simulate catchment scale hydrological
processes (including groundwater) and the 2D hydraulic model HiPIMS to simulate high resolution
surface water routing.

SHETRAN has been selected as it is a spatially distributed, physically based hydrological
model that has been proven to be capable of simulating both surface and subsurface flows.
Furthermore, it has recently been developed to include an automated setup. This automated
setup combats some of the most significant drawbacks of physically based, spatially hydrological
models: (1) the significant investment in time and data required when setting up the model and
(2) the lack of reproducibility due to different set up methods between different modellers.

HiPIMS was selected as it offers a high resolution 2D environment that is freely available and
widely applicable to a range of modelling scenarios, including rainfall runoff modelling. As both
of these models have been developed at Newcastle University there is also the further benefit of
having in-house expertise that allows for a greater understanding of the models being coupled
and the most appropriate methods for doing so.
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(4. National Assessments of Flooding

The methodology developed in this project relies on the use of case study catchments. However, it
is developed to facilitate future applications at a national scale by using automated identification
and coupling methods, and by attempting to reduce the need for manual model calibration (see
Chapter IV). With this future national application in mind, this section presents a review on some
of the existing national scale tools available for assessing flood risk in the UK. While there are
well established tools for assessing single source risk, no tools were found that enable a nationally
applicable system for assessing flood risk from coupled groundwater-surface water sources. There
are no physically based examples of national hydrological modelling in the UK (Lewis et al.,
2018), although this has been done in Denmark using MIKE SHE (Refsgaard et al., 2010).

UK Policy, Responsibility and the Development of the National Assessments

In 2005 Defra (the Department for Environment, Food and Rural Affairs) published the Making
Space for Water report. This recognised the importance of developing flood warning tools for
mitigating flood risk. It placed the onus for developing flood warning systems on the Environment
Agency (Falconer et al., 2009). The 2007 EU flood directive (2007/60/EC) requires member states
to map flood hazard and risk in their territories to aid decision making. This led to the production
of the surface water maps discussed in Section 4.2. De Moel et al. (2009) provide a review of those
maps existing at the time of writing however make no mention of groundwater or multisource
flood risk. Following the widespread flooding of 2007, the UK Government commissioned the Pitt
Review - an independent investigation into the floods. This recommended that the EA should
undertake a national review of both groundwater and surface water flood risk (Falconer et al.,
2009). As such, the Environment Agency has a role to provide a strategic overview for all sources
of flooding and, in collaboration with the Met Office, to provide flood forecasts and warnings
(Local Government Association, 2017). More recently, the Environment Agency has been placed
in charge of developing methods for understanding and managing of flooding from all sources,
although these do not have to be combined (Flood and Water Management Act, 2010).

Lead Local Flood Authorities, made up of councils and unitary authorities, are responsible for
local flood risk from surface water, groundwater and smaller water courses (Fig. 4.1). Amongst
many requirements, they must provide strategies for managing these risks and investigate and
publish reports on significant local flooding incidents (Local Government Association, 2017).

Surface Water Flooding

In the UK, there have been several major national scale investigations regarding the flood risk
from surface water. These have been conducted by the Environment Agency in partnership with
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Figure 4.1: Flooding and the responsible authorities, taken from Dorset County Council (2012)

various other institutions. These focus on two types of hazard — flooding from rivers and the sea
and flooding from surface water (here referring specifically to pluvial flooding).

The Risk of Flooding from Rivers and Sea maps (RoFRS) were published in 2013. These
were generated from the National Flood Risk Assessment and the National Receptor Dataset
by the Environment Agency. Flood extents are available online in the form of interactive maps
(e.g. the Long Term Flood Risk Map, Environment Agency, 2019a) but also in large catchment
scale reports for different River Basin Districts (e.g. Environment Agency, 2013d). These reports
do address to some degree true risk by looking at vulnerability. Maps are provided that include
information on the risk to people, the economy and the environment. No direct calculation of the
risk is made, but the hazard and vulnerability are depicted together.

Prior to the RoFRS map was the Flood Map for Planning (Rivers and Sea) (Environment
Agency, 2013a) (previously known as the Flood Map). This is still publicly available as it defines
risk according to flood zones that are still used and are different to the updated risk classifications
used in the RoFRS maps (Practical Law, 2013).

In 2008 the EA, in partnership with JBA consulting, produced the first surface water flood
map, titled Areas Susceptible to Surface Water Flooding (AStSWF), this was then updated in
2009 with an improved DTM. The AStSWF maps were published to Local Resilience Forums,
Local Planning Authorities, the Welsh Local Government Association and the Welsh Planning
Inspectorate to help provide the information required to mitigate flood risk. JBA, partnered
with Halcrow, further developed this into the Flood Map for Surface Water (FMfSW), which
was release to the aforementioned groups in 2010. The FMfSW included high resolution LIDAR,
methods for calculating effective rainfall and the influence of buildings. Following the Flood Risk
Regulations set by the European Floods Directive in 2009, the map was expanded to a national
scale and published openly. In 2016 the FMfSW was renamed as the Risk of Flooding from
Surface Water (RoFSW) (Environment Agency, 2013c).

The Risk of Flooding from Surface Water map used JFlow+ to simulate events for 50% of
summer rainfall for urban catchments and 75% of winter rainfall for rural catchments for 1 hour,


https://flood-warning-information.service.gov.uk/long-term-flood-risk/

4.3

43.1

35 Chapter Il - National Assessments of Flooding

3 hour and 6 hour storm events. Each was modelled at 1/30, 1/100 and 1/1000 year return
intervals and the largest extent of each return interval was taken to indicate the potential for
flooding. In urban areas rainfall was reduced by 30% to account for infiltration and 12 mm/hr is
removed to account for drainage systems (Environment Agency, 2013c).

As stated above, these maps are available via online portals. The Risk of Flooding from
Rivers and Sea and the Risk of Flooding From Surface Water are available using the EA’s Long
Term Flood Risk Map (Environment Agency, 2019a) and the Flood Map for Planning (Rivers
and Sea) is available using the Flood map for planning service (Environment Agency, 2013a).
These use different methods to classify the risk. The Flood Map For Planning uses flood zones (1,
2, 3a & 3b) whereas the Long Term Flood Risk Map uses risk categories (very low, low, medium,
high). Using categories to communicate risk, rather than return intervals, is likely to be part of a
push to remove the dependency on return intervals for conveying flood risk to the public as they
are frequently misunderstood (Meyer et al., 2012). That said, both sets of categories are defined
in terms of return intervals, although the intervals differ slightly between the systems. These can
be seen in Table 23.1. Unlike the Flood Map for Planning, the Long Term Flood Risk Map takes
into account flood defences, which reduce the risk level. One benefit of the Long Term Flood
Risk Map is that it provides estimated depth and velocity ranges for each of the low, medium
and high risk surface water flood extents. Examples of the Long Term Flood Risk map can be
seen in Figures 23.1 & 23.2.

Other surface water flood maps exist both nationally and globally. Those of a global scale are
too broad to fit with the high resolution scope of this project, however some UK based maps
are similar to those of the Environment Agency detailed above. These are typically produced by
consultancies (e.g. JBA Consulting, 2014a). One example of this is UK FloodMap™ produced
by Ambiental Risk Analytics. The map covers all of the UK and shows fluvial and pluvial risk
according to hydrological and hydraulic modelling at a 2 m resolution (Ambiental Risk Analytics,
2019b).

Groundwater Flood Maps

In 2000/2001, no government agency oversaw groundwater flooding. This changed with Defra’s
Making Space for Water consultation in 2004 and in early 2006 the Environment Agency took on
an overview role in monitoring groundwater flooding (Morris et al., 2007).

There are several open source maps that describe the risk of fluvial, pluvial and tidal flooding
to an area but there are a lack of groundwater equivalents. Those maps that do exist typically
describe susceptibility, rather than risk, and are of lesser detail. There is a growing interest in the
field of groundwater research and some of the recent developments, attempting to categorise the
susceptibility and risk of groundwater flooding, are detailed below. One of the issues with these
maps is that they describe areas that may have groundwater emergence, but they do not provide
any information on the rate of emergence, flood extents or flood depths (Morris et al., 2018).

Defra, Jacobs and GEMs

In a study commissioned by Defra in 2003, Jacobs (2004) attempted to determine the knowledge
of and risk of groundwater flooding. They took two approaches:

Firstly, data was collected regarding the occurrence of groundwater flooding during the winters
of 1994/1995, 2000/2001 and 2002/2003 in the South East of England, focussing on the Thames
Region (Fig. 4.2). Data was mostly collated from reports made by the general public and those
held by the Environment Agency.

This approach only represents those flood events that were reported and catalogued. The
under reporting of groundwater flooding has been an issue over past decades (Cobby et al., 2009)
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Figure 4.2: Jacobs (2004) focussed on collecting data for the Thames Region to establish the extent of
groundwater flooding from past very wet winters. Taken from Environment Agency (2014)

and has stalled research into groundwater flooding. There are multiple reasons for this; including,
that there is a nescience regarding groundwater flooding, groundwater processes are typically
hidden below ground and so not generally thought about by the public (Kreibich et al., 2009) and
also because no official government agency was in charge of dealing with, recording and collating
groundwater flood data (Jacobs, 2004). This lack of overarching governing body was partly
because controls on groundwater flooding (such as topography, geology and artificial influences)
are localised (Cobby et al., 2009).

The second approach produced Groundwater Emergence Maps (GEMs) for all major consoli-
dated aquifers of England. These indicate areas that have underlying consolidated sedimentary
rocks in which groundwater levels could be expected to be at or near the surface in the event of a
very wet winter. Where data existed, these maps were calibrated against the 2000/2001 event.
Where this was not possible, data was extrapolated using aquifer properties (Jacobs, 2004) and
existing groundwater contours from the EA and BGS (Morris et al., 2007).

An example of a national GEM can be seen in Figure 4.3 depicting unconfined, consolidated
aquifers thought to contain groundwater within 2 m of the surface during wet winters (Morris
et al., 2007). While this shows areas thought to be at risk of emergence, actuation of that risk
depends on local factors such as geology, topology, drainage and rainfall /aquifer recharge patterns
(Morris et al., 2007). Blue areas show where contours matched well to reported groundwater
floods - these areas were exclusively over chalk aquifers. However, an MSc thesis by Mills (2004)
found additional groundwater events and has suggested that non-chalk aquifers also have reported
floods and could also be coloured blue. Red areas represent those areas where emergence was less
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certain (due to insufficient flooding data to calibrate the emergences) and so regional groundwater
levels were used instead. Orange areas are where flooding was reported, but the data is not of a
great enough extent to be fully confident of the calibration.
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Figure 4.3: A map of national groundwater emergence taken from Morris et al. (2007), original work by
Jacobs (2004). Blue - groundwater levels likely to be high during wet winter; red - uncertain calibration;

- good calibration, but uncertain due to insufficient data. There is also a map in Jacobs (2004)
that describes the number of houses at risk within each region.

British Geological Survey

Jacobs (2004) stated the need to produce groundwater flood risk maps, focussing on areas of chalk
outcropping, that can be used in planning. While stating that groundwater flooding is largely
confined to chalk aquifers, Jacobs (2004) also identify the need to investigate the potential of
groundwater flooding from non-chalk aquifers and research further the frequency of groundwater
flood events to aid cost-benefit analysis. One of the earliest attempts at this was by the British
Geological Survey (BGS).

In 2008, the BGS produced the first national map that identified areas susceptible to ground-
water flooding - i.e. where groundwater may rise close to the surface or emerge above it (British
Geological Survey, 2019b). This is a GIS rule-based technique based on local geology and hydrol-
ogy, specifically using permeable superficial deposits flooding and clearwater flooding conceptual
models. The map is updated at least bi-annually as more data become available and as methods
are improved (British Geological Survey, 2018).

The susceptibility map was produced by using digital geology data to identify areas where
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geological conditions allow for potential groundwater flooding. Secondly, groundwater level data
was compiled around England and Wales and interpolated to construct groundwater level surfaces.
Where data was sparse, water bodies were used as proxies for groundwater level, assuming this
to be equal to the elevation of the water body. Seasonal analysis then established the potential
range of the groundwater levels and areas where this range came near to the surface were deemed
susceptible (McKenzie et al., 2010).

One limitation of this work is that it does not indicate risk, as hazards are not attributed
likelihoods (British Geological Survey, 2013b). Unlike the EA flood maps describing fluvial
and pluvial flood risk, the resultant susceptibility map is not open source, though it can be
accessed via an academic licence. An example of the map can be seen in Figure 23.3. The
BGS susceptibility map indicates that just over 1% of England has the potential to flood from
groundwater (Macdonald, 2010).

JBA Consulting

A similar, but more modelling based approach has been developed by JBA Consulting to map
likely emergences on the unconfined chalks of England. They have produced a national map that
highlights areas at risk of groundwater flooding at a 5 m resolution (JBA Consulting, 2016).

Groundwater emergence was modelled using estimated recharge volumes and the aquifer
storage and transmissivity and then validated against observed groundwater levels and historical
flooding. As such, this produces expected flood zones for 1 in 75, 1 in 100 and 1 in 200 year
annual exceedance probability (AEP) flood events. These emergences are then calibrated using
historical groundwater flooding events (JBA Consulting, 2014¢, 2016).

ESI Consulting

An interesting recent development is that of the national 5 m Groundwater Flood Risk Map (ESI,
2015). This claimed to be the most sophisticated and accurate map on the market. Risk has
been defined according to four categories: negligible (which has an annual probability of <1%),
and then low, medium and high (all have annual probabilities of > 1%) (GeoSmart Information,
2015). From the available information it appears that risk, defined as the product of the hazard
and its probability of occurring, has been based on historical recordings of groundwater flooding
(Landmark Information Group, 2015). If this is true then there is scope for this to be advanced
further by a more detailed investigation into groundwater return intervals. One limitation of this
work is that it relies on historical data, a method criticised by Cobby et al. (2009, pp. 115) who
state that:

"... evidence or lack of evidence of previous flooding is not a sufficient indicator of

the likelihood of flooding in the future. A more comprehensive approach is to use our
understanding of groundwater flooding mechanisms to produce maps of susceptible
areas.”

The map appears to be being developed by GeoSmart Information and distributed via
Ambiental Risk Analytics. Ambiental Risk Analytics (2019a) claim that the GeoSmart GW5
groundwater risk map provides the highest resolution groundwater risk data available for the UK
and prides itself on describing risk rather than susceptibility. This considers groundwater flooding
from the bedrock aquifers (Fig. 2.2a) as well as from rivers and the sea via permeable superficial
deposits (Fig. 2.3a). According to the website, risk is calculated using geology data and historic
groundwater levels but no longer makes reference to the use of historical groundwater flooding.
While it is indicated that groundwater flooding may occur as a result of surface water flooding,
the product does not appear to take into account any interdependencies or joint probabilities
(Ambiental Risk Analytics, 2019a). Relative to the national availability of detailed hydrogeological
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data, a five meter resolution map perhaps stretches the limits of what is an appropriate use of
data. This project seeks to route groundwater across the surface, but does not deem it feasible to
estimate direct groundwater risk at such high resolutions.

Of further interest is a flood warning system from GeoSmart that generates and distributes
daily regional scale indications of potential groundwater flooding according to national weather
forecasts. These are based on historical climate data and telemetred borehole levels and can be
provided up to 90 days in advance (GeoSmart Information, 2019a). While such approaches can
indicate hazards and thus help to reduce the vulnerability of an area they are not able to indicate
the overall risk for an area, an important factor when planning longer term mitigation strategies.

The Environment Agency’s Areas Susceptible to Groundwater Flooding Map

This map uses the BGS’s Groundwater Flooding Susceptibility Map to create a screening tool for
Lead Local Flood Authorities. 1 km? grid squares are attributed a susceptibility class according
to the percentage area that falls within the top two susceptibility bands on the BGS map. This
does not take into account any aspect of probability, and therefore risk, and only exists for those
areas included in the original map, i.e. consolidated aquifers and superficial deposits. This can
be used to establish whether an area marked for future development should have a flood risk
assessment. One issue with this approach is that small but highly susceptible areas, such as
narrow bournes, can be overlooked if they are averaged in with a low susceptibility surrounding
area (Karam, 2016).

Mapping Groundwater and Groundwater Induced Flooding

The newest mapping approach found in this review is that of Morris et al. (2018) who map
not only the risk of groundwater flooding, but also that of groundwater induced flooding. The
maximum elevation of groundwater emergence from the ground or springs was recorded and
overland flows measured. Groundwater levels for the area, taken from boreholes, were then
analysed to produce annual exceedance probabilities of 1/30 and 1/100.

A groundwater surface was then created that took into account the shape of the BGS
hydrogeology groundwater level maps and the measured emergence elevations. Anywhere where
this surface was above ground was assumed to have emergence. This produced a similar shape to
the GEMs described above. The emergence zones were then divided to produce many smaller
sub-catchments and Darcy’s law was used to estimate the flow from each sub-catchment. JFLOW+
was then used to route this water. The overland flow measurements were used to calibrate the
set up against simulated overland flows.

Flood extents were found to match well to those from recorded events. This offers a useful
tool for local authorities by identifying communities and networks that are likely to be at risk of
groundwater and groundwater induced flooding, and helps them decide how to mitigate potential
flooding.

One limitation with this approach is that it relies on historical measurements of groundwater
emergence locations and flow rates, however future work could use hydrogeological models. It
is stated that models are expensive, data intensive, and time consuming to set up. There are
efforts to tackle this complex set up and extensive data requirement (e.g. Marker et al., 2015;
Lewis et al., 2018). This PhD project aims to progress development of a simple and ergonomic
modelling system that will offer an alternative methodology to that of Morris et al. (2018) without
the need for groundwater flooding data. This, as stated elsewhere will use a hydrological model
to calculate groundwater emergence for subsequent routing. One further advantage of the method
being developed here is that it will also use fluvial and pluvial inputs for a more comprehensive
understanding of the hazards. Furthermore, Morris et al. (2018) state that using a hydrogeological
model would counter many of the necessary assumptions associated with frequency analysis of
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borehole levels.

Multisource Flooding

There is no multisource flood risk map for the UK and although many sources in the literature
refer to multiple sources (e.g. Keef et al., 2011), no instances could be found where this includes
groundwater. In 2010, the Environment Agency set out to produce a prototype tool - MAST -
that offered an integrated map for England and Wales to aid the assessment of flooding from
all sources, not just from rivers and the sea. The purpose of the Mapping All Sources Tool was
to facilitate the ‘practical and flexible’ production of susceptibility maps for multiple sources of
coastal, river, and surface water flooding. By 2011 probabilistic software had been developed and
pilot tested, the results indicating significant potential (Wicks and Lovell, 2011).

The tool was set to map probabilistic flood hazards and to enable them to be combined and a
joint probability estimated, along with the potential for indicating the proportion of each source
contributing to the total hazard. The document outlined two methods for calculating the joint
probability: a fully integrated approach and a map combination approach. The tool would take
this second option, due to its relative simplicity, combining separately calculated flood hazards
according to their likelihood. In essence, a 1/30 year fluvial event overlapping with a 1/30 year
pluvial event would give that area a 2/30 or 1/15 year chance of flooding for the estimated hazard.
As the likelihoods of flooding from different sources is related to one another, it was proposed that
the dependency between the different sources also be investigated to improve likelihood estimates.
This would not however show any interaction between the sources (Horritt et al., 2010), such as is
proposed in this work. This thesis chose the fully integrated method for estimating probabilities,
as this was thought to be more realistic and to offer a more comprehensive estimation of the joint
hazard.

MAST was aimed at meeting the ‘evolving needs of modern flood risk management’ (Environ-
ment Agency, 2011b) whilst advocating assessing risk from multiple sources and attempting to
convey this risk simply. Although the use of the groundwater susceptibility maps is mentioned, it
was deemed unfeasible to detail the risk element of groundwater flooding due to lack of exist-
ing research (Horritt et al., 2010). Horritt et al. (2010) briefly discuss other relevant projects
and reports but make no reference to other projects tackling multiple sources. This helps to
demonstrate, at least in 2010, the research gap that this thesis hopes to address. MAST shares
objectives with this thesis, which aims to produce a methodology that is capable of meeting these
evolving needs by producing a tool that is user friendly and therefore communicable. This work
also goes one step further, by including groundwater hazard through hydrological modelling.

Progress with this tool was hard to track and no evidence of it could be found post 2011,
however it has developed into a recently released Risk of Flooding from Multiple Sources (RoFMS)
map (Environment Agency, 2019b). This first version adds together the probability of flooding
from the existing flood maps detailing the risk of flooding from surface water and from rivers and
sea. It does not include any information on groundwater flooding, nor does it appear to consider
joint probabilities as proposed with MAST and does not take into account any interdependencies
between sources (Environment Agency, 2017). Instead, it aims to "give an indication of what
areas of land may be at risk of flooding from more than one source” (Environment Agency, 2019b).

The RoFMS extrapolates the existing flood extent probabilities to give a linear, spatially
distributed estimation of risk. The two risks are then added to give a combined risk that is
categorised into four risk bands: (1) >3.3%/year, (2) >1%/year, >0.1% /year, <0.1% /year. Each
area is given a suitability value that represents what that data can be used for. This ranges from
whether it estimates risk at a property level up to whether the data should only be used at a
national level. Finally, each location is given a risk contribution score that indicates to what
extent the risk is derived from surface water or rivers and sea (Environment Agency, 2017).
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(5. Data

Many different data types were used in this thesis. These, along with any reformatting, are
outlined below.

River Levels

Chapter III sought to identify locations for potential multisource flooding. This was a national,
automated, data based assessment that used 15 minute resolution river flow data. This was
initially retrieved in the form of river levels and subsequently converted to flow.

The river level dataset is a national dataset composed of recordings from over 1200 gauging
stations situated across England, Wales and Scotland. England and Wales hold the vast majority
of the stations, with relatively few (approx. 40), poorly distributed gauges in Scotland. This
data was held in the Environment Agency’s WISKI hydrometric archive until 2014 when it was
compiled and quality controlled by the JBA Trust. This was conducted as part of the SINATRA
Project within the Flooding From Intense Rainfall programme (Dance and Cloke, 2013) in an
investigation into instances where river levels have risen rapidly. The data was provided for this
study by the JBA Trust.

Although many of the river level records are of high resolution, with recordings every 15
minutes, there are instances where this is not the case or where there are gaps in the record.
These gaps can vary dramatically in length from a single missing recording to many years of
missing data. Of further note, these recordings may not have originated from exact 15 minute
intervals but have been rounded to the nearest appropriate 15 minute interval.

Data was quality controlled to some degree during compilation by JBA, however, as this
was a mostly automated process, there were still missing dates and errant river levels. These
errors may be down to imperfect historical transfers of data between systems or perhaps artefacts
from instances when original river levels were steady and so not recorded. This data was quality
checked before use, this is detailed in Section 7.

Care was taken during the analysis conducted in Chapter III to identify and deal with the
occurrence of missing data.

Elshorbagy et al. (2000) classifies three types of missing data: (1) that which is ¢rivial, such as
unclustered, non-consecutive missing data points, (2) that which is significant, referring to periods
of missing data that are important enough to estimate, but not long enough to compromise the
legitimacy of the record and (3) that which is fundamental i.e. substantial periods of missing
data or frequent non-consecutive data. Whilst he states that (3) warrants the cutting short of the
record so as to keep only present data, (2) could be in-filled (or patched) if deemed necessary. It
is this category that accounted for the majority of errors in the river level data. Trivial missing
data, is said to be rectifiable by simple interpolation, and that was the primary approach taken
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here.

Trivial Missing Data

Standalone missing data points were linearly interpolated, patching values with the mean of their
two neighbours (as in Widaman, 2006). This offered a simple, although perhaps blunt, solution.
If the missing data point was neighboured by steep rising and falling limbs (or vice versa), then it
may be that this point should represent a river level peak or minimum; by using a simple mean
then this outlying level would have been drawn inwards to sit midway between its neighbours,
erroneously smoothing the record. However, considering the record lengths under analysis, this
decrease in accuracy was not thought to be significant, especially when considering the epistemic
uncertainty of base level separation used in the analysis.

Spline interpolation was also considered for patching trivial data. This fits data within the
recorded oscillations of the level record. According to the rate of change in level surrounding
a missing value, spline interpolation extrapolates fluctuations to predict peaks and minimums.
This risks calculating false peaks and minimums and so was not deemed appropriate.

Significant and Fundamental Data

In regard to the longer, significant missing data, there are methods in the literature that could
allow them to be in-filled (as in Hughes and Smakhtin, 1996; Bennis et al., 1997; Dumedah and
Coulibaly, 2011). However, these tend to carry with them a number of caveats and uncertainties
and their accurate implementation was considered infeasible in the time frame available. As the
majority of the time series are quite long these periods of missing data were cropped and only
periods of data over a set length were used in the analysis.

Groundwater Levels

Chapter IV assesses the performance of an automated hydrological model to simulate groundwater
levels. Several options were explored for accessing this data. Initial attempts used an API
(application program interface) provided by the British Geological Survey. This allowed data to
be retrieved directly from the Environment Agency’s website via python scripts. Data could be
recovered for both telemetered and non-telemetered boreholes with a good coverage around the
UK. Data could, however, only be retrieved for the previous two years and so was not suitable for
the study.

Instead, groundwater level data had to be requested from the Environment Agency via freedom
of information requests. This was not possible at a national scale and so data was requested for a
number of case study catchments. The majority of data was provided at a daily time step. The
units did vary between records and so all data was reformatted into meters above sea level using
approximate heights taken from OS maps. Limited meta data was provided with the records,
however this is generally available using the BGS Geolndex (British Geological Survey, 2015).

Meteorological Data

Chapter IV used meteorological data to drive hydrological simulations. Details of this can be
found in Section 13. Chapter VI used synthetic weather data to drive the multisource modelling
system developed in Chapter V. This was produced using the UKCP09 Weather Generator (Kilsby
et al., 2007). More details can be found in Section 21.1.

Topography

Topography data was used throughout Chapters IV, V & VI for both hydrological and hydro-
dynamic modelling. Two open access digital terrain models (DTMs) were used, both provided
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by the Ordnance Survey. DTMs show the ground surface with any additional objects, such as
buildings or trees, removed.

High resolution (2 m) LIDAR data was not available to the domain modelled in the hydraulic
simulations in Chapters V & VI. The use of high resolution photogrammetry (Nelson et al., 2009)
was explored in initial test modelling; this uses a digital surface model (rather than a DTM) and
was found to merge neighbouring surface objects and so did not reasonably portray streets or
gaps between houses etc. Vegetative cover along streams also meant that water courses within
the domain were not well portrayed.

OS Terrain 50

The Ordnance Survey’s 50 m resolution Terrain 50 dataset provided the topography data for all
hydrological modelling. It was also used when setting up the hydraulic model in Chapter V as
this provided a useful overview of the landscape and a simple modelling base for testing HiPIMS.

High Resolution OS Terrain 5

The Ordnance Survey’s OS Terrain 5 dataset offers an improved horizontal resolution of 5 m.
This was used for the hydraulic modelling in Chapters V & VI. The DTM was resampled to a 2m
resolution to allow buildings to be more precisely merged with the DTM from the OS MasterMap
dataset.


https://www.ordnancesurvey.co.uk/business-and-government/products/terrain-50.html
https://www.ordnancesurvey.co.uk/business-and-government/products/os-terrain-5.html
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6.1

(6. Background

Aim and Motivation

Alongside developing a methodology for assessing flood risk from multiple sources, this chapter
describes a national scale investigation to identify catchments likely to benefit from such an
approach. This is done by identifying catchments that have evidence of both groundwater and
surface water sources during peak river flow events.

Information related to multisourced flood events is sparse and little to no information exists
regarding historical multisourced floods. Even accurate details regarding single source flooding is
difficult to collate and especially difficult to assess at a national scale. From initial research in
Section 2.3, the main characteristics suspected of generating multisourced responses in catchments
are: (1) the presence of permeable subsurface material that can become saturated and create
a rapid, flashy response to rainfall (e.g. the River Ouse catchment), (2) subcatchments with
opposing hydrological regimes (e.g. the River Kennet and the River Pang), and (3) the presence
of mixed catchment characteristics such as impermeable superficial deposits and permeable
bedrock (e.g. the River Wye). While catchment descriptors exist to aid the identification of
such characteristics, these alone are not notable enough to provide a definitive identification
of multisource catchments. Therefore, rather than relying on instances of reported flooding
taken from the literature, a data based approach was taken based on river flows. Flows were
thought to be a useful proxy for determining different source contributions to the river system
and therefore the catchment as a whole. Catchment areas were used in the assessment as these
provided a practical and existing method to spatially divide the extensive area under investigation.
This data based approach enabled the most robust solution whilst also facilitating a repeatable
and expandable national scale assessment. A simple methodology was constructed so that its
transparency would minimise the necessity for validation against the lacking historical data. To
the author’s knowledge, this is the first time that such an approach has been undertaken to
identify multisource catchments. It should be noted that while flows were used as an indicator
for relative source contributions within the catchments, they were not used to indicate which
catchments may be prone to flooding.

Fifteen minute flow data from 435 catchments around England was used to classify hydrograph
shape during recorded peak flow events. There are numerous accounts of hydrograph classification
in the literature (e.g. Bloomfield et al., 2015; Hannah et al., 2000; Raj, 2004; Ternynck et al.,
2016; Upton and Jackson, 2011), but a new method was developed here. Indexes were produced
that quantified the degree to which hydrographs were controlled by groundwater or surface water
sources. Several hydrograph shapes are thought to be indicative of a multisourced catchment;
these are discussed below:

Variable base flow: by definition, and to justify the modelling of antecedent conditions,
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groundwater flooding requires the groundwater levels to change. The presence of groundwater and
surface water sources is not enough to infer multisource potential. As such, variable groundwater
levels are a prerequisite of a multisource catchment and any methodology needs to take this into
account. Simply relying on descriptors such as base flow indexes (discussed in Section 8.1) is not
enough as this does not necessitate variations in groundwater level.

Asymmetrical hydrographs

An asymmetrical hydrograph refers to a steep rising limb followed by a shallower falling limb.
According to Thomas et al. (2015): "A streamflow hydrograph can be separated into a rising limb
reflecting increases in discharge resulting from precipitation events, and recession limbs, which
represent streamflow maintained at least in part by discharge from watershed aquifer storage”. It
is therfore hypothesised that catchments with both surface runoff and a groundwater flow would
exhibit asymmetrical shape to some degree. The greater the asymmetry, the greater the flashiness
or groundwater response is in the catchment.

As well as asymmetry, multisource hydrographs are expected to depict variable base flow
following storm events. This would indicate that there is significant groundwater or subsurface
flow within the catchment and that it may have the potential for subsequent flooding or difficulties
from increased groundwater levels.

Double peak hydrographs
Double peak hydrographs are hypothesised to be the ideal indicator of a multisource catchment.
Although poorly understood, they are present in a large number of catchments (Martinez-Carreras
et al., 2016) and are, in essence, the extreme of an asymmetrical hydrograph. The slow transit
of groundwater into river systems, relative to surface flows, creates hydrographs with a second
peak, potentially caused by subsurface flows into the river system. l.e. steep rising and falling
hydrograph limbs from surface runoff entering the river, followed by a second, more gradual peak
as groundwater reaches the river. Double peaked hydrographs have been witnessed in the UK
at sites such as Kilham and Slapton (Birkinshaw, 2008) as well as sites around the world, such
as Japan and Luxembourg (Martinez-Carreras et al., 2015, 2016), Williams Creek in Missouri
(Yang et al., 2015) and the upper River Saalach in the Austrian Alps (Zillgens et al., 2007). One
caveat is that double peak hydrographs can be generated via other mechanisms such as delayed
(or accelerated) inflow into rivers from storm drains (Seaburn, 1969), lag whilst flows descend
from the upper catchment (Macdonald et al., 2012) and from catchments with split fast and slow
surface runoff processes (Yang et al., 2015).

In order to capture some of these hydrograph shapes, groundwater indexes were developed to
assess the proportion of base flow (i.e. groundwater source) in peak events, while surface water
indexes assessed how suddenly hydrographs responded to rainfall.

Hypotheses for Identifying Multisource Catchments

Using the information above, several hypotheses were made with regard to where multiple source
events may be found:

e Geology is the principal location control as groundwater flows require permeable geology.
Most multisource catchments will therefore be found around major aquifers (Fig. 2.5).

e For sudden influxes of water into river systems, there must also be appropriate catchment
characteristics. These may include low permeability surfaces, steep topography and low
interception potential.

e Catchments that exhibit such events may have segregated features. For example, there may
be Chalky upper catchments that regulate or sustain groundwater flows into a river that
enters a more urbanised, less permeable, and thus flashier, lower catchments. This may
also include subcatchments with different flow regimes.
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(7. Data and Quality Checking

Introduction

The numerical methodology for identifying multisource catchments allows it to be used nation
wide, however this requires good quality data. High resolution, 15 minute, stage data was provided
by the JBA Trust, who sourced the data from the Environment Agency and ran various quality
checking processing on it. JBA requested that this data was further quality checked (QC) by eye
using their graphical summary plots prior to exchange of the full data. An example of one of
these plots can be seen in Figure 7.2.

Of the original 1223 stage records, around 800 were removed or had data cropped from them.
Of the remaining records, 435 were matched to rating curves and converted to flows and passed
further quality checks. The locations of the available stage records and processed flow records can
be seen in the Appendix (Sec. 26). Converting levels to flows provided access to higher resolution
data than was otherwise available, a key factor when capturing instances of rapid response to
rainfall. The use of flows was considered much more reliable than using level (stage) data as
hydrograph shapes produced with level data would be affected by the shape of the river channel
and so is harder to analyse.

Identification of Errors

As stated above, prior to being given full access to the data all records were quality checked to
ensure that only reliable records, or reliable periods of records, were used. The records were
assessed for the following errors.

Missing Data

Missing data was one of the simplest

and most common errors to find in Daty max
the records. It is uncertain why many | aly min
records are missing data, however it
is likely to be a combination of in-
complete collation of records and pe-
riods of no recording, perhaps during ] r

T T T T T
times of flood or drought or when the 1975 1980 1985 1980 1995 2000
ate

10000
I

Units of 15 minutes
100
|

recording mechanism changed (i.e.
structural or a change from analogue Figure 7.1: The observation interval plot indicates that there was
recording to digital). missing data throughout the record, with a hiatus in recordings

Many of the records contain pe- between 1982 and 1992.

riods of missing data. Whilst some
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Figure 7.2: An example of one of the JBA summary sheets, here describing high quality data. From
top-left to bottom-right, the plot consists of a hydrograph, histogram of stage readings, the amount of
missing data over time, three plots that show the relationship between the highest rates of rise events
with the variables time, river stage, and season. Finally, there are four Generalised Pareto Distributions
indicating return periods. Principal errors to watch for were missing data, anomalous points and step
changes in river stage.
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of these may only be a single missing reading, some periods can be hours, days or even years.
Periods longer than a year were excluded from the analysis. The single missing data points were
interpolated and so were of minor concern. Of greater importance were periods of missing data
in the order of hours to weeks. These dispersed periods limit the number of extended durations
of ‘good’ data and can mask periods of high rate of rise (RoR), and so influence results. Rate of
rise calculated as the increase in river stage or flow divided by the time period over which the
increase occurs.

The observation interval plot in Figure 7.1 has two lines; the red line indicates the smallest
gap between recordings and the grey line shows the greatest number of 15 minute time steps
without recordings per day. Where there were multiple days of missing data this red line shows
the number of periods until the next reading. In the example, there are frequent gaps of around
one hundred 15 minute periods (approximately one day) throughout most of the record.

Where missing data occurred in clumps, the dates of missing data were recorded so that
the period could be excluded. In other records, if there was a significant amount of distributed
missing data then the entire record was disqualified.

Quantisation

Quantisation is the approximation of a continuous signal to one whose amplitude is restricted to
a prescribed set of values. It occurs when river stages were measured to a subset of values rather
than a full range of numbers. This may have taken place when precise stage measurements were
not required, when measurements were recorded to too few significant figures, or when stages are
typically very low. Quantisation can increase or decrease rise rates if data are severely discretised
or rounded.

Quantisation could often be spotted in the set of four graphs shown in Figure 7.3. In this
example, it appears that data has been recorded to the nearest 2 mm and so causes the Generalised
Pareto Distribution (GPD) plots to fail and become stepped and forms the striped patterns in
the rate of rise plots. Here, although this data has been quantised, it was included in analysis as
recording to the nearest 2 mm is deemed to be of sufficient precision for this study.

Anomalies and Step Changes in River Stage

Many of the stage time series contained anomalous instances where river stage increases by an
implausible height (up to 10’s of meters) over a 15 minute period, often for only a single reading.
These points are obviously incorrect and will record errantly high rates of rise.

The majority of major river stage errors were simple to spot in the hydrograph. Anomalous
outlying data points were also often simple to identify. If there were large numbers of outliers
then the data, or periods of it, were disregarded. Normally, major outliers were limited to one
or two occurrences and could be easily cropped without losing much data. In subsequent data
processing, stages over 10 m were removed to reduce the impact of outliers on analysis. The
example in Figure 7.4a shows an anomalous stage at Fiddler’s Elbow on the River Taff.

As well as these momentary anomalies, clear step changes also existed in some records where a
river adopted a new typical depth for an extended period of time. Step changes occurred multiple
times in some records and were likely to be caused by changes in recording mechanism. Step
changes were especially likely following periods of missing data, which supports the theory of the
implementation of a new recording structure.

Figure 7.4b shows a severe step change in typical river stage at Waddingham. Although it
may be possible to correct for such errors, as we know the stages of nearby gauges, no attempt at
this is made, mainly for simplicity and the large volume of available data. If the change in stage
was significant, a period of consistent river stage was chosen for analysis. Periods were chosen
according to the length of the available period, the errors within it, and its age.
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Figure 7.3: Quantised data From Loverley Farm shown in rate of rise (ROR) and Generalised Pareto
Distribution plots. RoR is given in m/hour and calculated as the difference in stage divided by the time
since the previous observation. This is only calculated for those instances where the river is rising.

In addition to the hydrographs, step changes could also be inferred from the histogram plots.
It would be expected that a standard hydrograph would fit a largely Gaussian distribution. In
other words, the mid-range river stages would be the most common, with extreme values being
less so. The example histogram in Figure 7.4c does not show this however and instead has
two peaks reflecting the two typical river stage norms. This can be seen in the accompanying
hydrograph, which shows a change in nature midway through the data series with river stages
frequently hovering around 0.25 m. In this instance the second half of the data was removed.

Changes in Data Quality Over Time

Many of the records appeared to fluctuate in quality over time. These fluctuations often coincided
with other issues, such as changes in typical river stage or changes in the typical rate of river
level rise. This indicated that inconsistencies in record quality over time may relate to a change
in measurement frequency, recording mechanism, or the re-sampling of analogue records. For
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(a) An outlier on the Fiddler’s Elbow gauge meant data (b) A step change in river stage seen at Waddingham
more recent than 2012 was removed from analysis. renders the first section of data unusable.
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(c) This histogram of river stage frequency at Dewlish Woodsdown shows twin peaks rather than the expected
Gaussian distribution. The data for the histogram is shown in the stage hydrograph below.

Figure 7.4: Anomalous data and step changes in stage could be identified from hydrographs and histogram
plots.

example: electronic re-sampling of continuous analogue records, termed digitisation, was used to
convert older paper records into digital formats. This took place in various forms - sometimes
data was transferred at a high temporal resolution (e.g. 5 minutes), at others it was a lower
resolution, such as hourly, and at others this may have been at a low standard resolution that
was increased during ‘interesting’ periods (R. Lamb - JBA Trust 2017, personal communication,
12th April).

All of the stage data is provided at a 15 minute resolution and, considering the age of some
of these records, it is likely that some of these may have been resampled. Interpolated data is
unlikely to accurately portray a river’s rate of rise.

One of the simplest methods for identifying a change in data quality was through the Rate
of Rise Threshold Exceedance Events Over Time plot. Figure 7.5 shows a clear example of
interpolation and a change in record quality on the River Nevis at Claggan. We see a sudden
change in the nature of the record in 2002. On further inspection, the black circles on the left side
of the graph are all contained within the red squares - these represent the rise rates for 15 minute
and 30 minute periods respectively. As these are equal for each exceedance event, it is clear that
data recorded at 30 minute intervals has been resampled to a higher, 15 minute resolution. In
2003 the rate of recording increases to a 15 minute resolution and so higher rates of rise can be
seen in the 15 minute data. All data prior to the 2003 was discarded as it would not accurately
portray the rates of river stage rise.

Truncated Measurements

Truncations in river stage were present in some of the records. These can be seen where peaks in
stage all reach similar maxima or when troughs only decrease to regular minima. Truncations
are likely to be caused by limitations in recording, such as exceeding the range of the recording
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Figure 7.5: Stacking of red and black symbols on the left of the plot imply that 15 minute data has been
resampled from 30 minute data to give identical RoR until 2003 when the 15 minute record began.

mechanism during particularly high or low flows. In some instances, truncations appeared at
medium stages. The cause of these was unknown, but was still documented as a truncation.

Figure 7.6 shows two hydrographs: at Ugly Dub on the River Tyne and at Ystradffin on
the River Towy. Both show truncation and both were removed from analysis. These examples
indicate that the flows may be regulated. Ugly Dub, for example, is on the river outlet from
Kielder Reservoir and Ystradffin is just downstream of Llyn Brianne Reservoir.

20

!

Stage [m)]
10 15
L L

Stage [m]
02 04 06 08 10 12

0.5

T T
2010 2012

(a) River Tyne at Ugly Dub (b) River Towy at Ystradffin

Figure 7.6: Two instances of truncated stage records, both were removed from analysis.

Tidal Rivers

These are of no use in the assessment as the rates of rise and base flows are dependent on tides.
Tidal influence can be seen by the occurrences of highly regular monthly fluctuations, all rivers
suspected of these were removed. Not all rivers close to the sea exhibited these fluctuations.
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Summary

When quality checking the records certain dates yielded higher numbers of errors, with many of
the clipping dates in the early 2000’s, most notably in 2004. This was due to an apparent lapse
in data quality in the early 2000’s. One concern was that this was due to a humans’ natural
tendency to approximate numbers - e.g. rounding numbers to multiple of 5 (Wilby et al., 2017).
Clipping dates were checked, and this was not found to be the case but instead showed a good
distribution of selected dates. A similar occurrence was observed in 1992 in the Anglian region.
This was again due to data quality, but could be linked to low river stages observed over the
first few years of the 90’s. This apparent drought was not noticed in other regions. There were
similarities between the dates used to clip the starts of the North East and North West; although
the reason for this is unknown. One of the major observations of note is the lack of data clipping
needed in the Scottish records. Almost every Scottish record was immaculate, with no visible
evidence of interpolation, missing data or anomalies in over 40 records, each lasting around 40 -
50 years. This is likely to be due to post collection prepossessing of the data by SEPA.

A summary of those gauges found to contain errors can be seen in Table 7.1. When data was
converted from stage into flow, only those gauges in England and Wales were matched to rating
curves, and so no data from Scotland was used in analysis.

Further, more general observations are that:

e There was an improvement in data quality over time.

e The South East had the largest percentage of records deemed unfit for use - distributed

errors meant that there was less potential for clipping out data errors.

e No direct correlation exists between the number of quality flags triggered by a record and
its exclusion from analysis.

e Around 50% of the records required clipping to increase data quality.

e The Anglian region had the most frequent occurrence of quantisation, although this largely
concluded by the late 1990’s. The failure of the GPD plots was largely accountable to the
degree of quantisation, not the volume of missing data, as originally instructed by JBA.

e Localised (sub-regional) patterns of errors were frequent, e.g. gauges close to one another
having missing data over similar periods or step changes in stage around similar times.
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Table 7.1: A summary table of the errors found in each region as percentages and the resulting action

(either clipping or removal).
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8.1

(8. Methodology

The following methodology describes how indexes were calculated to reflect the contribution of
groundwater and surface water to the peak river flows. Catchments that scored highly in both of
these indexes (i.e. where both surface water and groundwater were present) were then deemed to
be multisourced.

As there was no existing method for classifying or identifying catchments at risk of multisource
flooding, many methods were trialled before the methodology below was established. These
methods included wavelet analysis, hydrograph clustering and principal component analysis,
manual identification of double peak hydrographs and correlations between rainfall and river
level. These were not used for a variety of reasons, however one of the dominant factors was
that the lack of historical data made calibrating and validating the often complex classifications
very difficult. The final method is much more transparent to reduce the need for calibration and
validation. Several of these unused methods are described in the Appendix in Chapter VIII.

Identifying Groundwater Catchments

The method for determining whether river water was derived from a groundwater source was
relatively simple and rested on the basic assumption that the groundwater contribution to a river
is well represented by the river’s base flow. Base flow separation was originally developed by what
is now the Centre for Ecology and Hydrology (World Meteorological Organization, 2008), although
its roots are much older (Brodie and Hostetler, 2005). In theory, base flow (sometimes referred
to as groundwater discharge (Thomas et al., 2015)) is derived from stored sources (Gustard
et al., 1992; Tallaksen, 1995) and refers to a relatively consistent water volume within the river
(Sophocleous, 2002) that is mostly independent of local, short-term rainfall. Although lakes,
wetlands, snow melt and glaciers can provide slow release storage (Brodie and Hostetler, 2005),
groundwater is the dominant component of base flow (Li et al., 2013; Stewart et al., 2007; Park
et al., 2011). Water not classified as base flow is thought to be derived from surface runoff that
has entered the stream soon after it was precipitated.

Dudley et al. (2018) tested the correlations between streamflow and baseflow with groundwater
records and find that both are strong predictors of groundwater level. Yan et al. (2018) conducted
a similar study, also finding streamflow to be correlated with groundwater level (though in this
case to a lesser degree than precipitation). These two papers help to support the method proposed
here of identifying groundwater regions using stream flows and base flows. One caveat to be
aware of is that in cases where the river is regulated or has significant storages or abstractions the
base flow separation may not be applicable (Brodie and Hostetler, 2005; World Meteorological
Organization, 2008). The aforementioned quality checking process removed several regulated
rivers from the analysis.
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Nejadhashemi et al. (2009) state that over 40 methods exist to calculate base flow. Numerous
works have sought to determine which of these is the most accurate, however, as directly measuring
base level is difficult (He et al., 2016), it is hard to determine which of these is most appropriate
(Li et al., 2013) and so a ‘correct’ method of estimation does not exist. There are a range of
method types (e.g. graphical, empirical, automated, analytical, geochemical and modelling based
(Nejadhashemi et al., 2009)), some of which try and take into account catchment and temporal
heterogeneity such as geology, area and evapotranspiration (Brodie and Hostetler, 2005; Tallaksen,
1995; Li et al., 2013).

It was decided that a simple automated method used by the World Meteorological Organisation
(WMO) would be adopted. This is detailed in Chapter 5 of their Manual on Low-flow Estimation
and Prediction (World Meteorological Organization, 2008). The WMO method is similar in some
ways to a moving average. It splits a time series into non-overlapping five day segments and
selects the minimum flow of each segments. If any of these minimum points are less than or equal
to their adjacent minimum points + 0.9, then they are defined as turning points. This method
is then repeated using different 5 day sections until the whole time series has been analysed.
These turning points are then connected by straight lines, below which water is attributed to
base flow. By taking the base flow as a ratio of the total stream flow, the base flow index (BFI)
is calculated (Gustard et al., 1992). It is concluded that the BFIs on the NRFA website also use
the WMO method or one very similar as these returned a Spearman’s rank of 0.99 when BFIs
were compared to those calculated here.

Base Flow in Peak Events

Base flow indexes are not suited for de-
scribing river processes during peak condi- 4
tions. As such, base flows were used to cre-
ate a slightly different groundwater index
that used only the top ten river flow events
from each gauge. Tests did calculate the
groundwater index for the entire record
but this produced high indexes in surface
water dominated catchments during peri-
ods of sustained low flows that could not
be distinguished from catchments with
high groundwater contents during high
flows. Instead, by analysing only the top
ten flow events, the groundwater index Time
focussed on peak conditions, the basis of

this study. Those events that fell within

a two week period of a larger event were Figure 8.1: To calculate the groundwater indexes for each
discounted to ensure that the same events catchment the ratio of maximum base flow : peak flow was
were not sampled multiple times. Events averaged from the top 10 peak flow events.

were defined as the four days preceding

and the ten days succeeding the peak. The longer period following the event peak was to allow
time for a slow increase in groundwater contribution to the stream or river. The length of the
records vary across the dataset from around two years to several decades. As such, the ten events
represent a range of return periods.

Peak Omax

Start of peak event
Wwana yead jo pu3

IMax Base Flow

River Flow

W

The WMO base flow separation method was used to estimate groundwater contribution to
each event. This was defined as the ratio of the maximum base flow to the maximum stream
flow (Equation 8.1.1). This can be seen in Figure 8.1. This method shares some similarity to an
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approach in Hannah et al. (2000) in which the ratio of (peak flow - base flow)/ base flow is used
as a potential proxy for surface runoff.

These ten ratios (one for each event) were then averaged to give a single groundwater index
per record. Hydrographs of each of these events were plotted alongside rainfall and a selection of
these were examined to qualitatively calibrate the indexes against suspected hydrograph features.

Equation 8.1.1 — Groundwater Index Calculation. The groundwater indexes use the top 10
flow events from each time series. For each event, the maximum base flow is calculated and
divided by the maximum steam flow. The 10 event indexes are then averaged into a single
index.

(8.1)

Groundwater Index = average (Qbme”e”t_l Qbmevent 2 QbMevent 10 )

Qmevent_l ’ Qmevent_2 Qmevent_lo

Where Qbm is the maximum base flow in the event; and @m is the maximum stream flow in
the event.

Quantile Based Base Flow Assessment

As a separate line of enquiry, the distribution of base flows throughout each of the records was
investigated. It was understood that at low flows the majority of the flow would be categorised
as base flow and it was assumed that at high flows only those rivers with significant groundwater
contributions would retain a high base flow component.

The base flow separation method above was employed again and each of the river flow readings
was attributed with a BFT (i.e. the ratio of base flow : total flow) at that moment. The flows
were then grouped into 20% quantiles and the mean base flow index for each of those quantile
groups taken. A diagrammatic explanation of this can be seen in Figure 8.2.

20% 40% 60% 80%

Time > Time

A\ 4

Figure 8.2: The hypothetical groundwater dominated hydrograph on the left maintains base flow when at
the higher flow quantiles. The flashier hydrograph on the right does not contain base flows at these high
flow events. The blue lines represent base flow; black %s represent quantiles.

No evidence of this method of calculating the BFI distributed according to flow quantile has
been found in the literature. It is hoped that this simple method may indicate those rivers which
have potential to flood from groundwater, but it will not necessarily show those rivers that have
rapid, surface water responses.
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Identifying Surface Water Catchments

The purpose of the surface water indexes was to identify flashy surface water responses during
peak flow events, even if they have a large base flow contingent. As with the groundwater indexes,
this method used only the top 10 events. For each of these events, the base flow was removed,
leaving the water derived from surface runoff. The minimum flow within the preceding 12 hour
period was also identified and removed. The hydrograph was then cropped so that it began at
the point of this minimum flow. The volume of water between this minimum and the peak (i.e.
the area under the curve of the hydrograph) was then calculated and divided by the peak flow
(not including the base flow and antecedent river flow) (Eq. 8.2.1). This ratio was calculated for
each of the 10 events and the results averaged to generate a single index for each catchment. A
diagrammatic outline of this method can be seen in Figure 8.3. Hydrographs of each of these
events were plotted alongside rainfall and a selection of these were examined to qualitatively
calibrate the indexes against suspected hydrograph features.

Equation 8.2.1 — Surface Water Index Calculation. The surface water indexes use the top 10
flow events from each time series. For each of these 10 events, minimum stream flow prior to
the peak is identified, the volume of surface runoff between this minimum and the peak is then
calculated and divided by the rise in surface water (see below). Each of the 10 values is then
averaged to give the surface water index.

Zi{i‘ﬁm Qn - an - (Qt*min - th*min)
Qt_maz - th_max - (Qt_min - th_min)

Where flow from surface water equals:

Qn - an
and the initial surface water component equals:
Qtimin - thimz‘n

Where @ is the stream flow; Qb is the base flow; ¢4, is the time at peak; t,,i, is the time
at the minimum stream flow prior to the peak (i.e. at the start of the calculation period).

The surface water indexes (SWIs) give a statistic similar to rate of river level rise (as used in
the JBA quality checking process), except that they account for groundwater flow and antecedent
conditions and so are more representative of surface water processes. SWIs are likely to be
increased by the presence of impermeable surfaces, low surface storage, steep slopes, and intense
pulses of rainfall.

NFRA Catchment Descriptors

The National River Flow Archive contains a large number of catchment descriptors. These range
from indexes describing the steepness or base flow index of the catchment, to its size and altitude.
As an additional line of investigation, the relationship between the indexes created above and the
NRFA catchment descriptors were tested. The reason for this was twofold:
1. To check whether the indexes from this work appear to be realistic, correlating with simple
predictions.
2. To investigate whether there are any catchment features that are indicative of high ground-
water or surface water indexes.
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Figure 8.3: The top three diagrams show how the peak integration method works for defining how flashy
a record is. The bottom two diagrams demonstrate the differences between a non-flashy and flashy
catchment.

The NRFA catchment descriptors were downloaded from the NRFA website and Pearson’s
correlations were calculated between each of them as well the indexes created in Sections 8.1 and
8.2. Correlation analysis was conducted on the dataset as a whole, and then the highest and
lowest thirds of both the surface water and groundwater indexes.
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(9. Results

Identifying Groundwater Catchments

We can see from Figure 9.1 that the majority of the groundwater indexes (GWIs) are, numerically,
clumped together and are surprisingly low. Only 50/435 are > 0.2, 23 are > 0.3, 15 are > 0.4
and 8 > 0.6.
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(a) Distribution of groundwater indexes (b) Distribution of surface water indexes

Figure 9.1: The distribution of the groundwater (blue) and surface water (orange) indexes. While both
are heavily clumped around 0.02 and 0.06 respectively, both have several much higher values. It is these
higher indexes that are likely to be of the most interest to this study.

Assuming GWIs to be similar to BFI, it had been expected that a GWI of around 0.4 would
be a suitable lower bound for defining groundwater presence in a record. However, checking GWIs
against event hydrographs showed a lower value of 0.1 to be more appropriate. Hydrographs
with GWIs of this value typically exhibited slowly descending limbs and variable and tangible
antecedent conditions. A selection of hydrographs can be seen in Figure 9.2 representing a range
of GWIs. These show that the method does work as planned with a clear difference in hydrograph
shape as the GWI changes. The calculated GWIs are mapped in Figure 9.6a. Coloured points are
those that are thought to contain a reasonable proportion of groundwater. The large difference in
GWTI (which uses only peak events) compared to BFI (which uses the whole record) is due to the
exclusion of low flows, which typically have very high BFIs.

Figure 9.3 shows the results of the base flow quantile analysis (Sec. 8.1.2) - the base flow
indexes (BFIs) for the top flow quantile are plotted against the middle quantile. As would be
expected, the typical BFI for high flows is less that that at mid flows. The colouring of the points
in Figure 9.3 show the hydrometric area. Using this plot alongside the map of hydrometric areas
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Figure 9.2: Groundwater Hydrographs - 6 pairs of hydrographs are shown as examples of a range of
GWIs. Examples of GWIs of 0.01 (22001;25012) and 0.02 (30017;74001;25018), can be seen in Figure 9.7.
The higher the GWI, the higher the assumed groundwater input to during peak events. Blue lines show
river flow; red lines show base flow; shaded areas show the period used for calculating rate of rise.
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in Figure 9.4 implies that the majority of records with high BFIs in high flows are located in the
south and east of England. A map showing BFI’s during the highest flows can be seen in Figure
9.5.

Deconstructing BFI by Flow Quantile
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Figure 9.3: The base flow indexes during medium and high flows are plotted against one another. Points
are coloured according to the first number of their gauge ID to aid their identification. Regional locations
for these can be determined using Figure 9.4.

Those records that show high BFIs at both medium and high flows are likely to be heavily
dominated by groundwater. This does not mean that these are necessarily of interest to this
study. Instead, it is those that appear to have surface water flashiness imposed upon a reasonable,
but not necessarily exceptional, base flow.

Identifying Surface Water Catchments

Surface water indexes increase relatively linearly from 0.03 to 0.1, however they drop off steeply
at this point, with only 46 of the records > 0.1. Like the groundwater indexes, the absolute
values of the SWIs are not constrained against any other value and so are only relative, simply to
be used in comparisons. The SWIs can be seen mapped in Figure 9.6b.

Figure 9.7 shows a subset of example hydrographs along with their calculated surface water
indexes. These example plots have been selected based on their indexes alone to avoid ‘cherry
picking’ of catchments and confirm that flashier catchments produce higher indexes as desired.
While the absolute values of the indexes are not important, a threshold value was established
above which all catchments could be considered to have a surface water response to rainfall. A
visual assessment of a selection of event hydrographs identified a SWI of 0.06 to be an appropriate
threshold as all hydrographs with indexes above this displayed steep ascending limbs. This
threshold was validated against catchment information taken from the NRFA.

Figure 10.2 shows a plot of GWI against SWI and indicates that high surface water indexes
and groundwater indexes are not mutually exclusive. High surface water indexes can be found
in the same records as high groundwater indexes. This infers that multisource catchments can
indeed be classified using this method.
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Figure 9.4: The UK’s hydrometric areas are

labelled clockwise. They make up the first two Figure 9.5: The base flow indexes during the highest
numbers of the gauging station IDs (National 20% of flows are displayed. A large scale map can be
River Flow Archive, 2004). seen in the Appendix (Sec. 26).

9.3 Correlation Analysis

NRFA catchment descriptors were downloaded for each gauging station and Pearson’s correlation
analysis performed between each group and the indexes calculated above. All correlation coeffi-
cients range from -1 to 1, with 0 indicating no correlation and -1 and 1 indicating strong negative
and positive correlation respectively.

NRFA Indexes

We see from Figure 9.8 that several of the NRFA catchment indicators are interlinked. This is
unsurprising. Some of the expected correlations are:

o Catchment area vs. flow volume (>0.9).

e BFI vs. BFIHOST (0.81) and % highly permeable bedrock (0.55). Interestingly, Jacobs

(2004, Map A4.3) did not find BFI HOST to correlate with groundwater flooding events.

e Wetness (SAAR) vs. altitude (0.34 - 0.78) and DPSBAR (steepness) (0.85).

Geology may also have some links to altitude, with high permeability bedrock typically found
at lower altitudes and low permeability superficials more often found at higher altitudes. In
addition to the correlation between BFI and highly permeable geology, there is a much smaller (and
thus inconclusive) negative correlation with moderate and low permeability bedrock and superficial
deposits. This indicates that while a high permeability bedrock is important for groundwater
flooding, other geology is less significant.

Peak Event Indexes

The largest correlations with the surface water indexes are with station altitude (0.19), Minimum
altitude (0.19), low permeability superficial deposits (0.2) and urban extent (0.19). However, these
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Figure 9.6: The two maps show the calculated groundwater and surface water indexes from this chapter.
For full page maps, see the Appendix (Sec. 26).

are very low and not significant. SWIs are not correlated with catchment area and therefore are
not simply proxies for catchment size or similar, which was a concern with other attempted (and
dismissed) methods.

The GWIs do, on the other hand, show a correlation of 0.69 with the BFI and BFIHOST.
This is expected as all three of these are linked. The non-perfect correlation between BFI and
GWI confirms that the proportion of water defined as base flow in low water is not directly
proportional to the volume of water classified as baseflow in the peak events. The next greatest
correlation with GWI is with % High Permeability Bedrock (0.55).

When splitting the indexes into their top and bottom thirds and repeating correlation analysis
slightly different coefficients were calculated. The highest third of the SWIs had a correlation of
0.24 with the high permeability bedrock compared to -0.23 for the lower third. There were also
differences between the urban extent and arable horticultural indexes, both increasing for the top
third to 0.22 and 0.18 respectively.

When looking at the split GWIs there are also a few noticeable differences. The low GWIs have
a negative correlation of -0.32 with the SWIs whereas the high GWIs have a positive correlation
of 0.29. This is the opposite of what was expected. The higher GWIs also correlate more with
BFI and BFIHOST (at approx. 0.67) than the lower GWIs do (approx. 0.35). There is also a
small change in the correlation with high permeability bedrock, increasing to 0.51 for the high
GWIs, compared to 0.4 for the lower GWIs but a small decrease in negative correlation with the
low permeability deposits. The low GWIs do show a higher correlation with the low superficial
deposit values at 0.54 compared to 0.24 for the high GWIs.

Base Flow Quantiles

The 0-20, 40-60 and 80-100 quantiles from the quantile based base flow assessments were also
included in the correlation testing. There is a significant correlation with the groundwater indexes
and NRFA’s BFI and BFIHOST. These correlations are expected as they all rely partially, or
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Figure 9.7: Surface Water Hydrographs - Here are a selection of hydrographs, chosen to have a range
of SWIs and low GWIs. We see an increase in rise rate and ‘flashiness’ as the SWI increases. Gauges with
SWIs above 0.06 are taken to be flashy. Blue lines show river flow; red lines show base flow; shaded areas
show the period used for calculating rate of rise
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fully on base flow separation. It is interesting that it is the 80-100 BFQ, not the 40-60 BFQ,
that correlates most highly with these - it had been assumed that a median quantile would be
more representative of the entire record. For both the middle and high BFQs we see an inverse
correlation with wetness and altitude.

Summary of Correlation Analysis
Few correlations were strong enough to warrant much more explanation and so this will not be
covered in the following Discussion chapter. Although some of the correlations are not what
would be expected, these are all relatively small and so of little consequence.

One of the largest correlations, and the main one to note, is the correlation between high
GWI and geology, with higher GWIs in regions of permeable bedrock and lower GWIs in regions
of low permeability superficial deposits.



(1 0. Discussion

The aim of this section is to identify rivers that have both significant groundwater inputs along
with potential for flashy responses during peak flows. Analysis of the top ten flow events from
each of the 435 flow records provided two indexes for each record: (1) A groundwater index
(GWI), describing the groundwater response to the rainfall event, and (2) a surface water index
(SWI), which indicates the flashiness of the catchment’s response to rainfall. Both of these indexes
are between 0 and 1.

Record lengths can be seen in Figure 10.1. 95% of the records are longer than 10 years,
meaning that the vast majority of sampled events have return periods greater than of an annual
event. The largest return period event sampled was a 1 in 63 year event.
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Figure 10.1: Record lengths for the flow time series used in the analysis.

From studying these indexes alongside hydrographs of peak flows, records with groundwater
and surface water indexes above 0.1 and 0.06 respectively are thought to be significant. As
such, catchments with both GWIs and SWIs above these thresholds are proposed likely to be
multisourced. These indexes are plotted against one another in Figure 10.2 along with a full list
of indexes that class as multisource in Table 10.1. Of the 435 records assessed, 29 fall above
this multisource threshold. These 29 records vary considerably with some having very high
groundwater contents and minimal flashiness, and vice versa. The shape of the plot in Figure
10.2 shows that high GWI and high SWI are relatively exclusive of one another in most instances.

Catchments with high groundwater indexes justify the use of a hydrological model when



10.1

Section 10.1 Do Indexes Match Expectations? 70

0.45,
. Hydrometric
0.4 Area
0.35 s o 70
D
s 03
_g % ”
L 0.25| o«
= .
(]
50
% 0.2/e, o . [
O ° ° )
£ 015
| °
=} 2 L] ° ° [ ] 40
@ .JO%.
0.1 o . .
[ ]
:%”: e, o0t ® ° 21 . 30
OO T iiebed 2t e .
OO 0.2 0.4 0.6 0.8 1

Groundwater Indexes

Figure 10.2: GWIs plotted against SWIs. Blue lines show the estimated thresholds for multisource
catchments. Gauges with indexes above these are listed in Table 10.1. Inserted hydrographs show the
typical discharge patterns of rivers of that index - blues line show stream flow and red lines show calculated
base flow.

assessing flood risk as these require groundwater processes to be accounted for. Figure 9.6a
shows that groundwater catchments are present across much of the UK, and demonstrates the
importance of developing the national hydrological model discussed in Chapter IV (Lewis et al.,
2018). Conversely, catchments with high surface water indexes and low groundwater indexes are
unlikely to require complex hydrological simulations, but instead may be modelled using higher
resolution hydraulic models. Those catchments with simultaneously high GWIs and SWIs, or
those thought likely to exhibit groundwater induced flooding, justify the use of the multisource
modelling system developed in subsequent chapters that combines both modelling approaches.

Do Indexes Match Expectations?

As discussed at the beginning of this chapter, it is very difficult to validate this work against
historical flooding due to a lack of recording of multisourced floods in the literature. As such,
indexes for the records shown in Figure 10.3 were validated against catchment characteristics and
hydrology. This information has largely been sourced from the NRFA (2019b).

The River Heacham - Station No. 33032

GWI: 0.68 | SWI 0.13 | Expecting: variable base flow & rapid rises.

The River Heacham in Norfolk is identified as having significant groundwater and surface
water inputs. It exhibits a variable baseflow and, as such, modelling a surface water response to a
rainfall event would necessitate taking into account the antecedent conditions. The catchment is
made of 100% high permeability bedrock, predominantly Chalk (CAPITA SYMONDS, 2012, Map
A.14), but has 40% coverage of mixed permeability superficial deposits. This clearly allows for
groundwater dominance. However a report in 2009 stated that there had not been any recorded
instances of groundwater floods (Entec, 2009). Even if there are not groundwater floods recorded
in an area, groundwater, as a source, may still be an important factor by affecting antecedent
conditions. According to CAPITA SYMONDS (2012, Fig. 4.0), there is a moderate to very high


http://nrfa.ceh.ac.uk/data/station/info/33032
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Figure 10.3: Multisource Hydrographs - Above is a selection of peak events from records that have
both high SWIs and high GWIs. These show seasonal base flow (33032 & 34012), asymmetrical limbs
(60004), rising base flow following events (40033 & 44009), and a double peak (44006).
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Table 10.1: Gauges with indexes above the thresholds thought to indicate significant surface water or
groundwater input are listed in the table below. The gauge locations for these catchments can be seen in

Figure 26.5 in the Appendix.

Station River Location Surface Water Groundwater
Number Index Index
27073 Brompton Beck Snainton Ings 0.164 0.57
29003 Lud Louth 0.132 0.12
30013 East Glen Irnham 0.357 0.19
30015 Cringle Brook Stoke Rochford 0.065 0.26
33007 Nar Marham 0.062 0.33
33015 Ouzel Willen 0.108 0.11
33032 Heacham Heacham 0.127 0.68
33052 Swaffham Lode Swaffham Bulbeck 0.077 0.78
33054 Babingley Castle Rising 0.092 0.59
34012 Burn Burnham Overy 0.415 0.39
40033 Dour Crabble Mill 0.352 0.50
41015 Ems Westbourne 0.101 0.54
42006 Meon Mislingford 0.068 0.70
42008 Cheriton Stream Sewards Bridge 0.133 0.73
43004 Bourne Laverstock 0.078 0.80
43006 Nadder Wilton 0.068 0.24
43007 Stour Throop 0.143 0.19
44002 Piddle Baggs Mill 0.060 0.91
44006 Sydling Water Sydling St Nicholas 0.098 0.35
44008 South Winterbourne Winterbourne Steepleton 0.128 0.31
44009 Wey Broadwey 0.163 0.30
48007 Kennal Ponsanooth 0.072 0.14
48009 St Neot Craigshill Wood 0.063 0.11
48010 Seaton Trebrownbridge 0.071 0.12
54027 Frome Ebley Mill 0.073 0.23
60004 Dewi Fawr Glasfryn Ford 0.065 0.10
66004 Wheeler Bodfari 0.085 0.23
67005 Ceiriog Brynkinalt Weir 0.063 0.14
67008 Alyn Pont-y-Capel 0.062 0.12

risk of groundwater flooding along the River Heacham and in the town of Heacham itself.

The river is deemed a source of potential fluvial flooding (Entec, 2009). The superficial
deposits and largely arable and grassland land cover may account for the rapid runoff. Although
the February flow peak of gauge 33032 (Fig. 10.3) does not show an intense rainfall event or
sudden rise, there is evidence of this in its other hydrographs.

River Burn - Station No. 34012

GWI: 0.89 | SWI: 0.42 | Ezxpecting: variable base flow & rapid rises.

According to its SWI, the River Burn in Norfolk has the second flashiest catchment in the
analysis and, as above, clearly shows variable base flow. The NRFA (2019b) state that the
catchment is composed of 100% highly permeable bedrock and around 60% mixed permeability
superficial deposits, including boulder clay. The presence of boulder clay and 95% coverage of
arable and grassland supports this high SWI. There are only minor artificial influences in the
catchment.


http://nrfa.ceh.ac.uk/data/station/info/34012
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River Dour - Station No. 40033

GWI: 0.50 | SWI: 0.85 | Expecting: Groundwater dominated € highly flashy.

The River Dour in Kent flows to the Chalk cliffs of Dover and thus is groundwater dominated,
fed by Chalk springs. This supports the very high GWI. There is also responsive urban runoff
in large storms due to the urban developments. It also has around 50% low permeability
superficial deposits and 9% mixed permeability superficial deposits. This aligns with the expected
characteristics of a multisource river. The Dour’s hydrographs in Figure 10.3 are asymmetrical
with variable base flow, a shape previously associated with multisource catchments in Section 6.1.

River Wey - Station No. 44009

GWI: 0.85 | SWI: 0.06 | Ezxpecting: Variable base flow & presence of some flashiness.

The River Wey in Dorset has the minimum SWI to be classified as flashy. Again this is a
groundwater stream, this time flowing through limestone, justifying the GWI. It does however have
steep slopes (with a DPSBAR of 118) and mixed geology, including sandstones and mudstones
(BGS 1:10 000 Scale Geology Data). These characteristics are in line with fast surface run off. As
with the River Dour, the Wey exhibits asymmetrical hydrographs with variable base flow, an
expected indicator of a multisource catchment.

Sydling Water - Station No. 44006

GWI: 0.3 | SWI: 0.1 | Expecting: Strong groundwater contribution, sharp rises.

In the South West, Sydling Water has 100% high permeability Chalk bedrock. Atop this,
in the higher regions of the relatively small catchment are superficial deposits formed of clays,
silts, sands and gravels (BGS 1:10 000 Scale Geology Data). The NRFA state that 50% of the
catchment is covered in low permeability superficial deposits. These are likely to increase the
runoff and account for the higher SWI. This catchment is also relatively steep with a DPSBAR
of 129.

Sydling Water is perhaps the most interesting of the catchments described here as it exhibits
a double peak hydrograph in Figure 10.3. The double peaks are consistent across many of the
peak events and are thus not thought to be a consequence of multiple rainfall pulses. Sydling
Water appears to indicate a prime example of a multisource catchment. In the winter of 2000
and 2001, Sydling St. Nicholas, the main village of the catchment, was flooded from all sources
following heavy rain (Halcrow Group Limited, 2010) and has since had further flooding in July
2007 (Dorset County Council and Environment Agency, 2012). Contact was made with the local
flood warden with regards to past flood events, however this proved unfruitful.

Investigations also drew attention to the nearby South Winterbourne catchment, which also
exhibits double peak hydrographs. It has a GWI of 0.3 and a SWI of 0.13, classifying it too
as multisourced. These catchments are relatively similar, sharing the pattern of impermeable
superficials in the headwaters and Chalks in the lower catchment and valley bottoms. Both
catchments are small, with sizes of 12 km? and 20 km? respectively.

Dewi Fawr - Station No. 60004

GWI: 0.1 | SWI: 0.07 | Ezpecting: Small groundwater presence, some sudden events.

It was not expected that a Welsh river, the Dewi Fawr, would be classified as multisourced;
although both indexes are at or near the minimum thresholds to classify it as such. Figure 10.3
shows Dewi Fawr with an asymmetrical hydrograph with rising base flows following several of
the events, however its hydrographs also show frequent rises in flow, presumably from repeated
rainfall. It is possible that this is the cause of the base flow increases rather than a notable
groundwater presence. Another possibility is that the asymmetrical hydrograph is caused by
the elongated catchment, which may dissipate the flood peak and sustain the falling limb of the
hydrograph. The geology is 100% impermeable with over 80% grassland cover and a DPSBAR of


http://nrfa.ceh.ac.uk/data/station/info/40033
http://nrfa.ceh.ac.uk/data/station/info/44009
http://nrfa.ceh.ac.uk/data/station/info/44006
http://nrfa.ceh.ac.uk/data/station/info/44008
http://nrfa.ceh.ac.uk/data/station/info/60004
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123, though it should be noted that there was no correlation between SWI and DPSBAR in the
correlation analysis (Fig. 9.8). This is indicative of a surface water catchment and does not fit
the multisource categorisation.

Summary

The catchment descriptors support the indexes calculated in this work and provide a useful
method for sorting catchments. Other factors can influence the indexes, such as the possible
repeated rainfall events of the Dewi Fawr and complications involving catchment shape. Indexes
should therefore be used as an indicative tool for sorting catchments but should be verified against
catchment hydrology in instances where they are thought unlikely.

Geographical Distributions of GWIs and SWis

The majority of larger GWIs (>0.5) are distributed in the south of England and the East of
Wales (Fig. 9.6a). The very largest GWIs (>0.7) are located in the south east of England,
with the exception of Station 49002 in the south west and the two stations in East Yorkshire
(26003 & 27003). As would be expected, those catchments that score highly in the quantile based
groundwater assessment share a similar spatial distribution. These are mapped in Figure 9.5.

Figure 10.4a shows the distribution of permeable rocks through the UK along with GWIs.
All stations with GWIs greater than 0.3 are situated upon, or very close to, highly permeable or
moderately permeable aquifers. This confirms what was seen in Section 9.3: that high GWIs
correlate well with highly permeable bedrock, with higher indexes being more constrained than
lower ones.

There are instances where catchments with GWIs between 0.3 and 0.5 sit upon bedrock
said to contain no groundwater. These are still all relatively close to boundaries with a higher
permeability bedrock, three examples of which can be seen in Figure 10.5. On the far left of the
figure is station 27073 at Snainton Ings, just south west of Scarborough. Although this is situated
on rock with essentially no groundwater, its catchment is split across this rock and a moderately
permeable aquifer to the north. The stations in Norfolk and the South Coast (in the middle and
right of the figure) have high GWIs but are also located on rocks with essentially no groundwater;
again, the majority of their catchments fall on the highly permeable strata to their east and
north respectively. It should also be noted that groundwater catchments are not necessarily the
same as the surface water catchments, which are defined topographically. Groundwater recharge
may occur within neighbouring catchments and enter the catchment via the subsurface. This is
discussed further in Chapter IV.

The spatial distribution of stations with lower GWIs (0.1-0.3) is less controlled by underlying
geology. While many of these also have catchments dominated by highly or moderately permeable
geologies, a large proportion have mixed permeabilities or are located on low productivity aquifers
(such as those in Wales and the South West). Some of the gauges are situated almost entirely on
bedrock with essentially no groundwater and yet are above the benchmark thought to indicate
a presence of groundwater. Many of these are located below lakes. This will regulate flow and
raise the base flow index (Brodie and Hostetler, 2005). Of the four stations showing GWIs over
0.1 in the Lake District, one has a FARL value of 0.85 and the other three have FARL values
below 0.8, the threshold below which reservoirs or lakes are said to have substantial influences on
flood response (NRFA, 2019a). The six stations in Cornwall in the south west of England are
situated on low permeability bedrock and have GWIs of 0.11 to 0.16. The two most westerly
of these also sit within a groundwater emergence zone in the assessment by Jacobs (2004) (Fig.
4.3). The other Cornwall sites were not in an area assessed by the GEMs project (due to lack of
data). As these are not particularly high the stipulated presence of groundwater does not conflict
with expectations. Similarly, those stations located on low permeability aquifers in Wales have
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GWIs below 0.2 in all but one instance (River Lugg at Butts Bridge). According to the NRFA
(2019b) this baseflow component is likely to be caused by gravels that are present around the
river system and in the lower catchment.
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(a) Groundwater indexes shown on the BGS 1:650 000 scale digital (b) UK average annual rainfall 1981-2010
hydrogeology map (British Geological Survey, 2016b). A large scale (Met Office, 2017).
map can be seen in the Appendix (Sec. 26).

Figure 10.4: Differing controls on indexes - we see that geology exerts a dominant control on the
groundwater of a catchment. Rainfall pattern has less of a control on SWI than was originally expected.
Instead it seems that SWI is based on a combination of those factors typically assumed to influence
flashiness such as land cover and altitude.

Catchments that are estimated to have very little groundwater in peak flow events (<0.1)
are typically in regions with poor aquifers. Interestingly, there are numerous stations that
are estimated to have no base flow in peak flow events that are situated on moderate or high
productivity aquifers. The most obvious examples of this are the stations situated on moderate
productivity aquifers in the north of England. This implies that geology alone is not enough to
cause high base flows in peak events and that simple indexes such as BFI are perhaps not fully
appropriate for identifying catchments that may do so.

A different distribution is clear from the SWIs, which are more typically located in the west
of the country (Fig. 9.6b). Rainfall patterns were therefore considered as a possible explanation
as on average the west of the country receives more intense rainfall than the east of the country.
Figure 10.4b shows the average annual rainfall of the UK; while there is some correlation between
the rainfall patterns and SWI, rainfall does not appear to be the dominant control. There is also
no correlation between the SWIs and the NRFA PROPWET or SAAR catchment descriptors,
which respectively describe the proportion of the time the soils are wet and the average annual
rainfall. Instead, with aid from the correlation analysis (Fig. 9.8) it seems that SWI has no
strong single control but is instead based upon a combination of minor factors such as land cover,
altitude and superficial deposits.
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N
Gauge: 27073 Gauges: 33054 Gauges: 33007 Gauges: 33029 Gauges: 42006 Gauges: 41015
GWI: 0.57 GWI: 0.59 GWI: 0.33 GWI:0.03 GWI:0.70 GWI: 0.54
SWI: 0.16 SWI: 0.09 SWI: 0.06 SWI: 0.49 SWI: 0.07 SWI:0.10

Figure 10.5: Some stations with high GWIs are located on rocks with essentially no groundwater (Fig.
10.4a), however all of these have catchments that are situated largely on more permeable strata. Catchments
shown from left to right are of indexes in Yorkshire, Norfolk and the South Coast. Catchment details are
given from top left to bottom right. BGS 1:650 000 scale digital hydrogeology map (British Geological
Survey, 2016b)



(l 1. Conclusion

A methodology for identifying multisource rivers has been developed and an initial 435 flow
gauges assessed around England and Wales. Each dataset underwent a quality control process
and was then used to calculate two indexes that are averaged from the top ten flow events of
each record:

- The groundwater index (GWI) is the ratio of the maximum base flow to the maximum
stream flow. High indexes indicate significant groundwater contribution to river flow during
peak events.

- The surface water index (SWI) uses the surface water competent of flow and is a ratio
of the peak flow to the volume of water leading up to the peak. High indexes indicate
significant surface water contributions to river flow during peak events.

The indexes were manually benchmarked against hydrographs to determine appropriate
thresholds for indicating significant source contribution. 29 locations had both indexes above
these thresholds and were thus identified as having both constituent sources (groundwater &
surface water) during peak events. This assessment only used approximately a third of the
available data due to data quality issues and the availability of rating curves for the conversion of
stage to flow. As such, many more multisource catchments are likely to exist, especially in the
south of England where many datasets were unavailable or dismissed.

Six of the 29 locations identified as ‘multisource’ were then investigated on a case by case basis
and found to show promising results. There was one known instance of incorrect identification
(Dewi Fawr) where it is stipulated that repeated rainfall events or the elongated catchment
artificially increased the perceived base flow. A list of catchments classified as multisource can be
seen in Table 10.1.

Correlation analysis was also undertaken between both a suite of NRFA catchment descriptors
and the indexes created in this study. This did not show anything particularly unexpected, however
bolstered hypotheses: such as the importance of high permeability bedrock for the presence of
groundwater in peak flow events. Notable correlations included the positive relationship between
the groundwater indexes, BFI and highly permeable geology. A sensible requirement for the
identification of multisource catchments is the presence of permeable bedrock in the catchment.
This would remove erroneous catchments that score highly in the index analysis, such as the
Dewi Fawr. However, several highly permeable catchments had very low GWIs, showing that
the presence of highly permeable bedrock does not necessitate groundwater contributions to
peak flow events. In at least one instance this observation is thought to be due to extensive low
permeability superficial deposits. Furthermore, it is advised that the NRFA FARL catchment
descriptor (Flood Attenuation from Reservoirs and Lakes) be used alongside the GWIs to insure
that high GWIs are not a product of large surface storages in the catchment, as was found to
some degree in the Lake District. It had been hoped that correlation analysis would identify key
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catchment characteristics that would enable automated identification of ungauged multisource
catchments. However, with only a few notable correlations, this is not possible. Those indicative
characteristics may still be useful for initial catchment screenings prior to manual research into
their multisource potential.

Of those suspected multisource catchments found through non-data based investigations in
the Literature Review (Sec. 2.3), a high proportion are situated around London, the Thames
and the south of England. This may be due to increased reporting on catchments in these areas
but is likely to also be linked to the presence of extensive underlying Chalk geology, allowing
groundwater regimes, and the presence of clays and urbanised areas, providing the necessary
surface water component.

Further work should involve the application of this method to those catchments not included
in this assessment to identify other likely multisource catchments. Further work may also be
able to include data on maximum gauging flow or bankfull stage to indicate whether flooding
is likely in the catchments or to better constrain which peak events resulted in flooding, rather
than simply analysing the top 10 events from each record.

In conclusion, the peak event indexes created here proved a useful automated tool for identifying
potential multisource events. They should however be treated with some caution and investigated
further on a case by case basis if their hydrology does not match their classification or if there
is the presence of man-made flow regulations. Multisource rivers are heavily constrained by
underlying geology, with the locations of groundwater dominated rivers correlating with highly
permeable geology. Thus, multisourced rivers are typically, but not categorically, situated in
the south of England. Surface water catchments were found to have no strong correlations with
catchment characteristics, such as rainfall, and so no pattern or rule could be applied to describe
their distribution. Distribution was taken to be in general agreement with previous assumptions
of controls on runoff.
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12.1

(l 2. Background

The methodology developed in this thesis relies on the use of physically based, spatially distributed
hydrological modelling for generating catchment conditions that feed into a high resolution
hydraulic model. Setting up hydrological models can be prohibitively time and data intensive
(Beven, 2012) and so the hydrological model SHETRAN (Sec. 3.3.1) was chosen due to the
reduced set up times following the recent development of SHETRAN-GB by Lewis et al. (2018).
SHETRAN-GB enables the near instant set up of a working SHETRAN model for almost any
catchment in Great Britain via an online downloader with a graphical user interface. Importantly,
the automated setup standardises simulations by reducing human interaction with the model
prior to use, therefore facilitate sharing and critiquing of research. This chapter assesses the
performance of SHETRAN-GB for simulating groundwater levels as these are vital for this study
and have yet to be tested.

Where the necessary data is available, physically based, spatially distributed models offer a
globally applicable modelling system and can, in theory, simulate catchment processes without
the need for calibration. These models are ideal for this study as they offer the necessary spatially
distributed information for multiple realistic catchment processes both within and beyond the
limits of their calibration (Beven, 2012). SHETRAN-GB has been shown to perform well when
simulating river flows, especially in non-permeable catchments (Lewis et al., 2018).

Calibrated SHETRAN models have already been successfully used to model groundwater in a
variety of studies (e.g. Adams and Parkin, 2002; Parkin et al., 2007). The aim of this chapter
is instead to assess SHETRAN-GB’s ability to simulate groundwater levels without calibration.
This used the same open source, national scale hydrogeological datasets used by Lewis et al.
(2018) to establish which offer the most ergonomic potential for use in the multisource modelling
system in Chapter V. This was done at five catchments across the UK: the River Allen, River
Creedy, River Frome, Sydling Water and Foston Beck. These were chosen to represent catchments
distributed across England with a variety of catchment characteristics such as catchment size,
topography and geology. These can be seen in Figure 13.1.

Automated Model Setups

As a physically based, spatially distributed model, SHETRAN divides an area into a grid. Each
grid cell is given a specified time series of meteorological conditions. The subsurface of each
cell is described by a vertical column consisting of layers of soil and rock, with each layer given
appropriate hydraulic properties. The surface of each cell is also given hydraulic properties that
relate to its land use (Parkin et al., 2007). Data used by the default SHETRAN-GB system are
referenced in Table 12.1 and details can be found in Lewis et al. (2018). Aquifer properties, which
are dependent on the setup type are detailed in the subsections below.
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Table 12.1: SHETRAN-GB uses the following datasets in its default setup. Geology and climate data
differed in the 3D geology and Sydling water simulations respectively (see sections below). Daily PET
was calculated using the Penman-Monteith method using daily minimum and maximum temperature and
monthly relative humidity, wind speed and sunshine hours. Table adapted from Lewis et al. (2018).

. Dataset
Data (resolution) - Source Institution Reference

OS Land-form PANORAMA DEM
- Ordnance Survey
OS Meridian 2 Lake layer
- Ordnance Survey
Created from the European Soil Database layers
- European Commission and Joint Research Centre
CEH LCM 2007
- Centre for Ecology and Hydrology
1:650 000 BGS Hydrogeology map

Elevation (50 m) Ordnance Survey (2013a)

Lakes Ordnance Survey (2013b)
Soil (1 km) Liedekerke et al. (2006)

Land use (1 km) Morton et al. (2011)

Geology  British Geological Survey British Geological Survey (2014b)
. NRFA catchment boundaries P

Catchment boundaries _ National River Flow Archive Morris et al. (1990)

Daily rainfall UKCPO09 climate data Perry et al. (2009)

and PET (5 km) - UK Met. Office Perry and Hollis (2005)

Three different automated SHETRAN model types are available for use in this study and are
detailed below. Each setup differs in how it represent the subsurface columns. All simulations
used open source data.

Standard Setup

In the Standard setup, the subsurface is represented by a single, 20 m thick bedrock layer.
Hydraulic properties are split into four categories according to the BGS 1:650 000 scale digital
hydrogeology map (British Geological Survey, 2016b): high productivity aquifer, moderate produc-
tivity aquifer, low productivity aquifer, and rocks with essentially no groundwater. The properties
of each class are based on the developer’s previous modelling experience (Lewis, 2015) and can be
found in Table 12.2. The Standard model does not include geological features and complexities
such as lenses or faults and does not include superficial deposits.

This setup was tested at three different resolutions (1000 m, 500 m & 100 m) to explore the
model’s sensitivity to cell size and input resolution. As can be seen in Table 12.1, the spatial
resolution of the soil, land use and climate data are limited and so their resolutions are not
increased in these higher resolution runs. SHETRAN has an imposed limitation on the number
of horizontal cells per simulation due to large computational requirements of large grids. For this
reason the very high resolution 100 m simulations for the Rivers Allen, Frome and Creedy are
not available as their catchments are too large.

Aquifer Properties Manual (APM)

This suite of simulations used an identical model structure to the Standard model but used the
aquifer properties manual (MacDonald and Allen, 2001) to parametrise the highly productive
bedrock units.

SHETRAN calculates the rate of flow through the subsurface using a parameter called
saturated conductivity - this setup used increased saturated conductivities, which can be seen
in Table 12.3. These apply to all of the case study catchments apart from the Creedy, which
does not have any highly productive bedrock. For this reason no results are given for the Creedy
catchment in runs using APM values. The aquifer property manual does not always provide
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Table 12.2: Subsurface parameters for the Standard SHETRAN-GB setup. These were also used in the 3D
geology simulations. All soils, bar peat, had two sets of parameters that varied spatially within the models
or between different soil layers. Medium grained soil encompassed two different grain size combinations.
All subsurface types had a specific storativity of 0.001.

Subsurface Type Saturated Conductivity Saturated Water Residual Water Van Genuchten Van Genuchten
- Composition (m/day) Content Content n @
Coarse Soil: 60 0.403 0.025 1.3774 0.0383

- 18% clay, 65% sand 70 0.366 0.025 1.5206 0.0430
Medium Soil:

- 18-35% clay, 15% sand 10.755 0.329 0.01 1.1689 0.0249

- 18% clay, 15-65% sand 12.061 0.439 0.01 1.1804 0.0314
Medium Fine Soil: 2.272 0.430 0.01 1.2539 0.0083

- 35% clay, 15% sand 4 0.412 0.01 1.2179 0.0082
Fine Soil: 24.8 0.520 0.01 1.1012 0.0367

- 35-60% clay 8.5 0.481 0.01 1.0861 0.0198
Very Fine Soil: 15 0.614 0.01 1.1033 0.0265

- clay 60% 8.235 0.538 0.01 1.0730 0.0168
Peat 8 0.766 0.01 1.2039 0.0130
Highly Productive Aquifer 0.1 0.3 0.2 5.0 0.01
Moderately Productive Aquifer 0.01 0.3 0.2 5.0 0.01
Low Productivity Aquifer 0.001 0.3 0.2 5.0 0.01
No Groundwater 0.0001 0.3 0.2 5.0 0.01

saturated conductivities directly, and so many were calculated from transmissivity values. This is
done by dividing the transmissivity by the thickness of the medium, in this case 20 m.

Along with the increased saturated conductivities (and therefore transmissivities) the model’s
van Genuchten parameters were also altered. These can also be found in Table 12.3. All other
parameters remained the same as in the Standard simulations.

3D Geology

The most significant limitation of the Standard setup is the use of a single 20 m thick unit to
represent underlying geology. This is a relic of the model’s original set up, which was designed for
producing river flows rather than groundwater levels. In this setup the BGS 3D geology model
(Mathers et al., 2014; Watson et al., 2015) is used to create a more realistic, and significantly
more complex, portrayal of the subsurface.

The 3D model is constructed from an interpolated fence diagram based on cross sections,
borehole data and the BGS 2D geological map. As with a lot of geological data, this dataset is
based on the interpretation of point information by geologists and so does not fully capture the
complexities of the subsurface. Furthermore, data density changes across the country and so
some areas are less constrained than others. The 3D model does not include superficial deposits.

Hydraulic properties of the subsurface geology in this setup are consistent with the Standard

Table 12.3: Properties for major aquifers: the highly productive aquifer was used in the Standard and
3D geology simulations, while the increased saturated conductivities were used in those runs that took
values from the aquifer properties manual (MacDonald and Allen, 2001). The Creedy catchment does not
contain a highly productive aquifer.

Saturated Transmissivit Van Van

Catchment Rock Conductivity 9 Y Genuchten Genuchten
(m*/day)

(m/day) n !
Allen, Foston Beck, Highly Productive
Frome, Sydling Water Aquifer 0-1 2 g 0.010
Frome Limestone 40 800 6 0.001
Allen, Sydling Water ~ Chalk 49.25 985 6 0.001
Foston Beck Chalk 62.5 1250 6 0.001
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setup and can be found in Table 12.2. A second suite of runs were conducted that incorporated
the 3D geology with the increased transmissivities in the highly productive aquifers taken from the
aquifer properties manual (Tab. 12.3). These simulations aimed to combine the most appropriate
parameters with the most realistic description of the subsurface.

Previous River Flow Testing

Lewis (2015) tested the above setups nationally against river flows along with setups that
contained superficial deposits and transmissivities taken from the Environment Agency’s regional
MODFLOW groundwater models (Shepley et al., 2012).

The setups were found to perform relatively well, though struggled in more permeable
catchments due to the additional complexities of characterising the subsurface. The inclusion of
3D geology improved the Nash-Sutcliffe efficiency coefficient (NSE, Eq. 13.2.3) for flows. This is
supported by a recent study by Saksena et al. (2019), who found that the representation of surface-
groundwater interactions can reduce the need for extensive model calibration. Improvements
in Nash-Sutcliffe efficiency occurred mainly in Chalk catchments, however sometimes decreased
model performance in other permeable catchments. The inclusion of superficial deposit data
was found to have potential for further work, but was not extensive or detailed enough to be
fully appropriate for use in its current state, hence it is not tested in this thesis. Altering the
hydraulic properties of the subsurface by using the APM also proved to be largely effective in
improving NSE for the Chalkier areas, but still allowed for significant improvement through
further parametrization.

In these simulations the river channels were enlarged to ensure that flow was not lost out of
channel in flood events. These wide channels are also present in the simulations conducted in
this chapter, but are not anticipated to affect the groundwater levels.



(13. Methodology

The current online model downloader for SHETRAN-GB is able to deliver models with the
Standard set up at three different horizontal spatial resolutions - 1000 m, 500 m and 100 m. The
two other setups, which use transmissivities from the aquifer properties manual and BGS 3D
geology data, are available directly through the developer (Lewis, 2015) at a 1000 m resolution.
The methodology first ran the simpler Standard simulations and then increased in complexity
with each suite of simulations building in APM values and detailed geology. Following the testing
of the automated setups, the Allen catchment was selected for further development to address
issues with the automated setups and to identify points for future development of SHETRAN-GB
that would be of use for the multisource modelling system.

The developed Allen simulations used a horizontal resolution of 1 km and an extended
catchment size so as to simulate the processes occurring across the groundwater catchment, rather
than just the surface water catchment that was used with the automated setups. The development
of the Allen catchment model took three steps, these are:

1. The Standard set up (single 20 m thick subsurface unit).

2. The Standard set up with a single 40 m thick subsurface unit and enhanced Chalk aquifer
properties (detailed below).

3. Addition of a detailed subsurface taken from the BGS 3D geology data and enhanced Chalk
aquifer properties (as previous).

The enhanced aquifer properties were taken from the aquifer properties manual (Allen et al.,
1997) and a hydrological map of the area (Institute of Geological Sciences & Wessex Water
Authority, 1979). This increased the saturated conductivity of the Chalk from 0.1 m/day (in the
Standard simulations) to 100 m/day and increased the Chalk’s residual water content and thus
decresed the specific yield to 0.2 (from 0.1 in the Standard simulations). Although increasing these
parameters meant that the aquifer properties were more in line with those in the literature, it
decreased model stability and caused some simulations to crash. To increase stability, SHETRAN’s
van Genuchten « and n parameters were decreased and increased respectively. these did not have
notable effect on the groundwater levels, only model stability. The extended Allen catchment can
be seen in Figure 13.1.

Simulations were run for the five catchments described below and compared against observed
groundwater levels and streamflows. Observed groundwater levels were taken from boreholes
within each catchment. All groundwater level data was provided by the Environment Agency
through freedom of information requests. The available data, time periods and resolutions
can be seen in Table 28.2 in the Appendix. It was not possible to assess the performance of
SHETRAN-GB’s groundwater simulations at a national scale, as was done for flow testing by
Lewis et al. (2018). This was due to the difficulty in obtaining groundwater level data. Limited
information is available on what data exists, and this showed little correlation with what data was
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actually supplied. The selection of catchments was limited by the accessibility and availability of
groundwater level data.

Models for four of the catchments used meteorological data from the UKCP09 5 km daily
gridded dataset and simulated a period from 1990 - 2002. Groundwater level data for the Sydling
Water catchment could only be found from 2006 onwards and so did not coincide with the
UKCPO09 data, which is only available up to 2006. Instead, the Sydling Water simulations used
the 1 km CEH-GEAR dataset (Gridded Estimates of Areal Rainfall) (Centre for Ecology and
Hydrology (NERC), 2015) and ran from 2006 - 2016.

Case study Catchments

Following on from Chapter 111, which indicates that most multisource catchments are in areas
with a permeable subsurface, the five test catchments were selected to represent a variety of
groundwater catchment types. All catchments have base flow indexes between 0.46 and 0.96 and
thus all exhibit significant subsurface processes. The five study catchments are described below.
Catchment locations can be seen in Figure 13.1 and, in more detail, in the appendix.
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Figure 13.1: The five case study catchments are shown. Simulations were run for Foston Beck and the
Allen using both surface water and groundwater catchments. The groundwater catchments had respective
areas of 205 km? and 505 km? and are shown in orange. ©OpenStreetMap

Table 13.1: Catchment descriptors for the five case study catchments used for testing SHETRAN-GB.
Surface water and groundwater indexes from Chapter III are also included and show that both the Frome
and Sydling Water have been identified as being multisource catchments.

Catchment Area BFI DPSBAR QMED Permeable Bedrock SWI GWI
Allen 177 km? 091 52m/km 126 m®/s  94% - -
Creedy 262 km? 0.46 111 m/km 76.62m3/s 29% 0.06  0.03
Frome 198 km? 0.87 124 m/km 1136 m3/s 88% 0.07 0.23
Foston Beck | 57 km?  0.96 48 m/km  1.70 m3/s  100% 0.04 0.68
Sydling Water | 12 km?  0.88 129 m/km  0.90 m3/s  100% 0.10 0.35
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River Allen

River Allen (gauged at Walford Mill) is a largely rural catchment on the south coast of England.
The Allen flows south through Devon, meeting the River Stour at Wimborne Minster. The
catchment is largely permeable with the bedrock dominated by unconfined Upper, Middle and
Lower Chalks. Only in the south east corner of the catchment are these confined by a relatively
impermeable Palacogene mudstone. The Upper Chalk is the most extensively outcropping Chalk
in the catchment with the older Lower and Middle Chalks only exhibiting narrow outcrops in the
north west of the catchment. Figure 13.2 shows a cross section of these units dipping towards the
sea to the south east, the direction of the groundwater flow. The Allen shares many characteristics
with the Sydling Water catchment as they both sit on the Chalk of the Wessex Basin. More
information on the aquifer properties can be found in Section 13.1.5. Transmisivities for the
Chalk in these areas range from around 500 m?/day to 1000 m?/day, but are typically above 800
m?/day. Some estimates are as low as 0.04 m?/day. Storage coefficients have been estimated at
5x107% to 3.5 x1072 (Allen et al., 1997).

In the headwaters of the catchment some of the streams are intermittent and so do not flow all
year round. The majority of the Allen catchment has a highly permeable Chalk surface that allows
flow through fractures and along discontinuities. Moving from the north west of the catchment
to the south east, one descends through the Seaford Chalk Formation, the Newhaven Chalk
Formation, the Tarrant Chalk Member, the Portsdown Chalk Formation, and the Spetisbury
Chalk Member, all reclassified subdivisions of the Upper Chalk. These Chalks are overlaid by
Pleistocene clays, silts sands and gravels. The southern tip of the catchment has a covering of
sands, gravels and clays. These can be hydraulically connected to the Chalk and allow low yields
through significant intergranular flow. Below the Chalk is a thick layer of impermeable mudstones
- this can be seen in Figure 13.2. Further information of the Chalk of this area can be found in
Allen and Crane (2019).

The Allen has been selected for use as it showed a significant increase in performance in
the work of Lewis (2015). Lewis (2015) found that adding the transmissivities from the aquifer
properties manual significantly improved the simulated flows in comparison to the Standard runs.

Watershed of the Allen and Sydling Water catchments
Bottom of the Sydling Water catchment

Wimborne Minster and the bottom of the Allen Catchment
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Figure 13.2: A geological cross section of the Allen and Sydling Water catchments shows the Chalk aquifer
outcropping over the majority of the catchment, making way for Greensands at the northerly extent.
Taken from the Institute of Geological Sciences & Wessex Water Authority (1979).

River Creedy
The River Creedy in Devon feeds into the River Exe north west of Exeter. The catchment is
forked, with moderate to high relief in the two grassy headwaters converging into arable and
horticultural land to the south east (Fig. 13.3a).

Hydrogeologically, the Creedy is the least permeable of the catchments under investigation.
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(a) Topography of the Creedy catchment. Headwaters
have elevations of over 200 m, decreasing to around 30
m at the catchment outlet.

(b) BGS Hydrogeology Map: brown represents bedrock
of very low permeability, blue represents bedrock with
moderate permeability through intergranular flow, yellow

and orange represent superficials sands and gravels.

Figure 13.3: The topography and basic hydrogeology of the Creedy catchment in Devon. Maps taken
from the NRFA (2019b).

Much of the catchment consists of interbedded Carboniferous mudstones, siltstones and sandstones
called the Culm Measures. These allow for minor groundwater flows with the largest flows occurring
in the lower, more fissured beds (Institute of Geological Sciences, 1982).

Running west to east through the centre of the catchment is a fault bounded trough with
an estimated depth of up to 900 m. This trough is filled with a sequence of spatially variable
Permian breccio-conglomerates, sandstones and mudstones that form a layered aquifer system.
This can be seen in Figure 13.3b. Coarser grained sandstones outcrop, within the trough, higher
in the catchment (Institute of Geological Sciences, 1982).

Groundwater flow occurs mostly within this trough of higher permeability material. The older
materials in the higher reaches of the catchment exhibit flow mainly through poorly developed
fracture systems, while younger material lower in the catchment is less cemented and allows for a
higher proportion of intergranular flow. Transmissivities are estimated to be from 10 m?/day in
the poorly fractured older material to 10-50 m?/day in the sandier and more fractured materials
and can be as high as 100-300 m?/day in the less cemented, younger sandstones. Transmissivities
can increase during periods of recharge from rivers. Fluctuations in groundwater level in the base
of the catchment are greater than in the headwaters of the catchment by approximately 3 m
due to the reduced porosity. Groundwater flows from the headwaters of the western fork of the
catchment towards the east, dropping by over 50 m (Institute of Geological Sciences, 1982).

The River Creedy catchment was chosen for testing due to its lower proportion of highly
permeable bedrock and thus its supposed reduced sensitivity to the different model setups. Even
so0, the reasonably high BFI shows that there is still a groundwater component. This is evidenced
by the groundwater abstraction in the catchment (NRFA, 2019b).

Foston Beck

Foston Beck is an arable catchment in East Yorkshire. It has a relatively rounded upper catchment
that narrows significantly in its lower reaches. The catchment is composed of a highly productive
Cretaceous Chalk bedrock that creates a groundwater dominated catchment with a very high base
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flow index of 0.96 (Tab. 13.1) and seasonal changes in groundwater level. The lower catchment
is largely confined by superficial drift deposits (Fig. 13.4; NRFA, 2019b). These Boulder Clay,
alluvium, sand and gravel deposits give river flows a flashier response in the lower catchment.

Across the Chalk there is very little surface
drainage due to its high permeability and the
correspondingly low water table. Springs that
appear at the edge of the drift create streams
flowing towards the River Hull.

Floods are understood to occur in periods
of high groundwater level (Gale and Rutter,
2006) although surface water flooding is noted
as a potential issue for future developments in
the Local Flood Risk Management Strategy
(East Riding of Yorkshire Council, 2015b).

Significant flooding occurred in the East
Yorkshire area in June 2007 due to heavy and
prolonged rainfall (East Riding of Yorkshire
Council, 2015b). More recently, during the
exceptionally wet winter of 2012-13 groundwa-
ter flooding affected the village of Kilham in
the north of the catchment (East Riding of
Yorkshire Council, 2015a). This resulted from
high groundwater levels following a prolonged
wet period during the summer and autumn of Figure 13.4: Dark green shows the highly productive
2012. The high groundwater levels in the lower aquifer outcropping in the north of the catchment.

catchment slowed drainage to the river system, TLhis is then over topped by glacial till and boulder
clay (light green) and alluvium deposits in the river
valley in the south (yellow). Taken from the NRFA
(2019b)

increasing river flows and triggering springs in
and around the village. These occur due to
the outcropping of the Chalk aquifer upstream
of the village, this can be seen in Figure 13.5.
The drainage systems within the village were overwhelmed and problems with flooding and sewer
systems lasted for several weeks (East Riding of Yorkshire Council, 2013). Flooding in Kilham
also occurred in the winter of 2001-02 from high groundwater levels, however this was relatively
short-lived (Farrell, 2001).

The Foston Beck catchment is the only catchment here that has been fully calibrated as it has
been used in other work at Newcastle University, simulating groundwater flooding in the village
of Kilham. The results from the already calibrated model have been included here (Tab. 28.3 &
28.4 in the Appendix) as a benchmark, indicating the calibre of model that can be created with
the additional time and resources. Its strong performance further demonstrates that SHETRAN
is an appropriate model for simulating groundwater levels.

The calibrated catchment is significantly more detailed than those set up via the automated
method and is able to capture both river flow and groundwater levels well. The catchment size
was increased from 57 km? to 205 km?, extending north, east and west, covering the northern
half of Foston Beck and the surrounding area (Fig. 13.1). The catchment is enlarged to capture
the groundwater catchment rather than just the surface water catchments used in the automated
setups. The calibrated model also operates at a higher spatial resolution with 200 m cells and
uses hourly meteorological inputs. The geology for the simulation is based on the same geology
as is used here but with additional detail provided by the BGS.
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Figure 13.5: Foston Beck - as the impermeable boulder clay thins out, springs occur in and around Kilham
village due to the outcropping of the confined Chalk aquifer. Taken from Gale and Rutter (2006)

River Frome

The River Frome in South Gloucester flows west to join the River Severn shortly before it opens
up into the Severn Estuary. The Frome is gauged a few miles east of this confluence at Ebley Mill
in Stroud. The northern headwaters of the catchment are steep and grassy with its the highest
elevations in the northern reaches of the catchment (Fig. 13.6a).

The catchment is permeable, largely dominated by the Upper Lias Sands (sandstones) and
the Great Oolite Group (mostly limestones) of the Jurassic. Figure 13.6b shows the distribution
of these bedrocks and Table 13.2 shows their approximate thicknesses. The highest regions of the
catchment have outcrops of the Forest Marble Formation succeeded by the Great Oolite Group,
which covers much of the middle catchment, followed by the older Inferior Oolite Group in the
lower catchment (British Geological Survey, 2007). The Frome river valley cuts through these
three units to expose the Uppper Lias Sands in the valley bottoms.

Within the Great Oolite Group is a group called the Fuller’s Earth formation. Within which is
the Fuller’s Earth Rock Formation: a silicate-mudstone, grading towards limestones and bedded
with sandy limestones. This is bounded by Upper and Lower Fuller’s Earth Formations, which
consist of mudstones (British Geological Survey, 2008). The thickness of the Fuller’s Earth
affects the hydraulic connectivity between the Great and Inferior Oolite aquifers, with a reduced
connection in the west where the Fuller’s Earth is thicker. The presence of faulting also allows for
hydraulic connection horizontally between the two aquifers (Allen et al., 1997); the only major
faulting in the catchment is in the east along Holy Brook (British Geological Survey, 2019a).

Streams in the catchment that flow over the outcropping Great Oolite Group are typically in
hydraulic connection with the aquifer and springs often occur where the Upper Fuller’s Earth -
Great Oolite Formation boundary outcrops (Allen et al., 1997).

Storage coefficients for the Inferior Oolite Group range from 7x107> and 1x10~* (confined)
to 81072 (unconfined). Transmisivities vary largely from 3 m?/day to 11 000 m?/day and have
a geometric mean of 139 m?/day. In this area, these are typically between 200 m?/day - 700
m?/day (Allen et al., 1997).
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(a) Topography of the catchment - elevations range from (b) BGS 1:650 000 geology map: purple indicates the
296 m in the northern headwaters of the catchment down Great Oolite Group, beige indicates the Inferior Oolite

to 36 m at the river gauge at Ebley Mill. Map taken from Group and blue indicates the Lias Sands Group.

the NRFA (2019b).

Figure 13.6: The topography and basic geology of the Frome catchment in South Gloucestershire.

Table 13.2: Stratigraphy of the Jurassic Aquifer of the Cotswolds and the Frome catchment. Capitals
denote the main aquifers and italics denote minor aquifers. The highest regions of the catchment have
outcrops of the forest marble formation. Adapted from Allen et al. (1997).

Group Unit Thickness and Lithology
Cornbrash Formation up to 10 m shelly limestone
GREAT OOLITE FOREST MARBLE FORMATION up to 35 m
GROUP GREAT OOLITE FORMATION 20-30 m
50 - 100 m Upper Fuller’s Earth Formation up to 28 m
Oolitic Limestone Fuller’s Earth Rock Formation up to 5 m
Lower Fuller’s Earth Formation 10-15 m
INFERIOR OOLITE GROUP 10-110 m of oolitic limestones
COTTESWOLD/MIDFORD SANDS up to 75 m
Upper Lias Mudstones up to 80 m
Junction Bed 0.5 m
. . Marlstone Rock Formation up to 7 m
Middle Lias Dyrham Siltstone Formation up to 50 m
Mudstone 200 m

Lower Lias

Mudstone with limestone bands

up to 100 m
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In the Great Oolite Group hydraulic conductivities have an average of 9.8 x107° m/day and
an interquartile range of 2.54x10~% m/day - 2.97x1072 m/day. A specific yield of 1.4% has been
estimated for the Group. Transmissivities in the oolite aquifers are known to vary with depth,
with the higher oolites having higher productivity higher up (Allen et al., 1997).

The BGS 1:650 000 superficial geology map shows a 40% covering of mixed permeability
quaternary superficial deposits in the lower areas of the catchment and the valley bottoms. The
1:50 000 superficial map shows further Holocene alluvium (clay, silt, sand and gravel) in the river
valleys.

Sydling Water

Sydling Water is a very small (12 km?) catchment in the south west of England. In Chapter III
Sydling Water was classified as multisourced with indexes well above the necessary thresholds
(Tab. 13.1) and, as such, it is an ideal candidate for a case study. With such a small area, it was
also included to test whether increasing the spatial resolution of the simulations is important at
smaller scales.

Figure 13.2 shows that Sydling Water is situated on the northern edge of the Chalk aquifer,
with the groundwater flowing south, becoming closer to the surface, until the confluence with
the river Frome (different to above), at which point it flows more eastward. The bedrock of the
Sydling Water catchment is dominated by the Lower Chalk, with some Middle and Upper Chalk
in the headwaters (NRFA, 2019b). These are the same units found in the Allen catchment. Grey
Chalk (the uppermost layer of the lower Chalk) is hard and marly, with bands of softer marls and
is on the order of 20-30 metres thick (British Geological Survey, 2016a). Below the Chalk is a
thicker band of mudstones, sandstones and limestones making up the Gault and Upper Greensand
Formations. Upstream of the main village of Sydling St. Nicholas the river cuts through the
Chalk and exposes the Upper Greensand outcrops in the river valley 2 km.

The Chalk that makes up the catchment has a matrix with a generally low hydraulic con-
ductivity but can allow much faster flows through fissures, which are more common in the
harder, more brittle horizons. As the fissuring is controlled by the structural geology of the
area, fissures develop more in the valleys than under the headwaters (Institute of Geological
Sciences & Wessex Water Authority, 1979) and so transmissivities may vary within the catchment.
Furthermore, transmissivity typically decreases from the Upper to Lower Chalk due to a decrease
in permeability, and so may be greater in the headwaters of the catchment than in the valley.
This decreased permeability can reduce the hydraulic connection between the Middle and Upper
Chalk and the Upper Green Sands (Institute of Geological Sciences & Wessex Water Authority,
1979). South Dorset is the most structurally deformed region of the Chalk Aquifer of the south of
England; some areas are tectonically hardened, decreasing the matrix hydraulic conductivity and
storage coefficient, but potentially locally increasing transmissivity in highly fissured areas (Allen
et al., 1997). As the aquifer is largely unconfined, much of the rainfall (minus evapotranspiration)
recharges the aquifer due to minimal surface runoff (Institute of Geological Sciences & Wessex
Water Authority, 1979).

Superficial deposits of clays, silts sands and gravels top the headlands and line much of the
river valley (British Geological Survey). Directly upstream of Sydling St. Nicholas the superficial
river valley deposits are dominated by sands and gravels rather than clays and silts (British
Geological Survey, 2019a).

Transmissivities for the Chalks in the catchment can be seen in Section 13.1.1. Beneath the
Chalks, the Upper Greensand have much lower transmissivities, estimated at 2 m?/day - 25
m? /day, typically being below 10 m?/day (Allen et al., 1997).

The National River Flow Archive does not mention abstractions in the catchment.
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Quantifying Model Performance

Groundwater level records for each of the catchments were compared to simulated groundwater
levels using Pearson’s correlation and root mean squared error. Stream flows were compared to
measured flows using the Nash-Sutcliffe efficiency coefficient, as is common practice in hydrology.
These three performance measures are detailed in the sections below. The first two years of the
SHETRAN simulations were discounted from analysis as these years are spin up periods and
likely to be inaccurate.

Pearson’s Correlation Coefficient (PCC)

Pearson’s correlation coefficient (PCC) is a measure of correlation between linear variables. It
was used to quantify how well SHETRAN-GB captured the fluctuations in observed groundwater
level. PCCs range from -1 (a strong inverse correlation) and 1 (a strong direct correlation). The
equation for calculating PCC can be seen in Equation 13.2.1.

Pearson’s correlation analysis assumes that data fits a normal distribution. Samples of observed
and simulated groundwater level distributions were checked and found to be approximately normal.
Spearman’s rank is an alternate correlation test that can be used on non-normal (i.e. asymmetrical)
distributions - this was trialled on a selection of the results and found to show very similar or
identical patterns to Pearson’s correlation.

Equation 13.2.1 — Pearson’s Correlation Coefficient. Pearson’s Correlation Coefficient (PCC)
is defined as the covariance of x and y divided by the product of the standard deviations of x
and y. Where x and y represent the modelled and observed data. The formula for calculating
Pearson’s Correlation Coefficient is as follows:

3> (i — m) (0~ 0))

r =
Ly m;—m)2 11: 0;,—0)2

Where N is the number of values; m; and o; are the modelled and the observed values at
instance i; m and o are the mean modelled and mean observed values.

Root Mean Squared Error (RMSE)

Root Mean Squared Error (RMSE) was used to quantify the vertical difference between the
simulated and observed groundwater level (Eq. 13.2.2). RMSE is the square root of the variance
of the residuals, residuals referring to the difference between the observed and modelled GW
level. As groundwater levels are measured in metres above sea level this returns an absolute
value of in metres, and is an important descriptor of how close the model is to the observed data
(Theanalysisfactor, 2008). The lower the calculated value, the closer the modelled levels are to
the observed.

RMSE is a relatively common statistic in groundwater comparisons - for example by Sreekanth
et al. (2011) who created two statistical models for predicting groundwater levels. The goodness
of their models were measured using error variation, root mean square error (RMSE) and the
regression coefficient R2. Further examples of its application to groundwater modelling can be
found in Zhou and Li (2011) and Tian et al. (2016).

Equation 13.2.2 — Root Mean Squared Error. RMSE can be calculated using the following
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equation (Tian et al., 2016):

N

1
RMSE = | + ;(mi — 0;)2

Where N is the number of values; m; and o; are the modelled and observed values at instance i.

13.2.3 Nash-Sutcliffe efficiency (NSE)

Nash-Sutcliffe efficiency is a common measure of the goodness of fit of a modelled flow to an
observed flow. For the two time series, a single value is calculated that ranges from -co (very bad)
to 1 (a perfect match). A calculated NSE of 0 indicates that the model is performing as well as
taking a simple mean of the observations. Less than this indicates that the model performs worse
at simulating the river flows than taking a mean of observations.

There are some examples in the literature of NSE being used as a performance indicator
for groundwater levels. One such example use is in a paper by Dudley et al. (2018) to test the
correlations between groundwater levels and streamflow and baseflow. There is also evidence of its
use comparing modelled and recorded groundwater levels in a paper by Tian et al. (2016). Tian
et al. (2016) first normalised the groundwater levels to "avoid disturbance of dimensions” but,
like other papers reviewed on the subject, did not justify their choice of statistics. Other than
these instances, NSE is not a common metric found in the literature for testing the relationships
between groundwater levels. Hence, in this thesis, the use of NSE is confined to flow analysis.

Equation 13.2.3 — Nash-Sutcliffe efficiency. Nash-Sutcliffe efficiency is defined by the following
equation (Tian et al., 2016):

D

N

(mi — 0;)?
_ 4 =1

NSE =1 D —

> (o

i=1

Where N is the number of values; m; and o; are the modelled and observed values at instance i;

0; 1s the mean observed value.
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(14. Results

The Automated Setups

The Pearson’s correlation coefficient (PCC) and root mean squared error (RMSE) have been
calculated for six different automated SHETRAN setups of five case study catchments. Resultant
statistics can be seen in Table 14.1. The majority of models appear to hold some degree of truth,
with an average PCC around 0.5.

The use of transmissivity data from the aquifer properties manual (MacDonald and Allen,
2001) typically improves PCC, increasing them from an overall average of 0.51 to 0.61. The
increased transmissivity values cause the simulated groundwater levels to drop at many of the
borehole locations. As the APM simulations use a single 20 m thick layer to represent the
subsurface geology, this decrease in level often goes beyond the depth of the cell and cells become
unsaturated, resulting in 20 m deep static groundwater levels in several locations. These constant,
bottomed-out groundwater levels meant that correlation analysis was not possible for some of
the borehole records. Those locations where the groundwater levels did not bottom out typically
showed increased PCCs, often significantly so.

None of the automated setups caused unanimous improvement in PCCs or RMSEs. Nor is
there a simple correlation of improving accuracy with increased model resolution. A breakdown of
all of the Pearson’s correlations and RMSEs can be seen in Tables 28.3 and 28.4 in the Appendix.

Hydrographs of groundwater levels can be seen in Figures 14.1, 14.2, 14.3, 14.5 & 14.7. All
plots also include the elevations of the SHETRAN cells from which groundwater depth below cell
has been converted to metres above sea level. Approximate borehole elevations are also plotted,
however these are estimated from Ordinance Survey maps and were not typically required for
calculating groundwater level as these were normally provided with the datasets in metres above
ordnance datum (i.e. sea level).

Many of the groundwater hydrographs show an upper bound on groundwater level, where
water levels plateau in periods of high groundwater. This plateau occurs when the water level
reaches the surface of the SHETRAN cell, with the groundwater level being simulated at or
just below ground surface. SHETRAN can simulate perched groundwater systems close to the
surface with a deeper band of unsaturated cells and then a deeper true groundwater level. This,
however, was not found to be the cause of those groundwater levels simulated to be consistently
close to the surface. This errant tendency to fully saturate the subsurface causes a loss of
information regarding the fluctuations in groundwater level and greatly reduces the usefulness
of such models in producing accurate groundwater emergence maps. As such, it is clear that
none of the automated setups are appropriate for simulating groundwater levels in their fully
automated state. Most simulations do show definite potential and all depict the seasonal increase
and decrease in groundwater level to some degree. Each of the catchments are discussed below in
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Table 14.1: Average catchment RMSE and PCC. *s denote statistics calculated on a reduced numbers
of records due to static water level the in APM simulations. The number of unusable locations are as
follows: Allen 5/10; Frome 4/5; Foston Beck 5/10; Sydling Water 2/3. See full breakdown in Table 28.3.

Root Mean Squared Error | R. Allen R. Creedy Foston Beck R. Frome Sydling Water
Standard 100 m - - 29.09 m - 4721 m
Standard 500 m 22.72 m 24.67 m 33.98 m 43.29 m 56.37 m
Standard 1000 m 22.27 m 14.77 m 48.39 m 40.31 m 54.53 m
APM 9.29 m* - 34.14 m* 38.85 m* 40.92 m*

3D Geology 31.81 m 1131 m 47.70 m 41.28 m 54.59 m

3D Geology & APM 16.92 m - 34.63 m 40.97 m 18.63 m
Calibrated - - 2.19 m - -
Pearson’s Correlation R. Allen R. Creedy Foston Beck R. Frome Sydling Water
Standard 100 m - - 0.34 - 0.32
Standard 500 m 0.67 0.63 0.51 0.39 0.61
Standard 1000 m 0.65 0.49 0.44 0.44 0.45

APM 0.85% - 0.54%* 0.58%* 0.64*

3D Geology 0.69 0.26 0.45 0.36 0.48

3D Geology & APM 0.52 - 0.22 0.43 0.11
Calibrated - - 0.78 - -

Table 14.2: The Nash Sutcliffe efficiencies for the different simulations. These are calculated from daily
flows. Hourly flows for the calibrated Foston Beck catchment yield a NSE of 0.64. This was calibrated
focussing on groundwater levels and could most likely be improved if desired.

Nash Sutcliffe Efficiency | R. Allen R. Creedy Foston Beck R. Frome Sydling Water
Standard 100 m - - -0.17 - -1.58
Standard 500 m -0.59 0.55 -0.60 0.68 -2.24
Standard 1000 m -1.89 0.51 -1.80 0.64 -7.45
APM 0.55 - 0.42 0.74 -0.14
3D Geology -1.38 0.48 -0.71 0.62 -6.66
3D Geology & APM -0.10 - -0.03 0.62 -0.06

turn with regard to the different setups and how they perform.

Table 14.2 shows the Nash Sutcliffe efficiencies for the simulated flows. These confirm the
statement in the introduction: that SHETRAN-GB simulates flows much better in less permeable
catchments, such as the Frome and the Creedy. Even without calibration a reasonable correlation
is found between the observed and simulated flows in these catchments.

In the more permeable catchments the NSEs are much lower, with the APM generating the
‘best’ setup with an average NSE of 0.39, and 0.11 when combined with the 3D geology. This
indicates that these updated parameters are more appropriate for the simulations. Overall, the
use of detailed geology slightly improves the NSEs relative to the 1000 m Standard simulations
(from -2.5 -1.5) however the 3D geology still performs very poorly in the Chalk catchments of the
River Allen, Foston Beck and Sydling Water.

In all of the catchments, increasing the resolution improves the NSEs. This is expected and is
most evident in the smallest catchment, Sydling Water, demonstrating the need for models of a
sufficiently high resolution.

The Creedy Catchment

The simulations of the Creedy catchment are the only ones that show no improvement in model
performance when the 3D geology data and parameters from the aquifer property manual are
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Figure 14.1: Groundwater hydrographs for the Creedy catchment.

included. The ‘best’ simulation is the higher resolution, 500 m Standard run, which has a PCC
of 0.63 and a RMSE of 24.67 m.

For the 1000 m resolution simulations, the simulated groundwater level in three of the
four boreholes fluctuates within only the topmost 2 metres of the subsurface column, with only
groundwater levels at Middle Hollacombe dropping below this in the simulations involving detailed
geology (Fig. 14.1). The reason for this dropping off is unknown, however it is speculated that it
may be due to the significant change in topography within and around the Middle Hollacombe
borehole cell.

The groundwater levels are similar across the different setups, as the changes in parameters
are relatively limited, with only the structure of the models altering between the setups. Although
the detailed subsurface geology does increase the depth, and in some places the extent, of the
permeable bedrock that transects the centre of the catchment by 180 m, it does not change its
properties. Furthermore, the 3D geology data only contains information regarding the central,
more permeable trough of the catchment and had no additional regarding the structure of the
mudstones in the north and south of the catchment.

None of the simulations perform well or are able to capture any more than a basic seasonal
pattern, and even this is heavily muted.

The Allen Catchment

The majority of the groundwater levels in the Allen simulations fluctuate within the top few
metres of the subsurface column. This is typical for many of the simulations across all of the
catchments.

In the standard simulation almost the whole catchment, apart from the very south east corner,
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is classified as a highly productive aquifer. In the 3D geology simulation the muds of the south
east are extended northwards and cover much of the southern half of the catchment and the
Chalk of the north catchment is interbedded with bands of mudstone. Despite this, the use of
the detailed 3D geology has minimal effect on the simulated groundwater levels (Fig. 14.2).

The use of the aquifer properties manual parameters generates a much greater change in
simulated groundwater level, with decreases in water level and increases in the amplitude of
fluctuation. In four of the five instances where the APM groundwater levels bottom out, the
observed groundwater levels are deeper than 20 m below the surface. This suggests that the
APM parameters are shifting groundwater levels towards the observed level. This is supported by
the decrease in the catchment RMSE from 22.72 m to 9.29 m. The increase in fluctuation also
appears to be effective, with an increase in average PCC from 0.65 to 0.85.

When the aquifer properties manual parameters are combined with the detailed geology there
is a decrease in the average PPC to 0.52, from 0.65 in the Standard run. This is likely due to
the smoothing affect that this has had on the groundwater levels, decreasing the frequency and
amplitude of fluctuations. Examples of this smoothing can be seen at Barnsley Farm, Crichel
Chitterwood, High Hall, Hogstock Cottages and West Acre. Unlike in the APM simulation, none
of this smoothness is due to bottoming out as all cells are 200 m deep. Instead, the smoothing
occurs in instances where the Chalk layer is confined below a mud layer. At all borehole locations
the modelled Chalk-mudstone boundary is close to the simulated groundwater level. At the
Woodyates Telemetry borehole in the north, where there is Chalk above the mudstone, there
is an increase in the fluctuation of groundwater level. At Dean Farm, Nine Yews and Squirrels
Corner the inclusion of the 3D geology makes little difference to the simulation again, these are
confined by an impermeable mudstone for 56 m, 70 m and 81 m below the surface respectively.

The Foston Beck Catchment

As in the other catchments, Foston Beck simulated bottomed out groundwater levels in the APM
simulation when the observed groundwater levels are more than 20 m deep (Fig. 14.5). When
this is not the case the groundwater levels are typically more variable than in the Standard
1000 m simulation and show greater promise for the necessary future calibrations. When the
detailed geology data is added to the APM simulation there are mixed responses with some
locations having only small changes relative to the Standard 1000 m simulation (e.g. Bartondale
& Henpit Hole), while other show greatly decreased groundwater levels (e.g. Honey Hill & Octon
Crossroads). Much of the central catchment is reclassified from highly productive Chalk aquifer
to much less permeable sand stones and mudstones with a saturated conductivity of 0.01 m/day.
This is not in agreement with the BGS 1:50 000 bedrock geology map, which shows the whole
area to be underlain by Chalk.

Foston Beck is one of the few catchments small enough to allow for modelling at a 100 m
resolution. Although all of the Standard simulations have the same properties, changing the
resolution of the simulations alters the simulated groundwater levels. Statistically, the 500 m
model performs best, with a PPC of 0.51 compared to 0.34 and 0.44 for the 100 m and 1000 m
simulations (Tab. 14.1). It is the 100 m simulation however that has the lowest RMSE, something
also seen in the Sydling Water catchment. This is to be expected as the higher the resolution, the
more specific the simulated levels are for the area surrounding the borehole. It is not a unanimous
improvement in RMSE across the other catchments however as the 1000 m simulations more
frequently have lower RMSEs than the 500 m simulations. Increasing the resolution can also
have different affects on different cells. The simulated groundwater levels at the Kilham PS
borehole shows the 500 m simulation to produce a variable groundwater level, while the 100 m
simulation produces a comparatively smooth profile. This pattern is then reversed at the Tancred
Pit Hole borehole. It is difficult to find the definitive reason for this, however, the different
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Figure 14.2: Groundwater hydrographs from ten boreholes in the Allen catchment.
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resolution topographies may be responsible - the 100 m model has relatively gradual changes in
elevation between adjacent cells whereas Tancred Pit Hole borehole in the 500 m simulation is in
a depression of over 10 metres and so may well have its groundwater levels dragged closer to the
surface to be more in line with those of the higher adjacent cells.

The Frome Catchment

Figure 14.3 shows the groundwater level hydrographs for the Frome catchment. Due to the large
range in simulated and observed groundwater levels, the five monitoring sites are shown at an
increased vertical resolution on the right hand side of the figure.

It is clear to see from the left hand side of Figure 14.3 that, as with the other catchments,
groundwater levels are simulated too close to the ground surface. This is especially true at the
Edgeworth and Minchinhampton Golf Club boreholes where the observed levels are around 100
and 90 metres below ground respectively. This leads to an average RMSE of around 40 m for the
catchment.

As with other catchments the APM simulation yields the lowest RMSE. However, only
at Longridge does the groundwater level not bottom out during the APM simulation. Here,
even though the subsurface is composed of highly productive bedrock with increased hydraulic
conductivity, the groundwater level stays near to the surface. This is likely to be because the cell
is in a depression, surrounded by cells of higher elevations (7 m - 120 m), however this is also the
only borehole to be in an area of bedrock containing no groundwater. All others are in regions of
highly productive bedrock.

One other conspicuous detail of the hydrographs is the decreasing groundwater level at
Kingscote in the 500 m Standard simulation. The reason for this is unknown as Kingscote does
not have any unusual features in its parameters or DEM. This is known to happen in some of the
models, however when looking at a map of simulated groundwater level across the catchment this
does not appear to be particularly anomalous.

The introduction of the 3D geology data alters the catchment structure considerably. The
subsurface layout used in the Standard model can be seen in Figure 14.4. This shows a mixture of
highly productive and moderately productive bedrock and a band of bedrock classed as containing
virtually no groundwater. In the 3D geology model this is reclassified almost entirely as an
extensive, catchment wide layer of sandstone, limestone and argillaceous (i.e. containing clays)
material tens of metres thick, underlain by a layer of inter-bedded mudstones and limestones
down to the base of the 200 m deep cells. These have respective saturated conductivities of
0.01 m/day and 0.0001 m/day. As such, the use of 3D geology and parameters from the aquifer
properties manual have minimal influence on the simulation.

The Sydling Water Catchment

Sydling Water is the smallest catchment being modelled in this study and has a highly productive
bedrock. As such, with only 13 cells in the 1000 m simulation, it was expected to be one of
those that benefited most from the increased resolution simulations. Figure 14.6 shows the
simulated depth to groundwater in the 100 m and 1000 m Standard simulations. It demonstrates
the difference that the resolution makes to the spatial distribution of areas of high and low
groundwater. The increased resolution has differing affects at the different borehole locations.
Despite this, the average PCC from the 100 m simulation is lower than that of the 1000 m
simulations. This is due in part to the poor results around Folly Hill (Tab. 28.3), however even if
this statistic is excluded, no statements can be made relating increased resolution to increased
accuracy. Qualitatively however, the higher resolution simulations show more promise than the
1000 m simulation as they exhibit a greater range of groundwater levels, more in line with those
observed, and do not hug the ground surface as consistently as the 1000 m simulation.
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Figure 14.3: Groundwater hydrographs for five boreholes in the Frome catchment - hydrographs on the
right hand side of the figure show extracts of the hydrographs at a higher resolution.
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LFDGEWORTH BH

MINCHINHAMPTON GOLF CLUB

KINGSCOTE

Figure 14.4: The bedrock from the Standard and APM simulations in the Frome catchment: light grey
shows highly productive bedrock, dark grey shows moderately productive bedrock and black shows bedrock
with virtually no groundwater. Labels show borehole locations.

The inclusion of the 3D geology data smooths the plotted groundwater levels at both Dickley
Down and Folly Hill, bringing them closer to the surface. The subsurface for the Sydling
Water catchment was complicated by the inclusion of 3D geology. In place of the original high
productivity bedrock layer of there are three bedrock layers: a permeable layer of Chalk of variable
thickness, a very low permeability layer of mudstone and, finally, a layer of rock of intermediate
permeability. Much of the upper catchment is dominated by a thick mud layer, beneath a layer
of Chalk a few metres thick. This may be a reasonable representation of the geology in the
headwaters but the low resolution of the model relative to the catchment size means that there are
very few cells able to transmit groundwater, which is not a fair representation of the catchment.
In the centre of the catchment the Chalk layers are significantly thicker than they are in the
Standard model.

Adding the higher saturated conductivities of the APM drops the groundwater level at all
borehole locations, bringing the simulated groundwater level closer to the observed level. This
indicates that the higher conductivity is a more appropriate value than that in the standard
simulation. The bottoming out of the groundwater in the APM simulations shows that the cells
are again not deep enough. The smoothing of the groundwater level in the combined 3D geology
and APM simulation may indicate further issues with the resolution of the 1000 m simulation -
the groundwater levels in several of the model cells are equal, showing a flat groundwater profile.
This is despite differing layer depths in their subsurfaces and different cell elevations.

The Developed Allen Catchment

The different national scale datasets discussed above were each found to have some effect on the
simulations, however none can be deemed fit for use without further calibration. As such, to
identify points for future work on the SHETRAN-GB modelling system, further development
took place for the Allen catchment. The Allen was selected as it showed the most promise with
the inclusion of the various datasets, showing improvements statistically (Tab. 14.1) and visually
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Figure 14.5: Groundwater hydrographs for ten boreholes in the Foston Beck catchment.
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Figure 14.6: The depth to groundwater in the Sydling Water simulations as two different horizontal
resolutions: 100 m and 1000 m.

in the hydrographs (Fig. 14.2). One of the chief differences between the automated setups and
the actual hydrogeology of the Allen was the catchment shape. The topographic restrains on
catchment shape were removed and the catchment area was increased northwards to reflect a more
realistic groundwater catchment (Institute of Geological Sciences & Wessex Water Authority,
1979). This was found to improve the quality of the simulation, decreasing the instances of
anomalous groundwater levels and also increased the amplitude of level changes in the south of
the catchment (e.g. Barnsley Farm). This did not solve instances where the groundwater level
was simulated too close to the surface.

Following the success of the increased saturated conductivities in the automated APM set up,
saturated conductivities were increased to 100 m/day. This was double the saturated conductivities
used in the original AMP simulations as these were still deemed too low. Increasing the saturated
conductivity of the Chalk greatly improved the simulations, dropping the groundwater levels away
from the surface at the upper end of the catchment. This simulation resulted in PCCs of 0.69-0.93
with a mean of 0.86 and a RMSE of 8.97 m. Following the bottoming out of groundwater levels
along the cell bases in previous runs, the subsurface had been deepened to 40 m. As a result of the
deeper subsurface and extended catchment, only Tollard Royal bottomed out. These simulations
show seasonal fluctuations in level as well as higher resolution, sub-monthly variations.

The introduction of the BGS 3D geology along with the improved catchment size and aquifer
properties was expected to further increase model performance. This was not found however,
with PCCs dropping back down to an average of 0.5 and the RMSE increasing to 16.38 m.
Hydrographs show that the five boreholes in the south of the catchment show very subdued
groundwater profiles while those in the north have risen back to the surface. This is due to the
extensive mudstone layer introduced by 3D geology (discussed in 14.1.2). Only at Woodyates
Telemetry, the northern most borehole, is the groundwater profile still able to oscillate unhindered
by its proximity to the surface.
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Figure 14.7: Groundwater hydrographs for the Sydling Water catchment.

Table 14.3: Statistical results from the developed Allen catchment. Simulation numbering refers to that
in Section 13. Combined refers to the work of Bence (2019) detailed in Section 15.3.

Simulation Subsurface Saturated Conductivity Specific Yield PCC RMSE NSE
1 Single unit - 20 m 0.1 m?/day 0.10 0.64 22.26 -9.13
2 Single unit - 40 m 100 m2/day 0.02 0.86 897m  -3.99
3 3D Ceology - 200 m 100 m?/day 0.02 0.50 16.38 m -3.35

Bence (2019) Combined 100 m?/day 0.05 0.30  16.22m -1.05
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(15. Discussion and Conclusion

The National Datasets

Each of the different automated simulation setups detailed previously employed different national
datasets. The purpose of these suites of simulations was to explore the potential for a national
physically based modelling system capable of simulating groundwater processes. Previous work
by Lewis (2015) demonstrated the potential for their use in a national river flow modelling
system. This was shown to be capable of producing good results in less permeable catchments
but struggled in areas with more permeable bedrocks, especially Chalks. One of the unknowns in
that work was the role of groundwater in the models and how realistically groundwater processes
were being portrayed. In this study groundwater levels were extracted for five case study sites
and compared to observed groundwater levels. The performance of each of the national datasets
within the modelling system is discussed below.

Standard

The Standard model runs describe the subsurface as a 20 m thick bedrock layer with proper-
ties taken from the BGS hydrogeology map. These simulations capture some of the seasonal
fluctuations in groundwater level however many are confined to near the surface and only show
groundwater levels changing within the top few metres of the subsurface column, often restricted
to the soil layer. This thin upper layer was a simple starting point from which to base the stepwise
sensitivity test conducted in this chapter and was anticipated to be an over simplification, hence
the inclusion of the 3D geology to increase realism and depths of the simulations (200 m in these
examples). Despite the simplicity of these simulations, there are promising NSEs in the two less
permeable catchments of the Frome and Creedy of 0.64 and 0.51.

The Aquifer Properties Manual

Increasing the transmissivities of the high productive bedrock causes results largely in line with
what would be expected. The Chalk and limestone catchments of the Allen, Foston Beck, Frome
and Sydling Water all became more responsive and the majority of groundwater levels decreased.
This decrease in level was especially prevalent in the upper catchment.

In the majority of the simulations the use of the APM parameters significantly reduces the
groundwater levels to be more in line with the observed level. While this could be considered
an improvement, this was frequently limited by the depth of the cells - when the groundwater
level dropped to more than 20 m deep the groundwater level became constant at the cell base
and so lost usefulness for simulating the water level. In those instances where the groundwater
level did not ‘bottom out’ the use of APM parameters typically improved PPCs. Using the APM
parameters also shows significant improvements in flow correlation in four of the five catchments.
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Furthermore, model mass balances improve slightly with the use of APM values due to a slight
reduction in the volume of water stored in the subsurface.

3D Geology

To increase the realism of the models, and to address the issues associated with bottoming out of
the groundwater levels, detailed subsurface geology was added to the simulations, replacing the
previous simple 20 m thick subsurface layer. This had a range of effects on the models but did not
offer great improvements in the RMSE or PPCs. Changes in PCC were generally improvements
in the more permeable catchments and but hindered performance in the less permeable Frome
and Creedy.

This addition did not have the desired effect of drawing groundwater levels away from the
surface however, indicating that the depth of the geology is less of a control on the simulations than
the use of the aquifer properties manual parameters. In the Allen and Foston Beck simulations,
this was likely to be due to the errant addition of low permeability geology into highly permeable
catchments, confining the more productive layers below or interbedding them with aquicludes.

3D Geology and Aquifer Properties Manual

The combination of detailed geology and the use of the aquifer properties manual was thought
to offer the greatest potential for setting up realistic and accurate uncalibrated catchments.
Statistically, this does appear more promising than using the detailed geology with the Standard
parameters (Tab. 14.2), however many of the PCCs are lower in this suite of simulations than
when the APM parameters are used with the Standard geology. This combination does solve
many of the instances of bottoming out, a significant drawback of the APM simulations.

There are still instances where the subsurface is fully saturated, however, and the groundwater
levels fluctuate at or very near the surface. This indicates that further work should include
sensitivity testing using hydraulic properties for bedrocks and soils other than those deemed
highly productive.

Comparing these runs to the APM suite of simulations also indicates those instances where
there may be errors in the 3D geology model - i.e. locations that are unsaturated in the APM
simulations but fully saturated when 3D geology is added. Examples include Henpit Hole, Kilham
PS, Langtoft and Tancred Pit Hole from the Foston Beck catchment (Fig. 14.5), all of which had
highly productive bedrock incorrectly replaced by a low productivity layer.

Model Resolution

It may be assumed that increasing the resolution of the simulation would increase the accuracy
of groundwater level estimations, however this could not be concluded here. Earlier studies have
also found that SHETRAN performance is not necessarily proportional to the model resolution
(Zhang, 2012). While the RMSEs of both of the 100 m resolution simulations were decreased
relative to the 1000 m simulations, they performed poorly in terms of PCCs. Modelling at
such high resolutions can be justified where the catchment area allows as it offers significant
improvements in NSE, with the higher resolution models unanimously outperforming the lower
resolution models. Furthermore, it is difficult to justify modelling catchments as small as Sydling
Water at the 1000 m scale, as demonstrated both statistically in Tables 28.3 & 28.4 and objectively
in Figure 14.6. The increased resolution also avoided instances where steep topographic gradients
between neighbouring cells caused the groundwater level to be dragged up or down to match its
neighbours.

Although not considered here, Lewis et al. (2018) report that Zhang (2012) found that
increasing the temporal resolution of rainfall data, and, to a lesser extent, the other drivers, has
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the potential to improve model performance. This enables the simulation of intense storm events
in the simulations, which are averaged into steady drizzle in the daily rainfall simulations. This
transition into higher resolution driving data is now possible with the recent publication of a
gridded hourly dataset for the UK (Blenkinsop et al., 2016).

The Developed Allen Catchment - Implications for Future Work

Until the simulations developing the Allen catchment took place, the majority of the automated
simulations were unable to provide suitable estimates of groundwater level and few of the alterations
in either model parameters or in the subsurface structure were able to offer improvement. The
subsequent runs of the Allen model used a greatly enlarged catchment so as to capture the
groundwater catchment, rather than just the surface water catchment as had been the case
with the national scale tests. Enlarging the catchment had a profound effect on the sensitivity
of the model to parameter changes and greatly improved the representation of groundwater
processes and levels. Once the catchment was extended, increasing the saturated conductivities
had the expected effect of dropping the groundwater levels in the upper regions and increasing
the responsiveness of the aquifer system. It is suggested therefore that the relatively simple
inclusion of groundwater catchments into SHETRAN-GB can yield significant improvements in
the performance of the model’s groundwater simulation. Increasing the size of the catchment did
increase the computational requirements, however the 20 year simulation at a 1 km resolution
with daily meteorological inputs only took around 30 minutes on a standard PC, and so is still
relatively quick.

However, one issue with increasing the catchment size was that, although the PCCs and RMSE
of the groundwater levels were improved, the NSE of the river flows decreased. Simply increasing
the catchment size, while still using the single unit, 20 m thick subsurface from the Standard
simulations, decreased the NSE from -1.89 to -9.13. Increasing the saturated conductivity did
improve the NSE somewhat, but only to -3.49, considerably lower than in the roughly equivalent
APM run, which scored an NSE of 0.55.

This decrease in flow simulation accuracy is likely to be due to differences in the representation
of rivers between the different sized models. SHETRAN-GB creates its own river network based
on the input DEM and a minimum elevation DEM, which states the minimum elevation within
each cell. The river network created for the simulations can be seen in Figure 15.1a. Both the
surface water and groundwater catchments have more channels in them than are present in reality,
however there are an even higher volume in the larger model. The figure shows a reasonable
representation of the River Frome in the west of the groundwater catchment, but also two rivers
that are less reasonable. The first wrapping around the north of the catchment and joining the
Allen in the east, and the second running along the south east of the catchment perpendicular
to the actual river flows of that area. This is because the default for the automated set up is
to force rivers into a single outlet, however this can be manually altered in order to direct the
anomalous rivers onto a more appropriate courses, or to remove them altogether. The deliberately
dense channel network in the groundwater catchment is to increase the stability of the simulation.
This desire for stability was to counteract the increase in saturated conductivity, which typically
decreases model stability and can causes simulation crashes. It is clear that using the groundwater
catchment is key to producing realistic groundwater levels but it indicates that there needs to
be further developments within SHETRAN-GB in designing appropriate river networks. It is
also possible to improve stability through other means (such as altering model time steps), which
would be a useful focus for future work.

Figure 15.1b shows groundwater contours for the Allen catchment. Blue contours are based on
observations (taken from Institute of Geological Sciences & Wessex Water Authority (1979)) and
brown contours show simulated groundwater levels for an autumn period considered representative
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(a) The river system as modelled by SHETRAN. The (b) Recorded (blue) and simulated (brown) groundwater
larger simulations that use the groundwater catchment contours showing the depth the groundwater level in
is in dark blue, the original simulations that use the the aquifer. Observed levels are taken from Institute of
surface water catchment are overlaid in red. Geological Sciences & Wessex Water Authority (1979).

Figure 15.1: Structure and groundwater contours of the developed Allen catchment. O indicates the
locations of the river outflow from the catchment; WM indicates the location of Wimborne Minster.

of the simulation. The observed groundwater contours show the groundwater levels dipping south
east, towards the sea, generally following the dip of the Chalk aquifer. At points a and b on the
map the contours bow to the north as they are transacted by the River Allen. This also happens
to a lesser degree for smaller streams around the catchment. The curved contours show that at
both a and b the Allen is a gaining river, gaining water from the subsurface. This is not captured
in the SHETRAN simulations, or at least not to the same degree, as the simulated contours run
largely parallel to the regional groundwater profile. This may indicate that the model does not
capture the connection between the groundwater and the river system at these points. This may
be due to the groundwater levels being too low to affect the streams, something that may improve
with calibration following the initial automated set up.

A recent MSc project at Newcastle University by Bence (2019) constructed a SHETRAN
model for the Allen using detailed 3D geology. This was manually constructed from 189 borehole
records using the BGS Groundhog software and then converted into a SHETRAN model using a
python script. This used the surface water catchment boundary used in original setups here. The
model was then calibrated and validated against groundwater and flow data to produce a mean
PCC and RMSE of 0.71 and 14.70 m and an NSE of around 0.74.

The addition of the detailed geology did not simulate groundwater levels as well as the simple,
extended automated setup discussed here, but it did greatly improve the simulation of river flows.
The model by Bence (2019) outperformed all of the initial automated setups that used the surface
water catchment. This demonstrates the potential performance benefits of integrating the 3D
geology data into the automated setup.

Further testing was done in which the model of Bence (2019) was combined within the
extended Allen model developed here, essentially wrapping the detailed geology of Bence (2019)
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with a simple, 40 m deep subsurface. This used parameters largely consistent with those of
this work. The model produced muted groundwater levels that did not fluctuate to the same
amplitude as found with the extended, simple model used here. RMSE and PCCs were also not
as good (Tab. 14.3), however the NSE was increased to -1.05. This indicates that geological
structure is important across the whole model domain, not just the regions containing calibration
data.

Boundary Conditions

At many of the borehole sites used in the case study simulations, the groundwater levels are
found to be too high, staying within the top one or two metres of the subsurface. One of the main
causes of this is the lack of boundary conditions in the automated setups. With no boundary
conditions at the edges or base of the models, water is only able to leave the catchments via the
single river outlets. In the Developed Allen example above, the Chalk at the southern edge of
the domain fills until it is in hydraulic connection with the river. This is likely to be the cause
of the very high water levels shown at High Hall, the borehole nearest the outlet (Fig. 14.8).
As SHETRAN-GB is being tested to see whether it is appropriate for use with the multisource
modelling system, this does pose a limitation in that it is over predicting emergence at the ground
surface.

Additional simulations were conducted using the initial river Allen models (1000 m grid size
with the surface water catchment) to demonstrate the effects of including subsurface boundary
conditions. This subsurface boundary condition was estimated using a simple water balance.
Monthly estimates of the catchment’s water loss via subsurface flows loss were calculated by
deducting catchment water losses via river flows from water input via effective rainfall. The base
flow boundary allowed water to flow from the base of permeable columns out of the model at the
specified monthly rate. Initial simulation groundwater levels were also decreased to 10 m below
the surface.

The results of these simulations can be seen in Figure 15.2. Dotted lines show decreased
groundwater levels for the Standard and APM simulations that are no longer constrained by
a fully saturated subsurface. While this improves the Standard simulations by allowing the
groundwater levels to drop away from the surface, deeper cells were required in many locations
to facilitate its use with the APM parameters. Combining subsurface boundary conditions with
the detailed BGS geology dataset did not show improvements due to its misrepresentation of the
subsurface.

The process of generating basic subsurface boundary conditions via construction of a water
balance is simple and could easily be automated for gauged catchments within the SHETRAN-GB
system. Spatially varying the base flow conditions according to the permeability of the columns,
as was done here, could also be easily added to the system. Performance may be further increased
through the introduction of lateral flow boundaries (allowing water to be added or removed
from the model edge) or by increasing simulation spinup times to increase the realism of initial
groundwater levels. One limitation with the basic water balance approach taken here is that no
groundwater is added to the system from potential groundwater inflows. This could be achieved,
at least to some degree, by modelling the extended groundwater catchment and therefore including
subsurface inputs directly from their point of recharge.

Groundwater Level Data

If the models set up here were to be developed further, one limitation would be the availability
of high-resolution groundwater level data. Of the 33 boreholes used in this study, only two
contain data at a resolution higher than monthly. While it has been possible to show that
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Figure 15.2: A comparison of groundwater levels for the Allen catchment with and without subsurface
boundary conditions. Grey solid lines show the observed groundwater level at the two bor