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Abstract

Robust numerical models are an essential tool for informing flood and water management
and policy around the world. Physically-based hydrological models have traditionally not
been used for such applications due to prohibitively large data, time and computational
resource requirements. Given recent advances in computing power and data availability, this
study creates, for the first time, a robust, physically-based hydrological modelling system
for Great Britain using the SHETRAN model and national datasets. Such a model has
several advantages over less complex systems. Firstly, compared with conceptual models, a
national physically-based model is more readily applicable to ungauged catchments, in which
hydrological predictions are also required. Secondly, the results of a physically-based system
may be more robust under changing conditions such as climate and land cover, as physical
processes and relationships are explicitly accounted for. Finally, a fully integrated surface
and subsurface model such as SHETRAN offers a wider range of applications compared
with simpler schemes, such as assessments of groundwater resources, sediment transport and

flooding from multiple sources.

In order to develop a national modelling system based on SHETRAN, a large array of
data for the whole of Great Britain and the period 1960-2006 has been integrated into a
framework that features a new, user-friendly graphical interface, which extracts and prepares
the data required for a SHETRAN simulation of any catchment in Great Britain. This has
vastly reduced the time it takes to set up and run a model from months to seconds. Structural
changes have also been incorporated into SHETRAN to better represent lakes, handle pits
in elevation data and accept gridded meteorological inputs. 306 catchments spanning Great
Britain were then modelled using this system. The standard configuration of this system
performs satisfactorily (NSE > 0.5) for 72% of catchments and well (NSE > 0.7) for 48%.
Many of the remaining 28% of catchments that performed relatively poorly (NSE < 0.5) are
located in the chalk in the south east of England. As such, the British Geological Survey
3D geology model for Great Britain (GB3D) has been incorporated for the first time in
any hydrological model to pave the way for improvements to be made to simulations of

catchments with important groundwater regimes. This coupling has involved development



of software to allow for easy incorporation of geological information into SHETRAN for any
model setup. The addition of more realistic subsurface representation following this approach
is shown to greatly improve model performance in areas dominated by groundwater processes.

The sensitivity of the modelling system to key inputs and parameters was tested, partic-
ularly with respect to the distribution and rates of rainfall and potential evapotranspiration.
As part of this, a new national dataset of gridded hourly rainfall was created by disag-
gregating the 5km UK Climate Projections 2009 (UKCP09) gridded daily rainfall product
with partially quality controlled hourly rain gauge data from over 1300 observation stations
across the country. Of the sensitivity tests undertaken, the largest improvements in model
performance were seen when this hourly gridded rainfall dataset was combined with poten-
tial evapotranspiration disaggregated to hourly intervals, with 61% of catchments showing
an increase in NSE as a result of more realistic sub-daily meteorological forcing. Addi-
tional sensitivity analysis revealed that the slight over-estimation of runoff using the initial
model configuration which has a median water balance bias of 5% was reduced in 62% of
catchments by increasing daily potential evapotranspiration rates by 5%. Similarly, model
performance was also found to improve by universally decreasing rainfall rates slightly, which
together indicate the possibility of slight under-estimation of potential evapotranspiration de-
rived from available data. In addition to extensive sensitivity testing, the national modelling
system for Great Britain has also been coupled with the UKCP09 spatial weather generator
to demonstrate the capability of the system to conduct climate change impact assessments.
A set of 100 simulations for each of 20 representative catchments across the country were
processed for a medium emissions scenario in the 2050s, in order to establish and demonstrate
the methodology for conducting such an assessment. The results of these initial simulations
suggest that higher potential evapotranspiration rates, combined with modest increases in
rainfall under this climate change projection, lead to a general decrease in mean annual river
flows. Changes in mean annual flow across the country vary between -26% to +8%, with
the biggest reductions in flow found in the south of England and modest increases in runoff
across Scotland.

This work represents a step-change in how the physically-based hydrological model SHETRAN
can be used. Not only has this project made SHETRAN much easier to use on its own, but
the model can now also be used in conjunction with external applications such as the UKCP09
spatial weather generator and GB3D. This means that the modelling system has great po-
tential to be used as a resource at national, regional and local scales in an array of different
applications, including climate change impact assessments, land cover change studies and

integrated assessments of groundwater and surface water resources.
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Chapter 1

Introduction

1.1 Water related challenges facing Great Britain

The scale of challenges in flood and water resource management facing the UK became abun-
dantly clear during the winter of 2013/2014, when extensive and damaging flooding occurred
in numerous parts of the country. A tidal surge on 5th December 2013 along the east coast
of England was followed closely by a number of severe weather and fluvial and groundwater
flooding events in subsequent months, which formed one of the wettest winters on record
(Department for Communities and Local Government, [2014). The professional services firm
PwC estimated that the insurance industry would face costs of up to £500M from the Decem-
ber 2013 and January 2014 weather events, with damage to the economy priced at £630M
(PricewaterhouseCoopers, [2014)). The UK government additionally pledged £560M to help
the recovery of communities and businesses, while also repairing damaged infrastructure and
flood defences (Department for Communities and Local Government, 2014). This example
begins to highlight the magnitude of financial costs, risks to welfare and the extent of dis-
ruption associated with large flooding events, which may indeed become more frequent in
the coming years as a result of climate change and continuing pressures from development
on floodplains (Pachauri et al., [2014; |Department for Communities and Local Government),
2009). The events of winter 2013/2014 also suggest the existence of vulnerabilities in cur-
rent flood risk management practices, as well as the need for tools allowing assessment of
broad-scale flood risk and options appraisal.

At the other extreme, droughts represent an additional challenge for water management
in the UK, as well as large parts of the world. |[Rahiz and New| (2013a)) project large and
widespread increases in drought characteristics for the 2050s and 2080s across the UK. Plan-
ning to cope with drought risks remains challenging, with unobserved extreme droughts

difficult to account for using existing tools and limited national-scale integration in drought
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plans. Water resources management strategies in the UK under more typical climatic con-
ditions is also demanding, not least because of the requirement to balance water use with
the needs of the environment under the European Union (EU) Water Framework Directive
(Water Framework Directive, |2000). This legislation sets out stringent objectives for the
ecological status of water bodies across the EU. Responsibility for implementation falls to
the Environment Agency (EA) in the UK, who must seek to balance the quantitative and
qualitative pressures on water bodies stemming from the requirements of water users with
ecological and chemical environmental objectives. This is not an insignificant challenge,
given existing pressures on resources in some regions of the UK, legacies from historically
unsustainable practices and the confounding influence of climate change. Robust tools are
needed to appropriately quantify these pressures and explore the implications of alternative
management strategies.

In the context of these issues, the focus of this research is on the development and eval-
uation of a robust and practically useful national hydrological modelling system for Great
Britain using the physically-based model SHETRAN (Ewen et al. 2000), which can ulti-
mately be used to assist in flood and water management. Such a modelling system opens
up new possibilities for quantifying multi-source flood risk, examining the potential effects
of climate change on flood and drought frequency, and assessing water resource manage-
ment options amongst other applications. In addition to practical significance for assisting in
decision-making, constructing a national physically-based modelling system also provides the
opportunity to explore prominent issues regarding the strengths and weaknesses of hydrolog-
ical models on the basis of a large sample of catchments (e.g. Beven|, 2001} 2012; |Paniconi and
Putti, 2015). This analysis can then feed back into evaluation of whether a national model
based on SHETRAN is likely to give robust simulations of runoff in ungauged catchments
and under changing conditions such as climate and land use change, which are questions of
tremendous scientific and practical interest.

A brief discussion of drivers for hydrological modelling and an introduction to different
modelling approaches are given below, in order to contextualise the aims and objectives of
the study that are outlined subsequently. The chapter then concludes with an overview of

the structure of the remainder of the thesis.

1.2 Why model?

Models are simplified descriptions or representations of systems or processes that may form
a basis for evaluating understanding, testing hypotheses and making calculations or predic-

tions (Refsgaard, 1996; Beven, 2012). These models may be perceptual (also referred to as
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conceptual), reflecting qualitative understanding of how phenomena are perceived to work by
scientists or engineers for example (Beven, |2012). There are also mathematical and numer-
ical models, which are formed by translating perceptual understanding of system operation
into equations intended to emulate observed empirical behaviour. Implicit or explicit percep-
tual models are of course integral to all areas of hydrology, but mathematical and numerical
models have also found many applications. For example, these models are regularly used
in flood management for purposes such as flood frequency estimation, prediction of hydro-
graph shape and peak flow rates for hydraulic structure design, and flood forecasting (e.g.
Cameron et al., [1999; Boughton and Droop, 2003} Kjeldsen, [2007; Bell and Moore, 1998)).
In addition, models are central to contemporary water resources planning and management,
in which water demand and supply considerations need to be carefully balanced against the
requirements of the environment (e.g. Arnold et al., |[1998; Loucks et al., 2005; |[Shepley et al.|
2012). The potential impacts of climate change on important features of the hydrological
cycle are also commonly assessed using numerical modelling, which forms a useful tool to
help support mitigation and adaptation planning (e.g. |Arnell, [1999; |Vorosmarty et al. [2000;
Christensen et al| 2004; Prudhomme et al., 2013]).

The applications listed above are but a few examples of how hydrological models are used
in research and practice. The extensive use of these models in various contexts stems from the
simple fact that it is not possible to measure all quantities of interest for supporting important
decision-making processes or indeed advancing scientific understanding in hydrology (Beven,
2012)). As Beven| notes, measurement limitations mean that key decisions in fields such
as flood protection and water resources planning require means of extrapolating in space
and time from available observations. This is particularly critical where observations of
hydrological systems are very limited or absent, such as in ungauged catchments where
historical data for characterising flow regimes do not exist. The absence of such data therefore
presents a particularly significant challenge to effective management of water resources and
hazards in the large areas of the world that are poorly instrumented with respect to key
hydrological state variables and fluxes (Sivapalan, 2003)). The importance of this challenge
is compounded by the numerous pressures and factors affecting water resources and hazards
in many regions (e.g. Vorosmarty et al., 2000). In many catchments, both gauged and
ungauged, it is of great practical significance to assess possible future hydrological impacts
arising from changes in land use or climate, for which no data are available but consequences
for societies and environments around the world may be profound (e.g. Bates et all [2008}

Jimenez Cisneros et al., 2014).

In addition to using modelling as a tool for scientific and practical applications in indi-

vidual catchments, there are also a number of reasons for developing hydrological models



that can be applied at regional or national scales. In terms of advancing science, an im-
portant driver for modelling large areas containing multiple catchments is the usefulness of
comparative approaches in hydrology, which has been recognised during the recent decade
of Prediction in Ungauged Basins (Hrachowitz et al., 2013). Simultaneously investigating
multiple catchments forms a means of learning about hydrological processes and the reasons
for variation in catchment behaviour. Modelling samples of catchments forms a useful part
of this, as well as highlighting possible deficiencies in data, model structure, parameters or
indeed process understanding (Henriksen et al., [2003). In addition, national-scale modelling
can aid practical flood and water management in various ways. Near-term flood forecasting
is one example of this, but a robust model can also assist in planning and decision-making
over the longer-term. This can be through the ability to assess various issues, such as the
potential effects of scenarios of climatic and land use change on water resources and flood
risk. A national-scale model also represents a consistent way to quantify water resource avail-
ability, as well as test and evaluate the implications of different water resource management
strategies with respect to both demand/supply management and environmental sustainabil-
ity. Large-scale flood risk assessments are also possible with national-scale models (Hall et al.
2003), and flooding from various sources (such as fluvial and groundwater sources) can be

assessed at the same time if an appropriate model structure is applied (see discussion below).

1.3 Which model?

The broad spectrum of hydrological models that can be used in various applications can
generally be categorised into three overarching classes on the basis of model structure and
process representation. The first class of models, empirical models, are based on mathemati-
cal relationships between hydrological system inputs and outputs derived solely on the basis
of measurements, rather than physical catchment processes (Zhang, 2007; Pechlivanidis et al.,
2011). Examples of this class include ARMA (autoregressive moving average) models (Box
and Jenkins, 1976), as well as data-driven modelling (DDM) approaches such as artificial
neural networks (ANN) (see |[Dawson and Wilby, |2001). In contrast, the second class of hy-
drological models consider more explicitly important catchment processes, albeit in simplified
ways. Models of this nature, often known as conceptual models, are both widely used and
varied, including codes such as the Stanford Watershed Model (Crawford and Linsleyl, (1966),
HBV (Bergstrom et al., [1995) and TOPMODEL (Beven et al.| [1995). Conceptual models
typically attempt to represent dominant catchment processes through use of connected reser-
voirs, utilising mathematical functions to relate storage and flux terms (Beven, 2012). Yet

the final class of models, physically-based models, attempt to adopt a higher level of realism
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through their basis in equations that are considered to best describe the operation of physical
catchment processes. These models typically attempt to solve differential equations based on
conservation of mass, energy and momentum governing processes such as channel, overland
and subsurface flow, often following from the blueprint put forward by |Freeze and Harlan

(1969).

This categorisation of model types of course simplifies the complexity and variation found
across the spectrum of hydrological models, as discussed further in Chapter 2. The impor-
tant point to note here is rather that different types of models are likely to have contrasting
domains of applicability, which is highly relevant to selection of a model for investigating
issues pertaining to ungauged catchments and non-stationary conditions, as explored in this
research. For example, conceptual models are often sufficiently flexible that good model
performance in relation to observed data can be obtained through calibration of parameters
(Beven, 2012). This potential for accurate simulation of runoff has led to their application in
many practical contexts, as exemplified by the conceptual Grid-To-Grid (G2G) model devel-
oped in the UK (Bell et al., [2007a). This model is used for operational flood forecasting in
the UK (Price et al., [2012)) and has also been applied in climate change impact studies using
Regional Climate Model (RCM) projections (Bell et al. 2007a,b)). However, the application
of stores and functions parameterised to replicate observed behaviour in conceptual models
may not represent physical catchment processes, potentially limiting the reliability of their
predictions outside of the limits used in calibration, given the high dependency on data to
determine model parameters (Beven, 2012). Physically-based models should theoretically be
more reliable in applications such as predicting runoff in ungauged basins or under climate
change, although potential limitations to our ability to prescribe equations for physical pro-
cesses at the model element scale and estimating suitable parameters exist (Beven, 2001)).
There are ongoing debates surrounding issues such as these (e.g. Refsgaard et al., 2010; [Ewen
et al., |2012; Refsgaard et al., [2012), while high input data requirements, computational ex-
pense and often lower absolute accuracy make physically-based models more challenging to

apply in some practical respects.

As the ability to predict flows in ungauged basins and under climatic and land use change
are important aims for this research, the physically-based hydrological model SHETRAN is
used as the basis for the new national modelling system for Great Britain reported here. The
issues surrounding this type of model compared with other options are explored more fully in
the literature review (Chapter 2), but in summary it is argued that using SHETRAN fits well
with the aims of the research outlined in more detail below, while additionally complementing
previous work. Conceptual models for the UK have already been developed (such as G2G
mentioned above (Bell et al| 2007a))), but application of fully integrated physically-based
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models to large numbers of catchments remains a relatively unexplored area, particularly for
the UK. This approach therefore opens up possibilities to investigate a number of interesting
questions using a reasonable sample size and comparative approach, for example regarding
the degree of calibration required for physically-based models and the transferability of pa-
rameters in space and time. These issues impinge on both theoretical debates regarding the
physicality of physically-based models, as well as more practical considerations such as the
reliability of this category of models for making useful predictions for water management.
Indeed, utilising an integrated surface-subsurface model such as SHETRAN paves the way
for applications that are unachievable using existing national models for the UK, such as

national-scale multi-source flood risk assessment.

1.4 Aims and objectives

The aim of this research therefore is to set up a national physically based hydrological model
using SHETRAN (SHETRAN for GB) and to test its capacity for providing robust results,
that can be used to model flood and drought frequencies, in gauged and ungauged catchments,
both now and under future climate change.

The main objectives are to:
e Collate and process national, freely available datasets required for use in SHETRAN
e Develop software to automate the set up of robustly parameterised catchment models

e Develop a gridded hourly rainfall data product for use with the national modelling

system to provide higher resolution information
e Assess the uncalibrated performance of the national modelling system
e Assess the robustness and sensitivity of the system to meteorological inputs
e Relate model performance to catchment characteristics

e Make structural improvements to both SHETRAN and the national datasets where

required
e Couple the national SHETRAN system to the UKCP09 spatial weather generator

e Develop a methodology for a national climate change impact assessment using SHETRAN

and the weather generator.



1.5 Thesis outline

Chapter 2 reviews literature relating to types of hydrological models, their uses and the
argument for physically based modelling. This leads to an outline of the SHETRAN
hydrological model and its applications. A discussion of other national modelling sys-
tems follows and then this work is put into the context of predictions in ungauged

basins.

Chapter 3 describes the data collated and processing methods for the SHETRAN for
GB system. The software that has been developed as part of this work is presented and
the underlying algorithms are explained. The general climatology and physiography of

the country are also briefly described.

Chapter 4 outlines the creation of a gridded hourly rainfall product. A description of
the sub-daily rainfall data and quality control procedures are presented, including a
comparison of the hourly records to daily rainfall data. The disaggregation method is
described and limitations are discussed. A brief analysis of the quality of the resulting

dataset is presented.

Chapter 5 presents the results of the initial simulations from the modelling system. A
number of structural changes are made based on these results and a standard version
of the system is reviewed. A series of sensitivity tests to universal model parameters
such as the roughness coefficient, rainfall and evaporation rates, temporal rainfall dis-
tributions and the inclusion of the hourly rainfall dataset described in Chapter 3. The

model performance is then related to catchment characteristics.

Chapter 6 details a methodology for linking SHETRAN for GB to the UKCP09 spatial
weather generator and conducting a climate change impact assessment. Metrics for

analysis and some initial results are presented.

Chapter 7 addresses the representation of geology in the national modelling system. The
BGS national 3D geological model and other datasets are incorporated into SHETRAN

and the importance of accurate geological information is discussed.

Finally, the main conclusions are presented, limitations of the study are discussed and

possible future work is suggested.






Chapter 2

Literature Review

2.1 Structure of literature review

From the discussion above it begins to become apparent that making reliable, ro-
bust and realistic hydrological predictions in ungauged catchments and/or under non-
stationary conditions is a central focus and challenge in hydrology (e.g. Klemes, 1986;
Sivapalan), 2003 |Gupta et al., 2014)). This review aims to explore this challenge through
considering a number of its dimensions. Firstly, a brief overview of different types of
hydrological models and their relative advantages and disadvantages is given. The
purpose of this is to help identify the properties of hydrological models that may be
required to make predictions in the cases of interest. On the basis of these consider-
ations, the hydrological model selected for this study, SHETRAN, is then discussed.
Other national modelling frameworks are described and the broader topic of prediction
in ungauged basins is discussed. It should be noted that literature related to climate
change impact assessment is presented in Chapter 6, as this in an exemplar application

of the modelling system rather than a key focus of this study.

2.2 Hydrological model classification

Several classifications have been proposed for the substantial and varied range of hy-
drological models in existence (e.g. |O’Connell, [1991; Wheater et al., [1993; [Singh| [1995;
Refsgaard, [1996). These classifications typically differentiate between models on the
basis of at least three key attributes: whether or not the model is deterministic or

stochastic; how space is discretised; and how hydrological processes are represented or
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described (Refsgaard, 1996 Beven, 2012). These attributes and common relationships
between them form the basis of discussion in this section. However, it should be noted
that it is also possible to classify hydrological models based on other features, such as

their treatment of time (e.g. event-based or continuous simulation).

2.2.1 Deterministic and stochastic models

As noted above, hydrological models can be differentiated based on whether they are
deterministic or stochastic. A model may be considered deterministic if it consistently
produces a single, identical set of output variables for a given set of inputs, parameter
values and boundary conditions (Beven, 2012). This means that a given input will
always result in the same output if other aspects of the model are held constant; model
outputs are therefore entirely determined by specified and constant relationships be-
tween inputs and states. In contrast, stochastic models may produce multiple outputs
for a given set of inputs by incorporating a random element into some aspect of the
model or its inputs. This approach is often used in recognition of uncertainties in in-
puts, parameter values or boundary conditions, with the result that a distribution of
outputs may be obtained for a single set of inputs (Beven, [2012). However, the dis-
tinction between deterministic models and stochastic models is not always simple. For
example, Beven| (2012)) notes that there are examples where stochastic error models are
coupled with outputs from deterministic hydrological models. This point is illustrated
by the method described in Montanari and Koutsoyiannis| (2012)), in which stochastic
perturbation of the inputs, parameters and outputs from a deterministic model is con-
ducted to obtain a probability distribution and so assess uncertainty in model results.
It may also be noted that there are models performing deterministic predictions but
using probability density functions of state variables (e.g. PDM Moore, 2007). This
leads Beven (2012) to suggest that if model output variables have some variance (at a
given time step in the case of continuous simulation) then they could be classified as
stochastic, whereas if outputs adopt a single value then the model may be considered

deterministic.

2.2.2 Spatial discretisation

In addition to the distinction between deterministic and stochastic approaches, hydro-
logical models may be further classified on the basis of the mode of spatial discretisation

utilised. Two key approaches to the treatment of space are often identified. Lumped
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models treat the entire catchment as a homogeneous entity, with no explicit repre-
sentation of spatial variation in catchment structure, properties, processes, boundary
conditions or inputs (Singh) [1995). State variables such as subsurface storage thus
effectively represent averages over the catchment area (Beven| 2012)). Conversely, dis-
tributed models divide the whole catchment into a finite number of elements, which
may be assigned different properties and so exhibit contrasting hydrological responses
to forcing inputs. In this case equations for state variables are solved for each element,
with the resulting states representing local averages. The implication of this is that
distributed models are able to account more explicitly for spatial variation in catch-
ment hydrology and its implications for key processes. This feature is conceptually
attractive; it seems intuitively more realistic than representing visibly heterogeneous

catchments as spatially homogeneous.

However, there are several complications here, which are related to both theoretical and
practical issues. For example, a number of questions have been posed concerning scale
issues in distributed models, such as how to identify appropriate parameter values at the
element scale or reconcile differences between the scale of variation of processes and the
element scale required for computational feasibility (Beven, 2012). Furthermore, using
common model performance metrics for evaluating the degree of fit between observed
and modelled variables for a historical simulation, it is not necessarily the case that
distributed models produce more accurate results than lumped models. Issues such as

these are considered in more detail shortly.

It should also be noted that another form of spatial discretisation may be identified in
between the two extremes of lumped and distributed models. Semi-distributed mod-
els are based on modelling multiple discrete sub-catchments, sometimes referred to as
hydrological response units (HRUs) (Beven, 2012)). These sub-catchments are typi-
cally represented as homogenous units based on some metric of hydrological similarity,
though clearly they will differ from each other and so provide some level of spatial
heterogeneity compared with lumped models. This approach has been suggested to
represent a compromise between the computational efficiency of lumped models and
the explicit representation of important spatial variability of models employing a fully
distributed spatial discretisation (Orellana et al., 2008)).
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2.2.3 Model structure and process representation
Empirical models

One group of hydrological models that may be identified on the basis of model struc-
ture and process representation are empirical models. These models are essentially
based on mathematical relationships between hydrological system inputs and outputs,
which are derived solely on the basis of measurements and typically without detailed
consideration of physical catchment processes (Zhang, 2007; Pechlivanidis et al., 2011]).
This means that empirical models generally rely on the availability of observation data
to characterise the behaviour of a hydrological system (Wheater et al., [1993)). This
class of models could be considered to include a broad range of methods, such as trans-
fer functions, which form the basis of the unit hydrograph and its variants (Sherman,
1932; Beven), [2012) or the data-based mechanistic method applied by e.g. [Young and
Beven (1994). This latter approach attempts to limit prior assumptions about the
model structure, which is then identified from the available system input/output data
and considered valid only if it is mechanistically plausible. Time series models such as
autoregressive moving average (ARMA) methods (Box and Jenkins, 1976) could also
be considered as part of the class of empirical models, as well as other data-driven
modelling (DDM) approaches such as artificial neural networks (ANN) (see Dawson
and Wilby, [2001)). In ANN;, a learning set of data is used to train weighting functions

in a network of connected nodes relating system inputs and outputs.

Empirical models are therefore essentially based on induction from available data and
may provide useful tools for the hydrologist in various applications. Yet in the cases
of particular interest in this project (predictions in ungauged catchments and under
changing conditions), empirical models may not be a reliable tool. Firstly, if observa-
tion data are not available then estimating the parameters and/or form of empirical
models may be difficult. Secondly, as empirical models depend on historical data, fu-
ture alterations to hydrological processes arising from changes in climate or land use
may result in deviations from historical behaviour that are not easily accounted for in
models conditioned so heavily on past events. However, in some cases it has been possi-
ble to use this class of models in certain applications despite the absence of site-specific
data. For example, in some regions, statistical relationships have been derived between
catchment descriptors and unit hydrograph parameters. These relationships allow for
estimation of flood hydrographs in ungauged catchments through regionalisation, such
as in the rainfall-runoff models in the UK’s Flood Studies Report (FSR; NERC, 1975)
and Flood Estimation Handbook (FEH; Institute of Hydrology| [1999). The potential
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for applying ANN to predict flood statistics or index floods in ungauged catchments
with comparable performance to FEH methods has also been demonstrated by |Dawson
et al. (2006) for example, although limitations of the large dependency on data avail-
ability for training have been recognised. The use of regionalisation in methods such as
these will be discussed further shortly, but it should be noted at this stage that in gen-
eral empirical methods are intrinsically limited by their limited physical underpinning,
which is problematic when attempting to account for changing hydrological processes
and estimate the range of quantities of interest desired for practical water management

under current and future conditions.

Conceptual models

In contrast to purely data-driven empirical modelling, conceptual models typically at-
tempt to represent dominant hydrological processes understood to be significant in
modulating system input-output relationships at the catchment-scale (Wheater, [2002).
Conceptual models are often considered to have the feature that model structure is
specified a priori (Wheater et al., [1993)), in contrast to some of the data-based mecha-
nistic modelling described above for example. The specification of model structure is
subjective, drawing on the perceptual model of a catchment(s) and so the experience of
the hydrologist (Beven, 2012). Although there is a large range of structures used in dif-
ferent conceptual models, these are usually formed from a series of connected reservoirs
or stores (Pechlivanidis et al., 2011; Beven, [2012). Mathematical functions are defined
to relate the storage and flux terms associated with these reservoirs. Some models may
use a small number of reservoirs or stores, whereas others may implement much more
complex structures. However, the schematic representation of hydrological processes
in this way means that the parameters of conceptual models do not all have physical
meaning (Wheater et al., [1993)). This means that at least some of the parameters are
not directly measurable, such that they have to be estimated through the process of

calibration against observed data (Pechlivanidis et al.| 2011; Beven|, 2012).

It is often the case that conceptual models adopt a lumped spatial discretisation. As
discussed above, this means that spatial variation and heterogeneity is not explicitly ac-
counted for. Rather, computed state variables are in effect catchment averages. Perhaps
the earliest example of this type of lumped conceptual model is the Stanford Watershed
Model (SWM, [Crawford and Linsley, 1966). This model simulates a number of com-
monly important hydrological processes in a simplified manner. For example, effective

rainfall is apportioned to several subsurface stores, with linear and nonlinear reservoirs
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used to simulate interflow and active groundwater respectively. Since the development
of SWM, many more lumped-parameter conceptual models have been developed, in-
cluding the Sacremento Soil Moisture Accounting Model (SAC-SMA, |Burnash et al.,
1973)), the TANK model (Sugawara et al., [1983), the APIC model (Sittner et al.,|1969),
the SSARR model (Rockwood et al., 1972) and the Probability Distributed Model
(PDM, Moore, [2007)) amongst others. The latter model, PDM, exemplifies a set of con-
ceptual models that utilise a probability distribution function of absorption capacity
(or soil moisture) to attempt to implicitly account for spatial variation in catchment soil
moisture levels and its controlling effect on saturation excess runoff generation. This
model has been used in a number of hydrological applications, such as for deriving flood

frequency curves through conducting long model runs (e.g. Lamb, [1999)).

However, there are also examples of conceptual models adopting semi-distributed or
fully distributed modes of spatial discretisation. One example of this is the ARNO
model developed by Todini (1996), which also uses a probability distribution function
of soil moisture but additionally allows for division of a catchment into sub-catchments
that contribute to the overall rainfall-runoff response. HBV is another example of a
semi-distributed conceptual model that has been applied in a wide range of contexts
(Bergstrom et al., [1995; (Gotzinger and Bardossy, 2007; |Seibert, [2003; [Seibert and Mc-
Donnell, [2010). In addition, the PDM has also been applied in more distributed forms.
As Beven| (2012)) notes, concepts underpinning PDM have been applied in the Grid
Model described by Bell and Moore| (1998)) and more recently implemented in the dis-
tributed Grid-To-Grid (G2G) model (Bell et al., 2007a). The G2G model is used for
operational flood forecasting in the UK using inputs from the Met Office Global and
Regional Ensemble Prediction System Forecasts (MOGREPS, Beven, 2012). G2G has
also been used in conjunction with radar rainfall for the purpose of real-time forecast-
ing (Cole and Moore, 2008). Future climate projections for the UK from a 25 km
Regional Climate Model (RCM) have also been assessed using the G2G model (Bell
et al., 2007alb). TOPMODEL (Beven and Kirkbyl, [1979) is another popular conceptual
model that makes use of topographical data and a minimal parameter set, which can

be used to evaluate spatial patterns of results, without being a fully distributed model.

One of the general advantages of conceptual models is that there is often sufficient
flexibility arising from their mathematical structure and parameters to obtain good
model performance in relation to observed data (Beven| 2012). Additionally, conceptual
models may also be considered to have relatively modest data requirements, as well as
the option to adapt the complexity of a conceptual model according to the level of data

available (Wheater, 2002). This class of hydrological models are also often fairly simple
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and rapid to set up and apply. This means that they currently have many applications,
providing an important tool for decision-making in areas such as flood forecasting and

management as mentioned above.

However, although conceptual models may reproduce historical catchment behaviour
with some reference to key processes perceived to be important, this class of models may
not exhibit a large degree of fidelity with respect to physical catchment processes. The
application of stores and functions parameterised to replicate observed behaviour, as
opposed to physical relations governing hydrological processes, means that conceptual
models are subject to some of the same limitations as empirical models. For example,
predictions outside of the limits used in calibration may be questionable, given the
high dependency on data to determine model parameters (Beven), |2012). This is poten-
tially an issue for investigations of possibly unobserved hydrological extremes, which
may need to be taken into account in water resources and flood management. In ad-
dition, omission of physical relationships and incorporation of parameters with limited
physical meaning result in difficulties applying conceptual models under conditions of
changing climate or land use. This is because parameters calibrated based on historical
observations may not be robust under future conditions, particularly when those pa-
rameters are not easily related to physical catchment properties. Indeed, identifying the
most representative parameters is not a simple task even for historical periods in many
cases, given the limited information content of available data, which may be a partic-
ular problem for conceptual models with high-dimensional parameter spaces (Beven,
2012). Finally, reliance on observed data again raises issues of how conceptual models
could be used to predict runoff in ungauged catchments. Some possible solutions for

this last problem have been attempted, which will be discussed shortly.

Physically based models

Physically based hydrological models differ from empirical or conceptual approaches
in that they adopt an ostensibly higher level of physical realism by explicitly solv-
ing equations describing the operation of catchment processes. This class of models
typically follows from |Freeze and Harlan (1969))’s seminal blueprint paper, in which
equations characterising surface and subsurface processes are described and linked to
form an integrated model of the hydrological cycle. These nonlinear partial differential
equations describe processes of infiltration, overland flow, unsaturated and saturated
subsurface flow on the basis of continuity of mass and momentum. The equations are

typically solved using numerical methods such as finite difference or finite element ap-
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proximations (Beven|, 2012). These methods are often applied in conjunction with a
fully distributed spatial discretisation in two or three dimensions, with the catchment
discretised into a grid of elements for which hydrological processes are resolved. The
physical nature of the equations employed is often suggested to mean that in theory
their parameters are measurable, thereby allowing incorporation of realistic variabil-
ity in catchment properties into model simulations in principle (Beven and O’Connell,
1982)).

A number of different modelling programs have been developed since the elucidation of
this blueprint for physically based spatially distributed (PBSD) hydrological models.
One such early realisation of this approach is in the Systeme Hydrologique Europeen
(SHE) modelling system developed by the British Institute of Hydrology, the Danish
Hydraulic Institute and the French company SOGREAH (Abbott et al., [1986)). The
modules comprising SHE reflect the guiding principles outlined by [Freeze and Harlan
(1969) of formulating and solving equations based on conservation of mass, momentum
and energy. For example, diffusion wave approximations to the St Venant equations are
used to simulate overland and channel flow, with unsaturated and saturated zone flows
modelled using the one-dimensional Richards equation and two-dimensional Boussinesq
equation respectively (Abbott et al., [1986). The significant input data and parameter
specification requirements implied by this formulation were recognised during the design
of SHE, such that flexibility through a modular structure was incorporated so that
simpler calculation methods could be employed in the absence of sufficient data to
justify more sophisticated approaches. This is reflected in the options for calculating
evapotranspiration, where three calculation modes are available in view of practical
difficulties in constraining all terms in the Penman-Monteith equation. Similarly, the
option to use a degree day approach to snowmelt modelling was included, given that

sufficient data are not consistently available for use of the full energy balance approach.

The SHE project has branched into two main strands, namely MIKE SHE (Refsgaard
and Storm, 1995) and SHETRAN (Ewen et al., [2012). These models represent ad-
vancements over the SHE formulation through the inclusion of fully three-dimensional
subsurface components, as well as addition of sediment transport and water quality
modules. A description and review of SHETRAN the model used in this research is
given below but it is worth noting that several other physically based modelling codes
have been developed in addition to SHE and its derivatives. These models include
the Institute of Hydrology Distributed Model (IHDM) (Beven et al. [1987), in which
discretised hillslope planes provide a flexible representation of subsurface flow. The

rationale for this approach is that, when compared with using square grid elements of
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the size typically employed in SHE, it may more accurately represent processes related
to topographic convergence and divergence, such as expansion and contraction of areas

of saturation and surface flow close to channels (Beven et al.| [1987)).

Other examples of physically based models include THALES (Grayson et al., [1992]),
GSSHA (Downer and Ogden, 2004)), WASIM-ETH (Schulla and Jasper|, 2015) and Hy-
droGeoSphere (Therrien et al., [2010; [Brunner and Simmons, [2012). The latter model
is one of the most recently developed physically based hydrological models. It uses a
finite element approach to simultaneously solve the Richards equation describing three-
dimensional variably saturated subsurface flow and a diffusion wave approximation to
the St Venant equation for two-dimensional surface flows. This approach could be
considered as one of the most fully integrated ways for physically based catchment sim-
ulation, but notably it is still fundamentally rooted in the seminal blueprint described
earlier (Freeze and Harlan| 1969; Brunner and Simmons, 2012). This is the case for the
majority of physically based models, which tend to differ more in their approaches to
spatial discretisation and methods of solution rather than their underlying principles
(Beven, |2012).

Physically based spatially distributed models have been applied in a range of studies
of hydrological processes, climate change and land use change, as well as in some prac-
tical water management applications. For example, Goderniaux et al. (2009)) utilised
HydroGeoSphere for fully integrated modelling of surface and subsurface processes in
the Geer basin, a catchment underlain by a Chalk aquifer in eastern Belgium. Sat-
isfactory simulation of both stream flows and groundwater heads was obtained, with
the authors finding that the integrated modelling approach and spatially explicit rep-
resentation of evapotranspiration contribute to sound physical realism in the model.
The calibrated model was then used for assessment of potential climate change impacts
using downscaled and bias-corrected regional climate model (RCM) outputs from a
medium-high emissions scenario. These projections indicated potential reductions in
groundwater heads of up to 8m and decreases in stream flow of between 9 and 33%
in this catchment by 2080. In terms of applications in water management, Refsgaard
et al| (2010)) note how MIKE SHE has been utilised in studies of impacts of different
operational strategies for the Gabcikovo hydropower scheme on the Danube, including
interactions between stream flows, sediment processes, aquifer chemistry and contam-
ination. |Refsgaard et al. (2010)) also describe how MIKE SHE has been utilised to
support management of flood risk, water resources and environmental sustainability in
the South Florida Water Management District. Other examples of physically based

models being applied in national-scale modelling are discussed below.
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The combination of a basis in physical process descriptions and an ability to account for
catchment heterogeneity therefore makes physically based models conceptually attrac-
tive for numerous applications, such as modelling ungauged catchments or basins under
non-stationary climatic or land use changes (Beven and O’Connell, [1982)). However,
a number of critiques of physically based spatially distributed models have emerged
over time (most recently [Paniconi and Putti (2015)), particularly following from [Beven
(1989). These critiques are neatly characterised by |Beven| (1999a)), who identifies prob-
lems of nonlinearity, scale, equifinality, uniqueness and uncertainty in physically based
distributed hydrological modelling. The first issue, nonlinearity, is related to the fact
that the dynamics of nonlinear systems do not average in a simple manner and extremes
exert a large influence on overall system response. Beven| connects this issue with the
problem of scale through the argument that certain equations typically used in phys-
ically based models particularly the nonlinear Richards equation are not necessarily
applicable at feasible grid resolutions in spatially distributed catchment modelling. In
conjunction with local heterogeneity meaning it is difficult to estimate parameters of
the equations at the scale of a model element, the nonlinearity of the Richards equation
means that applying it for a model element would not be consistent with integrating the
Richards equation applied more locally. Beven|additionally notes that sub-grid hetero-
geneities also arise from complicated factors such as preferential flow pathways, which
are not the focus of the Richards equation and particularly difficult to parameterise at

the model element scale.

What Beven! terms problems of uniqueness of place and equifinality are connected to
the issue of differentiating between multiple model structures and parameter sets that
provide similar levels of performance in simulating catchment behaviour. Given the
complexities of real catchments and the limitations of current theories for quantitatively
describing all of their nuances, Beven| argues that identifying a single optimal model
structure for most catchments is very difficult. This is closely related to the fact that
insufficient data are typically available to identify a unique optimal parameter set for
any particular model, an observation stemming from earlier work by |Duan et al.| (1992])
and Beven| (1993)) on simulating catchment discharge using multiple parameter sets. As
Beven (2001]) notes, this issue is particularly relevant for distributed models, which can
in theory have very high numbers of parameters that can vary between model grid cells,
and it is often the interaction between parameters that determines the performance
of a simulation. Both of the problems of specifying optimal model structures and
parameter set are further complicated by limitations in the availability of sufficient

input and validation data, the errors in which are often difficult to fully quantify. All
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of these issues in combination lead Beven| (2001)) to suggest that uncertainty analysis
is an integral part of hydrological modelling, in order to display more faithfully the

limitations of model results.

The arguments put forward by Beven| highlight some of the potential issues with phys-
ically based spatially distributed models, as well as key problems and uncertainties in
hydrological modelling more generally. It is of course important to note that, while
issues of nonlinearity and scale may indeed be associated with models that have their
origins in [Freeze and Harlan| (1969)’s blueprint, other categories of hydrological models
are rooted in mathematics that also only approximates catchment functioning, albeit
with typically less of a basis in understanding of physical processes. It is also certainly
the case that unique model structures and parameter sets cannot necessarily be iden-
tified for conceptual or empirical hydrological models, such that these issues are not
only relevant for physically based distributed models. In addition, there are many ex-
amples of successful use of physically based models in simulating catchment behaviour
and investigating different practical problems, some of which have been detailed above
and others pertaining to national modelling systems are given below. This does not
diminish some of the issues raised by |Beven| of course, but it does show that physi-
cally based models in their current form are able to add value in water management
problems, although their limitations need to be clearly acknowledged. For investigating
particular problems, such as nonstationary climatic or land use conditions, physically
based models are therefore considered to still provide the best option, as they are more
likely to provide physically plausible behaviour under different forcings compared with

conceptual or empirical models.

2.3 SHETRAN

The physically-based spatially-distributed hydrological modelling system employed in
this research is SHETRAN, which has its origins in the Systeme Hydrologique Europeen
(SHE) model developed by the British Institute of Hydrology, the Danish Hydraulic
Institute and the French company SOGREAH (Abbott et al., [1986; Ewen et al., 2012).
As discussed earlier, the foundations of SHE were strongly influenced by [Freeze and
Harlan| (1969)’s blueprint, with these principles taken further and additional processes
incorporated during the development of SHETRAN, along with some divergences in ap-
proach. This development process was partly funded by United Kingdom Nirex Limited

for the practical purpose of assessing the safety of a proposed deep underground repos-
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itory for radioactive wastes (Ewen et al., |2012)). For this assessment a model capable
of analysing transport of radionuclides in surface and shallow subsurface hydrological
systems was required. This led to the current form of SHETRAN, in which finite dif-
ference approximations are used to solve equations describing fully three-dimensional
coupled surface/subsurface water flow and transport of sediments and reactive solutes.
Given the context of its development, it is unsurprising then that a significant strength
of SHETRAN is its detailed treatment of the subsurface as a variably saturated porous

medium and the direct coupling of surface and subsurface flow and transport.

The sediment and solute transport capabilities of SHETRAN are not explored in this
project, but of course the modelling system developed here could provide a starting
point for rapid setup of catchments for investigations of these processes. Focussing in-
stead on the water flow component, however, SHETRAN includes processes of canopy
interception of rainfall, evapotranspiration, infiltration, surface runoff (overland, chan-
nelised and overbank), snowpack formation and melting, storage and flow in the variably
saturated subsurface, flows between surface and subsurface water bodies and ground-
water seepage discharge (Ewen et al., |2012)). Human influences on catchments are also
accounted for, as SHETRAN can incorporate river and groundwater abstractions, flow
augmentation schemes and irrigation. Subsurface flow is based on equations for vari-
ably saturated flow, which accounts for variations in hydraulic conductivity and storage
properties as functions of saturation. Overland and channelised flow are simulated us-
ing a diffusion approximation to the Saint-Venant equations in two and one dimensions
respectively. Evapotranspiration may be represented using the Penman-Monteith for-
mulation or as a fraction of externally supplied potential evapotranspiration, while
snowmelt can be simulated using either a temperature-index or energy balance ap-

proach.

Uses and application of SHETRAN beyond supporting the Nirex work described above
are many and diverse. For example, Bovolo and Bathurst| (2012) used SHETRAN
to determine the magnitude of shallow landslides as a function of rainfall return pe-
riod, while [Parkin et al. (2007) investigated the impact of groundwater abstractions
on stream flow and use SHETRAN to generate a suite of hypothetical groundwater
abstraction impact realisations. In addition, temperature is demonstrated to be a use-
ful tracer of flow pathways using a calibrated SHETRAN model in Birkinshaw and
Webb| (2010|), whereas |Birkinshaw et al.| (2011) used SHETRAN to demonstrate the
impact of deforestation on peak flows and sediment yield in central-southern Chile.
SHETRAN was also found to be suitable for real-time flow forecasting in Mellor et al.
(2000). SHETRAN has additionally been used to study nitrate transport (Koo and
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O’Connell, [2006), groundwater contaminants (Ewen) 1990) and the impact of climate
change on Atlantic salmon (Walsh and Kilsby, 2007) amongst other issues. However,
it is of note that many of these studies are generally focussed on modelling individual
catchments. Simultaneous simulation of large samples of catchments has not been ex-
tensively attempted for SHETRAN, although such investigation provides a very useful
opportunity to evaluate model performance over a range of catchment types and ex-
plore the potential for application of the model to support broad-scale flood and water

resources management .

2.3.1 National hydrological modelling

Following the discussion of different types of hydrological modelling above, examples
of applications of models at the national-scale are now considered. This provides some
context for the work undertaken in this project to configure a physically-based model
for robust and relatively rapid simulations of large numbers of catchments across Great

Britain.

The first example of national hydrological modelling is taken from Denmark, where the
integrated groundwater-surface water model MIKE SHE mentioned earlier has been
applied over an area of 43000km? (Henriksen et all 2003). This project was driven by
the pressures facing groundwater and related effects on stream flows and habitats in
Denmark, where around 99% of the country’s water supply comes from groundwater.
The hydrological context and issues therefore dictated deployment of an integrated sur-
face /subsurface model, for which input data were determined from national databases of
geology, soil, topography, river systems, climate and hydrology. The modelling method-
ology was developed through several iterations over a period of 5 years by a team of
government scientists, ultimately culminating in the creation of 11 regional sub-models
for Denmark (referred to collectively as the DK model). Catchments within the re-
gional sub-models are not predetermined in this system but are calculated by MIKE
SHE, allowing for the possibility that the divide between surface water catchment and
groundwater catchments may not coincide. The DK model includes similar processes
and components to SHETRAN, although notably the unsaturated zone component in
MIKE SHE based on the Richards equation was excluded to reduce run times. Three-
dimensional geology including superficial deposits was incorporated, with the model
set up at 1km resolution with universally applied parameters throughout based on the

literature, pumping tests, fieldwork and previous modelling results.

The problem of over-parameterisation and excessive tuning was kept to a minimum
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by using universal parameter values consistently across the model, 10 free parameters
remained for calibration. This was conducted principally using manual trial-and-error.
Outputs from the model were calibrated and evaluated using data from 4439 boreholes
and 28 river gauging stations, with a system of model performance statistics developed
to capture different aspects of how well the simulations matched observed data. This
provides a useful multi-criteria approach to model evaluation, which has been shown
to be of significant value in constraining parameters in other physically-based mod-
elling studies (Anderton et al., 2002). Henriksen et al. (2003)) concluded that the DK
model produces reliable results, with effective simulation of both groundwater heads
and river flows, leading the authors to suggest that the model is appropriate for opera-
tional applications and national impact studies. There was some degree of discrepancy
in overall water balance for the simulations, however, for which possible explanations
include overestimation of precipitation or underestimation of potential evapotranspi-
ration. Discerning between these different explanations remains challenging, as does
identifying the most appropriate calibration strategy and determining whether all of
the many processes in MIKE SHE are correctly represented. |Henriksen et al.| (2003)
also noted how the challenges in collating and processing large amounts of data are

complemented by advances in understanding of the hydrological processes in Denmark.

In comparison with the MIKE SHE model for Denmark, several differences in approach
were taken in the construction of the national model for France reported in Habets
et al. (2008). The French national model results from coupling a meteorological anal-
ysis system (SAFRAN) with a land surface scheme (ISBA) and a groundwater model
(MODCOU) that solves the diffusion equation. The representation of hydrological
processes is therefore potentially less integrated compared with the MIKE SHE model
for Denmark, particularly with respect to surface/subsurface coupling. The French
national model is typically run at an 8km grid square resolution but can be refined
down to 1km for particular applications. Calibration of the modelling system was not
undertaken, with parameters taken from national databases. Evaluation with respect
to gauged flows for the four largest basins in France revealed Nash-Sutcliffe Efficiency
(NSE) values ranging from 0.68 to 0.88 and water balance biases between -10% to +6%.
In addition, a 10-year simulation showed good results for 610 river gauges, with 66% of
gauges showing NSE greater than 0.55 and 36% showing NSE greater than 0.65. The
model was also compared to snow depth observations and piezometric head observa-
tions. The results were generally considered to be encouraging, but it was noted that
there is notable variability in performance, with NSE ranging from less than 0 to almost

1 and water balance biases ranging from -60% to +60%. It was also found that dry
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years tended to be more poorly simulated than wet years. Influences from hydropower
and dams were not incorporated in the model. The modelling system has been used
at MeteoFrance operationally since 2003 for real-time monitoring of the water budget

estimation of soil moisture for informing flood risk and drought monitoring.

A further example of national hydrological modelling comes from Sweden, where a
national model has been constructed based on the water quality and quantity model
HYPE (Stromqvist et al., [2012; Lindstrom et al., 2010). HYPE is a dynamic, semi-
distributed process-based integrated catchment model, which is built around a modular
structure in which hydrological response units are the basic model elements. Unlike na-
tional models focusing on quantifying water availability or flood risk, [Stromqvist et al.
(2012)) indicate that the main purpose of this system is to assess water quality, includ-
ing levels of nitrogen and phosphorus in response to the European Water Framework
Directive (Water Framework Directive, 2000). The HYPE model has many hundreds of
parameters that could be adjusted during calibration, but when configuring the model,
parameters were mainly estimated from previous modelling experience and from the
literature apart from 15 parameters for each land use and soil type which are calibrated
and a further 10 parameters calibrated for the model globally. These parameters were
calibrated manually and in a stepwise manner from the most important parameters to
the least sensitive ones. Importantly, the calibration of sub-groups of gauged sub-basins
was performed simultaneously. The model was able to simulate large unregulated catch-
ments better than small catchments and unregulated catchments better than regulated

catchments.

The current standard national hydrological model for the UK is the 1km national Grid
to Grid model (G2G) (Bell et al., 2009). Runoff production in G2G is parameterized on
slope and the soil and geology present. It is based on the probability distributed model
(PDM) (Moore, |2007) and models surface water flow, soil water volumes and drainage.
Model performance was assessed on river flows from 42 gauging stations using a daily
time step. The model was found to simulate upland catchments well but struggled to

properly simulate flat, groundwater dominated catchments.

Overall the UK national model performs similarly well to the other national models
discussed here, however, this model is severely limited in its capabilities. The Danish
MIKE SHE model can simulate groundwater levels well and the Swedish HYPE model
is able to simulate nutrient transport and water quality. There is therefore clearly a
need for a more comprehensive UK national model that is able to be used for several

purposes instead of limited to just looking at flood peaks. The G2G model is also
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limited by its lack of representation of snow melt and lakes which can have a significant

effect on hydrology in the UK, especially in the north of England and Scotland.

2.3.2 Predictions in ungauged catchments

Making reliable, robust and realistic hydrological predictions for ungauged catchments
and/or non-stationary conditions - such as land use or climate change - is considered
to be a central focus and challenge in hydrology (e.g. Klemes| |1986; Sivapalan, 2003;
Gupta et al., [2014). This challenge has been the subject of a substantial body of re-
search in recent years (Hrachowitz et al., [2013]). As discussed earlier, the majority of
the worlds basins are ungauged, with significant regional variation in the degree of mon-
itoring of stream flows. This substantially complicates the application of hydrological
models to support management of the array of water-related issues experienced in many
catchments, as calibration and evaluation with respect to measured flows is essential in
most model development processes, particularly for empirical and conceptual models.
Alternative options able to account for the multi-scale spatio-temporal heterogeneity
of catchments must therefore be explored if the benefits of models are to be realised
in ungauged basins. One approach to this is relating the parameters of models to
more easily measurable catchment characteristics, in order to transfer parameters from
gauged catchments where calibration is possible to ungauged catchments (Vogel, |2005)).
Another possibility is to apply physically-based models, if sufficient prior confidence in

the likely accuracy of their predictions can be attained.

The International Association of Hydrological Sciences (IAHS) led a Predictions in
Ungauged Basins (PUB) initiative over 10 years in order to further this aspect of hy-
drology (Sivapalan, [2003; Hrachowitz et al., 2013)). The aim of PUB was to move away
from models that rely on calibration and move towards models that emphasise under-
standing of catchment processes. One of the questions they investigated was whether
point-scale physics really represent large scale patterns and dynamics, i.e. is 'the whole
greater than the sum of its parts’ in catchment hydrology? If so, is this best accounted
for by building models from a bottom-up approach (similar to physically-based models
such as SHETRAN) or using a top-down method, in which processes are parameterised
directly at larger scales? As part of this, various research groups initiated experiments
to help develop process understanding. The conclusion following from this is that hy-
drological models needed to change in order to more flexibly incorporate competing
conceptualisations and permit testing of alternative model formulations. Modelling
frameworks such as FUSE (Clark et al., 2008) and SUPERFLEX (Fenicia et al., 2011)

24



were developed to allow for intercomparison of conceptual model components, recog-
nising that no particular model is necessarily universally preferable for all applications

and that model performance depends upon the setting (Rutter et al., 2009).

To use these models in ungauged catchments, parameters must somehow be transferred

from gauged catchments. The process for doing this is discussed below.

Catchment characteristics

Defining catchment characteristics is an essential first step in transferring model param-
eters by any method from a gauged to ungauged basin. This process is also considered
to be a fundamental part of improving catchment science, capitalising on the advan-
tages of comparative approaches in learning about hydrological systems (Hrachowitz
et al., [2013; [Vogel, 2005)). Catchment characteristics used for various applications can
be numerous, but generally relate to physical features of a basin, such as area, slope
and metrics describing relevant properties of land cover and soils, as well as climate (for
example annual average rainfall and temperature) and hydrology (for example base-
flow index). The Flood Estimation Handbook (FEH) (Institute of Hydrology, 1999)
defines 25 catchment descriptors in its industry-standard methodology for pooling UK
catchments on the basis of their properties. These characteristics include catchment
mean altitude, longest drainage path, extent of urban and suburban cover, baseflow
index, mean annual rainfall and mean flood depth amongst other descriptors. While
some commonly used catchment characteristics can be relatively easily and objectively
calculated, such as metrics of catchment elevation or slope, definition of other charac-
teristics can be more subjective. To explore this further, Singh et al. (2014) attempt
to assess which catchment characteristics control the success of parameter transfer to
ungauged catchments in hydrological modelling. Singh et al.| carried out their analysis
using example catchments from across the whole of the USA| finding that the controls
on successful parameter transfer vary significantly with scale, region and objective
function. In general, however, it was concluded that the performance of hydrological
models was largely controlled by the level of similarity in climate, medium and low flow

signatures and elevation between climates.

Following definition of catchment characteristics, one step commonly taken next is to
quantify in some way catchment similarity, i.e. the extent to which properties (and
therefore hopefully functional behaviour) match between the catchments of interest.
This approach was taken by |Ali et al. (2012), who conducted a study using 36 catch-

ments in Scotland to examine similarity indices for catchment classification. Unlike
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previous studies where parameters have been tied to individual catchment character-
istics, the authors used the Affinity Propagation (AP) clustering algorithm (Frey and
Dueck, 2007) to divide catchments into groups of similar characteristics, before iden-
tifying an exemplar catchment that was most representative of any given group. This
methodology has the benefit of allowing the methodology to objectively determine pat-
terns of similarity without significant prior imposition by the researcher, although of
course the parameters required as input to the clustering methodology must be speci-
fied. However, one of the drawbacks of AP is that it does not allow for fuzzy clustering’,
which would better account for cases such as catchments situated on the boundary of
two groups. In AP, membership of a cluster is categorical, with no possibility of partial
degrees of membership, which would perhaps be more intuitive and potentially useful.
Notably, [Frey and Dueck| (2007)) also found that physical catchment characteristics do
not always correlate well to functional characteristics describing catchment behaviour,
such as runoff coefficients. In addition, the choice of similarity metrics may depend
on the context or region under consideration. In this case it was also found that (ge-
ographically) neighbouring catchments were usually more hydrologically similar than

more distant catchments.

The work by [Frey and Dueck| (2007) is useful in demonstrating some of the issues
inherent in relating catchment characteristics to functional similarity in hydrological
response, particularly in relation to the imperfect match usually found between physical
descriptors and functional response between catchments. This issue of the relationship
between physical and hydrological similarity in catchments was additionally explored
by Oudin et al. (2010)). Using aridity index, catchment area, mean slope, median al-
titude, river network density, fraction of forest cover and a BFI estimate/Oudin et al.
(2010) compared 10 UK catchments with a large group of potential analogues in France.
Using this methodology to test how well the hydrology of physically similar catchments
can be predicted when geographical proximity is reduced, it was found that only 60% of
catchments were both hydrologically and physically similar. This relatively low degree
of correspondence between physical and functional properties was considered likely to
be due to either difficulties in accounting for uniqueness and specificity of catchment
behaviour or the omission of sufficiently informative descriptors of hydrogeological prop-
erties from the catchment characteristics. In contrast to findings underpinning the FEH
methods, it was also concluded that the least useful catchment descriptors for determin-
ing hydrological similarity in this context were catchment area and BFI, although this
result could be at least partly an artefact of attempting to convert HOST classifications

into the French equivalent. The most useful catchment characteristics were found to be
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slope index, aridity index, drainage density and forest cover. It is interesting to note

that the FEH does not include an explicit indicator for geology.

A further step often undertaken using the results from such similarity and grouping
analyses (known as pooling) is then to directly transfer parameters from gauged catch-
ments that would be members of each group, based on their characteristics. This is
based on the assumption that the same parameter set should be applicable for similar
catchments, which in turn presumes an accurate characterisation of catchment similar-
ity. There are a number of studies that apply this method, such as|Ouarda et al.| (2006))
who modified the approach to examine the effect of pooling catchments based on a sea-
sonality regionalisation method. Cunderlik and Burn (2002) used rainfall seasonality
to pool catchments, which allowed catchments with no flow record but a rainfall record
to be modelled.

A slightly different approach to catchment classification was undertaken by [He et al.
(2011)), who consider catchments to be similar if many sets of parameters lead to sim-
ilar model performance and instead of transferring model parameters from a pool of

catchments only the most similar catchments are used as parameter donors.

This methodology is limited by the fact that catchment descriptors often do not cap-
ture the complexity and heterogeneity of natural catchments (Beven, [1999b)). It is also
important to consider the impact that climate change will have on catchment descrip-
tors, and it is unclear whether a pool of catchments necessarily be representative of

each other under different conditions.

Regionalisation

Regionalisation of model parameters attempts to extend the simple donor catchment
methodology by modelling the relationship between catchment characteristics and model
parameters. The assumptions made in regionalisation are 1) that similar parameter sets
will result in similar rainfall- runoff behaviours (an assumption inherent in all models)
and 2) that physical similarity between catchments will result in hydrological similarity
(Oudin et al., 2010). Regionalisation can be carried out using relatively simple statis-
tical methods, such as multiple regression (Oudin et al., [2010; |[Kokkonen et al., 2003),
or more complex methods such as those described later in this section. A two-step
procedure is typically applied in which models of gauged catchments are calibrated
individually and then the relationship between calibrated parameters and the charac-
teristics of each catchment are determined (Seibert, 1999; Merz and Bloschl, |2004).
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However, this method can be limited by the fact that the regression relationship be-
tween parameters and catchment characteristics may often be weak, leading to mixed
results in the success of predicting parameters of models for ungauged catchments ((Vo-
gel, |2005)). This problem relates at least partly to the problem of equifinality, whereby
multiple sets of parameters may produce equally good simulations (Beven and Freer,
2001). If only a single parameter set is determined for the (donor) gauged catchment,
only a single relationship between parameters and catchment characteristics can be
found. Hundecha et al.| (2008) work around this by developing a methodology in which
models are calibrated to both maximise performance and to give a well defined structure
in physiographic-climatic space. The results show that models perform equally well for
catchments used in training/calibration as those used for validation, but that model
parameters outside of the training data can only be extrapolated slightly indicating
that it is only a useful methodology for transferring parameters between very simi-
lar catchments. An alternative approach is demonstrated by |Gotzinger and Bardossy
(2007), who define transfer functions in which model parameters are a function of flow
time, land use, soil properties, area and geology. Instead of calibrating the parameters
of the hydrological model directly, the parameters of the transfer function were instead
calibrated. This reduces the dimensionality of the parameter space and goes some way

to reducing the problem of equifinality.

Several other studies also seek to develop this two-step procedure of calibration followed
by relating model parameters to catchment characteristics. |[Vogel (2005) compares this
basic method to one termed regional calibration, whereby model parameters for all
catchments in a region are calibrated simultaneously. Based on catchments in the
U.S, this latter method resulted in as good a level of calibration essentially equal to
the goodness-of-fit obtained by calibrating each catchment individually, again reflect-
ing the pervasive issue of equifinality. However, the regional calibration approach had
the advantage of lower water balance bias and much stronger regression relationships
between catchment descriptors and model parameters. Interestingly, it was also ob-
served that, for the validation period, both methods gave similar results. This indicates
that, despite more robust regression relationships obtained from regional calibration,
predictive capacity for ungauged catchments did not necessarily improve relative to
using parameters from individually calibrated catchments with more scatter in their
relationship to catchment properties. In addition, Li et al.| (2010) outline a method
for defining catchment similarity and regionalisation of parameters using the ’Index
Model” that takes into account the geographical proximity and hydrological similarity

of catchments instead of just catchment descriptors. This regionalisation method was
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shown to improve hydrological model performance compared with parameter transfer
based on linear regression, particularly for catchments where regression relationships

are poor.

Engeland et al.| (2001) tried a slightly different approach again by parameterising a
large-scale regional model with one set of global parameters, in order that the same pa-
rameters can be used in the large catchment and all of its sub catchments. The authors
used a Bayesian method to ascertain parameter probability distributions conditioned
on observations and then used those to select robust parameters for their model. The
parameter space was predefined by the authors and then sampled using two techniques.
The resulting parameter sets are shown to be narrow in parameter space and provide

good simulations.

Regionalisation methods have been shown to perform well across a range of studies,
which is to be expected with a good set of donor catchments available. Few studies
are able to extend their parameter transfers to dissimilar catchments successfully which
is a significant limitation. Physically based modelling then becomes necessary as no

parameter transfer is required at all.

Physically based approach

An alternative approach to working around the lack of data available for ungauged
basins is to apply a physically-based model using parameters known a priori from
measured datasets as far as possible. This solution is not always possible for various
reasons. For example, sufficient input data may not exist, the model structure may not
capture all relevant processes in a catchment, the model may be difficult to apply at
the required scale and calibration may still be required to achieve an acceptable degree
of accuracy in runoff predictions (Hundecha et al., 2008)). This last point relates to
a number of the common criticisms of physically-based modelling approaches, such as
those regarding scale and parameter estimation put forward by Beven (2001). How-
ever, blind validation tests of physically based models have been conducted that show
with good catchment information, physically based models can perform well without
calibration (Bathurst et al., 2004).

Several recent studies have also explored how physically-based modelling approaches
compare with methods based on empirical and conceptual models for simulating un-
gauged catchments. Booker and Woods (2014) compare model performance for 485
catchments across New Zealand using an uncalibrated physically-based model (TopNet)

with predictions from a purely empirical machine-learning regression model (Random
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Forests). Booker and Woods| found that the empirical approach using Random Forests
outperformed TopNet across all performance measures, which is not unsurprising, given
that tuning of parameters in empirical or conceptual models regularly achieves very high
goodness-of-fit. |Booker and Woods (2014)) note that TopNet has been demonstrated
to provide more accurate simulations in other applications, but clearly some calibra-
tion would be required to achieve this. In this case, applying TopNet to an ungauged
basin would require the transfer of parameters. It would be interesting to see what
methods of parameter transfer would work best in this case, particularly with regard to
whether direct transfer of parameters linked to physical properties could be undertaken
or whether more complicated methods were required for accurate simulation. If simple,
direct transfers were not possible, it would potentially raise significant questions about
the application of physically-based models to ungauged basins, at least in the context

of this model structure and geographical /hydrological context.

In contrast to |Booker and Woods (2014), however, a number of studies applying
physically-based models to ungauged catchments show much more promising results.
For example, |[Fang et al. (2010) demonstrated that an uncalibrated physically-based
hydrological model of an agricultural catchment - using parameters derived a priori
and a LiIDAR DEM - could perform as well as a calibrated model, mainly due to the
high resolution DEM data available. This raises some interesting issues of the extent
to which it is in fact inadequate data that sometimes compromises the application of

physically-based models.

Fang et al.| (2013) went on to show that physically-based models with the correct
structure, flexibility and parameters estimated from measurements on-site, or in similar
conditions, can provide robust estimation of snowpack, soil moisture and streamflow
across multiple scales, by using an uncalibrated physically-based model that included
a full-suite of snow and cold region processes for the Marmot Creek research basin in

Canada.

The strong potential of physically-based models in this respect is also apparent in work
by |Dornes et al.| (2008). Unlike the regionalisation methods described above, which tend
to work best on neighbouring catchments, Dornes et al.| (2008) showed that parameters
with a physical meaning could be transferred to catchments at a great distance when
using physically-based models. This was achieved through calibrating a physically
based model for a catchment and then transferring those parameters, as their physical

meaning was well understood, to another catchment 1350km away.
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2.4 Conclusion

This study aims to create a national modelling system using a physically based model,
SHETRAN, that can be used for modelling both gauged and ungauged catchments
robustly. This literature review has therefore summarised the types of hydrological
models available, the pros and cons of physically based modelling, SHETRAN and its
uses, other national modelling systems and approaches taken for modelling ungauged
basins. Physically based models and SHETRAN in particular, whilst unpopular, offer
real value in their ability to provide robust estimations of many variables whilst also
remaining perfectly clear in their processes allowing the modeller to have a better
understanding of the system they are studying. There is therefore much to be gained

by having such a model for Great Britain.
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Chapter 3

Creating SHETRAN for GB

3.1 Modelling the whole of Great Britain

A central objective of this research is to create a system that enables the automatic
setup of a robust, physically-based spatially-distributed model for any catchment, ei-
ther gauged or ungauged, in Great Britain. This necessitates the collation, processing
and storage of large amounts of data, as well as methods to retrieve and configure catch-
ment models with minimal user-intervention. This chapter outlines the data sources,

modifications made to SHETRAN and automated processes used to build this system.

3.2 Great Britain as a study area

Great Britain is a relatively small, self-contained and data-rich region with reasonable
heterogeneity of hydrology, which makes it suitable for developing and testing a na-
tional hydrological modelling system in terms of practical tractability and availability
of input and evaluation data. There is also a long history of research into catchment
processes in Great Britain, as well as many previous hydrological modelling studies,
which means that catchment behaviour and processes are relatively well researched.
This is an important benefit for assessing the modelling system, as conceptual under-
standing of catchment processes and their variation across Great Britain can be used
to evaluate whether a model is simulating runoff generation mechanisms in a plausi-
ble way. Furthermore, there is an interesting range of catchment types across Great
Britain, with significant variation in topography, geology, land use and climate amongst

other factors. This heterogeneity presents an opportunity to explore the performance
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of the SHETRAN modelling system across large numbers of catchments with varying
properties, which could help to identify strengths and limitations of the system and its

inputs.

The SHETRAN model is configured to run separately for individual catchments<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>