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Research at the Environment Agency

Scientific research and analysis underpins everything the Environment Agency does. It
helps us to understand and manage the environment effectively. Our own experts work
with leading scientific organisations, universities and other parts of the Defra group to bring
the best knowledge to bear on the environmental problems that we face now and in the
future. Our scientific work is published as summaries and reports, freely available to all.

This report is the result of research commissioned and funded by the Joint Flood and
Coastal Erosion Risk Management Research and Development Programme. Our vision is
that the nation is recognised as a world leader in researching and managing flooding and
coastal change.

The Joint Programme is overseen by Defra, the Environment Agency, Natural Resources
Wales and the Welsh Government on behalf of all risk management authorities in England
and Wales.

You can find out more about our current science programmes at Research at the
Environment Agency.

If you have any comments or questions about this report or the Environment Agency’s
other flood and coastal erosion risk management work, please contact
fcerm.evidence@environment-agency.gov.uk.

Dr Robert Bradburne Julie Foley

Chief Scientist Director of Flood Strategy and Adaptation
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Executive summary

Emulators are increasingly being used in flood risk management, particularly for extending
the observation record. In the UK, we have an extensive record of observations, but the
record of high and extreme flows is more limited, both inland and at the coast. Emulators
could be an option to address this data sparsity.

To do this, we need to better understand emulators and their use. They can be viewed as
a “black box” and need more scrutiny and testing before they can be widely adopted within
the Environment Agency and other Risk Management Authorities.

This evidence review looked to better understand how emulators can be used in flood risk
activities to provide an evidence base on the available approaches. To this aim, we
synthesised current knowledge on different flood modelling emulators using a systematic
approach. We followed the rapid evidence assessment (REA) process, which has been
developed by the Department of Environment, Food and Rural Affairs (Defra) to provide a
rigorous, transparent, and exhaustive synthesis of evidence from scientific literature.

An REA follows a similar process to a systematic review but introduces some restrictions
so that it does not take as long or cost as much. The process involves definition of
research questions, development of a protocol, a systematic search for evidence,
screening of the evidence, extraction of evidence into a systematic map, critical appraisal
of the evidence, synthesis and, finally, drawing of conclusions.

The primary question that we addressed in this project is: what is the evidence for the
successful application of emulators in the context of analysis of present and future flood
risk?

The evidence shows emulators are used extensively within flood risk modelling and
analysis. The main findings that have been identified are that:

o there are different ways of developing emulators dependent on the required
predictive limits and data available
e emulators are currently used more widely within coastal modelling, than
hydrological or hydraulic modelling
¢ there has been limited demand for emulators in the “consequence” components of
the source-pathway-receptor-consequence model; models are already
computationally efficient and therefore emulators are not required
e itis important to consider the accuracy and uncertainty of any emulator in context of
the overall analysis
e there is significant evidence of emulators being combined with evolutionary
optimisation algorithms (artificial intelligence) in flood risk analysis -
examples include:
o flood defence failure during Hurricane Katrina (Kingston and others,
2011)
o calibrating a MIKE 11 rainfall or run-off model (Khu and others, 2004)
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o selecting an optimum flood mitigation strategy (Woodward and others,
2013)
emulators have been used to assess climate change impacts, both in terms of the
whole source-pathway-receptor model as well as just the “source” component

During the review, it was apparent that there was no readily available industry guidance
document that covers the application of emulator techniques to flood risk modelling and
analysis. Given the widespread application of emulators, the review recommended the
Environment Agency, along with other Risk Management Authorities, consider developing
appropriate guidance. This could cover:

the range of available techniques, with a discussion of the pros and cons of each
a standard template for developing an emulator including input and output
parameters, design points, validation, and error metrics

basis for error acceptance, considering the overall application and including model
chain uncertainties

a description of modelling problems that are or are not suitable for the application of
emulators

limits of emulators application

an overview of software libraries, capabilities, and verification
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1 Introduction

1.1 Motivation

Emulators are increasingly being used in flood risk management, particularly for extending
the observation record. In the UK, we have an extensive record of observations, but the
record of high and extreme flows is more limited, both inland and at the coast. Emulators
could be an option to address this data sparsity.

To do this, we need to better understand emulators and their use. They can be viewed as
a “black box” and need more scrutiny and testing before they can be widely adopted within
the Environment Agency and other Risk Management Authorities.

This evidence review looked to better understand how emulators can be used in flood risk
activities to provide an evidence base on the available approaches. To this aim, we
synthesised current knowledge on different flood modelling emulators using a systematic
approach. We followed the rapid evidence assessment (REA) process, which has been
developed by the Department of Environment, Food and Rural Affairs (Defra) to provide a
rigorous, transparent, and exhaustive synthesis of evidence from scientific literature.

1.2 Rapid Evidence Assessment

Defra has worked with partners to develop methods for conducting evidence reviews that
are designed to make the most of existing research investment. One of these methods is a
REA, which follows a systematic review approach but is less resource intensive, while
maintaining rigour and transparency. Detailed REA guidance is provided in Collins and
others (2015).

Typically, REAs consist of a series of steps common to the systematic review process, but
the aims and objectives of the study are defined so that it can be completed on a relatively
short timescale. While an REA should be as rigorous and exhaustive as possible,
restrictions can be applied to reduce the time and expense of delivery. This flexibility
means that although the conclusions can be translated into practice in a reasonable
timeframe, they are not as robust as results of a systematic review.

For this study, we have broadly followed the methodology of Collins and others (2015),
which describes in clear terms the necessary steps of a REA, along with the roles and
responsibilities of all parties involved. The main parties are the review team, who
undertake the review, and the steering group, a group of technical experts who guide and
assist the review team where necessary to ensure the outputs of the REA meet the needs
of end users.

Following this methodology, the main tasks of the REA review team are to:

e define the primary and secondary questions to be addressed in the study
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e establish the protocol outlining their approach to the study and agree it with the
steering group

e complete a search for relevant evidence

e screen the evidence, retaining only evidence relevant to the research questions

e systematically extract evidence relating to the research questions into a systematic
map

e critically appraise the evidence, evaluating it in terms of relevance to the research
questions and robustness of the methodology applied

e synthesise the evidence to produce summary information describing the volume
and characteristics of the evidence base

e draw conclusions from the results of the evidence review

e communicate the evidence review findings

This report describes the findings of the project.
1.3 Background to emulators
Collins and others’ approach (2015) identifies the development of a conceptual model as

an important aspect in aiding the evidence review and providing an overview of
interactions between different components.

Large set of input conditions
—————————————————————————— requiring simulation

i.e. output result prediction

Identify method for
selecting design points

o Identify emulation technique
Identify training/fitting method

Select “design” points

Resource intensive
numerical/physical model

Train/fit emulator

Test emulator performance

Y N
_ - Performance Define emulator
Trained/fitted emulator === o :
! criteria met? performance metrics
I
' Prior emulator method decisions [N »Route following
Large set of output results successful fitting

Emulator application component

nputs to the emulator application Ke‘i

Figure 1: Conceptual diagram of components of an emulator (key: green boxes -
prior emulator method decisions; royal blue boxes - emulator application
component; pale blue boxes - inputs to the emulator application; red dashed line —
route following successful fitting)

Figure 1 shows the main elements within the framework of emulators in a flow chart. This
indicates the prior emulator method decisions, the application content and inputs to the
emulator application. These are brought together to consider whether the criteria are met
and a set of possible outputs. The basic problem is the need to run many (physical
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process) resource intensive (either computational or human) model simulations, or even a
single model simulation that requires extensive computational resource (for example, 3D
numerical models of wave overtopping that solve the full Navier-Stokes equations). In
practice, it is not possible to run the model for all the simulations needed. To overcome
this, the model is only run for a selected set of input values. These can include:

e model boundary conditions relating to flood sources (for example, rainfall, river flow,
sea level or wave conditions)
e model parameters (for example, roughness, soil moisture, bed friction)

Emulators can be, and have been, applied with the following types of data:

e stochastically generated Monte Carlo event sets
e time series data (real-time and non-real time)
e single event or boundary condition input prediction

These input values, and the corresponding output results, are referred to as the ‘design
points’ (in references to designing the emulator). They are illustrated in Figure 2.

Output variable

Design points

Input variable

Figure 2: Conceptual illustration of design points

Figure 2 plots a graph of the output variables (y-axis) against the input variables (x-axis). It
illustrates how an emulator uses the link between design points to interpolate from the
input variable. The design points are points where the physical process model has been
executed and the output result is ‘known’. It notes the design points where the physical
processes model has been executed. ‘Design point’ in this context is unrelated to the
expression used in reliability analysis (for example, Melchers and others, 1999). Moreover,
it is unrelated to any aspect of the design of any structures.

Emulators, which require a fraction of the resource compared with equivalent (physical
process) models, interpolate between the design points. They therefore offer efficiency
savings. As the emulators are interpolating, they introduce an error. The error can be
managed through appropriate strategies for selecting the design points (that is, ensuring
enough are selected and that they are selected appropriately). These error management
aspects are all components of the emulator application and these are shown within the
‘emulator application components’ (navy blue) boxes in Figure 1.
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As emulators only interpolate, it is essential for the physical process model to remain
constant for the design point simulations. Changes to the underlying physical
representation of a model is not appropriate when applying emulators. In the context of
probabilistic flood risk analysis there is a well-known problem relating to simulating flood
inundation from breaches or failures in separate flood defence segments.

For probabilistic analysis, this means having to simulate a significant number of flood
inundation simulations to represent the different breach scenarios. Because each
inundation simulation requires a different physical system (that is, the flood defence
system is physically different for each simulation), emulators do not offer a credible
approach to solving this problem. To overcome this computational burden, flood risk
assessments have a simplified physical process representation of flooding (sometimes
referred to as reduced complexity, or reduced physics).

The Foresight approach for calculating climate change risk, adopted and evolved by
Sayers and others (2017) is illustrated in Figure 3.

Regregﬁtatt‘m i:’f”SL‘ Under climate change scenario
Hesly gls c1ange X, the 1% damage becomes
scenano X, is the area . )

y under the orange curve the 5% damage, for example

Economic

damage (£) Present day estimate of nsk is

represented by the area
under red curve

Annual exceedance probability

Figure 3: The Foresight Climate Change approach, evolved for use by Sayers and
others (2017)

The graph in Figure 3 shows the link between annual exceedance probability (x-axis) and
economic damage (in pounds on the y-axis). Representation of risk under climate change
scenario ‘X’ is the area under the orange curve. Present day estimate of risk is
represented by the area under the lower red curve. Under the climate change scenario,
the damage increases. It shows, for example, a change in the standard of protection of a
defence from 100 years (1% AEP) currently to 20 years (5% AEP) in the future. This
change is used to imply an equivalent change in economic damage and a revised loss
distribution (Figure 3). The revised loss distribution can be integrated to evaluate the future
climate change risk. This method does not conform to the framework for emulators
described in this report because:

11 of 83



e it does not interpolate between known design points and therefore does not directly
replicate or emulate a specific model
e there is no process of training or model fitting of a model used for interpolation

For these reasons, it is not considered further in this study.

1.4 Practical application and limits of emulators

Three scenarios were identified in relation to using emulators in practice. The scenarios
include developing an emulator:

o for a new application where the required predictive limits are known in advance of
the design process

e for a new application where the required predictive limits are not known in advance
of the design process

e based on existing data or model outputs

In the first situation, it is standard practice for the design points of the emulator to be
selected to minimise the extent of any extrapolation. This is because the emulator is a
statistical model with no capability to model the underlying physical processes and is
specifically intended for estimation. Small deviations in terms of extrapolation may be
justified in some circumstances but care is required.

This paper describes the application of a parameter space-filling algorithm, the maximum
dissimilarity algorithm (MDA) (see Camus and others, 2011 for a discussion in relation to
waves), that selects design points that capture the limits of the input parameter data set.

This is illustrated in Figure 4 with the MDA and weighted maximum dissimilarity algorithm
(WMDA).
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MDA and WMDA design points
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Figure 4: lllustration of a space filling algorithm to select design points (black
points). Upper right triangle unweighted MDA, lower left triangle weighted MDA
(WMDA) by direction. Source: Malde and others, 2016

In Figure 4 there are 30 postage stamp graphs showing a space filling algorithm being
used to select design points from a wind and wave dataset. Both an MDA and WMDA
algorithm are compared, with the WMDA choosing more points along dominant wave
directions. It shows the underlying data (generated by a Monte Carlo simulation
procedure) requiring prediction (blue) and design points selected by the algorithm (black).
In some cases, it may be possible to identify areas of the input parameter space that are
more important than others. In this case, a weighting can be applied to the algorithm to
prioritise certain areas of the input parameter space. The figure shows a comparison
between a standard MDA application (upper right triangle) and a weighted (WMDA)
application (lower left triangle). The weighting has been applied to prioritise design points
associated with specific wind directions (lowest row in the figure).
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In other situations, however, the important region of the input parameter space may not be
known at the outset when designing the emulator. There is evidence of an example of this
situation, in the context of flood risk analysis, described by Kingston and others (2011).
This paper describes the application of a neural network to emulate a geotechnical model
that was used to explore the reliability of a New Orleans flood defence embankment that
catastrophically failed during Hurricane Katrina.

In reliability analysis, the so-called ‘limit state’ defines the region that separates failure
from non-failure (for example, Melchers, 1999). In the New Orleans case study, a
computationally expensive geotechnical model was constructed and an emulator of this
model was required. In reliability analysis, it is important for the emulator to perform well
along the limit state, as the failure probability is most sensitive to errors in this region. As
the location of the limit state was not known at the outset, an iterative process was
implemented to select the design points. This required the application of an optimisation
algorithm (genetic algorithm) that was used to search the input parameter space to identify
the limit state (region between safe and failed structure). This is discussed further in
section 6.1.

In the final case, where existing data are used to form the basis of the emulator, there is
perhaps a greater motivation or requirement to extrapolate. There is evidence that
emulators have been inappropriately applied in practise, beyond their recommended limits.
This relates to the development and widespread use of a wave overtopping neural network
(Van Gent, 2007). There has been a specific effort to provide guidance in relation to the
limits of applying this type of model (Pullen and others, 2018). These aspects are
discussed in more detail in section 6.2.
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2 REA objectives

The Environment Agency has identified the use of emulators in flood risk analysis as a
topic of interest. The project objective was:

“to synthesise current knowledge on emulation and emulators and their use in flood (fluvial
and coastal) and rainfall extremes in the UK using a systematic approach. The project
should follow the guidance presented in Collins and others (2015), which outlines the
governance required, how to define key questions and how to carry out, synthesise and
communicate the evidence review findings.”

The term ‘emulator’ is often applied to a specific class of statistical models or mathematical
techniques. These models are all focused on estimating a result between known values.

Other terms used to describe the same class of model include:

e metamodels

e surrogate models
e lookup tables

e response surface
e simulation library

Specific mathematical techniques are associated with this class of model. These
mathematical techniques include:

e linear interpolation (often used in lookup tables or simulation libraries)
e (piecewise) polynomial interpolation

o artificial neural networks (ANNSs)

e Gaussian process emulators (GPEs) (also known as Kriging)

e radial basis functions (RBF)

These techniques are widely applied to a range of different environmental models,
including those relating to flood risk analysis. From now on in this document, the term
‘emulator’ is used to refer to this class of models.

‘Emulator’ has also recently been applied within the context of climate change risk analysis
(Sayers and others, 2017). Here, it is distinct from the range of mathematical techniques
used above and the framework shown in Figure 1. In this specific climate change context,
it is used to describe a type of approach first applied on the Foresight Future Flooding
project (OST, 2004). This Foresight method uses estimates of changes of the standard of
protection (SOP) of flood defences to estimate changes in flood risk.

Review questions

The Environment Agency identified an initial primary question and related secondary
qguestions to form the basis of the evidence review. It was however, noted that these were
suggestions that needed considering further. These questions were reviewed at a project
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workshop meeting and revised questions were agreed. The initial and revised questions
are provided below. The method also requires the elements of population, intervention,
control and outcome (PICO) to be defined. These are also detailed in this section.

2.1 Initial questions

Primary question:

What is the evidence of the effectiveness of emulators in extending data records outside
our current observation range for use in flood risk understanding?

Secondary questions:

e where do we find the golden middle between reduced simulation time and error
associated with approximation?

e how do we define these ratios or proportions? - is this the same for the fluvial (and
rainfall) modelling as it is in coastal modelling?

e how big does our training data set need to be? - what difference does it make to
uncertainty and accuracy in results?

e is there an appetite (how much) to accept simplification errors?

2.2 Revised questions
Primary question:

What is the evidence for the successful application of emulators in the context of analysis
of present and future flood risk?

Secondary questions:

e what evidence is there of successfully finding an appropriate balance between
reduced simulation time and increased error or uncertainty associated with
approximation and what criteria have been used to determine this balance?

e what is the evidence for successfully using emulators to predict flood sources (for
example, waves, river flows), pathways (wave overtopping, breaching, flood depth,
flood velocity), consequences (economic damage, loss of life) and overall flood risk
(based on whole system models)?

e what is the evidence for using emulators for static versus dynamic (time-stepping)
models in flood risk analysis and forecasting?

2.3 Population, intervention, control and outcome
(PICO)

The PICO components used in developing the search terms for the REA are defined as:

e population — flood risk or forecasting numerical models
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¢ intervention — application of emulator techniques
e control — application without emulator techniques
e outcome — effective application of emulator techniques
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3 Evidence collation process

To undertake the REA, a literature study was carried out. All retrieved studies were
assessed for relevance using the following inclusion or exclusion criteria:

e relevant subjects: flood risk management, flood risk

e geographical reference: fluvial, pluvial, coastal, regional, national and international
e climatic conditions: present day and climate change

e language: primarily English

e date: 1990s onwards

The information sources or databases used as part of the study were:

e Google Scholar

e Scopus

e Web of Science

e grey literature

e papers provided by the project steering group

3.1 Search keywords and strings

The main search terms were proposed and discussed in the initial workshop. A list of
keywords was devised based on the outcome of the workshop. These have been
combined into search strings and used in the literature search.

The 2 elements of the search terms are the statistical models of interest (emulators and
alike), and the application field of the statistical model (for example, flood risk
management). The search terms are summarised below. The search strings were
constructed by joining the statistical models and the applications using an AND operator.
Where equivalent terms from the same statistical model were identified, these were joined
using an OR operator. This logic was also applied to the set of terms listed under each
application, for example, (metamodel OR meta-model OR ‘meta model’) AND (‘flood risk’
OR ‘flood hazard’). The search terms comprised:

statistical models or techniques:

e emulator: also known or referred to as statistical emulator

e metamodel: also known or referred to as meta model, meta-model

e surrogate model

e response surface methodology

e design selection or choice: also known or referred to as design point or training data
selection

applications:

e general: flood risk, flood hazard
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e present and future flood risk

e coastal: coastal flood, sea level, surge, wave height, wave period, wave direction,
sea level, tide or tidal, surge

o fluvial: fluvial flood, river flow, discharge, streamflow, run-off, catchment

e pluvial: pluvial flood, rain or rainfall, snow or snowfall, surface water, precipitation

e flood inundation: flood inundation, flood depth, flood velocity

e defence: defence breach, defence failure, overtopping

Appendix A contains the search strings that were applied.
3.1.1 Search engines

The search strings were used for searches in Google Scholar, Web of Science and
Scopus. According to a recent study carried out by the London School of Economics and
Political Science (Martin-Martin, Alberto and others, 2018), the 3 sources combined
provide comprehensive coverage. In particular, the authors recommended including
Google Scholar for these reasons:

“The selective approach of Web of Science and Scopus produces a curated collection of
documents, but is sensitive to biases in the selection criteria. Indeed, evidence has shown
that these databases have limited coverage in the areas of social sciences and
humanities, literature written in languages other than English, and scholarly documents
other than journal articles. For its part, Google Scholar’s inclusive and unsupervised
approach maximises coverage, giving each article “the chance to rise on its own merit”. —
Martin-Martin, Alberto and others, (2018)

The search process followed 4 steps.

1. An initial search was carried out to identify the volume of ‘hits’ for each search
string.

2. The search queries were submitted to the search engine or platform and the
returned results were downloaded into a CSV file using a suitable web text scraper.

3. The CSV file was then automatically screened to remove results that were not
relevant to the REA.

4. The remaining queries in the CSV were then subjected to a manual screening to
provide the evidence base.

These steps are described briefly below.
3.1.2 Initial searches

Each search string was passed through Google Scholar, Web of Science and Scopus.
These searches were carried out to ensure that the search strings provided a suitable
body of evidence on which further screening could be based. The results of the searches
are shown in Table 1. This details string ID, search term and the number of hits in Google
Scholar, Web of Science and Scopus.
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Table 1: Search hits for each search string’

String  Search term? Web of
Science
1 (‘flood risk’ OR ‘flood hazard’) 1,550 27 40
2 ‘present and future flood’ 8 0 0
3 (‘coastal flood’ OR ‘wave height’ OR surge | 68,100 |200 278

OR tide OR tidal OR ‘sea level’)

4 (‘pluvial flood’ OR rainfall OR precipitation) | 28,700 | 759 804

5 (‘fluvial flood” OR ‘river flow’) 1,660 9 14

6 (‘inundation’ OR ‘flood depth’ OR ‘flood 3,520 23 25
velocity’)

7 (‘defence breach’ OR ‘defence failure’) 24 0 0

8 ‘hydrolog® 333 4 9

3.1.3 Compiling the evidence base

Following the initial searches, the search strings were then run through a web text scraper
and the outputs extracted to CSV files. This allowed a literature database to be compiled
from which primary and secondary screening could be performed. When performing the
searches, only the first (up to) 1,000 returned results were incorporated into the literature
database. To prevent the database from being dominated by a small set of statistical
models or applications, the searches were done iteratively through each (statistical model
AND application) combination. The output literature database was a combination of all
returned results.

" The syntax for the search strings needs to be verified before using

2 Each search also includes ((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’)
OR ‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’)
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3.1.4 Primary screening and extraction
The primary screening was an automatic process that used the procedure outlined below.

1. Papers from journals that were deemed inappropriate were excluded; these journals
were filtered based on their titles and included words such as ‘molecular’,
‘psychology’ and ‘food’.

2. Each paper was then evaluated according to the total number of search string
keywords that appeared in the title and abstract and the number of citations per
year. For each set of keywords, a paper would score either a 1 if any of the
keywords appeared or a 0 if none of the keywords appeared. A sum of the
keywords was then calculated. The number of citations per year was calculated by
dividing the number of citations for each paper by the number of years since the
published date.

3. The results were then sorted based on the sum of keywords in the title, citations per
year and then the sum of keywords in the abstract and the top 100 were selected.

4. The contributions from the steering group were added to the screened list of papers.

5. Papers were given an ID based on the origin of the search (GS for Google Scholar,
WoS for Web of Science, SG for steering group contributions) and the search string
they are relevant to in the following format: <origin of search>_<search ID>_<paper
ID>.

3.1.5 Secondary screening and extraction

Entries in the literature database then went through a secondary manual screening
process led by the project scientists where each paper was assessed according to its
relevance to the primary and secondary questions.

The majority of the process involved removing obviously irrelevant references. There were
numerous examples of papers that had many keywords that were relevant, but the subject
of the paper was not relevant to the review.

Eliminating these types of papers formed the majority of the secondary screening process.
The remaining process involved reading the abstract and assessing, using expert
judgement, the paper’s direct relevance to answer the evidence review questions, that
comprised:

e the discussion regarding the balance between reduced simulation time and
increased error or uncertainty associated with approximation

e the application of emulators (including the design selection) in the context of present
and future flood risk, or the modelling of the flood model components, including
sources, pathways and consequences

e the application of emulators for static versus dynamic (time-stepping) models in
flood risk analysis and forecasting

The final literature database is included in Appendix B
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4 Evidence summary (primary question)

From the screened evidence list, the papers were then assessed against the primary and
secondary questions.

What is the evidence for the successful application of emulators in the context of
analysis of present and future flood risk?

The review of the evidence shows extensive use of emulators within flood risk modelling
and analysis. The evidence shows that these techniques have been applied to the different
sources of flooding. This is show in Figure 5.

304

Source type
201

- Fluvial

Number of studies

Coastal Pluvial Fluvial

Figure 5: Evidence breakdown by flood source

Figure 5 shows the breakdown of evidence studies by coastal, pluvial and fluvial flooding
sources. There are over 30 coastal studies, 25 pluvial studies and fewer than 10 fluvial
studies.

The range of different components within the source-pathway-receptor conceptual model
are show in Figure 6.
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Figure 6: Evidence breakdown by source, pathway and receptor

Figure 6 shows that the majority (80%) of evidence relates to the ‘source’ component, and
of these, approximately 50% are coastal.

Figure 7 and Figure 8 show the range of emulator techniques that have been applied
across the different ‘sources’ of flooding and different components within the source-

pathway-receptor (SPR) conceptual model.
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Figure 7: Breakdown of emulator techniques and flood sources

Figure 7 shows that the GPE emulator technique is by far the most used, particularly in
coastal studies. There are very few examples of the use of SVR, random forest and

logistic regression emulators.
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Figure 8: Breakdown of emulator types and source, pathway and receptor

components
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Figure 8 shows that the majority of the studies using the GPE emulator are for the source
component, as opposed to pathway or receptor. Only linear interpolation and regression
have been used for receptor studies.

Figure 9 and Figure 10 show a breakdown by climate change.
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Figure 9: Evidence breakdown by climate change

Figure 9 illustrates that very few studies (about one sixth) included climate change in the
use of emulators.
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Figure 10: Evidence breakdown by flood source and climate change

Figure 10 indicates that where climate change was considered, this was mostly from
coastal studies, followed by fluvial then pluvial. An interpretation and detailed discussion of
these results is provided in response to the secondary questions in section 6.
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5 Evidence summary (secondary questions)

5.1 Emulator uncertainty

What evidence is there of successfully finding an appropriate balance between
reduced simulation time and increased error or uncertainty associated with
approximation, and what criteria have been used to determine this balance?

There is some evidence (approximately 20% of papers) to show the application of
methods that consider the trade-off between the number of design points and the accuracy
of the emulator. These are shown in terms of a breakdown by flood ‘source’ in Figure 11.

Source type

. Coastal
. Pluvial
. Fluvial

Number of studies
N

Coastal Pluvial Fluvial

Figure 11: Breakdown by flood "source" of papers that seek to balance runtime and
accuracy

Figure 11 shows that when focussing on studies balancing runtime and accuracy by flood
source, most studies consider coastal, followed by fluvial and then pluvial flood sources.
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Figure 12: Breakdown of emulator techniques and performance metrics used in
their evaluation

Figure 12 shows that a range of performance metrics have been used to assess the
uncertainty associated with emulators, with root mean square error (RMSE) being the
most popular, followed by mean absolute error, coefficient of determination and Nash
Sutcliffe. Further discussion on methods for determining error and placing these errors in
the context of the overall analysis is provided below.

5.1.1 Validation of emulators

Cross validation, such as leave-one-out or K-fold cross validation, is a technique that can
be effectively applied to evaluate the predictive error associated with emulators. In the
context of emulators, the technique involves a series of steps.

Run the computational model for a set of design points.

Remove a random subset from the original set of design points.

Fit the emulator to the remaining design points.

Use the newly fitted emulator to predict the value at the design points that were

removed in step 1.

5. Compare the predicted value at the removed design points with the actual value to
calculate the prediction error.

6. Repeat steps 1 to 3, by selecting different subsets of design points to remove.

7. Evaluate the overall predictive error for all removed design points.

b

With the leave-one-out cross validation, only one design point is removed each time,
whereas 1/K of the design points are removed with the K-fold cross validation. The
advantages and disadvantages of these approaches are discussed in Hastie and others
(2013), together with recommendation on the choice of K. A specific example related to
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the methodology applied on the Environment Agency’s national flood risk assessment is
shown in Figure 13 (Malde and others, 2016).
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Figure 13: Reduction in emulator prediction error in relation to number of model
simulations (Malde and others, 2016)

Figure 13 shows 3 graphs plotting root mean square error against the number of training
events for GPE. In this example, the cross validation technique was applied to sets of
design points that have been increased. The figure shows the reduction of the RMSE in
emulator predictions of wave height, period and direction, with an increase in the number
of design points. Because a space filling algorithm has been used, the RMSE calculated
can be considered a ‘worst case’. This is because the design point that is left out, by
definition of the algorithm, is far away from the other design points and therefore likely to
have most error associated with it.

This traditional approach involves using a regular grid (not space-filling algorithm) and
linear interpolation (as opposed to a GPE). The dashed lines were generated using 1,200
design points. Therefore, what the graphs show is that the MDA or GPE approach reduces
the required number of design points (computational model simulations) to achieve the
same RMSE. In terms of wave height, for example, this reduction is by more than an order
of magnitude (approximately 70 versus 1,200), based on where the dashed and solid lines
cross each other).

While Figure 13 provides an indication of the error of the emulator for this particular
component, it does not say what is an acceptable error in terms of a practical application.
Answering this type of question can be complex. In specific relation to coastal modelling,
the Environment Agency has published standards (Environment Agency, 2016). These
standards specify an acceptable error for a specific model component in relation to a
specific activity. For example, for strategic analysis, 0.5m RMSE is prescribed for
nearshore wave conditions. This error is based on a judgement about the influence of an
error in @ model component when related to the uncertainty in an overarching calculation.

As emulators are computationally efficient, they facilitate uncertainty and sensitivity
analysis. In a recent study for the Environment Agency, the wave overtopping model,
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BAYONET GPE (Pullen and others, 2018) has been implemented within a chain of coastal
models to undertake uncertainty and sensitivity analysis (Environment Agency, 2020). The
chain also includes an emulator of the SWAN wave transformation model. The results
show that some model components have little influence on the output result, in terms of
their contribution to uncertainty, when compared to other components. An example of this
is shown in Figure 14.
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Main effect

Figure 14: Example of emulators being applied in the context of uncertainty and
sensitivity analysis. In this example, BAYONET GPE contributes most to the overall
uncertainty. Environment Agency, 2020

The pie chart in Figure 14 represents the overall uncertainty. Each section of the chart
shows the contribution different sources of uncertainty make to the overall uncertainty. The
figure shows the SWAN model and related SWAN emulator contribute a small fraction to
the overall uncertainty in wave overtopping rate. This is indicated by the small ‘pie slices’
of green and yellow colours, respectively. This highlights the importance of considering
model errors in relation to the context of the application and uncertainties that are present
elsewhere within modelling chains. In other words, errors associated with emulators
should be placed into context with other uncertainties.

In this particular study (Figure 14), the uncertainty associated with the predictions of the
wave overtopping model, BAYONET GPE, contributed most to the overall uncertainty. This
is primarily due to the limited range of physical model tests on which the emulator is
based. To reduce the uncertainty, a range of further model experiments that are focused
on the areas where data is currently lacking is required.
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5.1.2 Combining emulators with evolutionary optimisation algorithms

To increase computational efficiency, without loss of accuracy, there is evidence of
emulators being combined with evolutionary optimisation algorithms (artificial intelligence),
in the context of flood risk analysis. Two examples of this are described in relation to:

¢ reliability analysis of a New Orleans levee (‘17th Street Canal’) that failed during
Hurricane Katrina (Kingston and others, 2011)

e calibration of a MIKE 11 rainfall run-off model (Khu and others, 2004)

¢ identification of an optimised flood risk mitigation strategy, taking account of climate
change uncertainties (Woodward and others, 2013)

The development of an emulator, of the geotechnical model, used to assess the reliability
of the New Orleans levee provides an example of a specific type of problem that can arise.
In this example, an emulator of a geotechnical model was required. To solve the specific
problem, however, it was not necessary for the emulator to perform equally well across the
full range of input parameter space. This is because probabilistic reliability analysis
requires a binary ‘fail or no fail’ output of a limit state equation (LSE) (for example, see
Melchers and others, 1999). The probability of failure output from the reliability analysis is
particularly sensitive to evaluations in the region of the limit state (that is, the surface that
distinguishes failure from non-failure), and training of the emulator is particularly important
in this region. Therefore, to define the emulator, it was important to have a high density of
design points along and around the limit state.

Unfortunately, because of the complexity of the problem and the number of input
parameters to the geotechnical model, the location of the limit state was not known at the
outset. To solve this problem, an evolutionary optimisation algorithm, in this case a genetic
algorithm (GA), was applied to help select the design points and ensure that these were
focused along the limit state. There are 6 steps in the process.

1. Specifying an objective function of the optimisation algorithm in terms of the LSE
output (Z). More specifically, Z=0 defines the limit state and values of Z close to 0
are close to the limit state.

2. Randomly selecting a limited set of design points to cover the input parameter
space.

3. Running the geotechnical model to evaluate the LSE for the initial population.

4. Evaluating the objective function and applying the GA to identify a new set of design
points that are likely to be closer to the limit state.

5. Running the geotechnical model for the new set of design points.

6. Repeating steps 4 and 5.

Figure 15 shows the steps in the process.
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Figure 15: Iterative selection of design points for an emulator of a geotechnical
flood defence failure model, New Orleans (source: Kingston and others, 2011)

The 5 graphs in Figure 15 show improvement of an emulator used in a flood defence
failure study in New Orleans. Panel A (top left) shows the initial random selection of design
points (illustrated using 2 of the more dominant input parameters) covering the input
parameter space. Panels B (top right), C (middle left), D (middle right) and E (bottom
middle) show successive iterations of design points identified by the GA. The tight
clustering in panel D illustrates how the GA has successfully identified the limit state. All
points illustrated in panel D give Z values that are close to 0. Panel E combines all other
panels and shows the overall set of design points that were used to train the emulator. The
characteristics of this set comprise a high density of design points along the limit state,
where greatest accuracy is required.
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Another example of the coupling of an emulator with an optimisation algorithm is described
by Khu and others (2004). This example relates to the calibration of a rainfall run-off model
(MIKE 11) using an ANN and a GA. The purpose of the study was to achieve an optimum,
and computationally efficient, calibration using the emulator in place of the rainfall run-off
model. Several years of validation data was available and there were a number of different
parameters that could be adjusted to obtain a good fit to the validation data.

The steps in the process are similar in many regards to the New Orleans levee example.
In this case, however, the objective function of the optimisation algorithm was defined
based on the RMSE associated with the MIKE 11 model when compared to the validation
data. The initial population of design points was selected at random and used to train the
emulator. The GA was then used to identify model parameter sets that were likely to give a
lower RMSE. The emulator was used instead of the MIKE model to evaluate the new set
of design points, thereby making substantial computational savings. This process was
repeated to define an optimum calibration parameter set. This set was then evaluated
using the MIKE model to ensure the emulator was performing as required.

5.2 Emulators and the source-pathway-receptor model

What is the evidence for successfully using emulators to predict flood sources (for
example, waves, river flows), pathways (wave overtopping, breaching, flood depth, flood
velocity), consequences (economic damage, loss of life) and overall flood risk (based on
whole system models)?

Emulators were applied to all components of the source-pathway-receptor conceptual
model. The breakdown is shown in Figure 16.
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Figure 16: Evidence breakdown by source, pathway, receptor

In Figure 16, most of the papers (approximately 75%) relate to the ‘source’ component,

with the remainder primarily focused on the ‘pathway’ component.

A breakdown of the different pathway components is shown in Figure 17.
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Figure 17 indicates that the greatest number of emulator evidence came from flood
inundation, followed by drainage networks, wave overtopping, beaches, embankments and
finally reservoir operations.

The distribution of the application of emulators over the components of the SPRC
conceptual model is likely to arise due to a number of reasons. In particular, these can
relate to the:

e complexity of the models that are applied

e maturity of the application of emulators versus reduced complexity models in the
field

e maturity of drivers requiring the use of emulators (for example, probabilistic and
uncertainty analysis)

Consequence models (loss of life or economic damage) tend to be fairly simplistic in
practice. As a result, there is often no requirement or motivation to use emulators. For
example, the widely-applied Middlesex multicoloured damages (Penning-Rowsell and
others, 2013) are simple functions that give economic damage in relation to flood depth.
The calculations can be carried out in one or two lines of computer code and are
exceptionally fast to calculate. In general terms, even for probabilistic analysis, it is not
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necessary to further simplify this model to reduce computational runtime and therefore
there is no motivation to use emulators for this situation.

Similarly, loss of life models can be simplistic in nature (for example, Defra and
Environment Agency, 2005) and there is little in the way of computational demand. For this
reason, there has not been extensive development of emulators in the context of receptor
model components.

With regard to hydrological modelling, there is a long tradition of using reduced complexity,
‘lumped models’ that average spatial characteristics. As these are relatively simplistic to
apply, it could be that this has led, to a certain extent, to less focus in terms of the
development of emulators in this field. More recently, however, gridded models are
becoming more widely applied in practice, together with a recognition of uncertainties and
probabilistic analysis, and this has led to increased interest in emulators.

In contrast, even the earliest wave transformation models capture the 2D spatial
characteristics of the bathymetry and the processes of refraction and shoaling, that are
well understood from linear wave theory. As the inputs to even the earliest models
comprised multiple variables (wave height, period, direction and wind speed) and there
was often a requirement to consider time series data, emulators (in the form of simple
lookup tables comprised input parameters spaced on a regular grid) have been widely
applied since the late 1980s. There is evidence of this in the grey literature (for example,
historical HR Wallingford consultancy reports), but not in the widely available literature.

Moreover, techniques for the joint probability analysis of waves and sea levels have
employed Monte Carlo approaches since the mid-1990s (HR Wallingford, Lancaster
University, 1998, and Hawkes and others, 2002). These statistical (Monte Carlo)
simulation approaches require many different input sea states to be evaluated. This
demand has also stimulated the field to explore emulation approaches to limit the
associated computational burden.

It is possible that this early adoption of emulator type approaches gives rise to the increase
in evidence obtained from coastal models from this review.

The evidence shows that a wide range of emulator techniques have been applied, the
most popular being GPE, which has been applied in approximately 30% of the papers (see
Figure 7 and Figure 8). There is no clear evidence to suggest the choice of emulator
technique is dependent on the flood sources or the model components, that is, the
proportion of studies on different flood sources or components is similar across all
emulator techniques.

The choice of a particular emulation method used is complex and depends on:

e the time the paper was developed
e the background field of the researchers
e the availability of software
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Pre-widespread use of the internet in the late 1980s and mid-1990s, the emulation method
chosen depended largely on the background of the researchers. In contrast to today, there
were not freely available toolboxes in high level programming languages that facilitated the
efficient adoption and comparison of a wide range of different methods. For example, the
response surface method and related use of piecewise polynomials was highly prominent
in the engineering community relating to the influential paper of Myers (1971) and the
subsequent highly cited paper of Faravelli (1989). This approach formed the basis of an
early application of the response surface method type approach in relation to flood risk
analysis.

HR Wallingford (2002) describes the application of piecewise polynomials to a fluvial or
tidal joint probability problem on the tide estuary. Joint extremes of fluvial flows and sea
levels were evaluated and then a Monte Carlo simulation of extreme (joint) events was
undertaken using an established approach (HR Wallingford, Lancaster University, 1998).

In that study, an existing 1D hydraulic model of the estuary was used to calculate extreme
water levels at different cross sections in the river. Given the computational speeds
available at the time, it was computationally intensive to run the hydraulic model for each
Monte Carlo event. To overcome this problem, piecewise polynomials were fitted to a
small sample of design points created using the 1D hydraulic model. This fitted surface
was then used in the place of the hydraulic model to evaluate the remaining events at
each cross section. The method was implemented in Fortran software specifically
developed at the time for the project.

In time, as methods have evolved, there is now the opportunity to undertake a more
objective analysis in terms of identifying the most applicable method. The methods are
themselves more readily accessible in terms of open source software libraries. Examples
of this include:

e Manage Uncertainty in Complex Models (MUCM)
¢ DiceKriging (Roustant and others, 2012)
e BACCO (Hankin, 2005)

An example of this evolution and decision-making process is provided in the next section
through a case study using wave overtopping models.

5.2.1 Wave overtopping case study

Emulators, predicting the process of wave overtopping of coastal structures, have been
widely applied in practice for well over a decade. This section provides an historical insight
into:

e motivation for using emulators

e motivation of the choice of emulator

e practical applicability and limitation issues that arose
e how these application issues have been addressed
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Wave overtopping of coastal structures is a physically complex process. The predictions
involve the highly dynamic process of extreme waves impacting and interacting with
coastal structures. The input parameters to the calculations include sea conditions (height,
period, direction, sea level) and structure geometry (for example, crest level, slope,
freeboard, berm width).

The area has been extensively studied using small-scale physical models and
computationally intensive numerical models, for example, by Dodd (1998), Hubbard and
Dodd (2002), Hu and others (2000), Liu and others (2000), Garcia and others (2004),
Mattis and others (2018), Cozzuto and others (2019) and Dimakopoulos and others
(2019). Both of these models are resource intensive. As there is an extensive requirement
for wave overtopping predictions for designing coastal structures and flood risk analysis,
empirical models (EurOtop, 2018) and emulators have been a natural choice for providing
these predictions.

Van-Gent and others (2007) describe the first development of a widely used neural
network wave overtopping model. An executable software version of the model was freely
available for download and this supported its widespread use in practice. The model is
based on a database of physical model experiment results that had been collated from
laboratories across Europe. The experimental results were an artefact of the various
research and consultancy studies that had been carried out at each laboratory. Therefore,
the underlying data (design points of the emulator) were not chosen in advance, rather
they were just the data available. This subsequently led to issues relating to limits of
applicability, and this is discussed further below.

It is apparent, like many similar studies at the time, that the choice of the neural network
technique was not based on a careful consideration of the merits of different types of
techniques. In this example, the choice of a neural network is attributed to the successful
application of this technique in the field. More specifically, it is attributed to the design of
rock armour structures (Mase and others, 1995). The discussion within this paper does not
mention that other alternative techniques were considered.

Following its introduction, Kingston and others (2008) continued to use a neural network
but extended the approach of Van-Gent and others (2007) to capture uncertainties
associated with the fitting process. These are important in terms of the overall
representation of uncertainty within the model.

Experience on the Environment Agency’s State of the Nation, national flood risk project
highlighted significant issues relating to the application of these emulator models.
Consultants, following the guidance provided by Van-Gent and others (2007), derived
coastal structure geometry data for the majority of coastal flood defences in the country. It
became apparent that over 70% of the data provided to the study was substantially outside
the range of physical model experimental data that was available within the database and
on which the emulator was based. This situation prompted further development.

Pullen and others (2018), using the same base data set, opted to replace the neural
network with a GPE. The reasons for this related to an existing framework for capturing
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uncertainties associated with distance from design points and also uncertainty within the
design points themselves. The latter arises as the underlying database is derived from
small-scale physical model tests carried out in different laboratories. Where the same tests
were undertaken in different laboratories, this did not necessarily lead to the same results,
and therefore there was uncertainty in the design points. This feature was captured
through the use of the so-called ‘nugget’ (Andrianakis and Challenor, 2012).

Pullen and others (2018) also sought to address the issue relating to the limits of
application of the emulator. The original guidance accompanying the model of Van-Gent
and others (2007) specified the upper and lower limit of each input parameter as being
within the predictive capability of the model. As there are so many input parameters, and
correlation within the underlying data, this gave rise to a situation where the model was
being routinely applied in practice, with users apparently unaware that there were no
underlying data to support the model outputs. In general terms, this is inappropriate for
emulators that are developed to estimate values between known data points. This situation
is conceptually illustrated in Figure 18.

X2

X1

Figure 18: Conceptual illustration of the inappropriate use of the limits of input
parameters being used to define the limits of applicability of an emulator (source:
Pullen and others, 2018)

In Figure 18, a green square contains black dots indicating a positive correlation between
the x-axis (parameter X1) and y-axis (parameter X2). Towards the top left corner of the
green square there is a red dot. The red point is within the defined limits of applicability,
based on the guidance of Van-Gent and others (2007), but there are no underlying data to
support the predictions.

To overcome this situation, Pullen and others (2018) used a statistical measure,
Mahalonobis distance, to give model users clear guidance where they were requesting
predictions that were too far from the underlying data. This is illustrated in Figure 19.
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Figure 19: Graphical illustration of the Mahalonobis distance measure, used to
assess the limits of applicability of a wave overtopping emulator (source: Pullen
and others, 2018)

Figure 19 shows 4 panels. The 2 panels on the left show Euclidian distance from a
parameter set of datapoints - these are 3 equal concentric circles around a central point.
The other 2 panels on the right show the Mahalonobis distance measure around a point,
which is more oval and elongated.

The use of this measure is captured within an online version of the BAYONET GPE model.
This is illustrated in Figure 20.
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Figure 20: Screenshot of a translation of the Mahalanobis distance measure user
guidance within an online wave overtopping model (source:
https://www.overtopping.co.uk)

Figure 20 shows the model set-up as seen on the overtopping webpage. This provides
evidence to highlight the importance of clear guidance on the application limits of
emulators in practice.

5.3 Dynamic and static emulators

What is the evidence for using emulators for static versus dynamic (time-stepping) models
in flood risk analysis and forecasting?

Dynamic emulators comprise a time dimension. These can be considered in 2 categories.

1. Emulators whose input parameters include variables specified at multiple preceding
time steps and, potentially, multiple points in space. The emulators are then used to
predict model outputs at future points in time (and potentially space). These
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emulators can seek to replicate grid hydrological or hydraulic models that solve
partial differential equations (for example, dynamic flood inundation models).

2. Static emulators that generate time series outputs but whose input parameter set is
based on a single point in time.

The benefit of the former is that the ‘memory’ of the system that is being modelled is
captured within the emulator. This is an important requirement for many hydrological,
hydraulic and coastal models that are seeking to predict the evolution of a system in time.
The challenge is that the models are often run on a grid and for long periods of time (days,
weeks or even years), which means the number of input parameters (one for each times-
step) becomes large. Training emulators with a large number of parameters can become
inefficient. Situations can arise where more model simulations are required to train the
emulator than to solve the problem using a more conventional method. For these reasons,
these types of dynamic emulator models are not widely applied in practice unlike the static
emulators.

There is evidence of both of these types of emulators that produce time series (dynamic)
outputs, in particular in relation to coastal and pluvial sources. This is illustrated in Figure
21 and examples and further discussion is provided below.

301

20+ Static or dynamic

% Dynamic
Static

Number of studies

101
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W)

Coastal Pluvial Fluvial N/A

Figure 21: Evidence of dynamic emulator application by flood source

Figure 21 illustrates that the greatest number of studies where there is evidence of
dynamic emulator application is in coastal, followed by pluvial and fluvial flooding. Coastal
and fluvial flood sources have a greater proportion of studies related to static applications,
whereas for pluvial it is dynamic.
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Castelletti and others (2012) describe the development of a framework for the
implementation of dynamic emulators in environmental modelling. In their paper, they
consider 2 categories of emulators:

e structure-based
e data-based

Their description of a structure-based emulator is one that is often referred to as reduced
physics, simplified model or reduced complexity model. This type of approach does not
conform to the conceptual framework describing emulators defined for this project (section
3). This highlights the importance of having clear terminology when discussing emulators.

Castelletti and others’ data-based description of dynamic emulators does conform to the
conceptual framework used here, and this paper sets out a framework (DEMo) for
developing emulators whose input parameters are specified at different points in time.

Liu and Pender (2015) describe the application of a support vector regression (SVR)
emulator to a flood inundation model. The results of the study are presented as a time
series of depths and velocities of flooding. It is important to recognise that the underlying
emulator is, however, static. It takes as input a time series of flood depths and velocities,
and estimates, using an emulator, at each time step. The point here is that it would not be
appropriate to use a different shape of input hydrograph, and the same emulator, to predict
the flood extent of the revised hydrograph.

Other examples of static emulators being used to generate time series output are
described in a series of papers (Rueda and others (2017), Antolinez and others (2016),
Perez and others, (2015). In this approach, statistical models that incorporate a time
component (autoregressive-moving-average (ARMA) type methods) are used to generate
a time series of climatological variables that are then translated to daily and hourly
offshore sea conditions; emulators are then applied to transform the time series data into a
time series of nearshore sea conditions and coastal flooding and coastal process
variables. This type of time series data can be applied in the context of continuous
simulation risk analysis methods, which have been the subject of significant research in
hydrology (for example, McMillan and Brasington, 2008).
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6 Climate change

6.1 Introduction

The project steering group highlighted a specific interest in climate change and emulators.
It is understood that this was motivated by considering applying emulators relating to
climate change, for extrapolation purposes, on an existing ongoing project.

In general, emulators are not applied for the purposes of extrapolation. Extreme value
statistics not emulators are used for estimating beyond existing data. Emulators are
methods for interpolation, not extrapolation. Different situations can, however, arise in
practice and these were described in section 3.3. In particular, there are occasions where
emulators have been trained based on existing data, rather than design points being
carefully selected to ensure performance of the emulator over the required range of
prediction limits. Section 6.2 describes the case history, and provides evidence, of wave
overtopping where emulators were being applied in practice, well outside the region where
data were supporting the predictions. Measures that were then introduced to ensure
predictions are now within the range of the underlying data were also described in the
wave overtopping case study example.

In general terms, small deviations outside the strict range of design points may be
justifiable and acceptable in practice in some circumstances. However, care should be
taken here. Expecting emulators to generate reliable results well beyond the limits of the
design points is inadvisable.

Despite this discussion, this review found evidence of emulators being applied in the
context of climate change, and this is described in more detail below.

6.2 Source-pathway-receptor-consequence emulators

The government’s first Climate Change Risk Assessment (CCRA) made wide use of
response functions to assess climate change impacts for each sector (Defra, 2012). In
flooding, these were typically one dimensional, relating a flood driver to flood consequence
(for example, expected annual damage (EAD) and number of properties flooded), as
shown in Figure 22.
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Figure 22: Example response function (emulator) derived in the first CCRA (Defra,
2012) for 10 regions across England and Wales

Figure 22 shows 2 graphs. The top graph illustrates the relative change in peak flow (on
the x-axis) against expected annual damages (in GBP on the y-axis). The data shows an
increase in damages as peak flow increases across all regions of England and Wales. The
second graph shows a relative change in sea level (in meters on the x-axis) against
number of properties flooded (on the y-axis). The data shows an increase in properties
flooded as sea level increases across all regions of England and Wales.

This type of emulator is seeking to replicate the whole of the source-pathway-receptor-
consequence modelling system. The input to the emulator in this example is a single
‘source’ variable (for example, sea level or peak flow) and the output is the flood risk. The
underlying data points were derived using the Environment Agency’s long-term investment
scenarios (LTIS) model simulations that involved applying the NaFRA model. As the
emulators are constructed independently of any climate change scenario, they allow a fast
evaluation of different climate change scenarios that are within the limits of the LTIS model
runs.
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One of the main drawbacks of this approach is that because the whole model system has
been emulated, it is not always straightforward to explore mitigation options. For example,
using only the relationship depicted in Figure 22, it would not be possible to explore
mitigation options that involved raising flood defences. A new set of emulator design points
that incorporated different levels of raised defences would be required.

Examples of the application of combined evolutionary optimisation algorithms and
emulators were described in the context of emulator uncertainty (section 6.1). This
combination has also been applied in the context of options appraisal, considering climate
change.

Woodward and others (2013) describe the development of an emulator of a risk-based
probabilistic model, based on the Environment Agency’s MDSF2 model, for analysis of
different flood risk mitigation options for an area on the Thames Estuary. The input to the
emulator was sea level rise and the output was flood risk defined in terms of expected
annual damage. This is shown in Figure 23.
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Figure 23: An emulator of a probabilistic risk analysis model to support climate
change risk mitigation optimisation

The graph in Figure 23 plots sea level rise (in meters) is plotted on the x-axis against EAD
(in GBP) on the y-axis. It shows results of Woodware and others (2013) with good
agreement between emulator output and actual annual damages.

Identifying an optimum solution, in terms of economic benefits and costs, is challenging
because there are many different mitigation options that can be implemented at many
different points in time, and multiple climate change scenarios. In principle, this requires
the risk analysis model to be run for many 100s or 1,000s of scenarios (combinations of
different mitigation options, intervention time points and climate change scenarios). The
combination of the evolutionary optimisation algorithm and the emulator dramatically
reduced computational time in this example.
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The optimisation algorithm makes the search more efficient, and the emulator allows
different potential solutions to be rapidly evaluated. In a similar way to the Khu and others
(2004) calibration described in section 6.2, this also involved a final iteration stage that
replaced the optimum solution chosen by the emulator with the risk analysis model.

6.3 Flood “source” emulators

Climate change emulators that focus on the flood ‘source’ component have also been
developed. These offer more flexibility in terms of exploring mitigation measures than
those that are constructed on the whole system. An example of an emulator that focuses

on the pluvial or fluvial flood ‘source’ described by Prudhomme and others (2013) is shown
in Figure 24.
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Figure 24: Example peak fluvial flow response function (Prudhomme and others,

2013)
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Figure 24 shows a graphical illustration (response surface) for different catchment types of
an emulator of mean annual precipitation change, plotted against seasonable variation in
precipitation. It shows the percentage change in the 20-year return period peak fluvial flow
in relation to seasonal variation of precipitation (on the x-axis) and mean annual
precipitation (on the y-axis). Where there is a large (for example 70%) seasonal variation
in precipitation, and this relates to a moderate (for example 40%) mean annual change in
precipitation, then the predicted change in the 20-year return period peak flow rate is a
75% increase. The figure also shows an example response surface for a specific
catchment type. It plots mean annual precipitation change (%) against seasonal variation
(%). Nine different catchment types were identified in this study. These relationships were
developed to be independent of a climate change scenario. Therefore, they can be readily
applied to obtain rapid results for different climate change scenarios.

The subsequent integration of the response surfaces with climate change projections
described by Kay and others (2014) are shown in Figure 25. It overlays the output from
UKCPO09 probabilistic projections onto the response surface.
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Figure 25: Integration of climate change projections with peak 20-year flow
response function (Kay and others, 2014)
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In Figure 25 percentage precipitation harmonic mean (y-axis) is plotted against percentage
precipitation harmonic amplitude (x-axis). The contours are probability density, and each
individual point represents a single climate change projection. The integration of the
probability density with the response surface gives a probability density function of the
percentage change in the peak 20-year flow rate.

In this example, the emulator replaces the need to run a gridded hydrological flow model
for every single UKCPOQ9 climate change projection, thereby significantly reducing the
computational burden.

More recently, in relation to coastal climate change and sea level rise, response functions
for wave overtopping rates as a result of sea level rise have been generated (Hames and
others, 2021). This has been done using the coastal modelling system that was developed
and applied in the Environment Agency (Gouldby and others, 2017). The modelling
system, for reasons of computational efficiency and dimension reduction, comprises 2
separate stages of integration (Figure 26). The first integration stage comprises 2 separate
emulators of 2 separate physical processes; wave transformation and wave overtopping.
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Integration stage 1 Integration stage 2
Uncertain variables: Extreme waves and sea levels Uncertain variables: Wave overtopping rate for each defence

Response Function: Wave transformation/overtopping model and likelihood of defence failure for each defence
Response Variable: Wave overtopping rate Response Function:volume based inundation model
‘ Response Variable: Flood depth and economic damage

Uncertainty associated with flood //
defence failure

Economic
damage (£)

Annual exceedance probability

Wave babil
. Probability
overtopping of defence
rate failure
Annual Exceedance Probability " Wave overtopping rate

Figure 26: lllustration of the stages involved in the Environment Agency's NaFRA coastal flood risk analysis. Two emulators are
applied: one for wave transformation and the other for wave overtopping
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Figure 26 illustrates a conceptual flow diagram showing the use of wave transformation
and wave overtopping emulators in NaFRA coastal flood risk analysis. It firstly integrates
extreme waves and sea levels to produce a response function through a wave
transformation model - or wave overtopping model - leading to the response variable of the
overtopping rate. Secondly, it takes that overtopping rate for each defence and the
likelihood of failure to produce a response function of the volume-based inundation. This
further produces the variable of flood depth and economic damage.

The emulator of the SWAN wave transformation model (Booij, 1999) was developed by
carefully selecting design points to cover the input parameter space (see Figure 4). This
enabled computationally efficient transformation of offshore Monte Carlo event sets
(1,000s of sea condition events) to the nearshore. The second emulator in the modelling
chain was the BAYONET wave overtopping model (Kingston and others, 2008).

The climate change emulator that was developed (Hames and others, 2021) is therefore
an example of an emulator of a modelling chain that comprises of 2 emulators (an
emulator of emulators). When developing the climate change emulator, a decision was
needed about when to apply estimates of sea level rise. The possible options were:

e offshore, so the wave transformation aspects included the sea level rise
e nearshore, ignoring the deep water wave transformation effects

To test this, a sensitivity study was undertaken that involved adding 1m of sea level rise
offshore and then transforming the wave conditions to the nearshore. These results were
then compared with the distribution of nearshore sea conditions with no sea level rise
added. The outcome of the sensitivity study indicated that deep water wave transformation
effects were not overly significant. In the light of additional sensitivity analysis that had
already been carried out - and that showed the contribution of the uncertainty in wave
transformation to be a small fraction of the contribution to the overall uncertainty in wave
overtopping (Figure 14) - it was, for the purposes of the study, considered reasonable to
apply the sea level rise at the nearshore.

Emulators for different structure types were developed for different regions around the
country. An example of one of these is shown in Figure 27.
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Figure 27: Coastal wave overtopping rate response functions, for different return
periods in relation to sea level rise (Hames and others, 2021)

Figure 27 plots overtopping ratio (y-axis) against sea-level rise (in meters, x-axis). Ten
different return periods are shown (ranging from 1 year to 1000 years), with the steepest
function for return period of 1 year. Each increase in the return period results in a less

steep function.
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7 Conclusions

Collins and others’ (2015) rapid evidence review method was applied to search for
evidence of the use of emulators in flood risk analysis. The evidence shows emulators are
used extensively within flood risk modelling and analysis.

Three scenarios were identified in relation to using emulators in practice. The scenarios
include developing an emulator:

o for a new application where the required predictive limits are known in advance of
the design process

e for a new application where the required predictive limits are not known in advance
of the design process

e based on existing data or model outputs

The review highlighted that emulators are used more widely within coastal modelling than
hydrological or hydraulic modelling. This could be the result of the traditional and
widespread use of reduced physics or parametric hydrological models. These models are
naturally more computationally efficient and therefore, traditionally emulators may not have
been in high demand. In contrast, however, even early wave transformation models were
grid based, covering extensive spatial areas. This, together with the early requirement for
time series analysis, and Monte Carlo simulation data sets, output from joint probability
studies may have significantly stimulated demand for emulators.

In terms of the source-pathway-receptor components, there has been little demand for
emulators of the ‘consequence’ component. This is to be expected as, in general terms,
these models are already computationally efficient and therefore emulators are not
required.

A case study example relating to wave overtopping highlighted 4 points:

e early applications of emulators were generally not based on considering the
different types of emulators, and the selected method was not the result of an
informed decision; knowledge of a particular type of emulator that was applied in a
certain field was a contributing factor in the choice of emulator (Van-Gent, 2007)

e limitations relating to the potential range of application in practice was not duly
considered during the early stages of development

e methods to guide users to ensure emulators are applied within appropriate ranges
have been developed and applied in practice, in response to point 2 (Pullen and
others, 2018)

e recent developments have made the specific capability of different emulators
clearer; in this example, the ability to capture uncertainty in the design points was
an important consideration (Pullen and others, 2018)

Evidence of exploring the performance of emulators in terms of trading off the error
introduced with the number of design point simulations has been described. An example of
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this, that uses a leave-one-out cross-validation approach, was described in the context of
wave transformation modelling (Malde and others, 2016).

It has, however, also been identified, that it is important to consider the accuracy or
uncertainty of any emulator in the context of the overall analysis. Where chains of models
are created, some sources of uncertainty can dominate other sources. An example of this
was demonstrated by comparing wave transformation model uncertainty with overtopping
model uncertainty (Environment Agency, 2020).

Emulators that produce time series output were identified, but these tended to be static
emulators applied to time series data. The emulators tended not to be formulated in terms
of variables or parameters that vary in time. A framework for the latter has, however, been
identified (Castelleti and others, 2015) and this describes the challenges of this type of
approach.

The review found significant evidence of emulators being combined with evolutionary
optimisation algorithms (artificial intelligence). This combination was used to:

e analyse the catastrophic failure of a flood defence structure during Hurricane
Katrina: in this example, the optimisation algorithm was used to focus the selection
of the design points for the emulator in a region of values that was of most
importance (Kingston and others, 2011) - this was applied to a problem where the
area of importance for the design points was not known in advance

e calibrate a MIKE 11 rainfall or run-off model, to minimise the computation time
required to obtain an optimum calibration parameter set (Khu and others, 2004)

e select an optimum flood mitigation strategy by emulating a probabilistic risk analysis
model (Woodward and others, 2013) - the study considered a range of different
mitigation options, climate change scenarios and time horizons for option
implementation

Significant evidence was found for applying emulators to assess climate change impacts.
The evidence included 2 distinct categories:

1. Emulators of whole system source-pathway-receptor models.
2. Emulators of the ‘source’ component.

The whole system source-pathway-receptor emulators allow a range of different climate
change scenarios to be rapidly considered. However, they offer limited flexibility in
exploring mitigation options unlike the source component models.
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8 Future considerations

This review has identified that emulators are widely applied within models of flood and
coastal erosion risk analysis. It was apparent that there was no readily available industry
guidance document that covered the application of emulator techniques to flood risk
modelling and analysis.

For potential future use of emulators for flood modelling, a first step would be to develop
appropriate guidance covering:

the range of available techniques, with a discussion of the pros and cons of each
a standard template for developing an emulator, which could include:

o

0O O O O

©)

several input parameters

several output parameters

several design points

a method for selecting design points
a method of validating emulator
error metrics

basis for error acceptance, while considering the context of overall application,
including model chain uncertainties

description modelling problems that are or are not suitable for the application of
emulators

methods to advise users when predictions are not supported by design points (limits
of application)

overview of software libraries, capabilities and verification
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Appendix A: Search strings

The 8 search strings used in the REA were:

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
(‘flood risk’ OR ‘flood hazard’)

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
(‘flood risk’ OR ‘flood hazard’) AND ‘present and future flood’

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND

(‘flood risk’ OR ‘flood hazard’) AND (‘coastal flood’ OR ‘wave height’ OR surge OR

tide OR tidal OR ‘sea level’)

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
(‘flood risk’ OR ‘flood hazard’) AND (‘pluvial flood’ OR rainfall OR precipitation)

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
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‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
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velocity’)

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
(‘flood risk’ OR ‘flood hazard’) AND (‘defence breach’ OR ‘defence failure’)

((emulator OR emulation) OR (‘meta-model’ OR ‘meta model’ OR ‘metamodel’) OR
‘surrogate model’ OR ‘response surface methodology’ OR ‘design selection’) AND
(‘flood risk’ OR ‘flood hazard’) AND (‘hydrol*’)
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