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Evidence 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. The Joint
Programme is jointly overseen by Defra, the Environment Agency, Natural Resources
Wales and the Welsh Government on behalf of all Risk Management Authorities in
England and Wales:
http://evidence.environment-agency.gov.uk/FCERM/en/Default/FCRM.aspx.

You can find out more about our current science programmes at:
https://www.gov.uk/government/organisations/environment-agency/about/research.

If you have any comments or questions about this report or the Environment Agency’s
other scientific work, please contact research@environment-agency.gov.uk.

Professor Doug Wilson
Director, Research, Analysis and Evaluation
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Executive summary

A realistic assessment of flood risk includes understanding the potential for harm
stemming from multiple hazards, such as combined inland and coastal flooding, or
flooding in multiple locations, such as in recent regionally and nationally significant
events. A quantitative assessment of the risk of these types of events requires joint
probability analysis, which has been applied in the latest flooding scenarios developed
within the Cabinet Office’s National Risk Register (NRR) process, bringing together the
latest assessments of hazards and threats to increase national resilience and
preparedness.

The development of widespread flood risk scenarios considered within the NRR
involved the application of new statistical methods using complex and specialist
software. Working in close partnership with Defra and supply chain partners, those
advances in statistical methodology have been translated into a practical tool — the
Multivariate Event Modeller (MEM) — for the analysis of joint probability within flood risk
management. The MEM is designed to be applied more readily by trained practitioners
for joint probability analysis in operational flood risk management, with case studies
and supporting guidance.

The MEM is a demonstration tool that allows practitioners to start analysing spatial or
multivariate joint probability problems in more than 3 variables and combinations of up
to 10 variables. It provides an alternative to use alongside existing methods, and does
not supersede or take priority over other methods.

This user guide places the MEM within the context of existing good practice in joint
probability analysis, listing some possible uses within flood and coastal risk
management while noting some caveats and limitations to be borne in mind.

Instructions are given on how to install the required software and how to run to MEM
tool. Guidance is provided on the process of using the tool and what each of the 6 tabs
within the tool does. Numerous screenshots (some annotated) are included.

Five case studies offer examples of how the MEM tool can be used in a range of
environmental applications.

The guide ends with a series of FAQs and a glossary.

Disclaimer

Please note that this research tool is still in beta testing phase, as such neither the
Environment Agency nor its contractors take any responsibility or liability for any
outputs from this tool, or any decisions any user takes based on outputs obtained from
using this tool. This is not a tool suitable for normal operational use without the use of
other supporting evidence / specialist expertise at the present time.
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1 Introduction

A realistic assessment of flood risk includes understanding the potential for harm
stemming from multiple hazards, such as combined inland and coastal flooding, or
flooding in multiple locations, such as in recent regionally and nationally significant
events. A quantitative assessment of the risk of these types of events requires joint
probability analysis, which has been applied in the latest flooding scenarios developed
within the Cabinet Office’s National Risk Assessment (NRA) process, bringing together
the latest assessments of hazards and threats to increase national resilience and
preparedness.

The joint probability of 2 or more variables being ‘extreme’ is relevant in flood and
coastal risk management (FCRM) in various contexts, including

e assessing the likelihood of extreme peak flow events on multiple tributaries
of a river to help in developing scenarios for a whole catchment model

e placing recent or historical floods in context by estimating the combined
likelihood of extreme flows, water levels, rainfall, wave or wind observations
at one or more locations

e assessing the likelihood of combinations of extreme river flows, storm surge
and possibly other relevant variables

e modelling the chance of combinations of extreme conditions occurring
together in related variables such as soil moisture content, rainfall
accumulations and river flows

Previous Defra and Environment Agency guidance (Hawkes 2005) describes methods
for joint probability calculations for certain pairs of variables, based on statistical
models supported by specialist software (HR Wallingford and Lancaster University
2000).

More recently, new statistical methods have been developed that allow for a more
general, data-driven analysis of the joint probability of extreme events in combinations
of multiple variables (Heffernan and Tawn 2004). Applications include:

e regional and national scale assessments of the probability of widespread
flooding in rivers (Lamb et al. 2010)

e joint probability analysis of extreme surge and waves at the coast (Gouldby
et al. 2014)

These methods have been documented and tested through a series of research
reports from a previous Defra and Environment Agency Flood and Coastal Erosion
Risk Management project SC060088 ‘Risk of widespread flooding (spatial
coherence).!

1.1 About the Multivariate Event Modeller

The Multivariate Event Modeller (MEM) is a tool that implements the new methods with
user-supplied datasets to estimate the joint probability of extreme events in
combinations of up to 10 variables. The tool is designed for joint probability analysis of

1 Available from https://www.gov.uk/government/publications/the-risk-of-widespread-flooding-
capturing-spatial-patterns-in-flood-risk-from-rivers-and-coasts
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extremes in time series data. Additionally, it handles a special case where data have
been sampled for extreme surge events to illustrate the extension of coastal joint
probability methods to incorporate spatial dependence.

The MEM is a demonstration tool that allows practitioners to start analysing spatial or
multivariate joint probability problems in more than 3 variables. It provides an
alternative to use alongside existing methods, and does not supersede or take priority
over other methods.

It is a specialist tool aimed at those interested in joint probability assessment including
hydrologists, hydraulic modellers and coastal engineers. It has the following
applications.

o Extreme value analysis (any variables including fluvial, rainfall and coastal)
— annual exceedance probability curves can be viewed on the ‘Marginal
analysis’ tab for each variable.

e It can be used to understand and view the relationships between the largest
values of a combination of variables in space and time.

e It can be used to calculate the dependence parameter Chi for a pair of
variables, which can then be used in the joint probability desk study
approach described in the Defra/Environment Agency technical report
FD2308/TR2 (Hawkes 2005).

e |t can be used to find the probability of an observed or hypothetical extreme
event at multiple locations and/or in multiple variables (for example, to
quantify the severity of an observed or a forecasted event).

e It can be used to find the encounter probabilities of an observed or
hypothetical extreme event at multiple locations and/or in multiple variables
(for example, the chance of observing a particular event over the lifetime of
a mortgage).

e The simulated event set can be exported for use as an input to models. For
example, it can be used in a catastrophe model or a SWAN model to
analyse the damage/impact of an event or hydraulic models to test flood
resilience measures using a variety of plausible extreme events.

1.2 Use of the MEM for joint probability analysis

Table 1.1 places the MEM within the context of existing good practice in joint probability
analysis.

Table 1.2 lists in greater detail some of the uses within FCRM in which it is envisaged
that the MEM could be applied. It also includes caveats and limitations to be borne in
mind.
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Table 1.1

Comparison of MEM and older methods used for joint probability

analysis
Method Year User skill- Potential Application Characteristics
established level types of track record
in practice application
Simplified 2005 Low (non-  Introductory  Widely used Approximate
approach specialists in practice -
(cpopntour) P ) ‘Broad brush’ P Limited number of
analysis Quick variables
No special
software/
hardware
needed
JOIN-SEA 1998 Specialist  Scheme Widely used Robust software
(contour) design in practice and method
Flood risk Relatively Three variables
analysis at uick
diffe?/ent q Fixed dependence
spatial structu’re (no ‘black
scales and swans’)
levels of
complexity
JOIN-SEA 1998 Specialist  As above Widely used As above plus
(risk- in practice impacts analysis
based)
Heffernan 2010 Specialist NRA Emerging Theoretically
and Tawn scenarios methods robust for all types
(2004) of dependence and
(contour) Scheme Implemented e |arge ranges
design in bespoke ¢ shatial scale
. software
Tributary _ Works for arbitrary
inflows May require  ompinations of
analysis significant variables
lood risk computer
Flood ris power and  Can support time
analysis at a4 storage  dependence
different
scales and
complexities
including
high-
dimensional
problems
Heffernan 2008 Specialist  Rel/insurance Well- As above plus
and Tawn catastrophe  established impacts analysis
(2004) models in insurance
(risk- risk
based) Scheme modelling
design
. Not yet
Flood I:'lSk applled in
analysis at
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Method Year User skill- Potential Application Characteristics

established level types of track record
in practice application
different FCRM
spatial engineering
scales and
complexities
Heffernan 2017 Moderate  Supporting New As above for up to
and Tawn analysis for 10 variables
(2004) FCRM
(MEM) planning, New software
scenario No built-in
analysis and treatment of time
post-event dependence
analytics
Notes: ‘Contour’ refers to the method of joint probability analysis based on the

construction of joint probability contours, or design curves, relating to the chance of
exceeding specified combinations of values in physical variables.

‘Risk-based’ refers to methods in which the probability of a defined range of
outcomes (such as increasing amounts of monetary damage) is assessed, based
on the analysis of 2 or more input variables.

Table 1.2 Where the MEM could be used

What the MEM is intended for

e General multivariate analysis — can handle between 2 and 10 variables simultaneously,
and variables can represent any concurrently sampled quantities (including river flow,
water levels, rainfall, wind speed or surge). The method accounts for complex
dependencies between variables, as observed in many hydrological records.

¢ Visualising data — interactive plots that allow the user to investigate the data easily.

¢ Insight —the MEM tool offers supporting evidence about dependence and joint
probabilities (for example, the user can visualise how variables relate to each other in the
extremes, and can understand and view the relationships between the largest values of a
combination of variables).

e Support for the project FD2308 joint probability methods — calculates the
dependence parameter Chi for any pair of variables, for use in the FD2308 joint
probability ‘desk study’ approach. The derivation of Chi is based on the methods set out
in Hawkes (2005).

e Calibrating a joint probability model to match an existing analysis of annual flood
probabilities — the MEM can automatically fit a statistical distribution for the annual
exceedance probabilities (AEPS) in each variable, using the peaks over threshold
method. However, an externally derived model can be specified instead, defined in terms
of a generalised logistic model for the AEPs. This enables the joint probability analysis to
incorporate flood frequency curves derived using Flood Estimation Handbook methods.

e Exporting simulated joint probability events — the MEM can generate and export
plausible concurrent extreme events using Monte Carlo simulation.

Applications where the MEM could provide supporting evidence, with interpretation
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Probabilistic scenario generation — the MEM outputs could be used as a basis for
developing likelihood-based extreme event scenarios, although expert interpretation and
judgement is recommended to ensure that outputs are used appropriately.

Support for setting inflows/boundary conditions for hydraulic model scenarios — a
possible use for the MEM is the development of extreme event scenarios for tributary
inflows and/or estuaries in hydraulic models. It is necessary to give careful consideration
to sampling uncertainties, the robustness of the input data and timing issues. It is
recommended that the MEM be applied and compared with other methods, including the
FD2308 joint probability method, local marginal analysis (for example, Flood Estimation
Handbook methods) and historical precedents to ensure a robust analysis.

Applications where the use of the MEM requires caution

¢ Detailed design calculations for individual locations — more established and

rigorously tested standard methods such as the Flood Estimation Handbook, the
Revitalised Flood Hydrograph (ReFH) or Defra’s extreme sea level models should be
used. However, the MEM may provide additional supporting evidence about spatial or
multivariable joint events as discussed above.

¢ Generation of events for coastal damage calculations — the MEM implements a

spatial extension of the joint probability analysis of storm surges, extreme wind and wave
observations, but this is conditional only on the occurrence of an extreme surge, and
therefore does not consider the full set of combinations of processes that could cause
damage because of coastal flooding or waves.

1.3 Structure of the user guide

Section 2 provides instructions for installing the required software and running the
MEM tool.

Section 3 guides you through the process of using the MEM tool and explains what
each tab does.

Five case studies in Section 4 provide examples of how the MEM tool can be used in a
range of environmental applications.

A series of FAQs is given in Section 5.

There is also a glossary of terms.
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2  Software installation

This section explains how to install and run the MEM, providing an overview of the
software requirements and how to install the various components.

2.1 Software requirements

The following open source third-party components are required on the user’'s machine:
¢ R for Windows — the MEM has been tested on versions 3.2.0 to 3.3.3
¢ RStudio — the MEM has been tested on versions 0.99.467 to 1.0.136
e Rtools

e The R packages provided with the MEM tool (note that the MEM may not
work if the versions of the R packages are different from those provided) —
instructions for installing the packages and their dependencies are given in
Section 2.2.4.

The MEM tool has been developed and tested using Microsoft® Windows 7 and has
been verified to run on Windows 10.

2.2 Installation procedure

Figure 2.1 shows the order for installing the software.

Install
Download .
Download R ‘ RStudio ‘ Install Rtools required
packages

Figure 2.1  Flow chart providing an overview of the installation procedure

2.2.1 R for Windows

The latest version of R (and previous releases) can be downloaded from:
https://cran.rstudio.com/

Make sure that you install the appropriate components for your hardware and operating
system (that is, 64-bit components if installing on a 64-bit Windows system).

Figure 2.2, Figure 2.3 and Figure 2.4 show the first steps in the download. Click
‘Download R for Windows’ and then ‘Install R for the first time’.
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Follow the installation procedure. You should be able to accept most of the default
options, although you may wish to change the saving location.
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Figure 2.5 shows the components to install on a 64-bit system. This should be the
default setting.
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Current selection requires at least 163.3 MB of disk space.

Figure 2.5 R components to install (default setting)

222 RStudio

The latest version of RStudio can be downloaded from:
https://www.rstudio.com/products/rstudio/download/

Select the Windows installer (Figure 2.6) and follow the installation process.

L © | @ heips//ewee rstudio com LA

€9 studio f : : ¢ CEET -

T A

Do you need support or a commercial license?

RStudio Desktop 0.99.903

Installers for Supported Platforms

Installers for Supported Platforms

iy

Source Code

Figure 2.6  First step to install RStudio for Windows

Once installed, a shortcut should have been created which you can use to open
RStudio. Otherwise you can find the application in the directory you selected for saving
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RStudio under ‘bin/rstudio’ (Figure 2.7) (assuming the default settings have been
followed).

RStudio » bin »

lew foider
Name
% icodt53.an
& icunS3.d8
% koucS3.di
& Bbgec s dw2-1.d1
% Bbstdce 6.
& Sowinpthread-1.d8
. gteconf
% Qi5Core.dt

p. [P

i

2%
H
@

Figure 2.7  Opening RStudio without a shortcut

RStudio will look similar to Figure 2.8 when you open it, though there may also be a
box in the top left quadrant.

Conate 7| Coviomment  Mistory =

P 3 mportDataset~ -] .
R versfon 3.2.5 (2016-04-14) - “very, very secure Dishes” x & 7 LS
copyright (€) 2016 The R Foundation for statfstical computing @ Glovs Ervanment -
Platforn: x86_64-wed-mingn32/x64 (64-bit)

R 15 free software and comes with ABSOLUTELY NO WARRANTY.
You are welcome to redistribute it under certain conditions.
Type ‘license()* or ‘Ticence()' for distribution details.

R 15 2 collaborative project with many contributors.
Type “contributors()’ for more information and
*citation()" on how to cite R or R packages in publications.

demo()’ for some demos, 'help()” for on-Tine help, or
“help.start()’ for an WTML browser interface to help.
Type 'q0)" to quit R.

Figure 2.8  RStudio on starting the application
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2.2.3 Rtools

Some of the packages need compiling when they are installed from the folder provided
and this requires Rtools. This can be downloaded from:
https://cran.r-project.org/bin/windows/Rtools/

Select the version that is compatible with the version of R you have downloaded
(Figure 2.9).

¢ 5 [ mpsiennrproecon
Building R for Windows

This document s a collection of sesourees for building packages for R under Microsoft Windows. or for building R itself (version 19.0 er later). The original collection was put together by Prof. Brian Ripley: it is curretly being
mammiamed by Duncan Murdoch

The suthontative source of mformation for t0ols o work with the current release of R is the "R Administration and Installation” manual. In parnicular, please read the “Windows Toolser™ appendix,

Rtools Downloads

of the tools. and other “frozen” smapshots of them. We recommend that users s the Istest release of Rtools with the latest

Some of the tools are incompatible with ot of R. We maintain one actively vps
release of R.

The current version of this file is recorded here: VERSION i

Dowsiond Froze?
No.
Yes
Yes
Yer
T pas Yo
[ Fruiorss Yes
| R21ixorR214x Yes
213X o5
R212x s
[Rivols2 1 cxe R210xorRaiis 7
|Biools 210 exe R29xor2
[Rtools)9 exe R2§xorR - =
[ioslslicxe Re7xor| |[Download R compatibility
[Rioolsl7 exe R26xorR
ol exe R2sxr2] |[Rtools34 exe R 3.3 x and later
The change history to the Riools is below Rtcols33 exe R32xto33x
Tools for 64 bit Windows builds S S
Rtools32 exe R31xto32x
Ruools 2.12 and later include both 32 bat and 64 bat 1
Mot ofthe ool weed for 32 it buikds work fine s wi_|[R800]53 ] exer R30xto31x
Plans are for R 3.3 0 and later to use based on gec 493 i p Jeroen Ooms and others. See the project page for details.

ludes this toolchain.

i 2ip on s web page. Rtools 215 1033

ther by Prof. Brian Ripley and av
h archrecrure.

ain based on pre-4 6.
debugger are alse

Builds of R 2.13.x and R 2.14.{0.1) used a release based on pre-4.5.2 gee. Reoals 2.14 includes binaries put together by Prof. Brian Ripley and available from Lis web poge To install these, select the "MinGW64” component when
installing Rroals.

For the lates R 2.11x versions, we used the MinGW-w64 version based on pre-4.4.4 gec. which was available from Prof. Ripley as http./www stats ox ac.uk/pub Rigols/old i, We also used this version for

Figure 2.9  First step to install Rtools

Keep the default settings throughout the download, although you may wish to change
the saving location. Figure 2.10 shows the components that should be selected for a
64-bit system.

‘ﬁ! Setup - Rtools =L

Select Components
Which components should be installed?

Select the components you want to install; dear the components you do not want to
install. Click Mext when you are ready to continue.

’Pad@ge authoring installation -
R toolset 19.2MB
Cygwin DLLs 5.8 MB
[¥] R 3.3.3%4+ 32 it toclchain 401.8 MB
R 3.3.3+ 54 bit toolchain 437.3MB
[ Extras to build 32 bit R: TCL/TK 12.3MB
[] Extras to build 64 kit R: TCL/TK 12.6 MB

Current selection requires at least 796, 2 MB of disk space.

[ < Back ][ Next = ][ Cancel ]

Figure 2.10 Components that should be selected when installing Rtools (for 64-
bit system)
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224 R packages

The required versions of the R packages are provided in the ‘Packages’ folder in the
MEM tool and can be installed using the ‘Install packages.R’ script in the same folder.
This can be opened from within RStudio by clicking the ‘Open an existing file’ button
(circled in Figure 2.11) or using ‘Ctrl+QO’. You need to set the directory where the
packages are saved (the ‘Packages’ folder) by navigating to the folder (see Figure
2.11). Instructions for running the rest of the code are given in the script.

These packages only need installing once per installation of R. It is recommended that
they are installed on a new installation of R to ensure that there are no conflicts with
packages that may have been installed previously.

L T - - ==

@ View Piots [Session| Buld Debug Took Help
Restart R Chrls Shift=FLO
e - Environment  History
. " o Dotaset~  §
R’ ve 2006-C = ~
d 1 te al e
i
£ T
@

Fles  Plots  Packages  Help  Viewer =]

Figure 2.11 How to set the working directory (folder where the packages are
saved) in RStudio

2.3 Opening the MEM

The MEM tool is run from within RStudio. A blank workspace is recommended (that is,
no other code has been run or data imported before running the tool).

Either the ‘server.R’ or ‘ui.R’ file need opening using the ‘Open an existing file’ button
(circled in Figure 2.11) or ‘Ctrl+QO’. You should then see a ‘Run App’ button at the top of
the box containing the script (circled in Figure 2.12). Click this button to open the MEM
tool.
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Fie fde Code Wiew Plots Semion Buld Drbug Took Help
Q.- - .

e pon Pacge Hep  Veews

Figure 2.12 How to open the MEM tool in RStudio

The MEM should open in a new RStudio viewer window where it can be used.
Alternatively, the MEM can be run in an internet browser using the ‘Open in Browser’
button when the MEM loads (see Figure 3.2).
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Notes:

Tool overview

Overview tab

l l

Load saved model
Create new model Resume at any step of
the process
1
|
|
1. Input data S |
Load and/or plot data 7
|
|
|
|
|
2. Build model |
Create joint probability |
model and plot —— — — ————

observed and simulated |

data |

|

|

Create |

L—» dependence |

structure ]

|

| |

|

Generate Y

eveht set 3. Marginal analysis
Plot AEP curve based Ve tae
on parameters of marginal

L .

marginal distribution
used in the MEM (GPD)
and option to input GL
parameters

—» parameters &
updated event
set

Save joint
probability

model

4. Joint probability
analysis
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5. Export results

Save csv
L—» containing
event set

Figure 3.1  Tool workflow

GL = generalised logic; GPD = generalised Pareto distribution
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The MEM contains 6 tabs:
e Overview
¢ Input data
e Build model
e Marginal analysis
¢ Joint probability analysis
e EXxport

The tabs can be worked through sequentially as shown in the workflow in Figure 3.1
and are described in further detail in this section.

After completing each tab, you can switch back to a previous step at any time and can
return to the ‘Build model’ tab to simulate a new event set, for example, if you wish to
simulate more years of data.

Plots may not render properly if switching between tabs while plots are loading so it is
recommended that you stay on a tab until the plots have completely appeared.

3.1 Overview tab

The overview tab (Figure 3.2) introduces the MEM tool and its structure, providing
information about each tab. There are 2 options on this tab:

¢ Start a new analysis with new data by clicking either the ‘Create a new joint
probability model’ button or the ‘1 Input data’ tab.

¢ Load a saved model to carry out further analysis using a previously created
model and simulated event set (as saved as a binary .RDS file in the ‘Build
model’ tab) by clicking on the ‘Load saved model’ button and then the
‘Browse’ button.

Once you select to load a saved model, the option to input new data will disappear.
The MEM will need to be refreshed to bring back the option. When data have been
loaded, all options to load data will disappear and the MEM will need to be refreshed to
load new data.

You can start a fresh analysis at any time by pressing the ‘Reload the Shiny
application’ button when using the RStudio viewer window or the browser refresh
button (or F5) when using a web browser.

There is an option to open the MEM in a web browser (opens in your default browser).
This will open a fresh version of the MEM which will not contain any information you
may have already entered. The MEM must also be open in the RStudio viewer window
to work in a web browser. Although instances of the MEM open in both the RStudio
viewer window and a browser simultaneously are not linked to each other, carrying out
2 analyses at the same time could slow both processes down. It is therefore
recommended that one analysis is carried out at a time in either the RStudio viewer
window or in a web browser. A web browser may be faster at rendering plots.
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3.2 Input data tab

If you have selected to input new data, this tab will appear as in Figure 3.3 with the file
upload button visible.

There is an option to upload either time series data sampling all observations or
observations sampled at peak surge events. You need to select which you will be
uploading before you upload the data, as the options will disappear once data have
been loaded and the selection affects the plots and analysis in the MEM.

The MEM will try to identify if the uploaded data are inconsistent with the selected data
type and may give a warning message but this is something to check if errors appear.

You will need to refresh the MEM to change your selection once you have uploaded
data.

If time series data sampling all observations are uploaded, the MEM internally
declusters each variable based on the runs method. This method is commonly used in
threshold exceedance modelling and separates clusters wherever 7 consecutive data
values fall below the threshold
(https://www.rdocumentation.org/packages/evd/versions/2.3-2/topics/fpot).

When the methodology was applied for the NRA scenarios, a minimum record length of
20 years was applied to each flow gauge.
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Initial view of ‘Input data’ tab if you have selected to create a new joint probability model
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The ‘Browse’ button allows a .csv file to be uploaded containing data for up to 10
variables. Uploading data that are not in a .csv file may cause errors. If you wish to
change your data, the MEM must be refreshed first.

The data must be in a specific format to be used in the MEM tool (see examples in
Table 3.1 and Table 3.2).

The data requirements for time series data sampling all observations are as
follows.

e The input data must be in the form of concurrent observations of each
variable, with no missing data. Any missing periods of observations must
be infilled to create a complete, continuous record for input to the MEM,;
see the FAQs in Section 5 for more information.

e The first column must be a date in DD/MM/YYYY format (for example,
‘01/12/2010’ for 1 December 2010). It may be worth checking this by
opening the .csv file in a text editor.

e The other columns are variables.

o Each row is a set of observations on the same day. You can use daily
average values, or the maximum observation on a day. It does not matter
how you define ‘same day’ (for example, midnight to midnight or 09:00 to
08:59) as long as the definition is consistent.

o The first row is a header that contains the names of each of the variables
(which can be a mix of letters a—z and numbers 0-9). These names will be
used in figures and tables throughout the MEM. If any of the names contain
spaces, these will be replaced with a *.’, as shown in the figures in this user
guide for the River Tyne example, which uses data from Haydon Bridge.
The MEM will also automatically add an ‘X’ to the front of variable names
that start with a number.

Table 3.1 Example format for time series data sampling all observations
Date Bywell Reaverhill Haydon Bridge
21/09/2002 7.273 3.252 3.448
22/09/2002 5.916 3.252 3.345
23/09/2002 5.703 3.109 3.178
24/09/2002 5.987 4.363 3.080
25/09/2002 6.882 3.700 2.952
26/09/2002 17.435 12.018 2.826
27/09/2002 29.260 12.018 2.703
28/09/2002 13.180 12.018 2.583
29/09/2002 13.180 8.851 2.437
30/09/2002 5.495 2.910 2.295

The data requirements for observations sampled at peak surge events are as
follows.
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e Each column must represent a variable. A date column should not be
included and the MEM will add an index column.

e Each row is a set of observations representing the same event.

e The first row is a header that contains the names of each of the variables
(which can be a mix of letters a—z and numbers 0-9, but see next bullet
point). The comments on the naming convention from above still apply.

o The name in the header row for variables representing skew surge must
contain the string ‘SkewSurge’, which can be embedded in a longer name
(for example, ‘SkewSurge_JP26’).

Table 3.2 Example format for observations sampled at peak surge events

SkewSurge.JP26  WaveHeight.JP26  SkewSurge.JP27 WaveHeight.JP27
0.234 1.787973 0.208963 2.409756
0.02363 1.815529 0.021606 0.523028
0.283888 1.750618 0.209 2.482906
0.090756 0.885693 0.079 1.0772
0.098469 1.206618 0.162 2.383084
0.359972 1.764836 0.315 2.343085
0.313159 1.472587 0.405 2.494383
0.097374 0.687542 0.28 1.280819
-0.0231 0.910051 0.127 1.978013
0.117 0.872204 0.197 1.777779

The joint probability analysis relies on the quality of the input data being as good as
possible, especially for extreme values above the threshold. Guidance on assessing
data quality can be found in the Environment Agency’s Flood Estimation guidelines

(Environment Agency 2012).

Once data are uploaded, or if you have loaded a saved model, the tab will appear as in
Figure 3.4 or Figure 3.5, depending on the type of data uploaded, and the next tab will
be activated.

Summary statistics for the data are displayed in the left panel, with plots of the data in
the main panel. If you have entered data for observations sampled at peak surge
events (Figure 3.5), you will need to enter the number of years of data represented
(that is, the number of years in the full dataset before the observations were sampled at
peak surge events). The threshold used to define the extreme values is plotted as a
horizontal line for each variable. The 97.5th percentile has been used in the MEM,
following previous applications of the methodology, and data above the threshold will
be modelled using the conditional extremes joint probability approach.
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Figure 3.4  ‘Input data’ tab after time series data sampling all observations (or a saved model which used this type of data) have been
uploaded
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Figure 3.5 ‘Input data’ tab after observations sampled at peak surge events (or a saved model which used this type of data) have

been uploaded
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3.3 Build model tab

The main panel in this tab shows the relationships between each pair of variables in
your uploaded data. The plot controls on the left allow you to choose whether to view
your data on their original measurement scale (for example, water level or flow rate), or
on a mathematically transformed scale that emphasises the extreme values and
standardises across differences in the absolute physical scale (‘standardised scale’).

The right side of the tab guides you through the process of building a joint probability
model. This is carried out in 2 stages.

o Create the dependence structure — a set of statistical relationships that
model how likely each pair of variables are to be extreme at the same time.

¢ Simulate a set of synthetic extreme events from these relationships that will
be used to estimate the joint probability of an event you want to analyse.

Figure 3.6 shows the initial view of the tab. The scatter plots pair up the data at the
same date or time index (that is, there is no time lag); a time lag could be introduced by
offsetting the date of the input data.

Figure 3.7 shows the tab once the dependence structure has been created, with the
data plotted on a standardised scale. If the record length of the input data is not long
enough or a variable lacks sufficient extreme events to permit robust analysis of the
extremes, a warning will appear.

You can then select the number of years of events that you would like to simulate (this
is a synthetic period of record). A larger simulated sample will give you a more precise
analysis of joint probabilities, but there is a trade-off because a large simulation may
also take some time. Simulating a minimum of 10,000 years of synthetic events is
suggested. The maximum number of events that can be simulated will depend on the
particular configuration of the user’'s computer system. Very large simulations may
result in memory errors or unacceptably long processing times. If a larger number of
events is required, it is recommended that the simulation size is increased
incrementally by doubling the number of events to establish what is feasible.

Table 3.3 provides example runtimes for different numbers of variables and years of
simulated events. Note that these will vary across machine specifications and be
dependent on whether other processing is taking place simultaneously.
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Table 3.3 Example runtimes for different numbers of variables and years of
simulated events
Number of
NIl 57 Record ears of
of | y Runtime PC specification
variables ength simulated
events
2 52.5 years 20,000 Creating dependence  Windows 7
structure: 7 seconds
16.0GB RAM
Event simulation: 30 ) _
seconds (plus 15 64-bit operating system
seconds for updating  processor: Intel(R)
the plots) Core(TM) i7-2600 CPU @
3.40GHz
2 52.5 years 100,000 Creating dependence  Windows 7
structure: 7 seconds
16.0GB RAM
Event simulation: 2 i i
minutes 40 seconds 64-bit operating system
(plus 1 minute for Processor: Intel(R)
updating the plots) Core(TM) i7-2600 CPU @
3.40GHz
3 14 years 20,000 Creating dependence  Windows 7
structure: 5 seconds 16.0GB RAM
Event simulation: 2 ) )
minutes 55 seconds 64-bit operating system
(plus 15 seconds for  prgcessor: Intel(R)
updating the plots) Core(TM) i7-2600 CPU @
3.40GHz
3 14 years 50,000 Creating dependence  Windows 7
structure: 5 seconds
16.0GB RAM
Event simulation: 7 i _
minutes 10 seconds 64-bit operating system
(plus 30 seconds for  processor: Intel(R)
updating the plots) Core(TM) i7-2600 CPU @
3.40GHz
10 23 years 10,000 Creating dependence  Windows 7
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Figure 3.8  ‘Build model’ tab once the event set has been simulated, or initial view of the tab if you have loaded a saved model
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Once the simulation is complete (Figure 3.8), the remaining tabs will be activated and
the plots will update to include the events simulated using the conditional extremes
model (the plots will be greyed out while updating and this will take longer for larger
event sets). The cloud of simulated points should look similar to the cloud of observed
points, but should extend beyond the range of the observed dataset so as to include
more extreme events than in the observations (see the plots in Figure 3.8).

The joint probability analysis will require some of the simulated data to be more
extreme than events you wish to analyse. If this is not the case, you can repeat the
simulation for a larger number of years.

Additional plotting controls also appear on the left to provide an option for selecting
which data to view and to control thinning of the data. The larger event sets take longer
to plot and so thinning the data randomly speeds up the plotting, although some detail
will be lost in the plots. This is purely a visual performance optimisation and will not
affect the calculations. There may be situations where a combination of substantial
thinning, simulation size and marginal parameters lead to there being no simulated
data to plot, in which case an error may be reported (‘argument of length 0’). If this is
encountered, try increasing the proportion of data plotted.

Testing a large simulation representing 100,000 years of data for 3 variables suggested
that plotting 35% of the data could be very slow and plotting 50% of the data could take
up to 15 minutes and not allow access to the MEM during this time. This applies to a
mid-range laptop (of around 2015 vintage). Performance with a large simulated event
set and observed dataset will depend on the hardware being used but increasing the
plotting proportion incrementally is suggested. For large simulated event sets, it will
probably be unnecessary to plot a large proportion of the data. The larger the simulated
event set, the longer most processing within the MEM will take.

There is an option to save the model you have created. This applies when you have
created a new joint probability model and when you have simulated a new event set
after loading a previously saved model; it will not work if you load a previously saved
model and try to save it again without simulating a new event set first (you can check
that a new event set is being simulated as a progress bar will appear in the bottom right
corner).

The input data (and number of years represented by observations sampled at peak
surge events), dependence structure and simulated event set (including the number of
years simulated) are saved as a binary file and this can be loaded back into the MEM
on the overview tab so that you do not need to repeat the model build. If you save the
model with the same name as an existing .RDS file, then the new file will overwrite the
existing file.

3.4 Marginal analysis tab

This is an optional tab (Figure 3.9) where you can view the marginal distribution used in
the joint probability analysis. The marginal analysis in the MEM tool fits a generalised
Pareto distribution to peaks over threshold data for each variable. This tab also gives
you the option to input your own marginal parameters for each variable from a
generalised logistic distribution (for example, the marginal parameters obtained from a
Flood Estimation Handbook flood frequency analysis).

The 2 choices of marginal analysis can be compared by plotting the AEP curves. Either
of the 2 marginal analyses can be used in the ‘Joint probability analysis’ tab. If,
however, the option to load data sampled for peak surge events has been chosen, then
the MEM will not automatically determine AEPs. You may still supply your own
marginal models, which can be then be used in the ‘Joint probability analysis’ tab. In
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this situation, no data will be plotted unless you have supplied your own marginal
parameters and selected to plot them in the display options. In all cases, the plot will be
empty between the user ticking the box to input their own marginal parameters and
actually entering the parameters.

If you select to use your own marginal parameters, a table will appear where you can
enter your location, scale and shape parameters for each variable. The ‘scale’
parameter must be greater than zero and you must input parameters for all variables
as the MEM will use only the parameters in the table if you have selected to use your
own marginals. If the table does not fully appear initially, try clicking in it and you should
be able to enter all your parameters. It is possible to copy the data from a spreadsheet
and paste it into the table, but be careful that the data are the correct number of
dimensions and pasted into the top left cell — otherwise they may cause errors.

Once you have entered your parameters, you will need to update the simulation
outputs from the ‘Build model’ tab (see Figure 3.10) to be consistent with the parameter
values that you have specified. This results in the severity of the simulated event set
being determined using your specified generalised logistic parameters. You will not be
able to save the event set if you have selected to use your own marginal parameters
but have not updated the simulation outputs. This updated event set will then be plotted
in the ‘Joint probability analysis’ tab rather than the original simulated event set and will
be used in the joint probability calculation. The generalised logistic parameters will also
be used to convert between AEP (%) and value in the table in the ‘Joint probability
analysis’ tab rather than the generalised Pareto distribution parameters. If you change
the parameters, make sure that you update the simulation outputs again (you will see
the progress bar appear in the bottom right corner).

If you update the simulation outputs, there is an option to save the updated event set
you have created. This saves all the information that is saved on the ‘Build model’ tab,
as well as the updated event set and your marginal parameters. This will work when
you have inputted your own marginal parameters and updated the simulation outputs
for the first time (including after loading a model that had previously been saved on the
‘Build model’ tab) and when you have updated your parameters and the simulation
outputs again after loading a model previously saved on this tab. It will not work if you
load a model previously saved on this tab and try to save it again without changing
your parameters and updating the simulation output (you can check that the simulation
outputs are being updated as a progress bar will appear in the bottom right corner). As
with the save button on the ‘Build model’ tab, this is saved as a .RDS binary file which
can be loaded back into the MEM on the ‘Overview’ tab so that you do not need to
repeat these steps.

If you save the model with the same name as an existing .RDS file then the new file will
overwrite the existing file.
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3.5 Joint probability analysis tab

On this tab (Figure 3.11 and Figure 3.12), you can assess the joint probability that a set
of extreme values in each of your variables could be exceeded in any one event. You
can define an event by entering values of either the percentage chance (AEP in %) or
the physical measurement for each of your variables in the table. The other column will
automatically update. If the data type selected was observations sampled at peak
surge events, then only physical measurement values can be entered unless you have
specified your own marginal parameters.

As with the marginal parameters table, if the table does not fully appear initially, try
clicking in it and you should be able to enter your values. It is possible to copy the
values from a spreadsheet and paste them into the table for one column; be careful
that you are copying the correct number of rows and paste it into the top cell otherwise
it may cause errors. Only paste data for one column as the other column will update
automatically.

When this tab first loads, each variable is set to its minimum value in the original inputs
and the corresponding AEP defaults to an initial estimate of 99.99%. If you enter an
AEP of 100% then the minimum values from the observed data will appear in the
‘Value’ column. If you enter a physical measurement value that corresponds to an AEP
value that rounds to 100%, the AEP value will be replaced with 99.90% to avoid
implying a deterministic prediction (that is, a probability of 1). The physical
measurement values will be shown as lines on the plots (when viewing data on the
original measurement scale) to allow the event to be visualised in comparison with your
observed data and the simulated data. You can input ‘NAs’ for variables for which you
do not have data or you do not wish to include in the joint probability calculation
although there must be data for at least 2 variables. You can copy the values from the
table if you would like to save them elsewhere.

For a joint probability of more than zero, simulated data must exist in the top right
guadrant above the lines on the plot which represent the event (the joint probability
region) in all combinations of variables. These plots only show data for a pair of
variables at a time, so it is possible that simulated data may not exist above the user-
defined event for the other variables, which would result in a probability of zero.

The grey areas that show on the plots when viewing the simulated data indicate the
non-extreme regions for each pair of variables. The plots update based on the values
in the table and this can take some time whenever you add a value to the table. There
is therefore an option to stop all the data plotting while updating the table to speed up
this process. Alternatively, the plots do not update when viewing the data on a
standardised scale so, if you do not need to view the values on the plot while updating
the table, it would be faster to update the table while the plotting scale is set to
standardised and then switch back to the original measurement scale. The plots will
show as greyed out while they are updating, indicating that the MEM is still processing.

The MEM will compare your specified event to the events simulated from the model
and use this information to estimate the joint probability. It will do this by calculating the
proportion of years in which simulated events are more extreme than the values you
enter in the table. It is suggested that at least 10 simulated events exceed your event to
account for uncertainty in the joint probability estimate. If this is not the case, you can
simulate a larger event set, although it is possible that no events will fall in the joint
probability region even with a large simulation. A range of encounter probabilities is
also calculated; these are the percentage chance of the user-defined event in the table
occurring in the given number of years.
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The plots and calculations in this tab will change depending on whether the marginal
parameters and simulated event set are based on the default MEM settings or whether
you have selected to use your own marginal parameters from a generalised logistic
distribution (see the third paragraph in Section 3.4). If you change your preference by
ticking or unticking the ‘Input and use your own marginal parameters’ check box in the
‘Marginal analysis’ tab, the plots and the table in the ‘Joint probability analysis’ tab will
automatically update — although this can take a little time, particularly with large
amounts of data.

It is worth checking that the titles on the plots have updated to reflect the change and
that the numbers in the table have updated (the column that was last changed will stay
the same and the other column will update). The plot titles will still update when the
option to load data sampled for peak surge events has been chosen; this is to make it
clear when the user marginals are being used, even though an automatically
determined marginal model is not actually being used in this instance. The joint
probability calculation will not automatically update if you change your preference for
which marginals to use, so make sure that you click the ‘Calculate joint probability’
button again.
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Figure 3.12
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3.6 Export tab

This tab allows you to save the simulated event set as a .csv file (see Figure 3.13).

If you have selected to use your own marginal parameters from a generalised logistic
distribution (that is, the ‘Input and use your own marginal parameters’ box is ticked on
the ‘Marginal analysis’ tab), then the updated simulated event set will be saved. The
default simulated event set will otherwise be saved. You can save both event sets by
having the ‘Input and use your own marginal parameters’ box ticked when saving and
then unticking the box and saving with a different name. If you save an event set with
the same name as a .csv file that already exists, the original file will be overwritten.

The saved values are on the original measurement scale. Table 3.4 is an example of
the first part of a simulated event set with a column of synthetic dates and a column for
each of your input variables. The years in the date column will range from one to the
number of years of data you have simulated and each row in the .csv file is a simulated
event.

Table 3.4 Example head of a simulated event set
Date Bywell Reaverhill Haydon Bridge
00001-01-01 423.7249252 218.4063133 133.5631785
00001-01-01 583.3716338 199.043348 309.3908287
00001-01-01 495.548666 221.8355402 428.0669201
00001-01-01 595.4306263 288.324738 313.8903914
00001-01-01 721.896538 246.0130171 348.8399247
00001-01-01 836.2824443 425.2091315 445.2085728
00001-01-01 367.5379993 209.0812099 197.4843164
Notes: Synthetic dates are shown in the first column.
The featured flow gauges are from Case study 3 (see Section 4.3).
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Figure 3.13 ‘Export results’ tab
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4  Case study applications

This section contains 5 case studies for illustration only to highlight the types of
situations where the MEM tool/approach could be used.

The first of these is a validation case study which uses a simulated dataset containing
5 variables that are dependent and 5 variables that are independent.

Two case studies address hydrological applications of the MEM. The first uses the
MEM to determine potential combinations of marginal probabilities (that is, probabilities
at each gauge) that result in a specified joint probability, and the second uses the MEM
to calculate the joint probability of the flows experienced during Storm Desmond in
December 2015 at 3 gauges in the north-east.

There is also a case study showing how the MEM can be used for an estuary
application and one demonstrating a coastal application where data were sampled at
peak surge events prior to input into the MEM.

The data for these case studies are provided in the ‘data’ folder within the tool.

4.1 Case study 1: Validation based on a simulated
dataset

41.1 Context

A dataset containing 23 years of data for 10 variables was simulated based on known
statistical distributions to provide a theoretical ‘control case’ for validating the MEM
methods and results. Five of the variables are asymptotically independent (Al) (that is,
the extremes should not occur together) and 5 are asymptotically dependent (AD) (that
is, the extremes should occur together). The Al variables were simulated from a
multivariate normal distribution with positive correlation. The AD variables are from a
logistic distribution function.

4.1.2 Datasets

The data used in this case study are provided in ‘Validation_variables.csv’.

It can be seen from Figure 4.1 that V1-V5 are AD and V6-V10 are Al. The Chi values
for pairs of the AD variables are very high (>0.9). However, they are much lower for
pairs of the Al variables (<0.4) and are almost O for an Al and an AD variable together.
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Figure 4.1  Scatter plot of the simulated Al and AD dataset

4.1.3 Analysis

For this analysis, 20,000 years of synthetic data were simulated. The automatically
determined marginals (from a generalised Pareto distribution) were used in the joint
probability analysis. The joint probability was calculated for events containing the AD
variables, the Al variables and a combination of both sets of variables.

41.4 Results

Event 1: Annual 1% chance for all 5 AD variables

A 1% annual chance (an AEP of 0.01 or a return period of 100 years) was applied to
each of the AD variables in the table on the ‘Joint probability analysis’ tab and NAs
were applied to each of the Al variables. This allowed the calculation of the joint
probability that the value associated with the 1% chance will be exceeded in any one
event at all the 5 AD variables.

It can be seen from the lower plot in Figure 4.2 that there are simulated events in the
joint probability region (circled in the figure) for the pair of variables plotted. The joint
probability output text says that there are actually 11 simulated events that exceed the
event entered into the table at all variables. Figure 4.2 also shows that the annual joint
probability of the eventis 1 in 1,818 or a 0.06% chance, and provides the encounter
probabilities. There is a 2.7% chance of observing this event in 50 years.

Repeating this scenario using marginal threshold values of 0.5% (an AEP of 0.05 or a
return period of 200 years) rather than 1% resulted in an annual joint probability of 1 in
5,000 (0.02% chance). As expected, this is a much lower probability than for the 1%
chance event.
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Event 2: Annual 1% chance for all 5 Al variables

A 1% annual chance (an AEP of 0.01 or a return period of 100 years) was applied to
each of the Al variables in the table on the ‘Joint probability analysis’ tab and NAs were
applied to each of the AD variables. This allowed the calculation of the joint probability
that the value associated with the 1% chance will be exceeded in any one event at alll
the 5 Al variables.

It can be seen from Figure 4.3 that there are simulated events in the joint probability
region for the pair of variables plotted. The joint probability output text says that there
are only 4 simulated events that exceed the event entered into the table at all variables.
This low value would be expected as the extremes should not occur together in this
dataset. Figure 4.3 also shows that the annual joint probability of the event is 1 in 5,000
or a 0.02% chance, and provides the encounter probabilities. There is only a 1%
chance of observing this event in 50 years.

These numbers would decrease further for a more extreme event. For instance, when
inputting a 0.5% chance for each of the Al variables, only one simulated event exceeds
the user-supplied event, and zero would not be unexpected.

The joint probability of Event 2 is much lower than that of Event 1. This would be
expected given that the extremes of the AD variables should occur together but the
extremes of the Al variables should not occur together. The same pattern is found
when assessing the joint probability of only 2 variables from the AD and Al data, in that
the joint probability of the user-supplied event being exceeded in any one event is
much higher for the AD variables than for the Al variables.

Event 3: Annual 1% chance for all 10 variables

A 1% annual chance (an AEP of 0.01 or a return period of 100 years) was applied to
each of the 10 variables in order to calculate the joint probability that the 1% chance
values will be exceeded at all variables in any one event. There are no simulated
events that exceed this event (Figure 4.4), which would be expected when combining
the Al variables and the AD variables as their extremes would not be expected to occur
together. A solution for this joint probability event would therefore require a larger
simulation (that is, generation of a sample containing more than the equivalent of
20,000 years of data).

Event 4: Annual 1% chance for one AD variable and one Al variable

A 1% annual chance was applied to one of the AD variables (V1) and one of the Al
variables (V10), with the remaining variables containing NAs. Given the difference
between the 2 variables, it is not surprising that there were no simulated events which
exceeded the user-supplied event as the extremes are not likely to occur together (the
Chi estimate between V1 and V10 is 0.01) (Figure 4.5).

Event 5: Annual 1% chance for 2 AD variables

A 1% annual chance (an AEP of 0.01 or a return period of 100 years) was applied to 2
of the AD variables (V1 and V2) in the table on the ‘Joint probability analysis’ tab and
NAs were applied to the remaining variables. This allowed the calculation of the joint
probability that the value associated with the 1% chance will be exceeded in any one
event at both V1 and V2.
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This would be expected to have a higher joint probability than the case with 5 variables
(Event 1) and Figure 4.6 shows that there are 12 simulated events that exceed the
event entered into the table at all variables. Figure 4.6 also shows that the annual joint
probability of the event is 1 in 1,667 or a 0.06% chance, which is marginally higher than
the case with 5 variables. The encounter probabilities are also slightly higher for this
case with 2 variables.

Event 6: Annual 1% chance for 2 Al variables

A 1% annual chance (an AEP of 0.01 or a return period of 100 years) was applied to 2
of the Al variables (V6 and V7) in the table on the ‘Joint probability analysis’ tab and
NAs were applied to the remaining variables. This allowed the calculation of the joint
probability that the value associated with the 1% chance will be exceeded in any one
event at both V6 and V7.

This would be expected to have a higher joint probability than the case with 5 variables
(Event 2) and Figure 4.7 shows that there are 8 simulated events that exceed the event
entered into the table at all variables. Figure 4.7 also shows that the annual joint
probability of the event is 1 in 2,500 or a 0.04% chance, so is twice as likely as the
case with 5 variables. This is reflected in the encounter probabilities as well.
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Figure 4.2  Joint probability results for the validation case study where a 1% chance has been applied to all 5 AD variables
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Joint probability results for the validation case study where a 1% chance has been applied to all 10 variables in the
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Figure 4.5  Joint probability results for the validation case study where a 1% chance has been applied to one of the AD variables and
one of the Al variables
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Figure 4.6  Joint probability results for the validation case study where a 1% chance has been applied to 2 AD variables
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table below. If a vaiue of 100% s shown, this shouid be
interpreted as meaning a very high probability. | e. close 10
100% but not necessarily exactly 100%. The converse apples
for values dispiaying as 0%

Years Percentage chance

1 004
5 02
10 04
25 1
50 198

Figure 4.7  Joint probability results for the validation case study where a 1% chance has been applied to 2 Al variables
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4.2 Case study 2: Joint probability of 2 tributaries at
Stoke Canon (hydrological case study)

42.1 Context

Stoke Canon is situated at the confluence of the Rivers Exe and Culm in Devon (Figure
4.8) and is at risk of flooding from either or both rivers. During a study to improve
hydrological and hydraulic models for Stoke Canon, a joint probability approach was
necessary to determine flood flows on the 2 rivers that combine to produce floods with
a range of specified AEPs.

N
-2 * CARDIFF
®) =
o oWoodmill
Thofverton
Plymouth
BN
Legend 0 30 60 km

L 1 J

Stoke Canon flow gauges
Contains OS data © Crown copynght and database right 2016

Figure 4.8  Location of flow gauges, with Stoke Canon visible towards the
south-west of the inset map just north of Exeter

The combinations in the resulting joint probability matrix were simulated in a hydraulic
model to determine the joint probability scenario that generated the most severe
flooding event.

Suitable scenarios dominated by one of the rivers were chosen to test a range of
options. This is a common hydrological application and this case study demonstrates
how the MEM could be used to carry out the joint probability analysis.

48 Spatial joint probability for FCRM and National Risk Assessment — Multivariate event modeller user guide



4.2.2 Datasets

The data used in this case study are provided in ‘Stoke_Canon_daily_mean_flow.csv'.

Two gauging stations with long records of flow were used in the joint probability
analysis:

e Thorverton on the River Exe (1 May 1956 to 4 August 2014)
¢ Wood Mill on the River Culm (29 January 1962 to 4 August 2014)

The data provided were initially sampled at hourly or 15-minute time intervals. The daily
mean flow values were calculated for both gauges (daily maxima could also have been
used), checking that there were no missing data, and combined into one file with daily
time steps starting on the later of the 2 start dates (29 January 1962). The resulting file
was in the format shown in Table 3.1.

There is little dependence between these 2 gauges, with a Chi value of 0.47, although
it can be seen that some of their extreme events occur together (Figure 4.9).
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The Chi estimate for WoodMill_Q and Thorverton_Q is 0.47_ This value can be used in the joint probability desk study approach from the
Defra / Environment Agency technical report FD2308/TR2. Extreme events at WoodMill_Q and Thorverton_Q are unlikely to occur together.
Please check that this is reflected in the simulated data.

Figure 4.9  Relationship between daily mean flows at Wood Mill and
Thorverton

4.2.3 Analysis

Over the 52.5 years of data, there were a total of 205 independent peak events that
exceeded the 97.5th percentile flow for Wood Mill and 149 for Thorverton.

A 20,000-year event set was simulated and the automatically determined marginal
parameters were used in the analysis. The values associated with specified return
periods were viewed alongside the observed data to check that the marginal analysis
looked sensible for this data.

The joint probability design scenarios of interest had the following AEPs: 1 in 2, 1 in 10,
1in20,1in25,1in50,1in75,1in 100 and 1 in 1,000. There are any number of
potential combinations of probabilities that could produce these design return periods,
and different combinations can be tested in the MEM.
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There is a range of combinations of interest, including scenarios dominated by one of
the rivers and scenarios where both rivers have similar probabilities. This case study
focused on the 1 in 50 AEP (2%) scenario and the 1 in 100 AEP (1%) scenario. A
probability was selected for one of the gauges and then the other value was estimated
to obtain the required scenario.

42.4 Results

The joint probability table was used to check whether the marginal AEPs and values
calculated within the MEM (Figure 4.10) looked sensible in relation to the observed
data (the daily mean data are plotted in Figure 4.11).

For the 1% annual chance (100-year return period), the value for Wood Mill is slightly
higher than all the observed values in the 52.55-year dataset and the value for
Thorverton is just below the maximum observed value. This is reasonable.

For the 2% annual chance (50-year return period), the value for Wood Mill is exceeded
once in the record and the value for Thorverton is exceeded twice in the record. This is
also reasonable.

(a) AEP  Value (b) AEP  Value
(%) (%)

WoodMill_Q 1.00 108.51 WoodMill_Q 200 09543

Thorverton_Q 1.00 25182 Thorverton_Q 200 236.46

Figure 4.10 AEP and associated values (calculated within the MEM) in the table
on the ‘Joint probability analysis’ tab

Notes: The values associated with a 1% chance are given in (a) and those associated with
a 2% chance are given in (b).

@
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Thorverton_Q
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Figure 4.11 Time series of daily mean data for Wood Mill and Thorverton

Notes: The 97.5th percentile used as the threshold above which events are classed as
extreme is shown as a black line at a value of 16.7m3s! for Wood Mill and 67.8m3s
for Thorverton.

The 50% annual chance value (equivalent to the median annual maximum flow,
QMED) calculated by the MEM was also compared to the QMED calculated outside the
MEM by finding the median annual maximum value. The values were very similar. For
Wood Mill, the 50% chance value from the MEM is 39.1m3s? and the calculated QMED
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value is 36.6m?3s™. For Thorverton, the 50% chance value from the MEM is 129m3s!
and the calculated QMED value is 127.6m3s™.

Table 4.1 provides some potential combinations for design floods with a joint AEP of
2% and 1%. The selected scenarios are comparable with those in the hydrology study,
which found:

e scenarios that were dominated by the River Culm (at Wood Mill)
e scenarios that were dominated by the River Exe (at Thorverton)
e scenarios where the 2 tributaries had similar probabilities

Where different, the values identified in that work using the joint probability desk study
approach developed in the Defra/Environment Agency project FD2308 (Hawkes, 2005)
are also given in Table 4.1.

In general, the marginal AEPs at Wood Mill and Thorverton are higher than those
obtained using the desk study approach to produce the same joint probability. The joint
AEP calculated by the MEM of the marginal probabilities from the desk study approach
is generally lower. However, the estimates derived using the alternative methodologies
do not differ by orders of magnitude.

Table 4.1 Potential combinations of tributary flows that would have a joint

AEP of 2% or of 1%

AEP (return period)

Target ‘design’
scenario AEP
(return period)

MEM joint
probability of
combination at
Wood Mill and
Thorverton (by
trial and error)

Wood Mill (Culm)

Thorverton (Exe)

2% (50-year)
(Culm-dominated)

2.005% (50-year)

2% (50-year)

28% (3.6-year)
13.3% (7.5-year)

2% (50-year)
(neither dominated)

1.985% (50-year)

5% (20-year)
3.3% (30-year)

6.5% (15.4-year)
6.7% (15-year)

2% (50-year)
(neither dominated)

2.02% (50-year)

6.2% (16.1-year)
5% (20-year)

5% (20-year)
4% (25-year)

2% (50-year)
(Exe-dominated)

2.015% (50-year)

23% (4.3-year)
10% (10-year)

2% (50-year)

1% (100-year)
(Culm-dominated)

1.005% (100-
year)

1% (100-year)

21.1% (4.7-year)
6.7% (15-year)

1% (100-year)
(neither dominated)

1% (100-year)

2.5% (40-year)
1.25% (80-year)

3.7% (27-year)
4% (25-year)

1% (100-year)
(neither dominated)

1% (100-year)

3% (33.3-year)
1.54% (65-year)

3.3% (30.3-year)
3.3% (30-year)
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AEP (return period)

A MEM joint
Target ‘design probability of

scenario AEP ; :
combination at .
(return period) Wood Mill and Wood Mill (Culm)  Thorverton (Exe)

Thorverton (by
trial and error)

1% (100-year) 1% (100-year) 3.3% (30.3-year) 3% (33.3-year)
(neither dominated)

2.5% (40-year) 2% (50-year)
1% (100-year) 1% (100-year) 17.3% (5.8-year) 1% (100-year)

(Exe-dominated)
5% (20-year)

Notes: The values in red are those identified in the original hydrology study using the joint
probability desk study approach developed in Defra/Environment Agency project
FD2308 (Hawkes 2005) (where different).

4.3 Case study 3: Joint probability of Storm
Desmond on the River Tyne (hydrological case
study)

43.1 Context

Storm Desmond affected northern England and Scotland at the beginning of December
2015. High flows and flooding were experienced in the north-east with maximum flows
on the Tyne observed on 5 and 6 December.

The joint probability of the flows associated with Storm Desmond at 3 gauging stations
in the Tyne catchment (Figure 4.12) was considered as part of a broader study to look
into the influence of Kielder Reservoir on the joint response from the North Tyne and
South Tyne.
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Figure 4.10 Location of the 3 gauging stations in the Tyne catchment for which
the joint probability was calculated

4.3.2 Datasets

The data used in this case study are provided in ‘Tyne_daily_max_flow.csv'.
Flow data were provided for 3 gauging stations at 15-minute resolution. These were:

¢ Bywell (River Tyne, downstream of the confluence of the North Tyne and
South Tyne)

o Reaverhill (North Tyne)
e Haydon Bridge (South Tyne)

The data were checked for missing values and for missing dates. Across the gauges,
there were 13.5 years with no missing data (21 September 2002 to 3 May 2016) and
this section of each record was used in the joint probability analysis.

The daily maximum values were extracted for all 3 gauges and combined into one file
with daily time steps. The resulting file was in the format shown in Table 3.1.

The daily maximum flow is plotted in Figure 4.13. It can be seen that the largest peaks
often occur together, particularly at Bywell and either of the other gauges (the Chi
values for these combinations are both greater than 0.6). The Chi estimate for
Reaverhill and Haydon Bridge is lower at 0.45, and so extreme events at these 2
gauges are less likely to occur together.
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Figure 4.11 Time series of daily maximum data for Bywell, Reaverhill and
Haydon Bridge

Notes: The 97.5th percentile used as the threshold above which events are classed as
extreme is shown as a black line at a value of 367.1m3s! for Bywell, 169.6m3s! for
Reaverhill and 200.1m3s™! for Haydon Bridge.

The maximum observed flow values from 4 December to 6 December at each gauge
are given in Table 4.2.

Table 4.2 Maximum observed flow values for Storm Desmond at each gauge

Date Bywell flow Reaverhill flow Haydon Bridge
(m3s—1) (m3s—l) (m3s—1)
4 December 2015 744.203 393.991 305.289
5 December 2015 1620.776 688.470 914.598
6 December 2015 1622.048 715.521 603.764

4.3.3 Analysis

Over the 13.5 years of data, there were a total of 53 independent events for Bywell, 52
for Reaverhill and 63 for Haydon Bridge, based on the 97.5th percentile.

Given that the event being analysed is one of the highest in the record and so likely to
have a low chance of occurring, a 50,000-year event set was simulated. The
automatically determined marginal parameters were initially used in the analysis. The
parameters from a generalised logistic distribution were also calculated as a
comparison. The AEP curves on the ‘Marginal analysis’ tab were viewed alongside the
observed data to check that the marginal analysis looked sensible for these data.

The joint probability of the flow values on 5 December and 6 December was calculated
using both the automatically determined marginal parameters (from a generalised
Pareto distribution) and the user-supplied marginal parameters (from a generalised
logistic distribution).
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434 Results

The AEP curve on the ‘Marginal analysis’ tab and the joint probability table were used
to check whether the marginal AEPs and values (Figure 4.14) looked sensible in
relation to the observed data. The daily maximum data are plotted in Figure 4.13.

For the 1% annual chance (100-year return period), the value at all gauges is higher
than all the observed values in the 13.5-year dataset. This could be expected for such
a short record.

For the 2% annual chance (50-year return period), the value at all gauges is also
slightly higher than the observed values, which is also reasonable.

Flow values using Flow values using
automatically determined marginals user-supplied marginals
(a) AEP  Value (b) AEP  Value
%) (%)
Bywell 1.00 1871.46 Bywell 1.00 209962
Reaverhill 100 91292 Reaverhill 1.00 898.13
Haydon Bridge 1.00 124561 Haydon.Bridge 1.00 | 1311.83
(c) AEP  Value (d) AEP  Value
(%) (%)
Bywell 2.00 1699.59 Bywell 2.00 1805.23
Reaverhill 200 79946 Reaverhill 200 77149
Haydon_Bridge 200 1109.95 Haydon Bridge 200 112763

Figure 4.12 AEP and associated values in the table on the ‘Joint probability
analysis’ tab

Notes: Flow values associated with a 1% annual chance are given in (a) and (b) and those
associated with a 2% annual chance are given in (c) and (d).
The AEP-value relationship determined from the automatic application of a
generalised Pareto distribution was used to calculate the flow values in (a) and (c).
The relationship determined from the parameters of a generalised logistic
distribution was used to calculate the flow values in (b) and (d).

The 50% annual chance value (equivalent to the median annual maximum flow,
QMED) calculated by the MEM was also compared with the QMED calculated outside
the MEM by finding the median annual maximum value (Table 4.3).

The values were very similar, particularly for Reaverhill and Haydon Bridge using the
automatically determined marginal parameters. The 50% annual chance flow value for
Bywell was closer to QMED when using the user-supplied marginal parameters.
Overall, the 50% chance flow values calculated using the automatically determined
marginals are closer to the QMED values.

Table 4.3 Comparison of the median annual maximum flow values (QMED)
with the 50% annual chance flow values from fitting a generalised Pareto
distribution to the data (automatically done in the MEM) and from fitting a
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generalised logistic distribution to the data (using the user-supplied marginal

parameters)
Site (variable) QMED (median 50% annual chance (2-year return
annual maximum period) flow (m3s?)
value) (m3s1) i i
Using Using user-
automatically supplied marginal
determined parameters
marginal

parameters
Bywell 773.8 811.6 751
Reaverhill 337.2 337.7 318
Haydon Bridge 490.6 490.6 468

Joint probability of peak flows on 5 December 2015

Using automatically determined marginals

Inputting the peak flows for 5 December 2015 (Table 4.2) into the table on the ‘Joint
probability analysis’ tab, with the selection to use the automatically determined
marginals, gave an annual joint probability of 1 in 140 (0.7% chance). The large
simulation ensured that numerous simulated events (357) exceeded the event on 5
December 2015 at all gauges to help constrain uncertainty in the results. The results
are shown in Figure 4.15.

Using user-supplied marginals

Carrying out the same analysis, but using the user-supplied marginals, gave an annual
joint probability of 1 in 64 (1.6% chance). An even greater number of simulated events
(784) exceeded the event on 5 December 2015 at all gauges. The results are shown in
Figure 4.14.

Joint probability of peak flows on 6 December 2015

Using automatically determined marginals

Inputting the peak flows for 6 December 2015 (Table 4.2) with the selection to use the
automatically determined marginals gave an annual joint probability of 1 in 105 (0.96%
chance). Again, there were plenty of simulated events (480) that exceeded the event
on 6 December 2015 at all gauges. The results are shown in Figure 4.17.

Using user-supplied marginals

Inputting the peak flows for 6 December 2015 (Table 4.2) with the selection to use the
user-supplied marginals gave an annual joint probability of 1 in 51 (1.9% chance).
There were 978 simulated events that exceeded the event on 6 December 2015 at all
gauges. The results are shown in Figure 4.16.
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Value

Enter a combination of annual exceedance probabiities as
percentages or physical measurement values In the table to specify
the event you want to analyse. Use NAs for variabies for which you
have no data The input value or value associated with the AEP will
be shown on the plots when viewing on the onginal measurement
scale. When this tab first loads, each vaniable is set to its minimum
vaiue in the onginal inputs and the comresponding AEP defaults 10 an
Inital estimate of 99 99%

AEP  Value
(%)

Bywell 270 1620.78

Reavernil 410 68847

Haydon Bridge 560 91460

Ciick the button to caiculate the joint probabiity between the gauges
for which you have entered data

Remember 1o click the button again to calculate new joint

p if you a number of events, or i you
change any values in the table or change any options in the
‘Marginal analysis' tab

Cakulate joint probabilty

The joint probability of the event in the table in any
given year based on a simulation of 50,000 years is 1in
140 (0.712% chance).

There are 357 simulated events that exceed your event. it is
recommended that at least 10 simuiated events exceed your
event 1o account for uncertainty in the joint probability
estimate. If this i not the case, you can simulate a larger
event set.

The encounter probabilities for your event are given in the
tabie below. If a vaiue of 100% is shown, this shouk! be

as 9 a very high p .Le. close 1o
100% but not necessarily exactly 100%. The converse applies
for values displaying as 0%

Years Percentage chance

1 07
5 351
10 69
25 1636
50 30.04

Figure 4.13 Joint probability analysis for the peak flows on 5 December 2015 using the automatically determined marginal parameters
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Years Percentage chance
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25 3254
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Figure 4.14 Joint probability analysis for the peak flows on the 5 December 2015 using the user-supplied marginal parameters
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Figure 4.15 Joint probability analysis for the peak flows on 6 December 2015 using the automatically determined marginal parameters
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Figure 4.16 Joint probability analysis for the peak flows on 6 December 2015 using the user-supplied marginal parameters
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4.4 Case study 4: Joint probability of high flow on
the River Ellen and high tidal surges at
Workington (estuary case study)

441 Context

The River Ellen in Cumbria flows out into the sea at Maryport (Figure 4.19). An
assessment is required of the joint probability of the fluvial-tidal conditions in order to
develop flood scenarios that can then be run through a hydraulic model. This case
study demonstrates how the MEM could be used to investigate the impact of joint
probability for flood risk at Maryport.
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Figure 4.17 Location of the Bullgill flow gauging station and the Workington
tide gauge with Maryport situated at the mouth of the River Ellen

4.4.2 Datasets

The data used in this case study are provided in ‘Bullgill_and_Workington_daily_max.csv’.

The nearest Class A tide gauge recording 15-minute surge values is at Workington,
8.5km down the coast from Maryport. Daily maximum values of surge residual were
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extracted.? Missing data and data flagged as ‘improbable’ were infilled with non-
extreme data, so that they are not used in the analysis. The period of record for this
dataset is 5 February 1992 to 30 September 2016.

The only flow gauging station on the River Ellen is at Bullgill. The record starts on 1
January 1976 and ends on 22 November 2016. The daily maximum flows were
extracted and patches of missing data were found to exist until September 1993, which
is close to the start date of the tidal data. Therefore, data before this date were
removed and the Bullgill data were combined with the Workington data into one .csv
file with daily time steps starting on 7 September 1993 and finishing on 30 September
2016. The resulting file was in the format shown in Table 3.1.

Figure 4.18 shows the relationship between the 2 datasets. It can be seen that they are
not highly dependent; the Chi value is only 0.08 and so extreme events are not likely to
occur together.

Workington

50 60

Bullgil

Figure 4.18 Relationship between daily maximum fluvial flow at Bullgill and tide
surge residual at Workington

4.4.3 Analysis

Over the 23 years of data, there were a total of 107 independent events for Bullgill and
85 for Workington, based on the 97.5th percentile.

A 10,000-year event set was simulated and the automatically determined marginal
parameters were used in the analysis. The values associated with specified return
periods were viewed alongside the observed data to check that the marginal analysis
looked sensible for this data.

Given that there is little dependence between the 2 gauges, the joint probability was
calculated for a range of combinations of marginal AEPs to help understand whether
joint probability is an important contributor to risk at Maryport.

2 The data were supplied by the British Oceanographic Data Centre as part of the function of the
National Tidal & Sea Level Facility, hosted by the Proudman Oceanographic Laboratory and
funded by the Environment Agency and the Natural Environment Research Council.
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444 Results

The joint probability table was used to check whether the marginal AEPs and values
calculated within the MEM (Figure 4.21) looked sensible in relation to the observed
data (the daily maximum data are plotted in Figure 4.22).

For the 1% annual chance (100-year return period), the value for Bullgill is slightly
higher than all the observed values in the 23-year dataset (the maximum recorded
value is 57.2m3s? and there are no other values above 50m3s?). The value for
Workington is also just above the maximum observed value (2.03m). These are both
reasonable.

For the 2% annual chance (50-year return period), the value for Bullgill is exceeded
once in the record. The value for Workington is slightly higher than the maximum value
in the record and so these are also reasonable.

Figure 4.21 shows an apparent shift in the Workington data towards the end of 2002.
The metadata state that the gauge was relevelled in 2002 and, on investigation, there
is a difference in the average value of the periods before and after the relevelling of
0.18m. This would need to be adjusted for use in a real application.

(a) AEP  Value (b) AEP  Value
(%) (%)

Bullgill 1.00| 57.55 Buligill 2.00 56.01

Workington 100 229 Workington 200 218

Figure 4.21 AEP and associated values (calculated within the MEM) in the table
on the ‘Joint probability analysis’ tab

Notes: The values associated with a 1% chance are given in (a) and those associated with
a 2% chance are given in (b).
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Figure 4.22 Time series of daily maximum data for Bullgill and Workington

Notes: The 97.5th percentile used as the threshold above which events are classed as
extreme is shown as a black line at a value of 22.7m3s for Bullgill and 0.9022m for
Workington.

For both gauges, the 50% annual chance value calculated by the MEM was compared
with the median annual maximum value calculated outside the MEM. These values
should be equivalent and they were found to be very similar. For Bullgill, the 50%
chance flow from the MEM is 40.65m?s™ and the calculated median annual maximum
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flow, QMED, is 40.7m3s. For Workington, the 50% chance value for surge residual
from the MEM is 1.42m and the calculated median annual maximum value is 1.44m.
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Display options
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Disable automatic plot updating

Disabling the automatic plot updating when viewing in original scale wil
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Data thinning
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data to aid comparison between observed and simulated values, and
to make the plots refresh faster. This will not affect the calculations
and is purely for visual purposes.
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Bullgill
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50 60
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be shown on the plots when viewing on the original measurement
scale. When this tab first loads, each variable is set to its minimum
value in the original inputs and the corresponding AEP defaults to an
initial estimate of 99.99%.

AEP  Value

(%)
Buligill 10.00 50.78
Workington 1000 187

Click the button to calculate the joint probability between the gauges
for which you have entered data.

Remember to click the button again to calculate new joint
probabilities if you simulate a different number of events, or if you
change any values in the table or change any options in the
'Marginal analysis' tab.

Calculate joint probability

The joint prebability of the event in the table in any
given year based on a simulation of 10,000 years is 1 in
909 (0.11% chance).

There are 11 simulated events that exceed your event. Itis
recommended that at least 10 simulated events exceed your
event to account for uncertainty in the joint probability
estimate. If this is not the case, you can simulate a larger
event set.

The encounter probabilities for your event are given in the
table below. If a value of 100% is shown, this should be
interpreted as meaning a very high probability, i.e. close to
100% but not necessarily exactly 100%. The converse applies
for values displaying as 0%.

Years Percentage chance

1 on
5 0.55
10 1.09
25 27
50 535

Figure 4.19 Joint probability analysis for the scenario where both gauges have an AEP of 10%
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Figure 4.23 shows the joint probability analysis for the scenario where both Bullgill and
Workington have an AEP of 10%. The annual joint probability of the event is 1 in 909 or
0.11%. These 2 marginal AEPs, which are not particularly extreme in themselves,
already give an annual joint probability of just over 1 in 1,000, which corresponds to an
extreme planning assumption.

Given that it is unlikely that planning is required for a more extreme scenario,
combinations of AEPs that are larger than 10% were investigated to gain a better
understanding of how joint probability is influencing risk at Maryport. The plots do not
suggest that joint probability is going to be a major factor. Combinations of AEPs at the
2 gauges and their joint probabilities are given in Table 4.4. The values indicate that
joint probability is not an important factor for risk at Maryport with the joint AEPs being
much lower than those of Bullgill and Workington individually, with even combinations
of relatively frequent river and surge peaks (for example, AEPs of 50% and 25%
respectively) having a joint probability of less than 1% in any year.

Table 4.4 Joint probability for a range of combinations of AEPs

AEP (return period)

Bullgill flow gauge

(River Ellen) Workington tide gauge Joint probability
10% (10-year) 10% (10-year) 0.11% (909-year)
10% (10-year) 25% (4-year) 0.31% (323-year)
10% (10-year) 50% (2-year) 0.51% (196-year)
25% (4-year) 10% (10-year) 0.24% (417-year)
25% (4-year) 25% (4-year) 0.63% (159-year)
25% (4-year) 50% (2-year) 1.21% (83-year)
50% (2-year) 10% (10-year) 0.43% (233-year)
50% (2-year) 25% (4-year) 0.85% (118-year)
50% (2-year) 50% (2-year) 1.87% (53-year)

4.5 Case study 5: Demonstrating a spatial joint
analysis of offshore extremes for the north
Wales coast

451 Context

This case study uses a subset of data from offshore variables (surge, wind and wave
height) based on extracted peak surge levels. It is intended to demonstrate the
handling of spatially dependent coastal variables within a joint probability analysis.

452 Datasets

The data used in this case study are provided in ‘Offshore_extremes_north_Wales.csv'.
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A dataset was provided by HR Wallingford containing skew surge, wave height and
wind speed at 2 locations covering north Wales (JP26 and JP27) (Figure 4.24).

The wave and wind data are hindcast from the WaveWatch IIl model and these data
are 3-hourly. The water level dataset, from which the skew surge was derived, contains
values every 15 minutes.

HR Wallingford declustered the data following a similar approach to JOIN-SEA, but
using skew surge rather than high tide and extracting the concurrent wind and wave
values (after lag).

The declustered dataset was derived from 34.4 years of data and this value has been
entered into the MEM on the ‘Input data’ tab.
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Figure 4.20 Location of JP26 and JP27

4.5.3 Analysis

A 100,000-year event set was simulated, given that the probability of very extreme
events is being investigated. Marginal models were not automatically determined by
the MEM given that the observations were sampled at peak surge events — and so it is
not possible to fit a model that truly represents the data. No user-supplied marginal
models were specified and so the analysis was based on physical measurement
values.
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Given recent experiences of unprecedented events, the joint probability of the largest
observed surges at the 2 locations was calculated to find the chance of the 2 locations
concurrently experiencing an event that is larger than any previously recorded. This
was then extended to find the chance of that event coming in combination with the wind
speeds and wave heights that were associated with those observed large surge
events.

Table 4.5 shows the maximum recorded skew surge values at the 2 locations in the
observed dataset and their associated wave heights and wind speeds (at the same
location).

Table 4.5 Values associated with the maximum recorded skew surge event at
both locations (JP26 and JP27)

Observed value in the data sampled at the most extreme

Variable peak surge event for each location

Maximum skew surge event at JP26

SkewSurge.JP26 1.774m
WaveHeight.JP26 3.666m
WindSpeed.JP26 20.589ms™
Maximum skew surge event at JP27

SkewSurge.JP27 1.039m
WaveHeight.JP27 4.042m
WindSpeed.JP27 16.834ms™*

454 Results

Entering the highest observed values for skew surge at both locations (Figure 4.25)
gave an annual joint probability of 1 in 1,053 (0.095%). The probability of experiencing
an extreme skew surge event larger than any previously recorded in both locations is
therefore low.

Because the observations have been sampled conditional on an extreme surge event
occurring, there is only a small reduction in the joint probability when considering the
concurrent maximum wind speed and wave height in each location alongside the
largest observed surge (that is, entering all values in Table 4.5 into the table on the
‘Joint probability analysis’ tab). The annual joint probability of this eventis 1in 1,176
(0.085%).

By comparison, when each location is examined individually, the annual joint
probability of the concurrent values at the maximum skew surge event over the 3
variables is 1 in 191 (0.523%) for JP26 and 1 in 297 (0.337%) for JP27. There is
therefore a noticeable difference between the chance of the joint events occurring
individually at each location and together at both locations.
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Years Percentage chance
1 01
5 047

10 095
25 235
50 454

Figure 4.21 Joint probability analysis for the highest recorded skew surges at JP26 and JP27
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5 FAQs

Q: Why should the input data not contain missing values and how can | deal with
missing data?

The joint probability method requires pairs of concurrent observations to be compared,
otherwise no information is available about dependence. Time series with missing data
will therefore require those periods to be infilled (for example, by hydrological
continuous simulation modelling or regression models) before use in the joint
probability analysis.

Q: Why is there a limitation of 10 variables?

The choice of 10 dimensions was agreed as a compromise between allowing a flexible
exploration of joint probabilities and the computational demands of working with higher
dimensional spaces, which increase dramatically with additional dimensions.

Q: Can the MEM provide a range of combinations for a specified joint
probability?

This is not a feature of the MEM and would require much more involved computation,
since a very large number of combinations of marginal values could exist for any one,
specified joint probability.

Q: Can | specify an AEP at one site and simulate a scenario at the other gauges?

The MEM does not provide a scenario based on an AEP being specified at one site.
There are likely to be many potential scenarios and these can be explored outside the
MEM using the exported simulated event set. The relevant column can be sorted (for
example, in Microsoft® Excel) and simulated events above the required threshold can
be selected.

Q: What if | get an unrealistic joint probability?

An unrealistic joint probability value may occur where extreme events are not easily
defined, such as in chalk catchments, where an extreme event may last for months.
This affects the dependence structure and hence the joint probability. The MEM may
not be suitable for this type of data (also see next question).

Q: Can the MEM handle all types of hydrological data?

The MEM can handle a number of hydrological datasets; it assumes that, for a given
variable, the duration of extreme events will last for a maximum of a week. This choice
of window of a week is consistent with the analysis performed in the spatial joint
probability for FCRM and NRA work. If events typically last longer than a week, the
MEM will be insufficient in capturing the extremal behaviour of these time series.

An example of a hydrological time series that would require further interpretation for
use with the MEM is data from chalk catchments; important characteristics of these
data are that the catchments are responding slowly and events are hard to define from
solely analysing the hydrograph. If the MEM is used to model data from a chalk
catchment, the resulting joint probability calculation may be inappropriate or not a good
descriptor of the particular sources of flood risk in the catchment. A likely reason for
this is that the return periods for the data are poorly estimated or that ‘extreme events’
are not well-defined.

One potential solution for modelling chalk catchments is to de-trend the data before
performing a joint probability analysis (for example, removing any seasonality from the
data).
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If the MEM is used, it is recommended that the user supplies their own marginal
parameters as the marginals determined automatically within the MEM tool may be

incorrect.

Q: Can |l introduce atime lag to some of the variables (for example, for river
gauges that tend to peak more than a day apart)?

There are no settings in the MEM that automatically apply a time lag to any of the
variables, although a fixed time lag could be introduced by offsetting the date of the

input data.
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List of abbreviations

AD asymptotically dependent

AEP annual exceedance probability

Al asymptotically independent

FCRM flood and coastal risk management
MEM Multivariate Event Modeller

NRA National Risk Assessment

NRR National Risk Register
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Glossary

Annual exceedance
probability (AEP)

Catastrophe model

Generalised logistic
distribution

Generalised Pareto
distribution

Joint probability

QMED
SWAN model

WaveWatch Il model

Probability that a value is exceeded in any given year.
Can also be expressed as a percentage (or percent
chance), which is 100 multiplied by the AEP. Return
period is defined as 1/AEP.

Model used to estimate losses due to a catastrophic
event such as widespread flooding.

Three-parameter statistical distribution used to
represent annual maximum data and as a basis for
analysis of annual maximum flows in the Flood
Estimation Handbook.

Statistical distribution used to represent peaks over
threshold data.

The probability of 2 or more events occurring together
at the same time.

Median annual maximum flow.

SWAN (Simulating WAves Nearshore) is a third
generation wave model, developed at Delft University
of Technology, which computes random, short-crested
wind-generated waves in coastal regions and inland
waters (http://swanmodel.sourceforge.net).

Third generation wave model — described at
http://polar.ncep.noaa.gov/waves/wavewatch/.
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