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EXECUTIVE SUMMARY

The Office of Public Works (OPW) is currently undertaking a national programme of six river
Catchment-based Flood Risk Assessment and Management (CFRAM) Studies, in line with the
European Directive on the Assessment and Management of Flood Risks (2007/60/EC) and Irish Law
(Statutory Instrument No. 122 of 2010) and to deliver on core components of the 2004 National Flood

Policy.

RPS were commissioned to undertake the Eastern Catchment Flood Risk Assessment and
Management Study (Eastern CFRAM Study). The objective of this report is to describe the hydraulic
analysis undertaken within the Boyne Catchment — Unit of Management 07 (UoMQ7). It details the
development of the hydraulic models used to gain an understanding of the Study area’s flood

response and mechanisms to assess both flood risk and determine flood risk management solutions.

UoMO7 includes ten Areas for Further Assessment (AFAs) which has resulted in the development of
eight separate models for flood risk analysis. A single model was developed for the Drogheda, Baltray

& Mornington AFAs, due to their proximity and interaction.

The hydraulic analysis utilised computational modelling software informed by detailed topographical
survey information (channel sections, in-channel/flood defence structures, bathymetric and floodplain),
combined with hydrological inputs (riverine inflows and sea levels) and water-level control parameters

(such as channel-roughness), to determine flood hazard.

The principal modelling software package used is the MIKE FLOOD software shell which was
developed by the Danish Hydraulics Institute (DHI). This provides the integrated and detailed
modelling required at a river basin scale and provides a 1-/2- dimensional interface for all detailed
hydraulic model development thus enabling seamless integration of fluvial and coastal models in the

AFAs for which this is required.

For the Drogheda, Baltray & Mornington model, an integrated catchment modelling approach was
chosen using InfoWorks ICM. This software provides a single platform to incorporate both urban and
river catchments using fully integrated 1D and 2D hydrodynamic simulation techniques. Tidal
boundaries are applied to both 1D and 2D model domains to incorporate tidal inundation where

appropriate.

Key flood events, where available, were used in the calibration of each model whereby the model was
reviewed in order to make sure historic flooding is accurately represented. The principal model

parameters that were reviewed and amended during the model calibration process are:

. Bed and floodplain roughness coefficients;
. Structure roughness and head loss coefficients;
. Timing of hydrographs;

IBEO60ORpP0025 viii F06
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. Magnitude of hydrographs;
. Incorporation of additional survey information (e.g. additional cross-sections or missed
structures).

The calibrated models were used to simulate present day and future flood hazard conditions for events
with a range of annual exceedance probabilities (AEP). There are inherent assumptions, limitations
and uncertainty associated with hydraulic modelling, which are detailed for each hydraulic model
within this Report. There were no defence failure scenarios required. Sensitivity tests have been
conducted for each model. The parameters selected for the sensitivity analysis were dependent on

the specific model but generally included:

. roughness coefficients

. 2D domain grid cell size

. critical structure coefficients

. flow inputs

. operation of dynamic structures

. downstream boundary conditions

. representation of buildings in 2D model domain
. timing of tributaries

. flow volume

A series of flood extent, zone, depth, velocity and risk-to-life maps known collectively as flood hazard
maps were generated based on the model results. The outputs from the hydraulic assessment will
inform the subsequent stages of this study - the models will be used to simulate potential options,

facilitating the appraisal of possible flood risk management actions and measures.

IBEO60ORpP0025 ix F06
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1 INTRODUCTION

1.1 BACKGROUND TO STUDY AREA

The Office of Public Works (OPW) commissioned RPS to undertake the Eastern Catchment Flood
Risk Assessment and Management Study (Eastern CFRAM Study) in June 2011. The Eastern
CFRAM Study was the second catchment flood risk management Study to be commissioned in Ireland
under the EC Directive on the Assessment and Management of Flood Risks 2007, as implemented in
Ireland by SI 122 of 2010 European Communities (Assessment and Management of Flood Risks)
Regulations 2010.

The Eastern CFRAM Study Area covers approximately 6,250 km2 and includes four Units of
Management (UoM); Hydrometric Area (HA) 07 (Boyne), HAO08 (Nanny — Delvin), HAQ9 (Liffey-Dublin
Bay) and HA10 (Avoca-Vartry). There is historical evidence of a high level of flood risk within certain
areas of the Eastern CFRAM Study area, with significant coastal and fluvial flooding events having

occurred in the past.

HAOQ7 is a predominantly rural catchment with the major urbanised areas being Drogheda and Navan.
Within HAQ7 the OPW has implemented and maintains the Boyne arterial drainage scheme, which has
resulted in significant alteration of the natural river channels in some areas to improve conveyance

capacity and reduce flooding of agricultural land.

Within HAO7 there are ten Areas for Further Assessment (AFA). The principal source of flood risk in
HAO7 is fluvial flooding, with nine of the ten AFAs being subject to some degree of fluvial flood risk.
Tidal flood risk within HAQ7 is limited to the Boyne Estuary where three AFAs, Baltray, Mornington and
Drogheda are considered to have some element of coastal flood risk. The full list of AFAs and HPWs
within HAQ7 is shown in Table 1.1 and Figure 1.1, which also describe the associated flood source,

fluvial and/or coastal, requiring assessment under the CFRAM Study.

IBEO600Rp0025 1-1 FO6
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Table 1.1: Fluvial and Coastal Flood Risk at each AFA
Athboy v -
Ballivor v -
Baltray = v
Drogheda v v
Edenderry v
Johnstown Bridge v
Longwood v
Mornington v v
Navan v
Trim v

Note Mornington AFA is incorporated into the Eastern CFRAM Study reporting under HAQ7 as it was
excluded under the FEM FRAM Study which otherwise addressed HA08.

As indicated by Table 1.1, the principal source of flood risk within HAQ7 is fluvial flooding. Two AFAs,
Drogheda and Mornington, have been identified as requiring integrated analysis to include coastal

flooding. Baltray AFA has been identified as only requiring analysis of the coastal flood risk.

IBEO60ORpP0025 1-2 F06
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Figure 1.1: HAO7 AFA Locations and Extents
1.2 OBJECTIVE OF THIS HYDRAULICS REPORT

The objective of this hydraulics report is to set out the work and analysis undertaken in relation to, and
the findings and conclusions of, the surveys and hydraulics analysis as defined within Section 7.8 of
the Generic (Stage 1) Project Brief (Ref 2149/RP/002/F, May 2010), hereafter termed “the Stage 1

IBEO60ORpP0025 1-3 F06
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Project Brief’. The report will detail any assumptions made, including the need for such assumptions

and their justification, supporting discussion and appended information as necessatry.

HAO7 includes ten AFAs, (refer to Table 1.1) which has required the development of eight separate
models for flood risk analysis. Drogheda, Mornington and Baltray AFAs have been combined into a
single model, due to their proximity and interaction. This report has been structured so that each
model is reported on in a detailed and concise tabulated manner within Chapter 4. This approach
enables the systematic and transparent reporting of every aspect of the hydraulic modelling process,
detailing the work that has been undertaken with justification and assumptions clearly stated for each
individual model. This avoids unnecessary repetition of generic information relating to all models or
HAO7 as a whole. Such information is provided within Chapters 1 to 3 to set the scene for the

hydraulic analysis and provide ample background information.

The modelling referenced for each of the AFAs under Chapter 4 includes the following topics:

e General Hydraulic Model Information

e Hydraulic Model Schematisation

e Hydraulic Model Construction

e Sensitivity Analysis

e Hydraulic Model Calibration and Verification

e Hydraulic Model Assumptions, Limitations and Handover Notes

e Future Scenarios

This provides an easily accessible single source of reference for each AFA in terms of specific model

inputs, approaches and outputs which can be readily utilised in future.

The report does not aim to provide a first principles explanation of hydraulic modelling theory, nor is it

intended as a guidance document on how modelling software works.

IBEO600Rp0025 1-4 FO6
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2 DATA COLLECTION

2.1 BACKGROUND

The process of data collection for the Eastern CFRAM Study as a whole has been ongoing since
Project Inception and is detailed in the Eastern CFRAM Study, HAO7 Inception Report
(IBEO600Rp0003, 2012), hereafter termed “The Inception Report”. Data specific to hydraulic analysis
is described as follows.

2.2 HYDROLOGICAL DATA

2.2.1 Fluvial Hydrological Data

The availability of hydrometric data within HAO7 is detailed in the Eastern CFRAM Study, HAQ7
Hydrology Report (IBEO600Rp0012, 2013), hereafter termed “The Hydrology Report’. In general
HAOQO7 can be considered to be a relatively well gauged catchment with all but the small Longwood
model having at least one hydrometric gauge station with flow data available — see Figure 2.1.
Furthermore all nine of these models contain stations which have either:

1. An FSU rating classification indicating confidence in the rating at Queq Of;

2. Are subject to rating review such that confidence in the rating at Qneq iS achieved.

The existing hydrometric data has been utilised as much as possible to inform hydrological analysis

and the subsequent derivation of:

1. Historical flood event peak flows and hydrographs — those used for hydraulic model input /
boundaries and calibration of each model are detailed in the Inception Report and Chapter 4
of this report, Section 4.1.5 to Section 4.9.5 respectively.

2. Design flows and hydrographs for the required present day Annual Exceedance Probabilities
(AEPs) ranging from 50% to 0.1% and future scenarios —refer to Hydrology Report for full
details of hydrological analysis and design flow estimation for both gauged and ungauged
catchments.

For each gauging station which has data on water levels, this information has been used to inform the
model calibration process with further details provided in Chapter 4. The integration of hydrological
and hydraulic analysis is at the core of the methodology undertaken in this Study in arriving at final
hydraulic modelling outputs. This is discussed further in Section 3.3.7 and detailed per AFA/model

under Chapter 4.

IBEO60ORpP0025 2-1 F06
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Figure 2.1: Hydrometric Data Availability in HAO7

2.2.2 Tidal Data

The Hydrology Report (Section 6.2) discusses the use of tidal data within the Study. This data has
been taken from the Irish Coastal Protection Strategy Study (ICPSS) and is discussed further in

Section 3.4 of this report.
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2.2.3 Rainfall Data

The hydrological analysis undertaken in the Eastern CFRAM Study has utilised rainfall data to

supplement the principal CFRAM Study statistical based analysis as follows:

1. Dublin Airport catchment aggregated rainfall radar data has been used as high temporal
resolution input data to hydrological models from which design flows and hydrographs were
derived in cases where it was deemed useful to augment / supplement existing hydrometric

data;

2. Existing daily and hourly rain gauge data (Figure 2.2) was used to ground truth rainfall radar
data prior to hydrological model input, and the entire time series were used in the production
of simulated flow trace and derived Annual Maximum (AMAX) flow series for the same time

period.

3. Where radar data was not available temporally or spatially, existing rain gauge data was used
within the hydrological models to produce simulated flow trace and AMAX series for the time
period. The Thiessen polygon area weighting method was utilised to derive a rainfall time
series which is representative of all of the nearest rain gauges depending on their closeness

to the catchment.

Full details of rainfall data analysis and associated hydrological modelling are provided in the Inception
Report and Hydrology Report. Further to the analysis contained within the Hydrology Report, rain
gauge data is used in this report to provide estimates of the frequency of historical flood events where
no observed or simulated hydrometric data was available upon which to base flood flow frequency

estimates.
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2.3 TOPOGRAPHICAL SURVEY DATA

2.3.1 Channel and Structure Survey Data

The most significant aspect of data collection since the inception stage of the Eastern CFRAM Study
has been the capture of channel and structure survey data to provide cross-section and long-section
information (X, y, z spatial coordinates) of river channels and banks, on-line channel structures
(bridges, weirs, sluices, etc.) and flood defences (walls, embankments, etc.). This information is
necessary for the development of hydraulic models of the High Priority and Medium Priority
Watercourses (HPW and MPWs) within HAQ7.

The specification, procurement and management of the survey contract for HAO7 was undertaken by
RPS. In order to produce the specification, RPS conducted a walkover survey in each AFA and a
desk-based study using GIS datasets was completed. The specific tasks undertaken, all of which will

relate to the building of hydraulic models were:
e Establishment of suitable survey control along the survey areas;
e Survey of river channel cross sections, at prescribed locations within the survey areas;
e Survey of relevant structures identified within the survey areas;
e Survey of identified flood defences within the survey areas;
o Delivery of outputs as appropriate to the nature of the survey;
The raw survey data was provided electronically in the following formats:
e ISIS input format (.DAT - also compatible with ICM);
e MIKE input format;
e Cross-section XYZ format;

o Left & Right Bank Only XYZ format: This includes integrated cross-section crest levels, flood
defence crest levels and any intermediate bank levels surveyed between cross sections,

provided in a separate XYZ file for each bank;

e GIS shapefiles of surveyed watercourse centrelines and channel cross sections with

populated attribute tables showing Reach IDs, chainages, and coordinate data;
e AutoCAD drawings;
e Georeferenced site photographs and videos;

e Digital metadata.
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Specific details of the survey data received can be found under Chapter 4. The survey contract for
HAO7 was carried out by Murphy Surveys Ltd between 12/04/2012 and 10/08/2012 within five pre-
defined work packages under the contract. Incoming survey data was received and quality checked

using the following process:

1. Quality assurance check by RPS including inspection of selected sample data on GIS using a
checklist and comparison with specification in terms of surveyed reach alignment and length;
cross section quantity; surveyed structures; flood defences; survey completeness and quality
of deliverables;

2. Upon detection of a suspected error or omission, a survey query sheet was completed and
submitted to the Surveyor;

3. If the survey query response confirmed that survey data was missing that was required for
hydraulic modelling, then this was procured as additional works under existing survey

contracts.

All survey data used within each AFA/Model are listed under Chapter 4, including digital data folder
structure, file names, folder references; any survey issues identified (survey queries) and details of
survey query resolution. The details are provided under the relevant AFA/Model under Chapter 4

(Sections refer 4.1.2 to 4.9.2, Item (8) respectively for each of the nine AFAS).

The survey issues identified within HAO7 are summarised as follows:

o Drogheda: Cross-sections and culvert details at the Old Mill site on the north side of the river
Boyne in Drogheda were requested under Infill Survey, as they had not been included in the

original survey data received. The infill survey data received was included in the model.

e Edenderry: The surveyed river centreline on the Weavers Drain did not agree with the OSi
vector mapping. A review of the centreline found it to be inaccurate. Weavers Drain
centreline was therefore corrected and updated in the network file. The cross section

chainage was also adjusted to place the cross sections in the right location.

¢ Mornington: It was noted that the development called Northlands was constructed since the
Mornington scheme was completed and as such the watercourse and hence 1D section
through this area is considered to have changed (partially culverted). Although this area is
located outside the AFA extents, details of the culverts were requested under Infill Survey and

included in the model.

e ‘Glass Walls’ within the Navan, Trim, Drogheda, Edenderry, Johnstown, Longwood and
Athboy models: Glass walls can occur along the 1D only reaches of a model when the
simulated water level exceeds the surveyed ground level at the extent of the cross-section.
This may result in an artificially high simulated water level as the full extent of the cross-
section is not represented within the model. Where ‘glass walls’ have been identified during

model construction, the relevant cross-sections have been extended based on LiDAR (where
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available) or the NDHM (Section 2.3.4). This process was conducted using ArcGIS to
generate an ASCII file (based on LIDAR and NDHM data). This file was used as a Digital
Elevation Model and was imported, along with a copy of the model, to MIKE 2014. This
version of the software has a tool which allows cross-sections to be extended to a defined
point (where the ‘glass wall’ effect no longer occurs) without intersecting other cross-sections.
Further detail on the reaches where cross-sections were extended is provided for the relevant

models in Chapter 4.
Digital Survey Data is also provided as an accompaniment to this report.

Raw survey data has not been converted for the purposes of the CFRAM Study since its provision was

already in the format compatible with direct import to hydraulic modelling software.
2.3.2 Floodplain Survey - LIiDAR

The Stage 1 Project Brief indicated that the OPW would supply the results of a floodplain survey by
November 2011; however delivery of some of the processed floodplain survey information was
delayed until October 2012 due to weather issues during the fieldwork period. All floodplain survey
data undertaken as part of this Study was received by September 2012. This survey utilised airborne
laser scanning technology (LIDAR - Light Detection and Ranging). The Inception Report has already
discussed how RPS provided input into the required coverage of this survey. On receipt of the LIDAR
information, RPS checked its readability, resolution and validated the extent of its spatial coverage.
This was efficiently performed via the superimposition of multiple ESRI ArcGIS shape-files of the data.
This methodology allowed for rapid visualisation and subsequent identification of any geographical
inadequacies. If supplied LIiDAR information was found to contain insufficient coverage of AFAs and
HPWs (areas designated for two-dimensional modelling); then these areas were targeted for
rectification and additional LIDAR requested. Figure 2.1 illustrates the extent of LIDAR coverage in

HAO7 in relation to modelled watercourses.

The DTM derived from the received LIDAR data was assumed to meet the vertical accuracy as
specified in the Stage 1 Project Brief - 0.2m RMSE. Given the quality of the received surveys,

additional manipulation or post-processing work was not required for the LIDAR data at HA level.

The LIDAR for UoM0O7 was considered fit for purpose by RPS. However, post-processing was
required in one area where visual inspection identified an error in the Drogheda LIDAR data between
the Drogheda and Mornington AFAs. This was corrected using LiDAR data from the extended LiDAR
data survey covering the southern portion of the Mornington AFA - details have been provided under
Chapter 4.
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2.3.3 Coastal Bathymetry

Bathymetric data was required for all models located within areas of tidal influence. Those areas with

no direct coastal inundation required basic bathymetric data in the vicinity of the mouth of the relevant

rivers. Those areas subject to complex coastal inundation required more detailed and extensive

bathymetric data. In those cases, sufficient offshore data was required to represent the various
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channels, drying zones and offshore banks within the model domain. Details of coastal bathymetry

data used per model are included under Chapter 4.

Some parts of the bathymetry information used in the models was obtained from INFOMAR survey
data, a joint venture between the Geological Survey of Ireland (GSI) and the Marine Institute,
supplemented with Admiralty Chart data, as digitally supplied by C-Map of Norway — see Table 2.1.

Table 2.1: Bathymetric datasets used in each model
e
‘Baltray e LDAR

Drogheda e LiDAR

Mornington o LiDAR

The OPW LIiDAR data provided as part of this Study, in conjunction with the OPW LiDAR
commissioned as part of the Irish Coastal Protection Strategy Study (ICPSS), along with significant
numbers of more localised hydrographic surveys already in existence, were used to provide specific
information for inshore and overland areas. Where necessary, the OPW LIiDAR data was trimmed to
the Ordnance Survey Ireland (OSI) High Water Mark, in order to remove areas containing water level

elevations, rather than bare earth data.

In areas where no other data was available, the National Digital Height Model (NDHM) was included in
the models, although it was noted that it is of lesser accuracy to the OPW LiDAR data.

RPS processed and quality checked all bathymetric data to ensure its suitability for use within the
modelling systems, consistently ensuring that any model interpolation processes produced valid
meshes which were representative of the input data. This was a manual process where the modeller
inspected the model bathymetry files to ensure that the relevant features were adequately represented
within the model. Where relevant, buffers were used between adjoining datasets in order to ensure a
smooth transition, and additional interpolated data was included in locations where data was
unavailable. Bathymetry data at boundary locations and transition areas between 1D and 2D model
components was also edited where necessary in order to prevent boundary drying and achieve model
stability. The datum of bathymetric datasets was checked and it was verified that levels between
adjacent datasets were consistent. The data, having been checked, was deemed appropriate for use

in the models.
2.3.4 Other Digital Elevation/Terrain Models

As detailed in the Inception Report, the OPW provided National Digital Height Model (NDHM) (5m

resolution IfSAR) data covering HAQ7 in its entirety at the project outset.
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In addition to this data, the OPW also provided hydrologically-corrected Digital Terrain Model data
(hDTM). These datasets, which are hydrologically corrected and presented in a 20m resolution, cover

the entire spatial extent of HAQ7.

On receipt of this information, RPS reviewed the datasets in order to check for adequate project areal
coverage. As the xyz data had already been converted into ESRI Grid files, no further post-processing
was required for geographical data visualisation. Where localised post-processing work has been

undertaken at an AFA/Model level, the details have been provided in Chapter 4.

2.4 DEFENCE ASSET DATABASE

No known flood defence assets within HAO7 were identified within the tender brief, however
subsequent scoping visits undertaken by RPS identified a number of assets which were reported on in
the Inception Report. The geometric survey of these assets, along with the identification and geometric
survey of additional flood defence assets, was a requirement of the HAO07 channel and cross section

survey contract.

On receipt of the survey contract deliverables in mid 2012, RPS extracted the identified assets and
circulated mapping and shapefiles to the Eastern CFRAM Study Progress Group Local
Authorities/Regional OPW representatives within HAQ7. Further confirmation of the assets was
received including the as-constructed details of the recently completed Mornington flood defences,
which informed the scope of the condition survey and subsequent defended/undefended model

analysis.

Table 2.2 summarises the agreed list of flood defence assets for HAO7. The hydraulic performance

and effectiveness of these assets were tested within the models under Chapter 4.

Following discussions via the Floods Directive National Technical Coordination Group, the OPW
confirmed a CFRAM Defence Asset Database spreadsheet storage format on 9 December 2013.
RPS populated this format with the condition survey, which commenced in the first quarter of 2014

following project-level trialling with the OPW engineering staff.

Table 2.2: Flood Defence Assets identified for HAO07
Structural Identification
Location AFA Form Stage
OPW Desktop
Abbey Lane Trim Wall Study
Ballivor Ballivor Walls Inception
Coastal Flood
Baltray Baltray Wall Inception
Boyne Hill Navan Embankment Survey
OPW Desktop
Bridge Street Trim Wall Study
Church Road Drogheda Wall Survey
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Structural Identification
Location AFA Form Stage
Walls and
Drogheda Drogheda Embankments Inception
Drogheda Port Drogheda Wall Survey
Drogheda Road Drogheda Wall Survey
OPW Desktop
Dunderry Road Trim Wall Study
Johnstown OPW Desktop
Dunfierth Park Bridge Wall Study
OPW Desktop
Frenchs Lane Trim Wall Study
OPW Desktop
Glebe Wood Ballivor Wall Study
OPW Desktop
Hamilton Place Trim Wall Study
Johnstown
Johnstown Bridge Bridge Walls Inception
OPW Desktop
Lackanash Estate Trim Wall Study
March Road Drogheda Wall Survey
Maryville Navan Wall Survey
Walls and
Mornington Mornington Embankments Inception
Mornington Road Drogheda Wall Survey
N1 / Rathmullan Road Drogheda Wall Survey
Navan Navan Walls Inception
North Strand Drogheda Wall Survey
OPW Desktop
Parkstown View Ballivor Wall Study
Patrickswell Lane Drogheda Wall Survey
Queensborough Drogheda Wall Survey
OPW Desktop
R154 Scurlockstown Trim Wall Study
Rathmullan Road Drogheda Wall Survey
River Boyne, Dublin Road Navan Wall Survey
Rivermill View Navan Wall Survey
Strand Drogheda Embankment Survey
Summer Ville Navan Wall Survey
OPW Desktop
Talbot Castle Trim Wall Study
Johnstown OPW Desktop
The Glebe Bridge Wall Study
The Mall Drogheda Wall Survey
The Sycamores Drogheda Wall Survey
Trim Trim Walls Inception
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Structural Identification
Location AFA Form Stage
Wellington Quay Drogheda Wall Survey
Model

Swan River Navan Embankments Construction

2.5 LAND USE DATA

The Environmental Protection Agency (EPA) GIS Dataset “Coordination of Information on the
Environment” known as CORINE was provided at the project outset (7th June 2011 from the OPW) for
the most recent version in 2006 (500m grid resolution). The CORINE Land Cover (CLC) is a map of
environmental landscape based on interpretation of satellite images. There are five broad levels of
land use classification:

1. Artificial Surfaces

2. Agricultural Areas

3. Forest and semi-natural areas

4, Wetlands

5. Water Bodies

These categories are further broken down into 44 classes of specific land use and were provided as a
GIS polygon shapefile covering the Eastern CFRAM Study area. This data was used in the hydraulic
modelling phase to define catchment roughness parameters as detailed in Section 3.3.5.
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3 HYDRAULIC MODEL METHODOLOGY

3.1 INTRODUCTION

Hydraulic analysis is a critical part of a CFRAM Study. The objective of hydraulic analysis is to gain a
detailed understanding of the Study area’s flood response and mechanisms to assess both flood risk
and determine flood risk management solutions. The accuracy of the models representing existing
conditions in terms of flood level, depth, extent and flow velocity allows the possible benefits of flood
options to be meaningfully assessed, allowing the appropriate actions/decisions to be taken. To
achieve such accuracy; detailed hydraulic modelling analysis (including comparison with historical
flood events) and estimation of design and future flood level, depth, velocity and extent conditions, has
been undertaken for each AFA. This analysis takes account of factors influencing in-stream flow and

water level, such as the effect of lake and floodplain retention and control structures.

The principal modelling software package that has been used is the MIKE FLOOD software shell (refer
to Section 3.3.1), which was developed by the Danish Hydraulics Institute (DHI). This provides the
detailed modelling required at a river basin scale and provides a 1-dimensional/2-dimensional
interface for all detailed hydraulic model development. By adopting MIKE FLOOD, a series of fully
dynamically linked 1-dimensional/2-dimensional models have been developed, thereby incorporating a
degree of flexibility into the extent of coverage of the 1-dimensional and 2-dimensional elements within
each area. The MIKE FLOOD software shell comprises MIKE 11 for 1-dimensional modelling (fluvial
applications) and MIKE 21 for 2-dimensional modelling (fluvial and coastal applications), thus enabling

seamless integration of fluvial and coastal models in the AFAs for which this is required.

There is one model in which the use of MIKE FLOOD was replaced with ICM, following agreement
between RPS and the OPW (refer to Table 3.1). ICM (Integrated Catchment Modelling) is a 1D/2D
dynamically linked modelling package developed by Innovyze (formerly MWH Soft and Wallingford
Software) and is an integrated platform which enables both above and below ground drainage
systems to be modelled in one package. A full and detailed representation of the natural open channel
systems can therefore be augmented with the man made open and culverted systems of the urban
environment to take account of anthropogenic changes to the river catchment. ICM utilises a flexible
triangular 2D mesh to model overland flow. The use of flexible mesh allows the mesh size to be
varied throughout the model, providing detail where required. RPS completed a technical note in April
2012 detailing the reasoning behind choosing Infoworks ICM over MIKE FLOOD for selected culverted
urban watercourse modelling, “CFRAMS Technical Note 4, Culverted Watercourse Modelling”. The

details and justification of methodology are included in Technical Note 4 and summarised as follows:

o Walkover surveys and subsequent channel and structure survey data in the Eastern CFRAM
Study Area (particularly Drogheda) identified a number of HPWs within AFAs that are partially

culverted over significant lengths;
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e MIKE 11 or ISIS (both of which are included on the OPW'’s pre-approved list of modelling
software) is not suited to modelling these extensive sections of culverted watercourse or

sections of watercourse which vary continually between open channel and culvert;

e Infoworks ICM has been recently developed by Innovyze to specifically model the integration
of piped networks and open channel flow. RPS therefore consider it best placed to model

these partially culverted watercourses;

e Infoworks has been developed from the ISIS engine and is therefore not a significant
departure from the pre-specified software for CFRAM Studies. In addition it can provide
mapping output as specified in Section 7.5 of the Stage 1 Project Brief and can directly utilise

the survey data that has been captured for HAO7.

Infoworks ICM has also been utilised for modelling coastal flood risk within the same AFAs for which it
was used to model fluvial flood risk (refer to Table 3.1). This enables seamless integration of both
models for flood mapping. For consistency Infoworks ICM has been used for all coastal AFAs within
HAOQ7.

The subsequent sections of this Chapter describe the overall conceptualised models and detail the
key aspects of each modelling software package used, including model inputs, how channel structures
are represented and model parameters selected. The integration of the hydraulic analysis with the
hydrological analysis undertaken previously is also outlined, with AFA/HPW specifics provided where

relevant under Chapter 4.

3.2 MODEL CONCEPTUALISATION

The Inception Report (Chapter 5) and the Hydrology Report (Chapters 4 and 6.3.1) outline the
hydraulic model conceptualisation process which resulted in nine hydrodynamic models within the
HAO7 UoM. AFA/HPW specific model conceptualisation, including modelling software used is detailed

in Chapter 4 of this report and summarised in Table 3.1 below.

All HPW’s have been modelled as 1D-2D, with MPW’s normally modelled as 1D only. Links are
provided, normally at the top of each river bank, to allow water to pass between the 1D and 2D model
domains. The number and boundaries of the models have been largely chosen due to modelling
practicalities such as having one 2D mesh per model and therefore one AFA per model and where
possible such that gauge stations separate models and therefore can be used to directly calibrate flow

estimations on both models.

The downstream boundaries of the Athboy and Ballivor models are located at the confluence of the
River Boyne with the Athboy River and the Ballivor and Stoneyford Rivers respectively. The
downstream boundaries of the Johnstown Bridge and Longwood models are also located at the
confluence of the River Boyne with the Blackwater River, for both models. The Johnstown Bridge

model is located upstream of the Longwood model and incorporates an overlapping reach of the
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Blackwater River from Longwood to the confluence with the River Boyne. Whereas the Longwood
model has modelled this reach in a combination of 1D-2D modelling and 1D modelling, the Johnstown
Bridge model has modelled it using 1D modelling only and is therefore considered to be less accurate.
The presentation of the Johnstown Bridge flood extents therefore ends just upstream of the Longwood
model and the remainder of the Blackwater River is presented in the Longwood model. The
Johnstown Bridge model was also used to provide the upstream flow hydrograph in the Blackwater

River for the Longwood model. Further details are provided in Chapter 4.5 and Chapter 4.6.

The River Boyne, from Edenderry to the Boyne estuary, is split across four models, as shown in Figure
3.1. These models are Edenderry, Trim, Navan and Drogheda. The OPW gauging station called
Boyne Aqueduct (07007) is located at the downstream boundary of Edenderry Model (and the
upstream extent of the Trim model) just west of Longwood and on the Boyne main channel where the
Royal Canal traverses the river. The EPA gauging station called Ballinter Bridge (07041) is located at
the downstream boundary of Trim Model (and the upstream extent of the Navan model) just south of
Navan. The downstream boundary of the Navan model (and upstream boundary of the Drogheda
model) is located at the Broadboyne Bridge (located north-east of Navan). Drogheda, Baltray and
Mornington have been assessed within a single model due to the geographical proximity and hydraulic

connectivity between the AFA.

MIKE FLOOD software has been selected for all of the models within HAO7, with the exception of
Drogheda, Baltray and Mornington (Infoworks ICM). AFA/HPW specific model conceptualisation is
detailed under Chapter 4 of this report and summarised in Table 3.1 below. Figure 3.1 illustrates the
extent of fluvial models and also the AFA locations. Figure 2.1 shows the location of Hydrometric

Gauging stations throughout the catchment.
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Table 3.1: HAO7 Model Conceptualisation
Chapter 4 Fluvial  Coastal Fluvial Coastal
Refer?ence AFA/HPW =% =% Model Model Comments
Software Software
MIKE
4.1 e L, FLOOD - Rectangular grid
oy - (2011)
MIKE
4.2 Bali L, FLOOD - Rectangular grid
allivor - (2011)
3 AFAs in a Single Model
Drogheda & including Mornington, which is
4.3 INFOWORKS ICM (v6.5) reported separately. Flexible
Baltray v v
Mesh
MIKE | g
4.4 EFLOOD - Rectangular gri
Edenderry v - (2011)
Johnstown MIKE )
4.5 _ FLOOD - Rectangular grid
Bridge v - (2011)
MIKE
4.6 FLOOD - Rectangular grid
Longwood v - (2011)
4.7 Mornington v v INFOWORKS ICM (v6.5) Flexible Mesh
MIKE
4.8 FLOOD - Rectangular grid
Navan v - (2011)
MIKE
4.9 T L, FLOOD - Rectangular grid
fim - (2011)
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Figure 3.1: HAOQO7 Modelled Watercourses and AFAs
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3.3 FLUVIAL MODELLING

3.3.1 Fluvial Model Software — MIKE FLOOD

The MIKE FLOOD modelling system was utilised for seven models, the details of which are included

under Chapter 4.

MIKE FLOOD is a software shell comprising the following two components:

e A 1-dimensional river model (MIKE 11 HD) to describe the flow in linear rivers and channels

e A 2-dimensional model (MIKE 21 HD) to describe the free surface flow in the river floodplain.

MIKE FLOOD integrates the one-dimensional model and the two-dimensional model into a single,
dynamically coupled modelling system. This enables the best features of both model types to be
utilised, whilst at the same time avoiding many of the limitations of resolution and accuracy

encountered when using either model separately.

The integration of MIKE11 and MIKE21 is provided by a series of lateral links, on both the left and right
banks. Each lateral link allows a string of MIKE21 cells to be laterally linked to a defined reach in the
MIKE11 model. These links are used to simulate overflow from the river channel onto a floodplain.
MIKE FLOOD provides options to adjust the parameters associated with each link including friction,
weir coefficient, calculation type and source of flooding i.e. water transfer occurs when the water level
exceeds the highest of the MIKE21 cell level or the marker level in MIKE11. These parameters are set

as the default values unless otherwise specified in Chapter 4.

Standard links may also be used, where one or more MIKE21 cells are linked to the end of a MIKE11
river branch. These links are used to connect the MIKE21 grid / mesh into a broader MIKE11 network.
The third main type of link is the structure link which is used to simulate structures within the MIKE21
model (instead of the MIKE11 model). These links can be used to simulate structures which are

remote from the river but convey water when flooding occurs.

The 1-D hydrodynamic models constructed within comprise a Simulation Editor file which contains
details of the simulation and provides a link to other MIKE11 editor files. For each hydraulic model

created, the simulation editor has the following input files:

o A Network Editor file (see example given by Figure 3.2) containing the location of the river
channel and any branches and details of hydraulic structures on the river (weirs, culverts,

bridges etc.) in the tabular view;

e A Cross-Section Editor file containing all river channel cross-sectional information;

e A Boundary Editor file (see example given by Figure 3.3) containing all boundary conditions

applied to the model including an upstream input discharge hydrograph for each watercourse,
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a specified downstream boundary and a number of point / distributed discharge hydrographs

along the length of the river;

e A Hydrodynamic Editor file containing details of the hydrodynamic parameters adopted in the
simulations.
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Figure 3.2: Example MIKE 11 Network Editor File
—_—
Boundary Description| Boundary Type Branch Name Chainage| Chainage| Gate ID| Boundary ID

1 Cpen Inflow BALLIYOR RIVER. i 0

2 Qpen InFlow BALLIVOR TRIE 10F3 1] o]

3 Qpen InFlow BALLIVOR. TRIE 20F3 1] o]

4 Qpen InFlow BALLIVOR. TRIE 30OF3 1] o]

= Paoink Source InFlow BALLIVOR RIVER 353564 o]

=] Paoink Source InFlow BALLINVOR, SPLIT & STOMEYFORD RIVER 1271 o]

7 Distributed Source InFlaw BALLIVOR RIVER 0 2120

g Distributed Source InFlaw BALLIVOR SPLIT & STOMNEYFORD RIVER o 5154

a Distributed Source InFlaw BALLIVOR RIVER 298322 3538.64

10 Diskributed Source InFlow BALLIVOR TRIE 20F3 i} 1400

11 Distributed Source InFlow EaLLIYOR TRIE 30F3 1] 1109

12 Qpen 2-h EALLIVOR RIVER Sle4 o]

13 Qpen -h BALLIVOR, SPLIT & STOMEYFORD RIVER 5209 0]
Figure 3.3: Example Boundary Editor File

The input files for the 2D- MIKE21 models are the topography file and the resistance file — further

details provided in Section 3.3.4 and Section 3.3.5 respectively.

3.3.2 Fluvial Model Software — Integrated Catchment Modelling (Infoworks ICM)

InfoWorks ICM was selected for one model. This software provides a single platform to incorporate

both urban and river catchments using fully integrated 1D and 2D hydrodynamic simulation

techniques. It models the hydrological cycle from rainfall input to the catchment discharge point
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allowing all flow paths to be represented accurately. Tidal boundaries are applied to both 1D and 2D

model domains to incorporate tidal inundation where appropriate.
ICM incorporates the following elements:

e Integration of 1D watercourse and 2D floodplain — used for one model (refer to Chapter 4) or
e Integration of 1D watercourse, 2D floodplain and representative existing storm drainage

network — used for the Drogheda portion of the ICM model in HAQ7.

River channels are defined using surveyed watercourse cross sections for the 1D element as
illustrated by Figure 3.6. Banks are defined as lateral spills using either survey or LIDAR data (defines
the linkage from the open channel 1D domain to the 2D domain). For Infoworks ICM, there is a single

network file which incorporates all of the components within the 1D and 2D model domains.

-
Offset (m) X coordinate (m) Y coordinate (m) Bed level (m) MR::rg":r::; New panel i
1 0.000 313402.330 230483.230 44.756 0.0600 O
2 2365 313404.530 230481.700 44.546 0.0600 O
3 4,886 313406.470 230480.020 43991 0.0400 [
4 6,713 313407.830 230478.800 43369 0.0400 O
5 7832 313408.680 230478.050 42878 0.0400 O =
6 8.087 313408.850 230477.880 42488 0.0400 O 1
7 8477 313409.140 230477620 42443 0.0400 ]
8 9.057 313409.570 230477.230 42455 0.0400 ]
9 9.574 313409.960 230476.890 42.540 0.0400 O
10 9.858 313410.170 230476.700 42.568 0.0400 O
11 9.985 313410.260 230476.610 42,991 0.0400 O
12 11324 313411.260 230475720 43.464 0.0400 O | |
13 13.080 313412.570 230474.550 44.159 0.0600 5]
14 17.159 313415.600 230471820 44.271 0.0600 O <

44.50

Elevation [m AD)
. I
p} B
n =1
= a

-
G
=1
=1

4250

4200
00 5.0 100 15.0 200
Offset [m)

Figure 3.4: ICM 1D Model Inputs — Channel Cross Sections

3.3.3 In Channel Structures

For MIKE models, in-channel structures have been incorporated through the network file (tabular
view). The geometry of irregular shaped culverts and bridges are normally defined by 'Cross-Section
DB', with regular shaped culverts defined as being circular or rectangular. The 'Cross-Section DB' and

Level-Width options have both been employed when installing weirs.

In terms of model stability, the MIKE software developers (DHI) advise that culverts are more stable
than bridge structures in MIKE and that culverts (and weirs to allow overtopping of the structure)
should be inserted as a proxy for bridges when possible. There is no difference between defining the

geometry of the culvert in the model or using a cross-section in the cross-section file (Cross-section
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DB). DHI also recommend using a series of closed cross-sections to represent long culverts instead

of a structure in the network file, as this approach more accurately represents frictional effects.

For Infoworks ICM models, in-channel control structures i.e. weirs, bridges, sluices etc. can be defined
using their specific geometry as illustrated by Figure 3.5. Infoworks ICM can accurately simulate spills
from piped networks, overland routing of flow and then re-entry of overland flow back into the
watercourse. This is a particularly important feature when assessing urban flow paths. Infoworks ICM
is also able to incorporate changes in culvert gradients which are essential for accurately simulating
hydraulic performance. Spill units are incorporated into the model where culverts are subject to

overtopping — this feature is contained within bridge structures and so spill units are not required.

Xecoordinate (m) | ¥ coordinate (m) Level (m AD)

| onem waangin | pene

0000 312525940 229913350 50341 00600
1155 312526500 229912340 50304 00400
189 312526.860 279911690 49957 00400
2421 312527110 229911,230 49715 00400
2381 312527380 229910740 49184 00400
3m 5312527520 229910485 49445 00400
3813 512527.780 229910.010 49071 00400
4449 312528.080 229909450 40078 00400

9 5192 312528440 229908.800 49,086 00400
10 5899 312528780 229903180 43092 00400
1 6212 312528933 229907507 49196 00400
12 6288 312528970 229907840 21 00400
13 6320 312528980 229907810 49581 00400
1 6302 312529.260 225507.300 49743 00400

09P0DDO0542_BR_{ Left

09P0DDO0542_BR_( Right

o o o o o o o 3

5050

Elevation (m AD)

4900
40

40
offset (m)

Figure 3.5: ICM Model Inputs — In Channel Structures

3.3.4 2D Domain Topography

The files used in the models to define the floodplain are based on the LIDAR and DTM data supplied
for the Eastern CFRAM Study (refer to Section 2.3.2 and Chapter 4). A mesh was created from the
provided LIiDAR data to ensure the accurate assessment of 2D out of bank flow. For MIKE flexible
mesh models, the resolution varies from typically 5m? in areas where greater detail is required e.g.
roads to greater than 100m? in areas requiring less detail e.g. rural areas. For MIKE classic (or
rectangular) grid models, the resolution has been set to 5m? (unless specified otherwise in Chapter 4)
as this resolution provides sufficient detail to meet the requirements of this study, for the majority of
floodplain features. Where there are features that play an important part of the flooding regime which
cannot be represented with this resolution, then they have been explicity modelled within the 2D

domain. Further details are provided within Chapter 4, where this approach has been adopted.

For Infoworks ICM models, a flexible mesh is generated based on LIDAR data and allows varying
detail to be used on the floodplain (compromise between detail and run times). There is an option
available to apply terrain sensitive mesh generation. Infoworks ICM utilises GPU (Graphical

Processing Units) parallel processing capabilities to reduce run times. The typical mesh size used is
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from 1m” to 25m? in urban areas with the maximum size increasing to up to 1000m? in some large

open areas.
Buildings can be represented in a number of ways:

e Voids (or blocked cells) — no flow

e Porous Polygons — percentage of free flow

e Mesh Zones with increased elevation — free flow over a specified elevation or height above the
DTM

e Combination of above

Building footprints were defined by a GIS file extracted from national vector mapping and the relevant
cells blocked out (MIKE models) or assigned zero porosity (Infoworks ICM models) to force water to
flow around them. A paper on this topic prepared by Engineers Australia, Water Engineering in
February 2012 informed the decision on adopting this approach. It is acknowledged that in reality
buildings would provide an element of flood storage thus marginally reducing the overall flood extents
but there is uncertainty as to the actual volume they would store. Therefore it was considered that
preventing flood flows through buildings was a more conservative approach and would ensure flood
extents are not underestimated. Details of the bathymetry files used and how they are applied in each

relevant model are provided under Chapter 4.

In accordance with our tender methodology and the Dodder Pilot CFRAMS, it is considered that the
above approach adequately represents the flow paths across the floodplain for each model.
Predominantly, the LIDAR will be most accurate along the road network (away from vegetation cover)
with the entire dataset assumed to meet the vertical accuracy as specified in the Stage 1 Project Brief
- 0.2m RMSE. As buildings have been blocked out of the mesh, this will define the preferential flow

paths through urban areas.
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3.3.5 Roughness Coefficients

Roughness coefficients for cross-sections and structures within 1D river models are taken from the
CIRIA (1997) Culvert design guide (see Table 3.2 and Table 3.3). Through site visits, photographs
and videos included within the topographical survey information, an appropriate Manning's n value is
selected for each cross-section and structure by the modeller. These initial Manning's n values may

be amended (within normal bounds) to facilitate achieving model calibration.

Table 3.2: Manning's n Values for Normal Channels and Floodplains (CIRIA 1997)

Natural Streams (top width at flood stage <30m)

Clean, straight stream

-full stage, no rifts or deep pools, 0.025 0.030 0.033

-as above, but more stones and weeds. 0.030 0.035 0.040
Clean, winding stream

-some pools and shoals, 0.033 0.040 0.045

-as above, but some weeds and stones, 0.035 0.045 0.050

-as above, lower stages, more ineffective slopes 0.040 0.048 0.055
sections,

-as above but more stones. 0.045 0.050 0.060
Sluggish reaches, weedy deep pools. 0.050 0.070 0.080
Very weedy reaches, deep pools, or floodways with 0.070 0.100 0.150

heavy stands of timber and underbrush.

Mountainous streams, no vegetation in channel, banks
usually steep, trees and brush along banks submerged
at high water levels

-gravel bed with cobbles and few boulders, 0.030 0.040 0.050

-cobble bed with large boulders. 0.040 0.050 0.070

Floodplains (examples only)

Pasture, no brush

-short grass, 0.025 0.030 0.035
-high grass. 0.030 0.035 0.050
Cultivated areas
-no crop, 0.020 0.030 0.040
-mature row crops, 0.025 0.035 0.045
-mature field crops. 0.030 0.040 0.050
Brush
-scattered brush, heavy weeds, 0.035 0.050 0.070
-light brush and trees, in winter, 0.035 0.050 0.060
-light brush and trees, in summer, 0.040 0.060 0.080
-medium to dense brush, in winter, 0.045 0.070 0.110
-medium to dense brush, in summer, 0.070 0.100 0.160
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Table 3.3: Manning's n Values for Culverts (CIRIA 1997)

Barrel, wall and joint description Manning’s n value

Minimum Normal Maximum

Concrete pipe
-good joints, smooth walls 0.011 0.012 0.013
-good joints, rough walls 0.014 0.015 0.016
-poor joints, rough walls 0.016 0.0165 0.017
Concrete box
-good joints, smooth walls 0.012 0.0135 0.015
-good joints, rough walls 0.014 0.015 0.016
-poor joints, rough walls 0.016 0.017 0.018
Metal pipe
-68mm x 13mm corrugations 0.022 0.0245 0.027
-100mm x 20mm corrugations 0.022 0.0235 0.025
-127mm x 25mm corrugations 0.025 0.0255 0.026
-153mm x 50mm corrugations 0.033 0.034 0.035
-200mm x 55mm corrugations 0.033 0.035 0.037
-spiral rib metal pipe, good joints 0.012 0.0125 0.013
Concrete
-trowel finish 0.011 0.0125 0.014
-float finish 0.013 0.0145 0.016
-unfinished 0.014 0.017 0.020
Brick
-glazed, good condition 0.011 0.014 0.017
-cement, mortar, good condition 0.012 0.015 0.018
-poor condition 0.022 0.026 0.030

The selection of roughness values used for the 2D domains has been based on the 500m grid
resolution CORINE land use dataset (Section 3.3.5). This is the best land use dataset currently
available, covering Ireland at a consistent resolution meaning it is available for all 2D model extents
within the CFRAM Study Area. This automates the approach successfully applied in the Dodder Pilot
CFRAMS and Skibbereen FRAMS. The modeller may edit the roughness coefficients during model
calibration where it is deemed necessary and can be justified. The CORINE dataset comprises of 44
different land use types - each of these were reviewed by Senior RPS Modellers and assigned an
appropriate Manning's n and M value (Manning’s ‘M’ is the inverse of the commonly used Manning’s
‘n’ number and is the only roughness coefficient recognised by the MIKE21 software). The CORINE
shapefile incorporating Manning's values was converted allowing it to be imported into the hydraulic

modelling software. The values selected are shown in Table 3.4.
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Table 3.4: CORINE Description and corresponding Manning's Values

OR De ptio = 0 alue
Continuous urban fabric 0.011 91
Discontinuous urban fabric 0.045 22
Industrial and commercial units 0.014 71
Road and rail network 0.013 77
Sea ports 0.014 71
Airports 0.013 77
Mineral extraction sites 0.03 33
Dump 0.05 20
Construction sites 0.04 25
Green urban areas 0.03 33
Sport and leisure facilities 0.03 33
Non-irrigated arable land 0.035 29
Permanently irrigated land 0.03 33
Fruit trees and berries plantations 0.07 14
Pastures 0.035 29
Annual crops associated with permanent crops 0.035 29
Complex cultivation patterns 0.04 25
Land principally occupied by agricultur_e with significant 0.06 17

areas of natural vegetation

Agro-forestries 0.06 17
Broad-leaved forests 0.07 14
Coniferous forests 0.06 17
Mixed forests 0.065 15
Natural grassland 0.035 29
Moors and heathlands 0.045 22
Transitional woodland scrub 0.06 17
Beaches, dunes, sand 0.025 40
Bare rocks 0.02 50
Sparsely vegetated areas 0.025 40
Burnt areas 0.025 40
Inland marshes 0.025 40
Peat bogs 0.06 17
Salt marshes 0.03 33
Salines 0.03 33
Intertidal flats 0.02 50
Stream courses 0 0
Water bodies 0 0
Coastal lagoons 0 0
Estuaries 0 0
Sea and ocean 0 0
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3.3.6 Other Parameters

The MIKE 21 models provide a facility for specifying the depth at which the model cells are identified
as wet or dry. The drying depth is the minimum water depth allowed in a cell or element before it is
taken out of the calculation. The flooding depth is the depth at which the cell or element will be
entered into the calculation. This removes very shallow depths of water from the flood maps, leading
to better representation of the flood extents. Unless otherwise stated, the drying depth is normally
0.02m and the flooding depth is normally 0.03m.

In MIKE 21 and Infoworks ICM, the value for eddy viscosity is normally defined as 0.02(x"2/T) where x
represents the mesh resolution and T is the timestep interval. The eddy viscosity value can be

amended beyond this calculated value (within normal bounds) in order to improve model stability.

RPS has made an assessment of dynamic structures to determine whether the operating controls will
have an impact on the flood extents upstream and downstream of the control location. Where the
structure will impact on flood extents, RPS has endeavoured to ascertain the operating controls of the
dynamic structure. Details of these controls and the modelling assumptions made are specified in

Chapter 4. RPS has assumed that all other dynamic structures are fully open.

The selection of the timestep varies for each model. For 1D models, the normal range is between 1
second and 5 seconds. Generally, the timestep selected for the 2D model is the same as the 1D
model, unless otherwise specified under Chapter 4.

The first MIKE models constructed in HAO7 used the current software version at that time - MIKE
2011, consequently RPS have constructed all MIKE FLOOD Rectangular mesh models throughout
HAO7 using this software version to maintain consistency. Version 6.5 of the ICM software has been

used for ICM modelling in HAO7. A summary of this information is provided in Table 3.1.
3.3.7 Integration of Fluvial Hydrological Analysis with Hydraulic Modelling

The hydrological analysis for HAO7 was completed prior to the hydraulic analysis phase of the report
and had the overall objective of providing hydrological input files (boundary conditions) in terms of
design flows and hydrographs for each hydraulic model, and also flood event calibration data (as
derived from hydrometric data recorded for past flood events). The hydrology report documented the
methodology, process and outputs and also identified areas where further detail and analysis would be
undertaken at the hydraulic analysis stage of the CFRAM Study. The core aspect of this is integration
of hydrology analysis and hydraulic modelling to achieve final design flows. There are also specific
aspects of the hydrology which require further review as part of the hydraulic modelling and these are
addressed later in this section.

The hydraulic analysis for each AEP/Model is very much integrated with the fluvial hydrological

analysis as outlined in the Hydrology Report and in Figure 3.6. The hydrological analysis produced
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boundary input and intermediate check files for each hydraulic model. In most cases, these files
consisted of design hydrographs for each AEP as defined at every Hydrological Estimation Point
(HEP) in the model. Lateral inflow hydrographs were also provided between HEPs to ensure any
interim contributing catchment areas were not missed, and to provide a form of flow balancing moving
downstream. These hydrographs were simulated in the hydraulic model as the first step in the

integration of hydrological and hydraulic analysis.
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Building on Phase 2 as shown in Figure 3.7, hydrological analysis was revisited using the following

hierarchical approach:

1. Fluvial Joint Probability (refer to Hydrology Report Section 6.3.1) - the initial assumption of the
same frequency conditions in both watercourses at confluence points is tested against the
guidance in FSU WP 3.4 “Guidance for River Basin Modelling” whereby the AEP in the
tributary watercourses is reduced based on:

e gauged data where available on both watercourses or;
e based on the AREA, FARL and the distance between the centroids of both
catchments (see Table 13-1, FSU WP 3.4).

2. Lateral inflows may also be subject to minor adjustment. These flows have been scaled based
on the total catchment flow to that point and as such some adjustment may be appropriate.

3. Where the sum of the flows does not achieve the peak flow for the required AEP at the check
point then the modeller may refer the model back for hydrology design flow estimation review
and / or hydrological re-analysis. Where this is the case the catchment descriptors will initially
be checked and further checks on the appropriateness of the adjustment factor and growth
factor / pooling group may also be considered.

4. Alternative hydraulic modelling techniques may be considered for urban catchments requiring
rainfall based hydrological data input rather than flow based inputs derived from statistical

analysis.

The details and justification for this approach are supplied in the Hydrology Report and is referred to
here as an example of the integrated approach that has been taken between hydrology and
hydraulics. The approach ensures that modelled flows are ‘anchored’ to the design flows at each HEP
throughout the entire catchment. HEPs have been located at intermediate points along the channel
and at the interface between models such that the total flow in one model is tied to the inflow in the
next model downstream such that both are tied to the hydrological estimate. Where there is a large
discrepancy between the total flow at the downstream boundary of a model and the hydrological
estimate, this is investigated further to ascertain if the modelled flow or the hydrological estimate is
truly reflective of the catchment flow conditions. Where it is deemed that the model is capturing
something that the hydrological estimates are incapable of, such as hydraulic attenuation due to a
structure, then the modelled flows are used as the upstream boundary for the model downstream.
Alternatively, it may be the case that the modelled flows are not truly reflecting a catchment feature,
such as the attenuating effect of a lake represented within a 1D only model. In this instance the
hydrological estimate is retained as the upstream boundary to the model downstream. Consequently,
this approach ensures that the flood maps are representative of the stated annual exceedance

probability.

All cases in which application of the aforementioned hierarchal approach were undertaken as part of

the hydraulic analysis phase are detailed under Chapter 4 as appropriate.

IBEO600Rp0025 3-17 FO6



Eastern CFRAM Study HAO7 Hydraulics Report - FINAL

3.4 COASTAL MODELLING

3.4.1 Overview

In order to facilitate the computational modelling for those AFAs located within close proximity to the
coast, a similar approach was taken as for the inland, fluvially-dominated areas. However, some major
differences included the addition of coastal boundaries and coastal bathymetry, the use of flexible

mesh where necessary and the consideration of joint probability between fluvial and tidal components.

Each coastal area was reviewed in order to ascertain if the tidal component was influential to the
cause of flooding in the area. Where this was the case, a decision was made whether to utilise flexible
or rectangular mesh, depending on the topography of the area and the extents and position of those
areas likely to flood. In order to make this judgement, a thorough review of available LIiDAR
information was undertaken. Taking into account the worst possible coastal water level to be
considered within this Study, the 0.1% AEP HEFS, those coastal areas with elevations below the
corresponding water level, with a direct flood path from the sea, would most likely be coastally
inundated. Areas where coastal inundation is an issue were modelled using an ICM flexible mesh
approach, which allowed more extensive areas to be covered by varying the mesh size across the

domain as appropriate.

A fully functioning tidal model was developed for each relevant AFA. It was important to ensure a
representative tidal model was achieved, with water moving freely and realistically throughout the

model domain. The floodplain and buildings were also included in the model.

A bed roughness map was produced for all models, using the CORINE dataset. Coastal bed
resistance values were taken as a Manning's M value of 30m(1/3)/s. Flood defence assets, where
they have been identified (see Table 2.1), were included in the ICM mesh. These have been

incorporated into the mesh as base linear structures.
3.4.2 Coastal Modelling Software

The computational modelling was undertaken using ICM. To adequately represent the variable
bathymetry and topography, the model mesh for each flexible mesh AFA was generated and refined in
regions of most importance to achieve satisfactory model performance. The flexible mesh technology
allowed the size of the computational cells to vary across the domain of each model, allowing smaller
cells of circa 5 metres to be positioned in areas of rapidly changing bathymetry, such as offshore
banks and channels, along with detailed areas of topography. Smaller cells were vital in depicting
flood paths between buildings. Larger cells in the order of 100 to 200 metres were used in areas of

more consistent bathymetry, such as agricultural land, mud flats and the open sea.

IBEO60ORpP0025 3-18 F06



Eastern CFRAM Study HAO7 Hydraulics Report - FINAL

3.4.3 Coastal Model Boundaries

The influence of coastal water levels has been modelled by applying an appropriate water level
boundary profile to the downstream extent of the relevant fluvial model. The effects of the sea levels
are propagated upstream by the modelling software allowing the interaction of river flows and coastal
water levels to be modelled accurately. This ensures that both coastal and fluvial flooding

mechanisms are investigated.

Coastal model boundaries were established on an individual basis for each model and are detailed
under Chapter 4. In general, the boundaries were located in areas of similar topography and suitable
water depth, at an appropriate distance offshore. The boundaries were representative of extreme total
water levels derived under the ICPSS, with a range of suitable AEPs available. The ICPSS water
levels are total water levels, comprising tidal and surge components which together yield a joint
probability event of a particular AEP. These vary around the coastline and specific values for each
AFA are detailed in Chapter 4.

Temporally varying water levels have been used to represent the coastal boundaries in all relevant
AFAs throughout this Study. The inclusion of a temporal element within any detailed assessment of
tidal flood risk is a very important consideration due to the relatively rapid variation in even extreme
tidal events associated with the normal astronomical tidal cycle. In general, this limits the duration of
defence exposure and overtopping and consequently is an important consideration in establishing the
volume of water that can enter vulnerable areas. RPS’ experience with detailed modelling of coastal
flooding has indicated that it is seldom sufficient to simply model a single tidal cycle, as extreme tidal
surges often persist over multiple tidal cycles. Consequently the most onerous tidal flooding is

normally a result of the accumulation of flood waters entering the area over multiple tidal cycles.

Using information from the Admiralty Tide Tables, RPS established a tidal water level half-way
between the Mean High Tide and Mean High Water Springs (MHWS). This was considered
appropriate as a significant tidal event, as MHWS was considered too extreme when assessed in
conjunction with extreme surge events. As the total water level for each AEP event was specified from
the ICPSS, the magnitude of the required surge component was calculated for each AEP as the

difference between the specified total water level and the established tidal water level.

Where appropriate, tidal boundary profiles were extracted from the RPS Irish Surge and Tidal Model
(ISTM) in order to represent a realistic tidal regime of the area. Using information from the ISTM, as
well as observed extreme events where available, RPS have established that a typical profile of a
surge event could be adequately represented in this Study by a positive sine curve of 48 hours
duration. Each sine curve was scaled appropriately to achieve a surge residual of the relevant

magnitude.

The relevant tidal curve was combined with the appropriate residual surge profile to obtain the total
combined water level time series as required for the relevant AEPs. It was assumed that the peak of

the surge would coincide with the peak of the tide at the boundary locations.
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Each time series includes a number of tidal cycles, with one preceding the onset of the surge event to
assist in developing stable conditions within the models, prior to modelling the onset and progression

of inundation during the surge event.
3.4.4 Coastal Simulations, Joint Probability and Sensitivity

Upon development of a completed and successfully calibrated model, relevant simulations were

undertaken in order to determine the worst case scenario flooding for each AEP.

As a starting point, RPS reviewed both coastal dominated and fluvial dominated scenarios for each
AFA, combining low probability events from one source, with a more frequently occurring 50% AEP
event from the other. It was assumed that in order for such an event to be extreme, the likelihood of at

least some activity from the other source was high, before joint probability was considered further.

As such, coastal events of 10%, 0.5% and 0.1% AEP were combined with a fluvial event of 50% AEP

in order to produce joint return periods of 10%, 0.5% and 0.1% AEP for a coastal dominated scenario.

Conversely, fluvial events of 10%, 1% and 0.1% AEP were combined with a coastal event of 50% AEP

for joint return periods of 10%, 1% and 0.1% AEP for a fluvial dominated scenario.

Where there were significant areas of overlap between these outputs, and where other historical
information, Preliminary Flood Risk Assessment (PFRA) data and ICPSS flood extents indicated a
relationship, the requirement for joint probability analysis was considered during a screening analysis,
as outlined in the Hydrology Report. However, due to the lack of available historical gauge information,
the determination of dependence relied on the application of intuition and experience of the RPS
Coastal Modelling team. A better method, and one that should be employed where suitable data
exists, is to examine several years of simultaneous tidal level and river flow data as this allows the
correlation analysis to be performed in a scientific and objective manner. In this case the correlation
can be determined through the use of graphical techniques such as scatter diagram analysis. Further
details are provided within the South Eastern CFRAM Study NTCG GN20 Joint Probability Guidance.

Where necessary, further simulations were set up to determine flood extents for medium/medium
events, where flooding was not dominated solely by fluvial or coastal events, but was a combination of
less extreme events from both sources for a given joint AEP. Further details are provided in Chapter 4

for the AFAs where this analysis was undertaken.

Sensitivity tests were undertaken for the principal parameters used within the model to identify the
degree of variability within the model output associated with the model inputs. This included variation
in the joint probability and temporal variations, along with parameters such as eddy viscosity and bed
resistance. In some AFAs, relative timing between fluvial and coastal peaks was critical in the
determination of flood extents, and in general it was assumed the events from both sources would
peak together at the location affected most by both fluvial and coastal flooding. As such, timings were
adjusted and using an iterative approach, the worst case flood outlines, for a particular combination of

events, were established.
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3.5 HYDRAULIC MODEL CALIBRATION

3.5.1 Overview

The use of flood event data draws on the historic data analysis undertaken at the Inception Stage of
the CFRAM Study (refer to Inception Report) whereby key flood events were identified for use in the
calibration of each model. The following aspects contributing to model calibration were also discussed

in the hydrology report, with further details provided below.

Specific details on the use of past flood event data for model calibration is provided in Chapter 4 per
AFA/Model. Generally, the principal model parameters that are reviewed and amended during the

model calibration process are identified below:
¢ Bed and floodplain roughness coefficients;
e Structure roughness and head loss coefficients;
e Timing of hydrographs;
e Magnitude of hydrographs;

e Incorporation of additional survey information (e.g. additional cross-sections or missed

structures).

The choice of parameter that should be adjusted in order to calibrate the model to better represent
reported historical flooding will depend on the desired output i.e. whether there is too much or too little
flooding in a particular area of the model. The chosen parameter may require adjustment locally at a
particular structure or reach of watercourse or globally affecting the entire model. The decision is
based on the experience of the modeller and can be an iterative process until selection of the right
combination of parameters (within acceptable bounds) generates a flood extent which best represents
the flooding mechanisms in the AFA. This process is undertaken taking due cognisance of the
limitations of the hydraulic model — see Section 3.10. Details of the parameters adjusted during

calibration of each model are provided in Chapter 4.
3.5.2 Rating Review of Hydrometric Stations

In HAO7 there were seven stations specified for rating review through hydraulic modelling as shown in
Table 3.5. The full methodology and results and impacts of the rating review analysis are included in
the Hydrology Report. From a hydraulic modelling perspective the outcomes of the rating reviews
were identified in the Hydrology Report as having a potentially high impact on the associated hydraulic
model calibration since this depends on the upper limits of a gauge rating i.e. observed historical flood
event flow data. This could be changed based on the results of rating reviews i.e. if significant
uncertainty is identified in the current rating and it is deemed appropriate to revise it using the CFRAM

Study hydraulic analysis rating curve. Table 3.5 identifies two stations for which significant uncertainty
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with the current rating was identified by the rating review. Following this assessment, the hydrological

analysis was reviewed and updated where required — further details are found within Chapter 4 of the
HAOQ7 Hydrology Report.

Table 3.5: Hydrometric Station Rating Reviews
. . . AFA/HPW Significant Uncertainty
Station Name Flnal_ Statlor_m : R"’!“”g Model Identified in current
Quality Classification .
rating
Pre 1970: Al Johnstown
07003 CASTLERICKARD ; No
Post 11/07/1975:B Bridge
07005 TRIM Al Trim No

Post 04/11/1986: A2
07006 FYANSTOWN Navan No
Pre 21/08/1982: B

07009 NAVAN WEIR Al Navan No

Pre 02/72: Al
07010 LISCARTAN 02/72 to 20/05/82: A2 Navan No
20/05/1982 to date: A2

NOT REVIEWED

07023 ATHBOY Athboy Yes
UNDER FSU
NOT REVIEWED
07044 BALLIVOR Ballivor Yes
UNDER FSU

3.5.3 Use of NAM modelling flow outputs

Full details of the use of hydrological rainfall run-off (NAM modelling) are provided in the Inception and
Hydrology Reports. The overall objective was to provide an additional layer of simulated flow data at
gauging stations where an augmented AMAX series was of potential benefit to the core statistical
based hydrology analysis in determining design flows for each model (refer to Figure 3.6). Another
potential benefit of the rainfall runoff models was identified in that a further layer of simulated
hydrometric data would be available for calibration of the hydraulic models. Events which may be
outside the continuous flow record period of the gauge would now be available through the simulated
time series flow data at hydrometric stations where NAM modelling was undertaken. No continuous
level information is available as the models are spatially dimensionless (i.e. they are not hydraulic
models with inputted topographical survey information). This potential benefit was utilised in the
hydraulic modelling calibration as summarised in Table 3.6 and detailed under Chapter 4.
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Table 3.6: Use of Simulated Flow Trace (NAM outputs) at Hydrometric Stations for
Hydraulic Model Calibration

Simulated Flow
Trace used for

Hydrometric Station Model

flood event
calibration?

07001 Athboy Baltray Yes

07003 Castlerickard & Johnstown bridge Yes

07005 Trim Yes

07007 Castlerickard & Johnstown bridge Yes

07009 Navan Yes

07010 Navan Yes

07012 Drogheda and Baltray Yes

07023 Athboy No

07044 Ballivor Yes

3.5.4 Consultation Activities

Consultation activities which occurred from early to late 2015 on the draft flood maps included:

e Consulting with the relevant Local Authority representatives during the development of the draft

flood mapping;

e Holding a series of Public Consultation Days, including a dedicated Elected Member briefing
session, to outline the flood mapping process and to elicit feedback on the draft flood maps;

e Holding a workshop with the members of the Eastern CFRAM Study Stakeholder Group to outline

the flood mapping process and to elicit feedback on the draft flood maps;

e Uploading the draft flood maps to the project website and inviting feedback on the draft flood
maps.

Further details on the above consultation activities are contained within the Draft Flood Mapping
Phase Summary Report (IBEO600Rp0033_Mapping Phase Summary Report_DO02).

A formal consultation on the draft flood maps was launched by Mr. Simon Harris T.D., Minister of State
at the Department of Public Expenditure and Reform with special responsibility for the Office of Public
Works, under SI 122 of 2010. This consultation occurred between 20™ November 2015 and 23™
December 2015. The draft flood mapping was available for viewing within an online mapping tool and
was also put on display at Local Authority offices. The Sl consultation provided a mechanism for
Technical Objections under Sl 122 of 2010.
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All of the submissions, observations, comments and technical objections received in relation to the
consultations activities described above were taken on board during the finalisation of the flood
mapping. Further details on where the submissions received resulted in amendments to the hydraulic

analysis are available in Chapter 4.
3.6 HYDRAULIC MODEL SENSITIVITY AND PERFORMANCE

3.6.1 Sensitivity Analysis

Sensitivity tests have been conducted for each model. The parameters selected were dependent on
the specific model but generally included those listed below. The model output for each sensitivity
model simulation was compared with the verified model, with further details and a discussion on the

sensitivity of the selected parameter given in the relevant section of Chapter 4:

e Roughness coefficients: Completed for all models. This involved adjusting the roughness
coefficients within the 1D and 2D model domains to the upper and lower bounds as defined in
the OPW Guidance Note 22. The minimum and maximum values used are found in Table 3.2

and Table 3.7 for the 1D models and 2D models respectively.

Table 3.7: CORINE Description and corresponding Manning's Sensitivity Values
A O A >

OR De olife 0 a a2
Continuous urban fabric 0.008 0.011 0.012
Discontinuous urban fabric 0.035 0.045 0.05
Industrial and commercial units 0.012 0.014 0.016
Road and rail network 0.011 0.013 0.015
Sea ports 0.012 0.014 0.016
Airports 0.011 0.013 0.015
Mineral extraction sites 0.028 0.03 0.035
Dump 0.04 0.05 0.07
Construction sites 0.03 0.04 0.05
Green urban areas 0.028 0.03 0.035
Sport and leisure facilities 0.028 0.03 0.035
Non-irrigated arable land 0.022 0.035 0.04
Permanently irrigated land 0.028 0.03 0.035
Fruit trees and berries plantations 0.05 0.07 0.13
Pastures 0.022 0.035 0.04
Annual crops associated with permanent crops 0.022 0.035 0.04
Complex cultivation patterns 0.03 0.04 0.05
" Gianiicant areas of natural vegetation 0.045 0.06 0.08
Agro-forestries 0.045 0.06 0.08
Broad-leaved forests 0.05 0.07 0.13
Coniferous forests 0.045 0.06 0.08
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CORINE - Description ‘ Manning's n Value
Mixed forests 0.047 0.065 0.11
Natural grassland 0.022 0.035 0.04
Moors and heathlands 0.035 0.045 0.05
Transitional woodland scrub 0.045 0.06 0.08
Beaches, dunes, sand 0.023 0.025 0.032
Bare rocks 0.018 0.02 0.023
Sparsely vegetated areas 0.023 0.025 0.032
Burnt areas 0.023 0.025 0.032
Inland marshes 0.023 0.025 0.032
Peat bogs 0.045 0.06 0.08
Salt marshes 0.028 0.03 0.035
Salines 0.028 0.03 0.035
Intertidal flats 0.018 0.02 0.023
Stream courses N/A 0 N/A
Water bodies N/A 0 N/A
Coastal lagoons N/A 0 N/A
Estuaries N/A 0 N/A
Sea and ocean N/A 0 N/A

e Critical structure coefficients: Completed for models containing a critical structure which is
likely to have a significant impact on local receptors. The factor determining the energy loss
occurring for flow through the structure was increased. For MIKE models, this parameter is
dimensionless, with a recommended maximum value of 0.9 (as per discussions with DHI
Software Managers). As discussed in Section 3.3.3, long culverts have been modelled as a
series of closed cross-sections meaning that these structures do not have an explicit head
loss parameter. Where a critical structure has been modelled as a long culvert, the roughness
coefficient was increased to an upper bound value (based on Table 3.2) during the sensitivity

analysis, in order to replicate the increase in head loss effect.

e Flow inputs: Completed for all models. The outputs from the assessment of the sensitivity and
uncertainty in the hydrological analysis (see Hydrology Report, Chapter 8) have been
converted into a score for each model. This score has been used to derive factorial
adjustments to the peak flow estimates as per the range of adjustments set out in Guidance
Note 22.

e Operation of dynamic structures: Completed for models where the operation of a dynamic
structure could potentially have a significant impact on local receptors. The operation of the
structure was assumed to be the opposite of the operation assumed in the design simulations
for this sensitivity simulation.

e Downstream boundary conditions: Completed for all models where the downstream boundary

could potentially impact on simulated water levels within the AFA. The water level generated
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from the 1% MRFS AEP event replaced the current scenario water level boundary in this

sensitivity simulation.

e Representation of buildings in 2D model domain: Completed for models where the
representation of buildings could potentially have a significant impact on local receptors. The
building representation on those AFAs with a low level of fluvial flood risk is considered to
have a low influence on modelled flood extents and depths — the screening assessment has
concluded that these AFAs do not require the building representation sensitivity test to be
undertaken. The sensitivity test has been undertaken where the screening assessment
identified AFAs with a significant level of fluvial flood risk or where flow paths are potentially
being blocked by the presence of buildings. This assessment has been supported by
information acquired through the data collection process and public/stakeholder consultation.
The 2D model topography is based on LiDAR information only (with buildings ‘unblocked’),
and the roughness of the building footprint increased (Manning’s n of 0.3) in this sensitivity

simulation.

e Timing of tributaries: Completed for models where the total discharge of the tributary and the
main river is greater than the discharge simulated under the ‘Flow Input’ simulations described
above. The timing of the hydrograph of the tributary was moved by 10% of the overall

duration in this sensitivity simulation.

e Flow Volume: Completed for models where it was concluded that there was high uncertainty
associated with the hydrological analysis (see Hydrology Report, Chapter 8). The flow volume

was increased by a factor of 2 for this sensitivity simulation.

Note that where the sensitivity to a particular parameter is not discussed within Chapter 4, this is due
to a screening assessment determining that a sensitivity analysis was not required. The screening
process followed the methodologies outlined above for each parameter using GIS tools and other

sources of information e.g. the Hydrology Report.

3.6.2 Model Performance

Details of the performance of each model, including a review of any significant instabilities, are
provided within each ‘Summary of Calibration’ section in Chapter 4. A mass balance check has also
been carried out on the 1% AEP model to ensure that the total volume of water entering and leaving
the model at the upstream and downstream boundaries balances the quantity of water remaining in
the model domain at the end of a simulation. As a general rule of thumb, mass errors should be less
than 2%. If the mass error is greater than 2%, the cause and location of the mass error within the
model schematisation should be identified and the consequence of this error assessed and
improvements to the model considered. If the mass error is greater than 5%, then it suggests that the
model schematisation is not robust and needs to be reviewed (Environment Agency, 2010). For MIKE
2011 models, this is a manual calculation completed using Microsoft Excel. For MIKE 2012 and

Infoworks ICM models, the software can generate the mass balance automatically.
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3.7 FUTURE SCENARIOS

The OPW has produced a draft guidance note “Assessment of Potential Future Scenarios for Flood
Risk Management” (The OPW, 2009). The document gives guidance on the allowances for future
scenarios based on climate change (including allowing for the isostatic movement of the earth’s crust),
urbanisation and afforestation. Table 1 from the guidance has been adapted for the purposes of this
Study to take into account catchment specific effects which were used in the hydrology analysis as the
basis for the design flow adjustment for the mid range (MRFS) and high end (HEFS) future scenarios

(refer to Hydrology Report, Chapter 8).

The future potential changes which may affect the outputs of the CFRAM Study were identified and
described in the Hydrology Report under the following headings:

¢ Climate Change

Afforestation

Land Use and Urbanisation

Arterial Drainage

Geo-morphology

The allowances applied to design flows and coastal boundary conditions for climate change (extreme
rainfall depths, flood flows and mean sea level rise); urbanisation; and afforestation are shown in

Table 3.8 and detailed in the Hydrology Report.

Table 3.8: HAOQ7 Allowances for Future Scenarios (100 year time horizon)

MRFS HEFS
Extreme Rainfall Depths + 20% + 30%
Flood Flows + 20% + 30%
Mean Sea Level Rise + 500mm + 1000mm
Urbanisation UAF3 of 1.14 UAF3 of 1.28

Urban W.C. UAF* of 2.5 Urban W.C. UAF* of 2.5
Afforestation -1/3 Tpt
-1/6 Tpt
+ 10% SPR?

Note 1: Reduce the time to peak (Tp) by one sixth / one third: This allows for potential accelerated run-

off that may arise as a result of drainage of afforested land

Note 2: Add 10% to the Standard Percentage Run-off (SPR) rate: This allows for increased run-off

rates that may arise following felling of forestry
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Note 3: UAF (Urban Adjustment Factor) applied to ‘greenfield’ flow estimates.

Note 4: UAF (Urban Adjustment Factor) for small urban tributaries within AFA extents assume 85%

urbanisation. Assessed on a case by case basis.

The climate change allowances are applied to all models. Urbanisation allowances are applied on a
case by case basis as required, the factors themselves having been derived during the hydrology
analysis by looking at historic urbanisation growth indicators and estimating appropriate growth factors
for MRFS and HEFS. The outputs of future scenarios modelling for each AFA/HPW are used to
assess the sensitivity of the AFA to future change within Chapter 8 of the UoMO07 Preliminary Options
Report (IBEO600Rp0037).

Arterial Drainage was identified as a potential future scenario that required further consideration in
HAOQO7. The analysis of gauge stations in HAO7 which have data from both pre- and post- arterial
drainage scheme implementation shows that the Boyne Catchment Drainage Scheme has on average
increased the Qneq by 50%. This is in line with previous research carried out on Irish catchments which
suggested that arterial drainage schemes can lead to significant changes in peak discharge of up to
60% (Bailey and Bree 1981).

The hydrological analysis and design flow estimation are largely based on post arterial drainage
scheme gauge data and as such can be considered to represent the average of the post arterial
drainage scheme average. As the post arterial drainage scheme increases peak flows, this can be
considered to be a robust approach. As such it is not considered necessary to make any additional

flow allowances for the future scenarios in relation to the arterial drainage scheme.

Geo-morphological changes ultimately apply to the performance of flood risk management options and

as such, this will be considered further and reported on in the next stage of the CFRAM Study.

3.8 DEFENCE FAILURE SCENARIOS

For each effective flood defence asset, an assessment was carried out to identify locations where
there might be a vulnerability to breach. The criteria used to locate breach vulnerable areas was to
identify locations where the retained depth of water above ground level exceeds one metre up to the
design event (1% AEP for fluvial and 0.5% AEP for coastal). Where multiple locations were identified
in an AFA, two locations were selected and therefore two scenarios were simulated. The selection of
these two areas was based on the condition of the defences (which parts of the defences would be
most likely to fail), whether any defences have failed in the past, the topography behind the defence
(would the flood water inundate a large area behind the defence) and what receptors would be at risk

if the breach were to occur.

In HAQ7, there were no defences identified which met the criteria. Consequently, there was no
analysis undertaken to identify and assess the flood hazard that may be caused, or significantly

increased, by the occurrence of a failure of any defences.
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3.9 APPROACH TO FLOOD MAPPING

Along the 1D only model reaches (MPWs), the modelling software creates flood extents by
interpolation of water levels at the defined cross-sections, and within the extent of the cross-sections
only. For some models, this can result in an irregular, unnatural flood extent. Although the level of
detail for MPWs is not as high as that achieved along HPWSs, the appearance of the flood extent for
these reaches can be improved by incorporating a digital elevation model e.g. the National Digital
Height Model (NDHM) into the model. During generation of the model outputs, the calculated water
level at each cross-section is projected onto the NDHM, following the relevant contour and creating a
smoother flood extent boundary. This approach has been taken for all models except where otherwise
stated in Chapter 4. Due to the lesser accuracy of the NDHM, it has only been used along MPWs
where LIDAR information is not available. Within the 2D model domains, only LiDAR information has

been used.

Flood mapping utilises ArcGIS to present the results of the hydrodynamic models on background
mapping and to derive a series of flood hazard maps in support of the CFRAM Study. ArcGIS version
10.0 is utilised for the production of all AFA mapping. Before commencing the mapping, the raw
outputs of the hydraulic models are checked and cleaned to remove outliers and islands which are not

connected to the fluvial or coastal flooding mechanisms.

The approach for the generation of flood maps from the output files of MIKE FLOOD Classic Grid
(rectangular mesh) models involves the use of the Statistics tool from the MIKE Zero toolbox. The
maximum parameter (e.g. depth) is extracted from the dfs2 results file generated by populating the
'‘Maps' tab within the HD Parameters file in MIKE11l. This file covers both the 1D and 2D model
domains. The maximum dfs2 output file is opened in ArcGIS (using a dfs2 Plug-in) and converted to a
grid raster format which is reclassified as a singularity and subsequently converted to a shapefile

showing the flood extent.

For MIKE FLOOD Flexible Mesh models, the above process is repeated but the 'Maps' results file
covers the 1D domain model domain only. A separate process using Data Extraction FM (within MIKE
Zero) is required to extract the maximum parameter from the flexible mesh results output (dfsu file).
The Mike2Shp tool in the MIKE Zero toolbox is used to convert this file to a shape file, which gives the
maximum level within each element of the mesh for that model simulation. It is edited in ArcGIS to
remove values below 0.02m to provide the best representation of the flood extent. A raster file is
created based on the maximum levels to generate a depth map of the floodplain. Both results files
described above are then combined to generate the flood map covering both the 1D and 2D model

domains.

The tidal influence boundary on the flood extent maps has been derived by comparing modelled water
levels on tidally influenced rivers for the 0.1% AEP and 10% AEP tidal design runs. The most
downstream point at which there is no difference in peak water level between these two design runs is
the point beyond which tidally influenced flooding does not extend upstream, as the water level

beyond this point is entirely governed by fluvial processes.
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Before finalising each flood map, any necessary post-processing of the flood extents is completed.
This includes removing bridges which aren’t overtopped during the flood event from the flood extent.
This is required as the output from the MIKE software does not make a distinction between the in-
channel structures which overtop and those that do not (assuming all in-channel structures are
flooded).

The approach outlined above is used to generate flood extent, zone, depth and velocity maps as all of
the required information is contained within the model output files. The flood extent map also includes
peak level and flow information, extracted from the model, and a benefitting area (as defined in the
OPW Guidance Note 33) where defences are present. MIKE ECOLab is used to generate the risk to
life maps, based on the maximum combination of velocity and depth reached within the model results

file.

The map is set at the appropriate scale (1:5,000 or 1:25,000 for HPW and MPW respectively),
additional information added (such as the river centre line) and set within the completed title block. A

pdf of the map is created to ensure the map is in print-ready format.

The approach for the generation of flood maps from the output files of ICM models entails exporting
the model results within the 2D mesh to a shapefile. This shapefile gives the maximum level within
each element of the mesh for that model simulation. It is edited to remove values below 0.02m to
provide the best representation of the flood extent. A raster file is created based on the maximum

levels to generate a depth map of the floodplain (within the 2D model domain).

For the 1D (river channel) element of ICM models, all of the cross-sections are exported from the
model to a shapefile. Each cross-section contains the maximum level reached during the model
simulation - these levels are interpolated to generate an elevation surface shapefile for the 1D
channel. The shapefile is then converted to a surface raster. The DTM information is subtracted from
the elevation surface files to generate the flood depth information. The 1D and 2D raster files are
combined to generate a complete extent of the floodplain from which a shapefile is produced. The
shapefile is overlaid on background mapping, to produce flood extents maps. The same approach is
used to generate flood velocity and risk to life maps as all of the required information is contained

within the model output files.
3.10 ASSUMPTIONS, LIMITATIONS AND UNCERTAINTY

There are inherent assumptions, limitations and uncertainty associated with hydraulic modelling which
are beyond the scope of this report. The assumptions, limitations and uncertainty which are specific to
each individual model are discussed in detail under Chapter 4. Each issue is discussed, with the

requirement for the assumption justified. The issues addressed will include:
e schematisation decisions regarding out-of-bank flow routes;

e culvert/bridge schematisation (including skew angle considerations);
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sweetening flow assumptions;

comments and notes throughout to reflect data sources; changes to parameters from default;

explanation of parameters used that are outside of the expected ranges; and

any other atypical assumptions made.

3.11 DELIVERABLES

As an accompaniment to this report, the following deliverables are provided:

e All survey digital data files (including AutoCAD files / PDFs of cross-sections, long-sections
and plan views, ascii files containing cross-section data, photographs at each cross-section
and videos at structures);

o Digital hydraulic model files;
e Defence Asset Database;

¢ Digital copies of the GIS-format and Print-ready format Flood Hazard Maps.

IBEO60ORpP0025 3-31 F06



Eastern CFRAM Study HAO7 Hydraulics Report - FINAL

4 MODEL SPECIFIC DETAILS

The following sections provide the specific details of each model within UoMO07:

4.1 ATHBOY

4.2 BALLIVOR

4.3 DROGHEDA & BALTRAY

4.4 EDENDERRY

4.5 JOHNSTOWN BRIDGE

4.6 LONGWOOD

4.7 MORNINGTON

4.8 NAVAN

49 TRIM
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4 HYDRAULIC MODEL DETAILS

41 ATHBOY MODEL

Athboy Meath 70028 AFA Final 08/05/2017

4.1.1 General Hydraulic Model Information

(1) Introduction:

The Eastern CFRAM Flood Risk Review (IBE0600 Rp0001_Flood Risk Review) highlighted Athboy as an
Area for Further Assessment (AFA) for fluvial flooding based on a review of historic flooding and the

extents of flood risk determined during the PFRA.

Athboy is located on the Athboy River (also known as the Tremblestown River), a tributary of the River
Boyne. The Athboy AFA is affected by the Athboy River and a small unnamed tributary which flows from
the north west into the Athboy River before reaching Athboy town (referred to as the Athboy River Trib).
Downstream of the AFA a number of small tributaries join the Athboy River but the largest portion of the
catchment contributes to the model upstream of Athboy. Both the Athboy River and the Athboy River Trib

are included in the Arterial Drainage Scheme (ADS) and may be subject to periodic dredging.

The Athboy model (Model 3 within UoM 7) is the only model located on the Athboy River. The model ends

at the confluence with the River Boyne. This location on the River Boyne is included in the Trim model.

The extents of the Athboy model encompass identified watercourses to be modelled. Reaches of the
watercourse with the potential to affect Athboy directly were assigned a high priority; this encapsulated the
Athboy Trib and the reach of the Athboy River starting approximately 0.5km upstream of the AFA
boundary and 0.5km downstream. The remainder of the Athboy River was given a medium priority, the

downstream limit of which is located at the confluence with the River Boyne.

The HPWSs, ie the uppermost 3km of the modelled Athboy River and the Athboy River Trib were modelled
as 1D-2D using the MIKE suite of software and LIiDAR was used along these extents to model the 2D out
of bank flow. The remaining reach of the Athboy River, MPW, was modelled as 1D using the MIKE suite
of software. Extended cross sections and the national DTM were used to map the out of bank floodplain

flood extents.

The Athboy / Tremblestown River can be considered to be well gauged with one gauging station located in
the centre of the town called Athboy (07023 — EPA). This gauging station was not given a classification
under FSU and following the rating review the Q4 changed significantly (from 15.3 to 11.8 m3/s). The
EPA does note that weed growth has been a problem in the past at this station. The Qg extracted from
the NAM modelled AMAX series at this station is 10.0 m3/s. The Tremblestown Gauging Station (07001 —
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OPW) is located approximately 7km downstream of the Athboy AFA extents. This gauging station has an
FSU classification of A2 but only for the record period pre May 1971. For this period the Queq is 11.29
m3/s. Further examination of the rating information provided by OPW Hydrometric Section suggests that
there is some confidence in the rating up to 1999. From 1999 until 2010 no spot gaugings were recorded
by OPW and there is a noticeable gradual upward shift in the flow values for that period suggesting the

rating is unreliable for the period.

While all the watercourses being modelled are part of the ADS and may be subject to dredging the Athboy

model represents the current status as of July 2012 when the watercourses were surveyed.

(2) Model Reference: HAQ7_ATHB3

(3) AFAs included in the model: Athboy

(4) Primary Watercourses / Water Bodies (including local names):

Reach ID Name
0728 Athboy River
0729 Athboy Trib

(5) Software Type (and version):

(a) 1D Domain: (b) 2D Domain: (c) Other model elements:
MIKE 11 (2011) MIKE 21 - Rectangular Mesh MIKE FLOOD (2011)
(2011)

4.1.2 Hydraulic Model Schematisation

(1) Map of Model Extents:

Figure 4.1.1 Figure 4.1.2 illustrate the extent of the modelled catchment, river centre line, HEP locations
and AFA extents as applicable. The Athboy River catchment contains 2 Upstream Limit HEPs, 1
Downstream Limit HEP, 4 Tributary HEPs and 2 Gauging Station HEPs.
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Figure 4.1.2: Athboy Model AFA Overview
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Figure 4.1.3 and Figure 4.1.4 show the location of the cross sections used in the model along with the

location of the 2D links and the critical structures.

o

Schematisation Map - Overview

Network River Centreline
Model Cross-sections

0 05 1 2 3 4 5 ¢ [ 1D2D Extent
O — K § ‘-
© Ordnance Survey Ireland. All rights reserved. Licence number EN 0021014/OfficeofPublicWorks o AFA Boundary

Figure 4.1.3: Overview of Model Schematisation

For clarity in viewing cross-section locations, the model schematisation diagrams show the full extent of
the surveyed cross-sections. Note that the 1D model considers only the cross-section between the 1D-2D
links.
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Figure 4.1.4: Model Schematisation AFA Overview
(2) x-y Coordinates of River (Upstream extent):
River Name X Yy
0728 ATHBOY RIVER 271393 265501
0729 ATHBOY TRIB 270565 265032
(3) Total Modelled Watercourse Length: 12.742km

(4) 1D Domain only Watercourse Length: 9.05km (5) 1D-2D Domain 3.69km
Watercourse Length:

(6) 2D Domain Mesh Type / Resolution / Area: Rectangular / 5 metres / 6.46km?

(7) 2D Domain Model Extent:
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Figure 4.1.5: Athboy Model AFA Overview

Figure 4.1.5 illustrates the bathymetry file showing the modelled

s_extracted 3.dfs2

y_5m_bathymetry_blg

E:\1.0 Eastern CFRAMVHAOT _ATHBOY_3\External Data\DTMVAthbo!

Elevation (mOD Malin)

Bl Above 75.000
[ ]73.125-75.000
[ ]71.250-73.125
[ 69.375-71.250
I 67.500 - 69.375
Il 65625 - 67.500
Il 63.750 - 65.625
Il 51.875 - 63.750
Il 650.000 - 61.875
I Below 60.000

400

extents of Athboy and the general

topography of the catchment. The 2D domain was generated using LIiDAR survey data and created as a

5m grid rectangular mesh, see Chapter 3.2 for more detail on grid mesh size. No post processing was

required to the bathymetry file.

(8) Survey Information

(a) Survey Folder Structure:

First Level Folder Second Level Folder

Third Level Folder

Murphy EO07 _MO3_WP1 0728A 120702 GIS and Floodplain
Athboy Photos

Structure Register

Surveyed Cross Section Lines

Murphy — Surveyor Name
urphy = Survey Ascii

EQ7 — Eastern CFRAM Study Area

Drawings and PDFs

IBEO600Rp0025 4.1-6
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MO3 — Model Number 3 convention is in the
WP1 — Work Package 1 format of Cross-Section

0728A — River Reference ID and orientation -

upstream, downstream,
120702 — Date Issued 2 July 2012

left bank or right bank)
(b) Survey Folder References:
Reach ID Name File Reference
0728 ATHBOY RIVER Murphy_E07_MO03_WP1_0728A_120702

Murphy_E07_M03_WP1_0728B_120620
Murphy_EO07_M03_WP1_0728C_120620
Murphy_E07_M03_WP2_0728A_ADD_120927

0729 ATHBOY TRIB Murphy_EO07_M03_WP1_0729 120620

(9) Survey Issues:

No Survey Issues

4.1.3 Hydraulic Model Construction

(1) 1D Structures (in-channel along | See Appendix A
modelled watercourses): Number of Bridges and Culverts: 6

Number of Weirs: 3

Figure 4.1.6: Photograph of Critical Structure on the Athboy Tributary

Critical structure identified on the Athboy Tributary at chainage 340m. The culvert surcharges and causes
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out of bank flooding on the left hand bank.

(2) 1D Structures in the 2D domain

(beyond the modelled watercourses):

None

(3) 2D Model structures:

None

(4) Defences:

Type

Watercourse

Bank

Model Start Chainage
(approx.)

Model

End

Chainage (approx.)

No Formal

No Informal

(5) Model Boundaries - Inflows:

Full details of the flow estimates are provided in the Hydrology Report (IBEO600Rp0012_HAOQO7 Hydrology

Report - Section 4.3 and Appendix D). The boundary conditions implemented in the model are shown in

Table 4.1.1.

Table 4.1.1 Location and type of boundary conditions applied to the Athboy model

Boundary Boundary
Description Type Branch Name Chainage | Chainage | Boundary ID
Open Inflow ATHBOY RIVER 0 0| 07_1679 5
Open Inflow ATHBOY TRIB 0 0|09 592 6
Point Source Inflow ATHBOY RIVER 6002 0(07_499 6
Point Source Inflow ATHBOY RIVER 7450 01]07_1324 5
Point Source Inflow ATHBOY RIVER 8405 0| 07_1696_11
Open Q-h ATHBOY RIVER 11767 0
Top-up between
Distributed Source Inflow ATHBOY RIVER 1642 10112 | 07023 & 07001
Top-up between
Distributed Source Inflow ATHBOY RIVER 10113 11695 | 07001 & 07_971_6
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Figure 4.1.7 Inflow Hydrograph to the Athboy River during the 0.1%AEP Event at HEP 07_1679_5

The hydrology was reviewed during the rating review at Athboy Town Gauging Station and was found to

produce consistent results in the full Athboy model. There was therefore no change made to the

hydrology. Please view Section 4.1.5(2) which discusses model updates for Final deliverables.

(6) Model Boundaries
Downstream Conditions:

The downstream boundary condition is a Q-h relationship, generated
based on manning’s equations and uses the downstream extent of the
model with a slope of 0.001. This is located at the confluence with the

River Boyne.

To ensure continuity between adjacent models, in this case between the
Athboy model and the Trim model located downstream, a check was
carried out to ensure that the flow output from the Edenderry model
matched that of the flow in the Trim model at the location of the Athboy
River confluence. As such the 1%AEP hydrographs at the downstream
extent of the Edenderry model and in the Trim model were compared as

shown in Figure 4.1. 8
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Figure 4.1. 8: Comparison of Hydrographs between Adjacent Models
Edenderry and Trim

A good corrleation was found in peak water level and duration giving
confidence that the downstream boundary of the Athboy River is

represenative of the water levels in the River Boyne.

(7) Model Roughness:

(a) In-Bank (1D Domain) Minimum 'n' value: 0.020 Maximum 'n* value: 0.100
(b) MPW Out-of-Bank (1D) Minimum 'n' value: 0.035 Maximum 'n* value: 0.035
(c) MPW/HPW Out-of-Bank | Minimum 'n’ value: 0.035 Maximum 'n* value: 0.045
(2D) (Inverse of Manning's 'M") (Inverse of Manning's 'M")
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Figure 4.1.9: Floodplain Roughness Values in 2D Domain

O\X@d : z;ﬁ -

This map illustrates the roughness values applied within the 2D domain of the model which were applied
based on land type areas defined in the Corine Land Cover Map with representative roughness values
associated with each of the land cover classes in the dataset. The surrounding rural area to Athboy is

assigned a Manning's n of 0.035. Athboy is assigned a Manning’s n value of 0.045.
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(d) Examples of In-Bank Roughness Coefficients

Athboy River

Athboy Trib

Figure 4.1.10: Example of roughness
coefficients on the Athboy River at cross
section 0728 01125

Manning's n = 0.100

Thick hedgerow with overhanging branches along
left bank

Figure 4.1.11: Example of roughness
coefficients at culvert 0729_00065J on the
Athboy Trib
Manning's n = 0.020

Concrete culvert

Figure 4.1.12: Example of roughness
coefficients at bridge 0728_0007D on the
Athboy River

Manning's n = 0.035 along river bed and block work

Manning's n = 0.120 to represent low reaching

branches

Low hanging tree branches partly blocking the left
arch and fully blocking the right arch

Figure 4.1.13: Example of roughness
coefficients at bridge 0728_00204D on the
Athboy River

Manning's n = 0.035 along river bed and block work

Manning's n = 0.070 to represent the brush around

the left and right arches

Heavy brush restricting flow through both arches
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41.4

Sensitivity Analysis

A number of sensitivity simulations have been conducted with the purpose is to assess the sensitivity and

impact of the 1% AEP fluvial hydraulic model where appropriate within the AFA boundary by adjusting

various parameters. The following sensitivity analysis model simulations have been carried out:

a)

Channel roughness increased to upper bound values and flood plain roughness decreased to
lower bound values — The change in channel and floodplain roughness values resulted in a high
increase in flood extents within Athboy AFA, as shown in Figure 4.1.14. The Athboy model

therefore has a high sensitivity to adjusting the roughness parameters. This high increase in flood

extents results in no further impact to AFA receptors.

DS ""

Town Fg

<

Y 4
ol ST
Schll N

\/"
=

F‘ - River Centreline

"1 AFA Extent

I 1% AEP Fluvial Design Event

B 1% AEP Sensitivity 1D/2D Flow Event X 0 A $
©Ordnance‘9tH/eyIreland./ﬁk?rgbt# reserved. Licence number&\f@ 051 O RO RAB IV : \ v,.’—"'"h

Figure 4.1.14 Comparison between 1% AEP Design Event and 1% AEP Sensitivity Event — Change

in roughness

b)

c)

Downstream boundary increase — it has been determined for Athboy that the downstream water
level boundary has no impact on the AFA. Therefore, a downstream water level boundary

sensitivity run was not required.

Increase in flow — The 1% AEP sensitivity flows were used to assess the sensitivity of the model to
inflows. The Athboy model was assessed as having medium uncertainty/sensitivity and therefore
factors of 1.57 and 1.67 were applied to the design flows for the sensitivity (refer to the Hydrology
Report IBE0O600Rp0012 for further detail). There is uncertainty in the gauge data at Athboy due to

ratings and catchment run-off characteristics consequent of arterial drainage. Figure 4.1.15 shows
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that the Athboy model has a high sensitivity to increased inflow parameters; this is reflected by the
increase of flood extents. A significant increase of the flood extent is observed around Lower
Bridge Street, particularly those properties located within a close proximity to the Athboy River to
the north of the AFA. These changes have a high impact on receptors as approximately 7

additional buildings are affected. This is a relative 175% increase when compared to the 1% AEP

design results.

S

- River Centreline

= = 1 AFA Extent

I 1% AEP Fluvial Design Event
B 1% AEP Sensitivity Flow Event

-

: = ——s
| © Ordnance Sug/_ef [reland.AIl?iﬁQres*erved. Licence number EN §Y ﬁ? eoful oV

Figure 4.1.15 Comparison between 1% AEP Design Event and 1% AEP Sensitivity Event — Change

in flow

d)

Flow volume — A sensitivity adjustment factor of 2 has been applied to flood duration to assess the
effect on the model. Flood durations in this case have been derived from observed data with some
uncertainty at flood flows. Overall there is a low increase in flood extents within the AFA, with the
largest increase occurring outside of the AFA boundary as shown in Figure 4.1.16. The Athboy
model is considered to have a low sensitivity to flow volume parameters, as no additional
properties impacted.
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Figure 4.1.16: Comparison between 1% AEP Design Event and 1% AEP Sensitivity Flow Volume
Event

F

e) Afflux/Head loss at key structures — A single simulations were carried out to assess the sensitivity
of flood extents to changing the head loss coefficients of key structure 0728_01020D. This
structure allows the N51 to cross over the Athboy River and is almost located at the centre of the

Athboy AFA. As presented in Figure 4.1.17 the Athboy model indicates a low sensitivity to

parameter changes as there was little change in flood extents and no impact to receptors.
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Figure 4.1.17: Comparison between 1% AEP Design Event and 1% AEP Sensitivity (Head Loss 1)

f) Building representation — Building representation was modelled by adjusting the roughness of
cells within the building footprint to a Manning’s n of 0.3. The topography within the 2D model
domain was based on LiDAR - the cells within building footprints remained ‘unblocked’. Figure
4.1.18 shows that the Athboy model has low sensitivity to building representation, as revealed by
the overall low increase in the 1% AEP flood extent. This negligible change results in no further

impact on to receptors located within the AFA.
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Figure 4.1.18: Comparison between 1% AEP Design Event and 1% AEP Sensitivity Buildings Event

Table 4.1.2 summarises the outcomes of the above sensitivity simulations or evaluations considered for
the Athboy model. Of these parameters assessed, the model demonstrates a high sensitivity to inflow.
Table 8.1 in the Hydrology Report states that there is medium to low uncertainty associated with the
hydrological inputs for this model, principally due to a changing gauged catchment attributed to arterial
drainage. The model demonstrates lesser sensitivity to the other parameters, with the resulting analysis

identifying low increases in flood extents and low impact to receptors within the AFA

Table 4.1.2: Sensitivity Summary

Sensitivity Simulation Sensitivity Impact
1% AEP Sensitivity 1D/2D Roughness Event High -
1% AEP Sensitivity Water Level Boundary Event Low -
1% AEP Sensitivity Flow Event High High
1% AEP Sensitivity Flow Volume Event Low -
1% AEP Sensitivity Head Loss 1 Event Low -
1% AEP Sensitivity Buildings Event Low -
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4.1.5 Hydraulic Model Calibration and Verification

(1) Key Historical Floods (From IBE0O600Rp0004_HAOQ7 Inception Report unless otherwise specified):

(a) Aug 2008

Flooding occurred in Athboy and Edenderry in August 2008. Heavy rainfall on 16"
August resulted in the River Boyne overtopping its banks in Navan. The level reading
at Trim Hydrometric Station was the 7" highest on record. In the Athboy environs, at
least one house in the Castletown area was flooded on 16th August. The peak flow
recorded at the Athboy Hydrometric Station reached 24.42m3/s derived from a

recorded level of 1.92m

The estimated flood event that occurred in 2008 was between a 10% and 6.67% AEP
event (ref: Eastern CFRAM Study HAO7 Inception Report). The modelled water
depth at the Athboy Gauging Station during a 10% AEP event is estimated to be
1.83m and during a 1% AEP event to be 2.19m. This correlates well with the
recorded level of 1.92m and suggests that the event was closer to a 10% AEP event
rather that a 1% AEP event which the estimation as detailed in the HAQ7 Inception

Report confirms.

The house which flooded in the Castletown area was found to be outside the model
extent and flooded by a watercourse not being modelled under the CFRAM study.
There were no other records of properties flooding in the Athboy area. The modelled
flood extents for the 10% and 1% AEP events also show no properties flooding in
Athboy.

(b) Dec 1978

Information was found for a flood event which occurred in Drogheda, Navan, Trim,
Mornington and Baltray in December 1978. A maximum flow of 130m%s was
recorded at Trim hydrometric station (07005) where the River Boyne overflowed.
Griffin Park, Athboy Road, Market Street, Haggard Street, High Street, St. Joseph's

home and St. Mary's secondary school were all mentioned as being flooded.

There was no record of flooding in Athboy town during this flood which was estimated
to be between a 50% - 20% AEP event in the Athboy River. This is consistent with
the predicted flood extents in the model in that no properties are shown as flooded
between the 10% - 1% AEP events.

(c) Dec 1954

A flood event was found to have occurred in Drogheda, Mornington, Navan and Trim
in December of 1954. In Trim, the River Boyne overflowed its banks and the water
level rose above the parapets of the "new bridge". Press articles reported flooding of

houses on Mill Lane and Athboy Road.

There was no record of flooding in Athboy town during this flood. The hydrometric
data for the Athboy River extends as far back as 1975. An estimate of the flood

event is not readily achievable and the event is therefore of limited use in verification

IBEO60ORpP0025
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of the model.

Summary of Calibration

The lack of historical flooding information at Athboy gives little quantitative data to calibrate the model to
the larger flood events. The model was calibrated to the available spot gaugings at Athboy Town gauging

station and the roughness values of the model adjusted accordingly.

A comparison between estimated and modelled flows at HEP points was carried out and the details of

which are presented in section 4.1.5 (5).

A mass balance analysis was carried out to assess the difference between the discharge into the model
and the volume of water stored with the discharge out of the model. Results showed a difference of

0.42%. This is within the acceptable limits as stated in the Environment Agency's Fluvial Design Guide.

Whilst anecdotal information and available data has been used to the best extent possible, overall there is
little or poor data to calibrate the model to and observation of more events would be necessary to reduce

the uncertainty in model results.

(2) Post Public Consultation Updates:

Following informal public consultation and formal S.I. public consultation periods in 2015, analysis of the
results of the rating reviews and their impact on the hydrological analysis for the UoM07 watercourses was
finalised. The updated inflow hydrograph at HEP 07_1679_5 is shown in Figure 4.1.19. This resulted in
the hydrology and mapping outputs being updated, however there were no changes made to hydraulics.

A revised set of flood hazard and risk mapping has been issued as Final to reflect this change.
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Figure 4.1.19 shows the inflow hydrograph to the Athboy River during the 0.1% AEP event at HEP
07_1679_5

(3) Standard of Protection of Existing Formal Defences:

Defence Type Watercourse Bank Modelled Standard
Reference of Protection (AEP)
No Formal
Defences

(4) Gauging Stations:

There are two gauging stations within the model extent, both have water level and flow information

available.
(a) Athboy (07023)
Operated by the EPA. It is located in Athboy Town downstream of the main bridge at Bridge Street.

An attempt was made to verify the model to the recorded gaugings. Only gaugings post 2002 were used

in this assessment. This is a similar approach taken by the EPA who took no rating between 1988 and
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2002 mainly due to rocks being put in the river by fisheries/angling club to artificially raise the water level.
A good correlation was achieved at low flows with all spot gaugings being within acceptable limits (less
than 200mm). It is concluded that the model's in bank flow is calibrated to the observed spot gaugings
within acceptable tolerances. This gauging station is subject to a rating review — for details please refer to
IBEO600RpP0012_HAO7 Hydrology Report.
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Figure 4.1.20: QH Relationship Comparison between Athboy model and EPA Rating Curve at
Athboy River Gauging Station

(b) Tremblestown (07001)

Operated by the OPW. The gauging station is located in the rural area of Tremblestown downstream of
Athboy and near the confluence to the River Boyne. An attempt was made to verify the model to the
recorded gaugings. A large scatter was found in the spot gaugings, when investigated it was found that
for any given flow the water level was rising as the spot gauging were being recorded from 1975 to 1999
as shown in Figure 4.1.21. The likely cause of this is that the Athboy River was dredged around 1975 as
part of the ADS and then was left to revert back to its original bed level through the process of siltation.
The Athboy model QH curve shows a correlation with the original spot gaugings recorded after the ADS
was first carried out suggesting that the channel has been dredged between 1999 and present day. OPW
confirmed that dredging works were carried out in 2004/05 which support and verify the findings of the

Athboy model.
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Figure 4.1.21: QH Relationship Comparison between Athboy model and OPW Rating Curve at
Tremblestown Gauging Station
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(5) Validation with MIKE NAM:

(a) Athboy (07023)

It can be seen from Table 4.1.3 that comparison between the NAM model and observed data cannot be
made as none of the events have concurrent data. There is significant discrepancy between the observed
peak flow on the 16™ August 2008 and the model simulated peak flow. This is due to uncertainty in the

observed peak flow which is beyond the reliable limit of the rating (11.5m%/s).

Table 4.1.3: Comparison of Observed, Hydrologically (NAM) and Hydraulically Modelled Data for

Flood Events

MIKE FLOOD MIKE FLOOD
; MIKE NAM ) Water
Simulated ) Simulated
Observed Peak Simulated Level
Peak at Peak at NAM .
Peak ) Difference
Observed WL Discharge
Water ) ) )
Discharge Discharge Discharge Water Level
Flood Event Level 3 3 3 (m)
(m>/s) (m>/s) (m>/s) (mOD)
(mOD)

18/08/2008

(10% to 62.848 24.92 18.64 - - -
6.67% AEP)
28/12/1978
(50% to 20% - - - 11.268 62.42 -

AEP)
09/12/1954
(5% to 10% - - - 15.172 62.62 -
AEP)

(6) Comparison of Flows:

Table 4.1.4 provides details of the flow in the model at every HEP intermediate check point, modelled
tributary and gauging station. These flows have been compared with the hydrology flow estimation and a

percentage difference provided.
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Table 4.1.4: Modelled Flows and Check Flows

Peak Water Flows

Check Flow Model Flow
River Name & Chainage AEP (m3/s) (m3/s) Diff (%)
ATHBOY RIVER 00.00 10% 16.21 16.21 0.00
07_1679 5 1% 24.48 24.81 1.35
0.1% 35.73 33.88 -5.18
ATHBOY RIVER 1642.37 10% 17.75 17.67 -0.45
07023 1% 26.95 27.00 0.19
0.1% 39.66 33.86 -14.63
ATHBOY RIVER 10112.25 10% 35.87 34.74 -3.16
07001 1% 56.11 60.48 7.76
0.1% 76.32 86.21 12.95
ATHBOY RIVER 11767 10% 35.91 35.67 -0.66
07_971 6 1% 56.17 61.82 10.05
0.1% 76.39 85.79 12.30
ATHBOY TRIB 00.00 10% 1.79 1.79 0.00
07 592 6 1% 3.35 3.32 -0.81
0.1% 6.07 6.22 2.44
ATHBOY TRIB 975.00 10% 1.98 1.75 -11.59
07_592 8 1% 3.7 3.20 -13.62
0.1% 6.71 6.10 -9.12

The table above provides details of flow in the model at every HEP inflow, check point, modelled tributary
and gauging station. These flows have been compared with the hydrology flow estimation and a
percentage difference provided.

The percentage difference in the Athboy River between the model and check flows is relatively small.

The modelled flows at the upstream of the Athboy Tributary correlate well with the hydrological estimated
flows. However there is a difference of approximately 10% in flows at the downstream extent. This is due

to the extensive overland flow and attenuation that occurs from the Athboy Tributary which slows the flow

and therefore reduces the overall peak flow along the watercourse as shown in the figure below.
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Athboy River

Athboy Tributary

Figure 4.1.22: Flood Extents of the Athboy Tributary and Athboy River

(7) Other Information:

The OPW provided some additional information obtained during a site walkover in February/March 2014

as follows:
o Debris is a potentially significant issue to be considered as part of maintenance / optioneering

e River sections are very overgrown upstream of the bridge and debris could cause blockage, the
river was dredged in 2004/05 and the millrace has been filled in and two arches of the bridge are

not operational

e The most recent significant flooding was over 50 years ago however flooding in the upstream

agricultural portion of the AFA occurs on average every second year

e Flood risk receptors may potentially include the factory, apartments and residential properties at

the iron footbridge

The watercourses in the Athboy model are part of the arterial drainage scheme. As such they were
assessed and modified to provide improved drainage to land. Part of this scheme involved delineating the
benefiting land. This involved a walkover survey by land valuers to identify flood prone and marshy land
that would benefit by the improved drainage. An indication can therefore be obtained from the ADS
benefiting lands as to the extent of a river's floodplain and therefore be used as verification on the Athboy

model. A review was carried out for the Athboy River and tributary.
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Generally the flood extents follow the ADS benefitting lands although extents differ where the model does

not take account of certain watercourses In addition it should be noted that the delineation of ADS

benefiting land includes land improved by drainage and not solely flood prone land.

)

Legend
I 10% AEP Event e

1% AEP Event
0.1% AEP Event

! [7777] ADS Benefiting Lands

&

Y

Figure 4.1.23: ADS Benefitting Lands

At the upstream reach of the model the modelled flood extents agree with the ADS benefitting lands where

there is a wide floodplain upstream of Athboy town and shown in Figure 4.1.23: ADS Benefitting
LandsFigure 4.1.24.

The modelled flood extents show good correlation with the ADS benefitting lands through Athboy, where

no flooding is shown, and downstream of the town where the floodplain opens up again.
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0.1% AEP Event

m ADS Benefiting Lands

Figure 4.1.24: Comparison between ADS Benefitting Lands and Modelled Flood Extents

Downstream of Athboy

Along the MPW, which was modelled in 1D, the flood extents cover a smaller area than the ADS
benefitting lands as shown in Figure 4.1.25. Extents differ where the model does not take account of
certain unmodelled watercourses in addition it should be noted that the delineation of ADS benefiting land

includes land improved by drainage and not solely flood prone land.
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4.1.6 Hydraulic Model Assumptions, Limitations and Handover Notes

(1) Hydraulic Model Assumptions:

A review of all channels was carried out in order to estimate the roughness coefficients. Along the upper
reaches of the Athboy River the banks are delineated with dense hedgerows that occur quite low, close to
the channel bed. A higher roughness coefficient was assumed to allow the effects of this to be accounted

for.

(2) Hydraulic Model Limitations and Parameters:

(a) A 2 second time-step for both the MIKE 11 and MIKE 21 models has been selected in order to achieve

a successful model simulation for all return periods.

(b) It was noted that model instability occurs in the Athboy River at Chainage 9736m where bridge
0728_00204D is located. The reason for the instability was due to the small spacing of cross sections
upstream and downstream of the bridge and that the cross sections' geometry changes abruptly. To
smooth off the instabilities the cross sections in question were moved in order to increase the spacing, this
was carried out with a trial and error approach where the spacing was increased and tested until the
instability was removed. The geometry of the cross section was not edited and the location of the bridge
remained unchanged. While this approach may reduce the accuracy of the model the water level
remained unaffected by these changes. This is due to the bridge acting as a control structure, dictating
the Q-H relationship upstream and downstream. The resulting peak water levels for any given flood event

remained unaffected by these changes.

(c) The cross sections on the MPW (Ch 5,801m — Ch11,767m) were extended beyond the limit of the
topographical survey using the NDHM. A review was carried out post cross section extension to compare
the topographical survey level with the NDHM. It was found that for many cross sections a discontinuity
was occurring between the two survey datasets. These were reviewed however no consistent error could
be found. For many cross sections one banks tied in well with the NDHM and the other had a 0.5m jump.
While most cross sections suggest the NDHM is overestimating the ground level there are a few cases
where it is underestimating. For other cross sections it would seem that the NDHM is offset horizontally
rather than any issue with the vertical data. To this end each cross section was reviewed individually and
adjusted so the NDHM tied in with the topography survey. The assumption being that the topographical
survey is the more accurate. Where the NDHM data could be offset horizontally to tie in with the
topographical survey this was done in the first instance. Secondly where the NDHM seemed to be
vertically offset the entire cross section extension to the left or right of the original cross sections was
adjusted accordingly to tie it in. Lastly where the discrepancy is minor or the previous two methods are

deemed inappropriate the NDHM data was smoothed to tie in with the topographical data.
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Hydraulic Model Parameters:

MIKE 11

Timestep (seconds) 2

Wave Approximation Higher Order Fully Dynamic
Delta 0.5

MIKE 21

Timestep (seconds) 2

Drying / Flooding depths (metres) 0.2/0.3

Eddy Viscosity (and type) 0.25 (Velocity Based)
MIKE FLOOD

Link Exponential Smoothing Factor All Rivers, 1.0
(where non-default value used)

Lateral Length Depth Tolerance (m) Default, 0.1

(where non-default value used)

(3) Design Event Runs & Hydraulic Model Handover Notes:

The Athboy River is part of the ADS and as such had its channel deepened in 1975.

In light of the information gathered at the gauging stations, see section 4.1.5, an assessment was carried
out to compare the original cross sections before the ADS, the cross sections immediately after the
channel was deepened and/or widened and the cross sections as they are in present day. The historical
cross sections are spaced widely and only one cross section was found to be in the vicinity of Athboy
town, the location of which is shown in Figure 4.1.26. Figure 4.1.27 shows how much the channel was
deepened from its original bed level and then how the bed level has reverted back to its original level by
2012. Historical information records that rocks were introduced into the reach of the river around the
Athboy gauging station some 400m upstream of this location in an effort to raise the water levels for
angling purposes. This may have increased the rate of sedimentation solely in this location and other
areas along the Athboy River may still be at the ADS design bed level. Without a more detailed study this
is uncertain however reviewing the spot gaugings at the Tremblestown gauging station, 7km downstream,
as detailed in 4.1.5 (4) it would suggest the bed level reverting to its original state as well before the further
dredging took place in 2004/05. The result of this assessment is to conclude that the level of protection

afforded to the receptors in and around Athboy Town cannot necessarily be attributed to the ADS.
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Figure 4.1.26: Comparison between ADS and Current Topographical Cross Sections
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The channel capacity through Athboy town is relatively large and little out of bank flooding occurs even
during the 0.1%AEP event, the exception is to the factory warehouse upstream of Bridge Street on the
right hand bank. The majority of flooding occurs upstream of Athboy inundating a significant area of
agricultural land. This flooding is contributed to by the Athboy River Trib which spills its banks due to an

undersized culvert and flows overland to the Athboy River. The land upstream of Athboy is relatively low
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compared to the developed land in Athboy which acts as a control causing attenuation upstream rather
than allowing increased flow to pass through the town.
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Figure 4.1.28: Flood Extent Upstream of Athboy

(4) Hydraulic Model Deliverables:

Please see Appendix A for a list of all model files provided with this report.

(5) Quality Assurance:

Model Constructed by: Mark Wilson
Model Reviewed by: Stephen Patterson
Model Approved by: Malcolm Brian
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4. HYDRAULIC MODEL DETAILS

4.2 BALLIVOR

Ballivor Meath 70029 AFA Final 08/05/2017

4.2.1 General Hydraulic Model Information

(1) Introduction:

The Eastern CFRAM Flood Risk Review (IBE0600 Rp0001_Flood Risk Review) highlighted Ballivor as an
AFA for fluvial flooding based on a review of historic flooding and the extents of flood risk determined
during the PFRA.

The Ballivor River system is a tributary of the Stoneyford River, which is itself a tributary of the River
Boyne. The model represents the Ballivor River system from its upstream extents, including a number of
drains and streams, which emanate from the village of Ballivor and the surrounding area, to the River
Boyne, approximately 4km east of the village. The total catchment area of the model is 174.6km? but the
vast majority of this contributing area (146.8kmz2) enters the model downstream of the AFA extents (into
the Stonyford River).

On leaving the town of Ballivor, the Ballivor River bifurcates as shown in Figure 4.2.1 at node
07_60000_1. One channel continues directly to the River Boyne, while the other discharges to the
Stoneyford River. It was unclear, at the time of surveying the watercourses, how the flow is distributed
between these two channels. Relative flow capacity was assessed by modelling the channels, as
accurately captured by the topographical survey, which indicates that both channels convey significant
proportions of flow to the River Boyne and the Stoneyford River, 52%, 48% split respectively. This was
verified using site visits. For the purposes of the model the channel continuing to the River Boyne is
considered part of the Ballivor River while the channel directing flow to the Stoneyford River is considered
a separate branch and is called the Ballivor Split as shown in Figure 4.2.1. The floodplain on the left hand
bank of the Ballivor River which flows to the River Boyne falls in the opposite direction to the watercourse

creating a situation where out of bank flooding flows back towards the Ballivor Split.

All of the modelled watercourses lie within the Arterial Drainage Scheme (ADS) and while these
watercourses may be subject to dredging this model represents the current status as of June 2012 when
the cross section survey was carried out. There is one gauging station along the Ballivor River, the Ballivor
gauging station, which is located within the AFA boundary and has flow and level data. The gauging
station Ballivor (07044 — EPA) was assigned a rating of "fair" by the EPA and the rating review limited the
rating curve to a stage of 0.41m which equates to a flow of 1.15m%s. The predicted Qy,eq for the Ballivor

River at the gauging station is 3.27m?s, therefore the rating review proposed using the EPA rating curve
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to calibrate the model rating up to 0.35 time the Qeq-

The upstream reaches of the Ballivor River (chainage Om - 3500m) along with its three tributaries and the
upper reach of the Ballivor Split (chainage Om - 858m) are identified as high priority watercourses and are
modelled as 1D-2D using the MIKE suite of software. The remainder of the Ballivor River, the lower reach
of the Ballivor Split and the Stoneyford River are medium priority watercourses and have been modelled
as 1D again using the MIKE suite of software. All watercourses designated HPW and therefore modelled
as 1D-2D were extended a suitable distance beyond the limits of the AFA boundary, typically 500m. The
reach of the Ballivor River marked as HPW was extended at the downstream end to allow the topography
of the floodplain, as mentioned above, to be modelled as 1D-2D. The upper reach of the Ballivor Split was
also modelled as 1D-2D, stopping at a suitable break point in the topography provided by a road and
bridge at chainage 782m.

No models exist upstream of the Ballivor model. The Ballivor model extends downstream to the
confluence with the River Boyne which is part of the Trim model. The downstream boundary conditions
for the Ballivor model are based on the water level hydrogrpahs generated by the Trim model at the River
Boyne/Ballivor River confluence and the River Boyne/Stoneyford River confluence. An illustration of the

model can be seen in Figure 4.2.1.

(2) Model Reference: HAOQ7_BALL2

(3) AFAs included in the model: Ballivor

(4) Primary Watercourses / Water Bodies (including local names):

Reach ID Name

0730 BALLIVOR RIVER

0734 BALLIVOR RIVER TRIB 1 (NAME UNKNOWN)
0731 BALLIVOR RIVER TRIB 2 (NAME UNKNOWN)
0732 BALLIVOR RIVER TRIB 3 (NAME UNKNOWN)
0741 BALLIVOR SPLIT

0741 STONEYFORD RIVER

(5) Software Type (and version):

(@) 1D Domain: (b) 2D Domain: (c) Other model elements:
MIKE 11 (2011) MIKE 21 rectangular mesh MIKE FLOOD (2011)
(2011)
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4.2.2 Hydraulic Model Schematisation

(1) Map of Model Extents:

Figure 4.2.1 and Figure 4.2.2 show the extent of the modelled catchment, river centre line, HEP locations
and AFA extents as applicable. The Ballivor catchment contains 4 Upstream Limit HEPs, 2 Downstream
Limit HEP, 7 Tributary HEPs and 1 Gauging Station HEPs.
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Figure 4.2.2: Ballivor Model AFA Overview
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Figure 4.2.3 and Figure 4.2.4 show the location of the cross sections used in the model along with the
location of the 2D links and the critical structures.
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Figure 4.2.3: Overview of model schematisation
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Figure 4.2.4: Model schematisation AFA overview

(2) x-y Coordinates of River (Upstream extent):

River Name X y

Ballivor River 267157 254349
Ballivor River Trib 1 267584 253438
Ballivor River Trib 2 268615 255065
Ballivor River Trib 3 268854 252887
Ballivor River Split 269799 253733
Stoneyford River 270543 254721

(3) Total Modelled Watercourse Length: 13.6km

(4) 1D Domain only Watercourse Length: 6.0km

(5) 1D-2D Domain

Watercourse Length:

7.7km

(6) 2D Domain Mesh Type / Resolution / Area:

Rectangular / 5 metres / 10 km?2

(7) 2D Domain Model Extent:
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Figure 4.2.5: Ballivor Model 2D Model Domain

Figure 4.2.5 illustrates the bathymetry file showing the modelled extents of the Ballivor AFA and the

general topography of the catchment.

The 2D domain was generated using LIDAR survey data and

created as a 5m grid rectangular mesh. No post processing was required to the bathymetry file.

(8) Survey Information

(a) Survey Folder Structure:

First Level Folder

Second Level Folder

Third Level Folder

Murphy_EO07_M02_WP2_0730_120625
Ballivor
Murphy - Surveyor Name

EQ7 - Eastern CFRAM Study Area,
Hydrometric Area 07

MO2 - Model Number 02
WP2 - Work Package 2
120625 - Date issued (25 June 2012)

0730 - River Reference

GIS and Floodplain
Photos

Floodplain Photos and Shapefiles

Structure Register

Surveyed Cross Section Lines

Photos and Videos

Ascii

Photos (Naming
convention is in the
format of Cross-Section
ID and orientation -
upstream, downstream,
left bank or right bank)
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(b) Survey Folder References:

Reach ID Name File Reference

0730 BALLIVOR RIVER Murphy_E07_MO02_WP2_0730_120625
0734 BALLIVOR RIVER TRIB 1 | Murphy_EO07_MO02_WP2_0734_120625
0731 BALLIVOR RIVER TRIB 2 | Murphy_E07_M02_WP2_0731_120625
0732 BALLIVOR RIVER TRIB 3 | Murphy_EQ07_M02_WP2_0732_120625
074l BALLIVOR SPLIT Murphy_E07_MO02_WP2_0741_120625
0741 STONEYFORD RIVER Murphy_E07_MO02_WP2_0741_120625

(9) Survey Issues:

No survey queries arose.

4.2.3 Hydraulic Model Construction

All structures within the 1D model that have potential to overtop, such as bridges and culverts, were

simulated using an overtopping weir representative of the associated parapet or deck. This allows for

flood water to overtop a surcharged structure and avoids creating an artificially high backwater profile.

Overtopping weirs were applied to 9 bridges and culverts in the Ballivor model.

(1) 1D Structures (in-channel along modelled

watercourses):

Figure 4.2.6: Photograph of Critical Structure
on the Ballivor Trib 3

Figure 4.2.6 shows a critical structure identified on
Ballivor Trib 3 at chainage 808m. The culvert is

undersized causing a significant head loss through

See Appendix B

Number of Bridges and Culverts: 12

Number of Weirs: 4

Figure 4.2.7: Photograph of Critical Structure on

the Ballivor River

Figure 4.2.7 shows a critical structure identified on
the Ballivor River at chainage 1,916m. This structure

is considered significant during the 0.1% AEP event
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the structures. The resulting elevated headwater | where the flow is restricted and contributes to out of
levels causes out of bank flooding during the 0.1% | bank flooding upstream.
AEP event. In all events the flow is restricted

downstream of the culvert.

(2) 1D Structures in the 2D domain (beyond the | None

modelled watercourses):

(3) 2D Model structures: None

(4) Defences:

None

(5) Model Boundaries - Inflows:

Full details of the flow estimates are provided in the Hydrology Report (IBEO600Rp0012_HAO7 Hydrology
Report - Section 5.2 and Appendix D). The boundary conditions implemented in the model are shown in
Table 4.2.1.

The hydrology was reviewed during the rating review at Ballivor Gauging Station (07044) and was found
to produce consistent results in the full Ballivor model. There was therefore no change made to the
hydrology during model calibration. Please view Section 4.2.5(2) which discusses model updates for
Final deliverables.

Table 4.2.1: Model Boundary Conditions

Boundary Description Boundary Type Branch Name Chainage | Chainage| Gate ID Boundary ID
1 Open Inflow BALLIVOR RIVER 1] 0 07_1660_2
2 Open Inflow BALLIVOR TRIB 10 1] 0 07_1418 3
3 Open Inflow BALLIVOR TRIB 20 0 0 071704 U
4 Open Inflow BALLIVOR TRIB 20 0 0 07_30000_U
5 Point Source Inflow BALLIVOR RIVER 3491.92 0 07_796_4
6 Point Source Inflow STONEYFORD RIVE 1280 0 07_1668 1
7 Distributed Source Inflow BALLIVOR RIVER 0 2120 Top-up flow between 07_1660_2 & 07044
8 Distributed Source Inflow STONEYFORD RIVE 1280 5154 Top-up flow between 07044 & 07_248_2 _RPS
9 Distributed Source Inflow BALLIVOR RIVER 2988.98 | 353864 Top-up flow between 07_796_4 & 07_60000_1
10 Distributed Source Inflow BALLIVOR TRIB 20 0 1400 07_1704_1_RPS
11 Distributed Source Inflow BALLIVOR TRIB 30 1] 1109 07_30000_1
12 Open Water Level BALLIVOR RIVER 5164 0 Trim_31688m
13 Open Water Level STONEYFORD RIVE 5209 0 Trim_34188m

Figure 4.2.8 provides an example of the associated upstream hydrograph on the Ballivor River at the
07_1660_2_RPS HEP.
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HAO7_BALL2_DFS0_Q1000

7_1418_3 [ 3s)
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3012-01-01 01-02 01-03 01-04 01-05 01-08 01-07 01-08 01-08 01-10 01-11

Figure 4.2.8: Inflow Hydrograph for Ballivor River during a 0.1%AEP event

(6) Model Boundaries — | The water levels generated from the downstream Trim model at the River
Downstream Conditions: | Boyne/Ballivor River confluence and the River Boyne/Stoneyford River
confluence were taken as the downstream boundary conditions on the
Ballivor River and Stoneyford River respectively. The influence of the River
Boyne in creating a backwater effect along the both watercourses was
accounted for in this way. Figure 4.2.9 shows the downstream boundary

water levels based on the River Boyne 0.1%AEP flood event.
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Figure 4.2.9: Downstream boundary water levels based on the River Boyne 0.1%AEP flood event

(7) Model Roughness:

(a) In-Bank (1D Domain) Minimum 'n' value: 0.035 Maximum 'n* value: 0.050
(b) MPW Out-of-Bank (1D) | Minimum 'n' value: 0.035 Maximum 'n* value: 0.035
(c) MPW/HPW Out-of- | Minimum 'n' value: 0.035 Maximum 'n* value: 0.045
Bank (2D) (Inverse of Manning's 'M") (Inverse of Manning's 'M")
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Figure 4.2.10: Map showing floodplain roughness values in 2D domain

This map illustrates the roughness values applied within the 2D domain of the model. Roughness in the
2D domain was applied based on land type areas defined in the CORINE Land Cover Map with
representative roughness values associated with each of the land cover classes in the dataset. The
surrounding rural area to Ballivor is assigned a Manning’s n of 0.035. Ballivor is assigned a Manning’s n
value of 0.045.

(d) Examples of In-Bank Roughness Coefficients

A review of all the channels was carried out in order to estimate the roughness coefficients. The upper
reaches of the Ballivor River and its associated tributaries are affected by dense vegetation such as
hedgerows growing into the channel. A roughness coefficient was utilised to allow the effects of this to be

accounted for.
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Figure 4.2.11: Example of roughness coefficients | Figure 4.2.12: Example of roughness
on the Ballivor River at cross section 0730_00302 | coefficients on Ballivor River at cross section

Manning’s n value: 0.050 0730_00356

Straight stream with vegetation and stones Manning's n value: 0.035

Straight stream with some vegetation

4.2.4 Sensitivity Analysis

In accordance with OPW guidance, sensitivity simulations have been conducted with the purpose to
assess the sensitivity and impact the 1% AEP fluvial within the AFA boundary. Sensitivity analysis is
achieved by the adjustment of various model parameters, several model simulations have been
completed, they are as follows:

a) Channel roughness and flood plain roughness increased to upper bound values - the change in
channel and floodplain roughness values resulted in a high increase in flood extents, compared to
the original extent of flooding within the AFA as shown in Figure 4.2.13. This indicates that the
Ballivor model demonstrates a high sensitivity to changes in roughness parameters. The increase
in flood extents affects 1 additional AFA receptors, whereas no receptors have been impacted
during the 1% AEP design event.

IBEO60ORpP0025 4.2-13 F06



Eastern CFRAM Study HAOQ7 Hydraulics Report — FINAL

Dnygrangeeii,
‘el »

4 . Pc $ ., -

¢\ Baile lomAar

(S

‘I
//__F_\\ - —]—— River Centreline
. - i - 1 AFA Extent '
Bal1l|vor B 1% AEP Fluvial Design Event

K B 1% AEP Sensitivity 1D/2D Roughness Event
© dt{jnance Survey IreIandlAll rights reserved. Licence number EN 08 /r‘:ﬂmﬂmms. b4 'l | %

! 0.25 0.5

Figure 4.2.13 Comparison between 1% AEP Design Event and 1% AEP Sensitivity Event — Change

in roughness 1

b) Downstream boundary increase — The downstream boundaries are increased to the water levels
generated from the 1% AEP mid-range future design scenario. Peak water levels are increased to
61.7m OD (Ballivor watercourse) and 60.48m OD (Stoneyford watercourse). Changing the
boundary condition increases the peak water levels at the downstream extent of the model. Table
4.2.2 is a comparison between the design and sensitivity water levels located at downstream
extent of the modelled Ballivor and Stoneyford watercourses. Changing the downstream
boundary condition increased Ballivor River water level from the downstream extent and upstream
for 2.3km. Similarly, the water level increased along Stoneyford River from its downstream extent

and upstream for 3.8km.

Table 4.2.2: Comparison of Design and Sensitivity Downstream Water Levels

River Name (Chainage) D?:\llge? C()vlg?;t)er- Senlsel\';levlltrz (()vl\g?ter- Difference (m)
Ballivor River 0730 (7831.07) 61.25 61.70 0.455
Stoneyford River 0741 (5209) 59.83 56.68 0.65

As shown in Figure 4.2.14, changing the downstream boundary condition has a negligible influence on the
flood extents of the Ballivor model. The Ballivor model therefore has a low sensitivity to downstream

boundary increase with no impact to receptors within the AFA.
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Figure 4.2.14: Comparison between 1% AEP Design Event & 1% AEP Sensitivity Water Level

Boundary Event

c) Increase in flow —The 1% AEP sensitivity flows were used to assess the sensitivity of the model to
inflows. The simulated flows for the Ballivor model have been assessed as having medium
uncertainty/sensitivity (refer to the Hydrology Report IBEO600Rp0012 for further detail);
subsequently a factor of 1.57 is applied to design flows for the sensitivity simulation. Figure 4.2.15
shows that the Ballivor model has a high sensitivity to increased inflow parameters; this is
reflected by the high increase of flood extent. This increase impacts the area where the Kinnegad
Road crosses over the Ballivor River. This change impacts 1 additional AFA receptors compared

to no impact to properties resulting from the 1% AEP design event.
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1% AEP Sensitivity Event — Change

d) Flow volume — A sensitivity adjustment factor of 2 has been applied to flood duration to assess the

effect on the model as flood durations in this case have

been derived from observed data with

some uncertainty at flood flows. Figure 4.2.16 shows that the Ballivor model indicates a low

sensitivity to flow volume parameters which results in a low increase to flood extents. This change

has an impact to 1 AFA receptors, whereas no recepto

design event.

rs where affected during the 1% AEP
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Figure 4.2.16 : Comparison between 1% AEP Design Event and 1% AEP Sensitivity Flow Volume

Event

e) Afflux/Head loss at key structures — A model simulation was carried out to assess the sensitivity of
flood extents to changing the head loss coefficients of key structure 0730_00325D (ch.1916). This

single arch structure allows the Kinnegad Road to cross the Ballivor River. Figure 4.2.17 illustrates

that the Ballivor model has a low sensitivity to head loss parameter change, considering that there

is little change to the flood extents. This change has an impact to 1 AFA receptors, whereas no

receptors where affected during the 1% AEP design event.
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Figure 4.2.17: Comparison between 1% AEP Design Event and 1% AEP Sensitivity (Head Loss 1)

f) Floodplain roughness decreased to lower bound values — The change in floodplain roughness
values resulted in no alteration to flood extents within the AFA as shown Figure 4.2.18. The
Ballivor model is considered to have a low sensitivity to 2D roughness parameters and no

receptors are impacted within the AFA.
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Figure 4.2.18 : Comparison between 1% AEP Design Event and 1% AEP Sensitivity 2D Roughness
Event The model also indicates a high sensitivity to changing 1D/2D roughness parameters resulting in a
high impact to receptors. The model is less sensitive to the other parameters, as indicated by a minor

increase of the flood extent. The 1% AEP fluvial design event did not impact any receptors located within

the AFA. In comparison, sensitivity impact is considered as relatively high.

Table 4.2.2 summarises the outcomes of the above sensitivity simulations or evaluations that were
considered for the Ballivor model. Of these parameters, the model is most sensitive to increase in model
inflows. Table 8.1 in the Hydrology Report states that there is medium uncertainty/sensitivity associated
with the hydrological inputs for this model. The model also indicates a high sensitivity to changing 1D/2D
roughness parameters resulting in a high impact to receptors. The model is less sensitive to the other
parameters, as indicated by a minor increase of the flood extent. The 1% AEP fluvial design event did not
impact any receptors located within the AFA. In comparison, sensitivity impact is considered as relatively
high.

Table 4.2.2: Sensitivity Summary

Sensitivity Simulation Sensitivity | Impact
1% AEP Sensitivity 1D/2D Roughness Event High High
1% AEP Sensitivity Water Level Boundary Event Low -
1% AEP Sensitivity Flow Event High High
1% AEP Sensitivity Flow Volume Event Low High
1% AEP Sensitivity Head Loss 1 Event Low High
1% AEP Sensitivity 2D Roughness Event Low -
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4.2.5 Hydraulic Model Calibration and Verification

(1) Key Historical Floods (from IBEO600Rp0004_HAO7 Inception Report, unless otherwise specified).

(a) Aug 2008 Flooding occurred in Navan, Trim, Ballivor, Athboy and Edenderry in August 2008. In
the Ballivor area, the Clonycavan channel overflowed resulting in adjacent lands
becoming flooded. Photographs taken in the area did not show any houses within
the flooded lands.

The Clonycavan area is located upstream of the Ballivor AFA and as such was not
modelled. The flood event is therefore of limited use in verifying the modelled flood

extents.

(b) Feb 1995 Heavy rainfall in February of 1995 led to flooding in Trim and Ballivor. In Ballivor, land
was flooded in the Parkstown and Coolronan areas. A mean daily flow for this event
of over 1.5m%s was recorded at the Ballivor Hydrometric Station (07044) compared

to an average flow from all available records of 0.176m%/s.

The Coolronan area is located beyond the limits of the Ballivor model and flooding in
this area cannot be confirmed. The Parkstown area shows flooding in the 1% and
0.1% AEP event as shown in Figure 4.2.19. No estimated size of flood event could
be given for any flooding within Ballivor as no long annual max data was available.
The model can however verify that the Parkstown area is susceptible to flooding

during extreme flood events.

Figure 4.2.19: Flooding to the Parkstown area

(c) June 1993 Navan, Trim and Ballivor areas endured flooding in June 1993 following heavy
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rainfall. No flow data is available for the river in Ballivor. However gauge data for this
date is available and this indicates that the water level reached its highest level (at

1.1m on the staff gauge) in 22 years of available records.

The staff gauge zero datum at this gauging station is 61.32mOD making the highest
recorded level during the 1993 flood 62.42mOD. The model estimates the peak
water level during the 1% AEP and 0.1% AEP events to be 62.36mOD and
62.79mOD respectively. This suggests that the flood in 1993 was somewhere
between a 1% and 0.1% AEP event. No information on flooding locations was
provided apart from stating that McLaughlin's bar was flooded. The model results
show that no flooding from any event comes close to McLaughlin's Bar which is
located on main street and not in proximity of the Ballivor River. The fact that
McLaughlin's Bar alone is reported as being flooded, and not the buildings adjacent

or opposite it suggests that flooding to the bar originated from pluvial sources.

Summary of Calibration

The lack of historical flooding information at Ballivor gives little quantitative data to calibrate or even verify
the model to the larger flood events. The model was calibrated to the available spot gaugings at Ballivor
gauging station and the roughness values of the model adjusted accordingly. Limited verification was

achieved by the areas which are shown to flood and have historically flooded.

A comparison between estimated and modelled flows at HEP points was carried out, the details of which

are presented in Section 4.2.5 (5).

A mass balance analysis was carried out to assess the difference between the discharge into the model
and the volume of water stored with the discharge out of the model. Results showed a difference of

0.19%. This is within the acceptable limits as stated in the Environment Agency's Fluvial Design Guide.

Whilst anecdotal information and available data has been used to the best extent possible, overall there is
little or poor data to calibrate the model to and observation of more events would be necessary to reduce

the uncertainty in model results.

(2) Post Public Consultation Updates:

Following informal public consultation and formal S.I. public consultation periods in 2015, analysis of the
results of the rating reviews and their impact on the hydrological analysis for the UoM07 watercourses was
finalised. The updated inflow hydrograph at HEP 07_1418_3 is shown in Figure 4.2.20. In conjunction
with these updates the downstream boundary and cross sections in the 1D zone were refined. This
resulted in the hydrology and mapping outputs being updated, however there were no changes made to

hydraulics. A revised set of flood hazard and risk mapping has been issued as Final to reflect this change.
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Figure 4.2.20: Inflow Hydrograph for Ballivor River during a 0.1%AEP event

(3) Standard of Protection of Existing Formal Defences:

None

(4) Gauging Stations:

There is one gauging station within the model extent

Ballivor (07044)

A gauging station is located at the downstream extent of Ballivor Town on the Ballivor River. A rating

review was carried out in order to support calibration of the model. Continuous records are available for

the gauging station from 1989 however the weir which was installed at the gauging station was not made

water tight until 1994. The last EPA rating review which was assigned a rating standard of "fair" was

carried out in 1994. This review limited the rating curve to a stage of 0.41m which equates to a flow of

1.15m%s. The predicted Qneq for the Ballivor River at the gauging station is 3.27 m%s. Therefore, the
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1.15m°/s. The predicted Qneq for the Ballivor River at the gauging station is 3.27 m°/s. Therefore, the

existing EPA rating curve was used to calibrate the model up to 0.35 times the Q4 ONly.

A good correlation was found between the recorded spot gaugings and the model output for the lower
flows. However, given the lack of high flow data there is a reduced confidence in the estimated Qmed.
RPS recommends that additional high flows be recorded and when suitable data has been processed a
revised rating curve can be produced. For details on the current rating review please refer to
IBEO600Rp0012_HAO7 Hydrology Report.
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Figure 4.2.21: Qh relationship comparison between Ballivor model and EPA rating curve at Ballivor
Gauging Station

(5) Validation with MIKE NAM:

It can be seen from Table 4.2.3 that comparison between the NAM model and observed data cannot be
made for the event that do not have concurrent data. The 1995 flood event does show a discrepancy
between the observed peak flow and the model simulated peak flow. This is due to uncertainty in the
observed peak flow which is beyond the reliable limit of the rating (1.116m3/s). As the NAM simulated
peak has been formulated from the ratings with its associated uncertainty there is also a discrepancy seen

in the estimated water levels from peak NAM discharge.
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Table 4.2.3: Comparison of Observed, Hydrologically (NAM) and Hydraulically Modelled Data for

Flood Events

MIKE FLOOD MIKE FLOOD
i MIKE NAM ) Water
Simulated i Simulated
Observed Peak Simulated Level
Peak at Peak at NAM .
Peak ) Difference
Observed WL Discharge
Water ) ; ;
Discharge Discharge Discharge Water Level
Flood Event Level 3 3 3 (m)
(m>/s) (m>/s) (m>/s) (mOD)
(mOD)
18/08/2008 - - - 2.488 61.925 -
01/02/1995 62.054 1.978 3.467 2.539 61.935 0.119
12/06/1993 - - - 3.79 62.089 -

(6) Comparison of Flows:

Table 4.2.4 provides details of the flow in the model at every HEP intermediate check point, modelled
tributary and gauging station. These flows have been compared with the hydrology flow estimation and a
percentage difference provided.

Table 4.2.4: Modelled Flows and Check Flows

Peak Water Flows
Check Flow Model Flow

River Name & Chainage AEP (m?s) (m?s) Diff (%)
BALLIVOR TRIB 10F3 737.612 10% 4.82 4.82 0.00
07_1418 3 1% 9.02 8.91 -1.22

0.1% 16.34 16.86 3.19
BALLIVOR TRIB 20F3 1362.94 10% 0.74 0.67 -9.46
07_1704_1_RPS 1% 1.28 1.01 -21.09

0.1% 2.16 1.63 -24.54
BALLIVOR TRIB 30F3 1088.12 10% 0.34 0.26 -23.53
07_30000_1 1% 0.63 0.50 -20.63

0.1% 1.14 0.92 -19.30
BALLIVOR RIVER 46.0575 10% 1.36 1.38 1.47
07_1660_2 1% 2.55 2.57 0.78

0.1% 4.61 4.67 1.30
BALLIVOR RIVER 2101.72 10% 6.49 6.28 -3.24
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07044 1% 11.81 10.98 -7.03
0.1% 20.77 21.05 1.37
STONEYFORD RIVER 5181.5 10% 29.24 29.13 -0.38
07_248_2 RPS 1% 41.83 44.62 6.67
0.1% 57.71 70.55 22.25

The table above provides details of flow in the model at every HEP inflow, check point, modelled tributary
and gauging station. These flows have been compared with the hydrology flow estimation and a

percentage difference provided.

At the upstream extent of the Ballivor River the modelled flows correlate well with the check flows (HEP
07_1660_2). As the Ballivor River flows through the Ballivor AFA three tributaries join it. The modelled
flows at the downstream reach of the three tributaries were compared with the check flows at HEPs
07_1418_3, 07_1704_1 RPS & 07_30000_1). Ballivor Trib 1 showed a good correlation between the
modelled and check flows however Ballivor Tribs 2 and 3 showed a difference up to 24.5%. The influence
of the flow from the main Ballivor River channel was assessed. The same models for the 0.1% and 1%
AEP events were run with a nominal flow in the Ballivor River so as not to affect the downstream reaches
of the tributaries. The results show that the percentage difference between the modelled and check flows
reduce to less than 10% therefore demonstrating that the downstream flow in the tributaries are affected
by a backwater effect from the Ballivor River. This also shows that the modelled flows are well anchored

to the check flows at the downstream reach of the tributaries.

A comparison of the modelled and check flows at HEP 07044, the Ballivor gauging station, showed a
close correlation with a percentage difference of 3.24%, 7.03% and 1.37% for the 10%, 1% and 0.1% AEP

events respectively.

At the downstream reach of the model and HEP 07_248 2 RPS, where the Stoneyford River enters the
River Boyne, a percentage difference 0.38%, 6.67% and 22.25% is recorded between the modelled and
check flows for the 10%, 1% and 0.1% AEP events respectively. This is a relatively large difference for
the 0.1% AEP event which can be accounted for in the following way. A model was run to assess the
effect of the River Boyne river model. It was found that the River Boyne was having an impact in reducing
the flow in the Stoneyford River. And when the influence of the River Boyne was not included the
percentage difference for the 0.1% AEP event was reduced to 16.5%. While this reduces the percentage
difference, it is still relatively large. A review of the hydrology was therefore carried out. The flow
estimations had to account for the Ballivor River splitting, with a channel carrying on to the River Boyne
and the other to the Stoneyford River. The assumption was made that the majority of the flow is directed
to the Stoneyford River so that 57.7m%s is reached at the downstream reach of the Stoneyford River
compared the 0.13m°/s at the downstream reach of the Ballivor River. The hydraulic model however was
allowed to determine the conveyance of flow along both channels in question and showed that a peak flow
of 5.78m%s is reached at the downstream extent of the Ballivor River. To accurately compare the
modelled flow with the check flow the combined flows at the downstream extent of both the Ballivor River

and the Stoneyford River is required. The combined modelled flow being 54.0 m®s compared to a
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combined check flow of 57.8 m°/s giving a percentage difference of 6.5%. The difference is deemed
acceptable given the uncertainty of flow estimation in an ungauged catchment and the model is
considered well anchored at the downstream extent.

(7) Other Information:

The watercourses in the Ballivor model are part of the arterial drainage scheme. As such they were
assessed and modified to provide improved drainage to land. Part of this scheme involved delineating the
benefiting land. This involved a walkover survey by land valuers to identify flood prone and marshy land
that would benefit by the improved drainage. An indication can therefore be obtained from the ADS
benefiting lands as to the extent of a river's floodplain and therefore be used as verification on the Ballivor

model. A review was carried out for the Ballivor River, its tributaries and the Stoneyford River.

The upstream extent of the Ballivor model containing the upper part of the Ballivor River and Trib 1 shows
a significantly smaller flood extent than the ADS benefiting lands as shown in Figure 4.2.22. This could be
partly due to the presence on numerous smaller streams which have not been modelled but would have
been included in the ADS and the resulting benefitting lands mapped. The differences between the ADS
benefiting lands and the river's floodplain are more pronounced in this location as can be seen where
raised developed land benefits from the ADS but is quite definitely outside the river’s floodplain, for

example see the highlighted area in Figure 4.2.22.

/té / 2 / \ \\hl\ Pt i1
/ b7 / 7 VN {\?\‘& 3 - Legend
:\ : m\ \\ ‘I\\R\\i\*‘ - 10% AEP Event %
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}f' y ~ % . ,,I,,:,‘:: :F_ ¥ ﬂ ! ADS Benefiting Lands |
»“/ 4 i

Figure 4.2.22: Comparison between ADS benefitting lands and modelled flood extents at the upper

reach of the Ballivor model

In contrast, the downstream extent of the Ballivor AFA shows good correlation with the ADS. It is noted
that there are less un-modelled streams in this area therefore reducing the opportunities for the ADS and

modelled flood extents to differ.
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Figure 4.2.23: Comparison between ADS benefitting lands and modelled flood extents at the lower

reach of the Ballivor AFA

As the model moves into the MPWs the ADS benefiting lands and the modelled flood extents correlate

well as shown in Figure 4.2.24. This gives confidence in the flows being distributed along the lower reach

of the Ballivor River, the Ballivor Split and the Stoneyford River.
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Figure 4.2.24: Comparison between ADS benefitting lands and modelled flood extents at the lower

reach of the Ballivor model
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4.2.6 Hydraulic Model Assumptions, Limitations and Handover Notes

(1) Hydraulic Model Assumptions:

(@) As the Ballivor River progresses downstream of Ballivor is bifurcates at chainage 2989m. One
channel proceeds to the River Boyne and the other to the Stoneyford River. There was no clear
dominating channel either from maps, photographs or surveys. The model was therefore constructed so
that the channel continuing to the River Boyne remained part of the main Ballivor River branch. The
channel connecting to the Stoneyford River was made a separate branch called the Ballivor Split. The
hydraulic model was allowed to determine the flow distribution between the two channels for each flood

event.

(2) Hydraulic Model Limitations and Parameters:

(a) A 2 second time-step for both the MIKE 11 and MIKE 21 models has been selected in order to achieve

a successful model simulation for all return periods.

(b) The cross sections on the MPW (Ch858m — Ch5,209m Stoneyford River & Ch4,096m — Ch5164m
Ballivor River) were extended beyond the limit of the topographical survey using the NDHM. A review was
carried out post cross section extension to compare the topographical survey level with the NDHM. A
good agreement was found between the two survey datasets and no adjustments were required to the

extended cross sections.

Hydraulic Model Parameters:

MIKE 11

Timestep (seconds) 2

Wave Approximation High Order Fully Dynamic
Delta 0.85

MIKE 21

Timestep (seconds) 2

Drying / Flooding depths (metres) 0.02/0.03

Eddy Viscosity (and type) 0.25 (Velocity Based)
MIKE FLOOD

Link Exponential Smoothing Factor N/A

(where non-default value used)

Lateral Length Depth Tolerance (m) N/A

(where non-default value used)

(3) Design Event Runs & Hydraulic Model Handover Notes:

The Ballivor River is part of the arterial drainage scheme and as such has relatively deep channels.

Developments adjacent to the river are elevated relative to the channel bed. It therefore takes a large
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event to cause out-of-bank flooding with flooding generally restricted to agricultural land.

There are no significant structures controlling the flow on the Ballivor River apart from the bridge at the
downstream end of the town, however this appears to restrict flow significantly only during the 0.1% AEP
event. The model also shows that a culvert located on the Ballivor Trib 3 at chainage 808m restricts the

flow during a 0.1% AEP event and causes out of bank flooding to the surrounding agricultural fields as

shown in Figure 4.2.25.
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Figure 4.2.25: Location of critical structures

It was noted that the Ballivor River bifurcates, part continues to the River Boyne, the other turns towards
the Stoneyford River. Unusually when out of bank flooding occurs along the River Boyne bound channel

the floodplain topography directs the flow backwards towards the Stoneyford River bound channel as

shown in Figure 4.2.26.
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Figure 4.2.26: Flood mechanism in the area of the Ballivor River bifurcation

No properties are shown to be at flood risk from any of the modelled watercourse during any flood event.
While there is significant flooding to the agricultural fields around Ballivor during the 0.1% AEP flood event
no developed area is shown at risk. This is due to the elevated nature of developed land. Figure 4.2.27
shows the topography around Ballivor and it can be seen how the residential estates and commercial
properties are raised in relation to the surrounding floodplain.

Legend

e
L i AFAExtents
0.1% Fluvial AEP Event
Modelled River Centreline

Ballivor LiDAR Survey
oy 72m 0D

Figure 4.2.27: Topography of rural and developed areas in relation to the 0.1% AEP flood extent
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(4) Hydraulic Model Deliverables:

Please see Appendix B for a list of all model files provided with this report.

(5) Quality Assurance:

Model Constructed by: Mark Wilson
Model Reviewed by: Stephen Patterson
Model Approved by: Malcolm Brian
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4 HYDRAULIC MODEL DETAILS

4.3 DROGHEDA AND BALTRAY

Drogheda Louth / Meath 70033 AFA Final 08/05/2017

4.3.1 General Hydraulic Model Information

(1) Introduction:

The Eastern CFRAM Flood Risk Review (IBEO600Rp0025_ Flood Risk Review) highlighted the Drogheda
and Baltray areas of the Boyne catchment as AFAs for fluvial and coastal flooding based on a review of

historic flooding and the extents of flood risk determined during the PFRA.

The Flood Risk Review indicated that there are a number of areas which suffer from recurring flooding in
the Drogheda AFA from the River Boyne itself as well as a number of tributaries which flow through the

urban and suburban locales.

Baltray was taken forward as an AFA due to the flood risk emanating from coastal water levels within the
Boyne Estuary. Furthermore a significant flood risk emanating from fluvial flooding in the Boyne and also
from the tributary which flows through the AFA known as the Baltray Stream was identified within the

Flood Risk Review.

The HAO7 Inception Report (IBEO600Rp0004_HAO7 Inception Report) provides specific details of the

recurring flood issues which will also be discussed later in this section.

The model of the lower Boyne system incorporates the AFAs of Drogheda and Baltray and also
Mornington AFA (reported in Section 4.7 of the HAO7 Hydrology Report
(IBE0O600Rp0025_HAO7_Hydrology Report). This model extends from downstream of Navan to the mouth
of the River Boyne where it enters the Irish Sea. The reach of the River Boyne affecting Drogheda and
Baltray AFAs along with all tributaries flowing through these AFAs, including the Baltray Stream, have
been identified as HPWSs.

The entire HPW reach of the River Boyne is influenced by sea levels at the mouth of the river. The

remainder (upstream portion) of the River Boyne included in the model has been designated as MPW.

Within the model extents there are two gauging stations both located on the MPW reach of the River

Boyne upstream of the tidal influence.

The upstream gauging station is at Slane Castle (07012 — OPW) and has an FSU classification of its
rating of Al for the entirety of its record length (1940 — 2010) meaning there is a high level of confidence in
the Qmeq value of 191.40 m3/s. There were however arterial drainage works carried out within the Boyne

Catchment upstream of this point over the period 1969 to 1986 and as such the gauge record captures a

IBEOG6OORp0025 4.3-1 FO6




Eastern CFRAM Study HAO7 Hydraulics Report — FINAL

period where there has been a significant shift in the catchment behaviour in terms of the Qneq Which has
increased significantly since arterial drainage works were implemented. Consequently it is considered
prudent to regard only flow data derived post arterial drainage works as reflective of current catchment

behaviour.

The other gauging station is located approximately 6km downstream of Slane and is called Roughgrange
(07059 — EPA). This station has a short record length (2006 — 2011) with gaps in the record. The station
was not given a classification of its rating under FSU and no information was provided by EPA on the
rating of the station. Following a hydrological data review it was concluded that there is little confidence in
the rating. More detail on the use of these stations and the hydrology derived from them can be found in
Section 4.7 of the HAO7 Hydrology Report (IBEO600Rp0025_HAO7_Hydrology Report).

The MPW reach of the River Boyne has been modelled using 1D techniques. This reach the river is
contained within a well-defined valley adequately represented by 1D simulation. The HPW reaches have
all been modelled using hydrodynamically linked 1D/2D modelling techniques using the ICM modelling
software from Innovyze. Some of the tributaries contain large reaches of steep, culverted watercourses,
these reaches have been included in the model using 1D conduit and manhole units to a detail which the
available information allowed. A storm and foul sewer network schematic was supplied for a large
percentage of the Drogheda urban area, this information was used to incorporate detailed route and profile

culvert information where available.

(2) Model Reference: HAO7_DROG7_F02

(3) AFAs included in the model and DROGHEDA and BALTRAY
referred to in this section:

(4) Primary Watercourses / Water Bodies (including local names):

Reach ID Name

0701 BOYNE RIVER

0702 BALTRAY STREAM

0703 DROGHEDA RIVER BOYNE UNKNOWN TRIB 2

0704 NEWTOWN STALABAN STREAM

0705 BEAULLIEU STREAM

0706 DRY BRIDGE STREAM

0707 DRY BRIDGE STREAM TRIBUTARY

0708 DROGHEDA RIVER BOYNE UNKNOWN TRIBUTARY 1
0743 BEAULLIEU STREAM TRIBUTARY

(5) Software Type (and version):

(@) 1D Domain: (b) 2D Domain: (c) Other model elements: NA
Infoworks ICM (Version 5) Infoworks ICM Flexible Mesh
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4.3.2 Hydraulic Model Schematisation

(1) Map of Model Extents:
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Figure 4.3.1: Map of Model Extents
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Figure 4.3.1 illustrates the extent of the lower Boyne (Drogheda / Mornington / Baltray) model and
Figure 4.3.2 shows the extent of the model applicable to the Drogheda and Mornington AFAs.

The extents, modelled river centre lines and HEPs are shown. The Drogheda and Baltray portions of
the model contain 8 Upstream Limit HEP, 1 Downstream Limit HEP, 4 Intermediate HEPs, 10 Tributary
HEPs and 2 Gauging Station HEPs. Details on the portion of the model relating to Mornington AFA are

included in Section 4.7.
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Figure 4.3.2: Map of Model Extents within AFA
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(2) x-y Coordinates of River (Upstream extent):

River Name X y
0701 BOYNE RIVER 291773 | 271246
0702 BALTRAY STREAM 313723 | 278043
0703 DROGHEDA RIVER BOYNE

UNKNOWN TRIBUTARY 2 306916 | 272943
0704 NEWTOWN STALABAN STREAM 308407 | 278601
0705 BEAULLIEU STREAM 306877 | 277886
0706 DRY BRIDGE STREAM 306058 | 277958
0707 DRY BRIDGE STREAM TRIBUTARY 304878 | 277741
0708 DROGHEDA RIVER BOYNE TRIB 1 306119 | 274016
0743 BEAULLIEU STREAM TRIB 307545 | 278033

(3) Total Modelled Watercourse Length:

63km

(4) 1D Domain only Watercourse Length:

19km

(5) 1D-2D Domain

Watercourse Length:

44km

(6) 2D Domain Mesh Type / Resolution / Area:

Infoworks ICM Flexible Mesh / 1 - 25m?
/ 34.7km?

(7) 2D Domain Model Extent:

The 2D domain of the model extends to over 2km upstream of the M1 Boyne Bridge at Drogheda (see

Figure 4.3.3) to the coast. As shown in Figure 4.3.4 the 2D domain of the model covers the entire

modelled reaches of the tributaries with the exception of a small section (400m) at the upstream

extents of the Dry Arch Tributary which is outside the AFA. The MPW reaches of the Boyne upstream

of the AFA, from the model upstream extents (5km upstream of Slane) to the bridge at Townleyhall

Road west of the M1 is modelled as 1D.
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The 2D domain was constructed from LIDAR data surveyed as part of the Study which is shown in
Figure 4.3.5. Visual inspection found that there was an error in the Drogheda LiDAR data between the
Drogheda and Mornington AFAs. This was corrected using LIDAR data from the extended LiDAR data

survey covering the southern portion of the Mornington AFA.

Figure 4.3.5: Erroneous Values in Original 2D Domain (top) and Correct (bottom)

Figure 4.3.6 to Figure 4.3.10 show detailed views of the model schematisation where there are critical
structures and areas where there is the most significant risk of flooding. These diagrams include the
surveyed cross-section locations, AFA boundary and river centre. They also show the location of the

critical structures as discussed in Section 4.3.3(1), along with the location and extent of the links
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between the 1D and 2D models.
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Figure 4.3.6: Detailed Schematisation of Model on Dry Bridge Stream inc. Critical Structures
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Figure 4.3.7: Detailed Schematisation of Model on Boyne Trib 1 including Critical Structures
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Figure 4.3.9: Detailed Schematisation of Model on Beaullieu Stream including Critical
Structures
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Figure 4.3.10: Detailed Schematisation of Model on Boyne Trib. 2 including Critical Structures

(8) Survey Information

(a) Survey Folder Structure:

First Level Folder Second Level Folder Third Level Folder

Murphy_EO07_MO07_WP4_0701A_ 120702 | VO_0701_A_AsCii

Drogheda VO0_0701_A_Photos 0701_00014 DN

Murphy: Surveyor Name
urphy: survey VO_0701_A GIS and Flood_Defence_Register

EO07: Eastern CFRAM Study Area, Floodplain Photos

Hydrometric Area 7
Photos (Naming
MO7: Model Number 7 .
convention is in the

0701A: River Reference format of Cross-Section

WP4: Work Package4 ID and orientation -
Version: Most up to date upstream, downstream,
120702: Date Issued (02" JUN 2012) left bank or right bank)
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(b) Survey Folder References:

Reach ID  Name File Reference

0701  BOYNE RIVER Murphy E07_MO07_WP4_0701A_ 120702
0701 BOYNE RIVER Murphy_ EO07_MO07_WP4_0701B_120706
0702 MORNINGTON TRIBUTARY Murphy_EO07_MO07_WP4_0702_120702
0703 DROGHEDA RIVE BOYNE TRIBUTARY 2 Murphy_EO07_MO07_WP4_0703_120702
0704 NEWTOWN STALABAN STREAM Murphy_EO07_MO07_WP4_0704_120702
0705 BEAULLIEU STREAM Murphy_E07_MO07_WP4_0705_120702
0706 DRY BRIDGE STREAM Murphy_ EO07_MO07_WP4_0706_120702
0707 DRY BRIDGE STREAM TRIBUTARY Murphy EO07_MO07_WP4_0707_120702
0708 DROGHEDA RIVER BOYNE TRIBUTARY 1 Murphy_E07_MO07_WP4 _0708_120702
0743 BEAULLIEU STREAM TRIBUTARY Murphy EO07_MO7_WP4_0743_120702

(9) Survey Issues:

The surveyed cross sections along the MPW reach of the River Boyne did not extend a sufficient
distance beyond top of bank to cover the entire floodplain. All surveyed cross sections along this
reach were augmented using the NDHM dataset to enable full coverage of the MPW floodplain to be
included in the 1D domain of the model. The transition between the surveyed cross section dataset
and the NDHM was manually edited to ensure a smooth transition between the datasets within the ICM

software. No additional edits were made to the data extracted from the NDHM.
A minor survey query was raised for the Drogheda model. The query was resolved, as outlined below.

On the Beaullieu Stream (0705), at the Old Mill site on the north side of the river Boyne in Drogheda,
just east of the Belfast Railway line, a culvert was surveyed however it lacked some critical information

to represent it accurately within the model.
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Figure 4.3.11: Location of Survey Query

At Location A, see Figure 4.3.11, where the watercourse enters a culvert there were no inlet details
provided. At Location B the watercourse exits a culvert outlet details were not provided and at
subsequent cross section of the reach of open water course downstream of the mill before it enters the

outfall pipe to the Boyne. Instruction was given to obtain the following information:
e invert level of culvert inlet at location A and culvert outlet B
e Cross sections of open channel reach between location B
e Invert level of culvert inlet to the outfall pipe at location C.

This information was obtained and incorporated into the model.

IBEO600Rp0025 4.3-13 FO6




Eastern CFRAM Study HAOQ7 Hydraulics Report - FINAL

4.3.3 Hydraulic Model Construction

(1) 1D Structures (in-channel | See Appendix C

along modelled | Number of Bridges and Culverts: 85

watercourses): Number of Weirs: 24

Critical and Hydraulically Significant Structures:

The structures along the modelled reaches have been defined based on the cross sectional survey
information relating to the modelled reaches, photographs and site walkover survey. Details of culvert
inlet and outlet headwall structures have been defined based on the surveyed cross sections and
photographs however details of the culverts between inlet and outlet have been defined based on the
drainage network drawings provided by Louth County Council. This information included culvert
dimensions, invert levels, manhole locations, invert and cover levels. Discussion on modelling
approaches for structures is included in Chapter 3.3.3 and maps showing the location of critical

structures within this model are shown in Figure 4.3.6 to Figure 4.3.10.

0701_00784 St Mary's Bridge is one of six bridges across the River Boyne in Drogheda. The river
channel width reduces at this location leading to increased in-channel water levels and flooding on the
left bank upstream in the 10%, 1% and 0.1% AEP events. Bridge deck levels have been defined
through the surveyed cross section information as a cross section within the bridge component of the
1D model. The deck is not overtopped during any of the simulated events as left bank levels upstream
of the bridge are lower such that flood waters spill before in channel water levels reach the deck of the

bridge. The bridge location within the model is shown in Figure 4.3.8.

Figure 4.3.12: View of St. Mary’s Bridge from Upstream (0701_00784)

0703_00809 The culvert located just to the east of the M1 on the tributary (unknown Boyne Trib 2)
which runs to the south of the AFA surcharges in the 0.1%, 1% and 10% AEP and causes flooding to at
least one property in the 0.1% AEP event.
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Figure 4.3.13: View of Culvert Inlet at 0703_00809

This 350mm diameter culvert location is shown in Figure 4.3.10 and is represented as a 178m conduit

within the model.

0703_00377 This culvert on the watercourse surveyed as Unknown Boyne Tributary 2 causes backing
up and attenuation of flows at all design events, the flooding upstream is confined to agricultural land.

There are no receptors affected and as such the structure is not considered critical.

0705_00393 Flooding of agricultural land occurs upstream of this access bridge. The flooded area acts
as a storage area during flood events. There are no receptors affected and as such the structure is not

considered critical but is hydraulically significant.

Figure 4.3.14: View of Culvert Inlet at 0705_00393

0705_000245 — 0705_00146 The culverted length of the Beaullieu Stream which passes under the Lia
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Bhrega, Moneymore and Brookville housing areas does not flood at the inlet structure shown in Figure
4.3.15. However during the modelled 0.1% AEP event the capacity of these twin culverts is exceeded
and flooding from manholes along the culvert length is predicted by the model.

Figure 4.3.15: View of Culvert Inlet at 0705_002454

The 1350mm diameter twin culvert location and route is shown in Figure 4.3.9 and is represented within
the model as a series of twin conduits with dimensions, manhole locations and levels from drainage
network record drawings provided by Louth County Council. Inlet and outlet headloss coefficients have

been applied based on the arrangements of the structure as shown in the survey and photographs.

0705_000138 The culvert inlet for the Beaullieu Stream just upstream, of Flaxmill Court is modelled as
surcharging in the 10%, 1% and 0.1% AEP design simulations. Only in the 0.1% AEP event however is
this affecting properties at Flaxmill Court.

The screen is also represented in the model. The twin 1200mm culverts downstream of the inlet are

represented in the model based on the information provided on the drainage record drawings.
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Figure 4.3.16: View of Culvert Inlet at 0705_00138

0705_000121 The culvert inlet for the Beaullieu Stream crossing Flaxmill Lane (Figure 4.3.9) is
modelled as surcharging in the 10%, 1% and 0.1% AEP design simulations. During the 1% and 0.1%

AEP fluvial events Flaxmill Lane is simulated as inundated from the surcharged culvert inlet.

Figure 4.3.17: View of Culvert Outlet at 0705_00121

The screen is also represented in the model. The culvert dimensions are not included in drainage record

drawings and are assumed to be consistent with the arched inlet and outlet structures. This is
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considered appropriate given that the culvert is short in length (15m) and the conduit between inlet and

outlet can be assumed to be consistent, as there no manholes present.

0705_00015 This culvert is located at the downstream end of the derelict mill on the Beaulieu Stream
and passes under the Newtown Road as shown in Figure 4.3.9. Flooding occurs in this area affecting
the Greenhills Industrial Estate. The culvert has been modelled as free flowing, however as can be seen

from Figure 4.3.18 it is susceptible to blockage.

Figure 4.3.18: View of Culvert Inlet at 0705_00015

This culvert was initially not picked up in the survey and was subject to additional survey to ascertain
the culvert and open channel arrangements from the old mill building to the Boyne (see Section
4.3.2(9)). The culvert dimensions, manhole locations and inverts downstream of the inlet are

represented in the model based on the information provided on the drainage record drawings.

0707_00067 The Dry Bridge Stream Tributary culvert which crosses under the M1 to the north west of
the AFA surcharges in the 0.1% leading to flooding of the M1 carriageway and slip road.
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Figure 4.3.19: View of Culvert Inlet at 0705_00015

The 600mm diameter culvert location is shown in Figure 4.3.6 and is represented within the model as a
206m conduit within the model. Inlet and outlet headloss coefficients have been applied based on the

arrangements of the structure as shown in the survey and photographs.

0708_00090 and 0708_00081 Flooding is evident in the modelled events from two culverts on a rural
section of watercourse surveyed as Drogheda Boyne unknown tributary 1. The culverts are located just
inside the M1 on the western edge of the Drogheda AFA. The first culvert is a 700mm diameter circular
pipe approximately 18m in length providing access to farm buildings. The second (65m further
downstream) is a 600mm diameter circular pipe approximately 44m in length providing access to
properties. The capacity of the first culvert and the channel upstream is exceeded during the 0.1% and
1% AEP events whereas flooding in the model is predicted at the face of the downstream culvert during
the 1% AEP event.

The location of both critical structures is shown in Figure 4.3.7. Both culverts are located within a heavily

vegetated watercourse to the side of the road.

(2) 1D Structures in the 2D | None
domain (beyond the

modelled watercourses):

(3) 2D Model structures: None

(4) Defences:

Following discussions with the OPW and Louth County Council, two defences were identified as being
formal, effective flood defences such that they would warrant inclusion in the model. However both

defences are dependent on adjacent flood defences which are considered ineffective to provide the
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minimum standard of protection. An assessment of the defences identified as effective found that their

effectiveness is dependent on the contiguous ineffective defences and as such their representation

within the model in isolation does not provide the minimum standard of protection. As such no defences

have been included in the model. The locations of all defences identified are shown in Figure 4.3.45 and

Figure 4.3.46 and further discussion on their conditions and effectiveness provided in 0 (3).

Type Watercourse | Bank Model Start | Model End Chainage
Chainage (approx.) | (approx.)

Wall, Formal Effective Boyne Left 7580 7280

Wall, Formal Effective Baltray Left 120 60

(5) Model Boundaries - Inflows:

Full details of the flow estimates are provided in the Hydrology Report (IBEO600Rp0025_HAO7

Hydrology Report - Section 4.7 and Appendix D). The boundary conditions implemented in the model

are shown below.

Node ID Boundary Type Description Branch Name Boundary Co-
ordinates
0701_Inflow Point Inflow US Boundary | River Boyne 291773, 271246
0702_Inflow Point Inflow US Boundary | Baltray River 313723, 278043
0703_Inflow Point Inflow US Boundary | Unknown Trib 2 306916, 272943
0704_0731 Point Inflow US Boundary | Newtown Stalaban | 308407, 278601
Stream
0705_Inflow Point Inflow US Boundary | Beaulieu Stream 306877, 277886
0706_Inflow Point Inflow US Boundary | Dry Bridge Stream 306058, 277958
0707_Inflow Point Inflow US Boundary | Dry Bridge Stream Trib 304878, 277741
0708 _Inflow Point Inflow US Boundary | Unknown Trib 1 306119, 274016
0701_03217X Point Inflow Tributary Unknown 292180, 271523
0701_03114 Point Inflow Tributary Unknown 292883, 272078
0701_02754 Point Inflow Tributary Unknown 295269, 274206
0701_01831Br_US | Point Inflow Tributary Unknown 302421, 272656

The lateral inflows as defined in the hydrology report were disaggregated for specific reaches of the

watercourse between hydrology nodes and distributed pro-rata, based on length and applied to each

link (river reach and conduit) along the length of the watercourses.
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Figure 4.3.20: Boyne Upstream Inflow Hydrograph for a 1% AEP Fluvial Flood Event

(6) Model

Boundaries
Downstream

Conditions:

The modelled downstream boundary condition is taken from the ICPSS node
NE_09 at the mouth of the Boyne Estuary where it meets the Irish Sea such that
the effects of extreme coastal water levels in the Boyne Estuary can be
considered within the model. A range of extreme coastal water level boundaries
from 50% AEP to 0.1% AEP have been considered.

The extreme coastal water level boundary has been developed using a tidal
cycle halfway between an astronomical mean high water and a mean high water
spring tide at Dublin Port. A typical 48 hour surge profile has then been applied
to achieve a peak water level at the appropriate ICPSS extreme water level for
NE_09 node. The fluvial design hydrographs have been shifted in time such that

the peak occurs simultaneously with peak water level.

The likelihood of joint occurrence of extreme fluvial events and extreme coastal
events is discussed in the Hydrology Report and it is not considered that there is
evidence of significant joint occurrence. However boundary conditions for the
non dominant event to be considered have been kept at 50% AEP for fluvial and

coastal dominated model runs in line with a precautionary approach.
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Figure 4.3.21: 0.5% AEP Coastal Water Level Boundary applied at
0701_Outflow

The coastal boundary has been applied at the model node ‘0701_Outflow’
representing a 1D boundary at the mouth of the Boyne Estuary where it meets
the Irish Sea. It is not considered that the boundary needs to be applied to a 2D
boundary at this location as the channel is well defined with high ground to either
side.

It is also considered that there is no flood risk to Baltray directly from the open
coastline as a constant high ground level (above 4m) exists between the beach
and the AFA.

(7) Model Roughness:

Roughness values specified for the 1D portions of the model have been specified for each reach for in-

channel and banks where appropriate based on the values laid out in Section 3.3.5.

(& In-Bank (1D | Minimum 'n' value: 0.030 Maximum 'n' value: 0.070
Domain)

(b) MPW Out-of- | Minimum 'n' value: 0.040 Maximum 'n' value: 0.060
Bank (1D)

(c) MPW/HPW Out-
of-Bank (2D)

Minimum 'n' value: 0.013 Maximum 'n' value; 0.070
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Figure 4.3.22 and Figure 4.3.23 and illustrate the roughness values applied within the 2D domain of the

River Boyne computational model. Roughness in the 2D domain was applied based on land type areas

defined in the Corine Land Cover Map with representative roughness values associated with each of the

land cover classes in the dataset as discussed in Section 2.5.
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