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EXECUTIVE SUMMARY
This report presents the work undertaken and the findings of Phase 4 of the Irish Coastal Wave and Water
Level Modelling Study (ICWWS) 2018. The aim of Phase 4 was to assess and estimate the height difference
relationship between Mean Sea Level (MSL) and Ordnance Datum (OD) Malin (OSGM15 and OSGM02) at
relevant gauged and non-gauged locations around the coast of Ireland.
The review of the relationship was undertaken in four stages:
•

Stage 1 - Screening for Identification of Suitable Tide Gauges

•

Stage 2 - Harmonic Analysis and Estimation of Conversions at Gauged Sites

•

Stage 3 - Feasibility Assessment for Estimation of Conversions at Non-Gauged Sites

•

Stage 4 – Estimation of MSL to OD Malin relationship at Non-Gauged Sites

Stage 1 involved the collation and review of all available tide gauge data and the identification of those datasets
which were deemed suitable for consideration in Stage 2. In general those gauges which were subject to
drying or fluvial influence, or which displayed non-harmonic behaviour were ruled out for review at Stage 2,
however in some cases data from non-harmonic gauges were used to add value to Stage 2 by providing a
reference to OD Malin.
Harmonic analysis was undertaken on each of the suitable gauges selected for Stage 2 using the Danish
Hydraulic Institute (DHI) – MIKE 21 toolbox ‘Tidal Analysis of Heights’. Due to sea level rise and other factors,
the MSL to OD Malin relationship is constantly changing, therefore an approach which incorporated sensitivity
testing was adopted. Hence where the length of record and quality of the data was suitable, each gauge
dataset was analysed a number of times, for different periods of record.
Where the Office of Public Works (OPW) and the Marine Institute (MI) have coincident tide gauges,
comparative assessments were undertaken. In all cases the gauges showed good correlation with each other,
which increased the confidence in the Z01 estimations at those locations. Additionally, where a high quality
fluvially influenced gauge was sited in close proximity to a tidal gauge, analysis of the fluvially influenced gauge
was undertaken using a period of low flow to provide increased confidence in the Z0 estimation. All Z0
estimations derived during Stage 2 were collated into a GIS database, so that the geographical variation could
be displayed and reviewed.
The height difference relationship between MSL and OD Malin datum’s is a complex relationship and is
influenced by the shape of the coastline, changes in bathymetry and localised features. There are however
datasets available which are intended to describe the shape or variation of Mean Sea Level around the coast
of Ireland by way of a surface. For Stage 3, these datasets were investigated to determine the potential of
fitting one such surface (or combination of surfaces) to the known Z0 locations and hence deriving a value for
the intermediate points by similarity. Stage 3 concluded that there is a similar trend in the shape of the Z0

1

Z0 is the tidal harmonic equivalent to mean sea level at a gauge location which, when referenced to the datum of the gauge relative to
OD Malin, is representative of the relationship between MSL and OD Malin at that gauge location
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surface for most parts of the coast of Ireland, and thus it was feasible to manipulate the surfaces to align with
the estimations of Z0 at the gauged locations.
Stage 4 therefore involved the derivation of a corrective surface to convert between MSL and OD Malin at nongauged locations. The approach adopted to develop the corrective surface involved deriving a Mean Sea Level
surface using gauge data analysis and combining this with surrogate surfaces to provide the transitional
surface information at non-gauged locations. To achieve this OD Malin datum, together with gauge and mean
sea surface data were all referenced to the same ellipsoid, enabling the relevant corrective surfaces to be
derived arithmetically.
During the completion of Stage 4 it was noted that some surfaces provided better surrogate data in some areas
than others, therefore, spatial zones were defined to utilise the most accurate data in each area. The level of
confidence relating to the gauge location was also used to determine not only how the resulting surface was
derived in the immediate vicinity of the gauge but also to identify the preferred surrogate surface. The derived
surface was used to create the Mean Sea Level to OD Malin (OSGM02) and to OD Malin (OSGM15) correction
surfaces.
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1

INTRODUCTION

This report presents the work undertaken and the findings of Phase 4 of the Irish Coastal Wave and Water
Level Modelling Study (ICWWS) 2018, which aimed to assess and estimate the relationship between MSL and
OD Malin (OSGM15 and OSGM02) at relevant locations around the coast of Ireland. The need for the study
was based on the fact that the MSL to OD Malin relationship used for the Irish Coastal Protection Strategy
Study (ICPSS) was derived over a decade ago, when there was much less tide gauge data available.
Consequently, as the mean sea surface is dynamic and influenced by factors such as climate change, it was
deemed necessary to re-evaluate the relationship between MSL and OD Malin using the significant body of
additional data now available.
The review of this relationship was undertaken in four stages, as listed below and described in detail in the
following chapters:
•

Stage 1 - Screening - Identification of Suitable Tide Gauges

•

Stage 2 - Harmonic Analysis and Estimation of Conversions at Gauged Sites

•

Stage 3 - Feasibility Assessment for Estimation of Conversions at Non-Gauged Sites

•

Stage 4 – Estimation of MSL to OD Malin relationship at Non-Gauged sites
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2

STAGE 1 – SCREENING – IDENTIFICATION OF SUITABLE
TIDE GAUGES

RPS assessed the availability of tide gauge data around the coast of Ireland and collated the most current and
relevant data to establish a relationship between MSL and OD Malin (OSGM15 and OSGM02) at each tide
gauge location. The main sources of data were gauges operated by the Office for Public Works (OPW) and
the Marine Institute (MI), together with a few additional gauges operated by Shannon Foynes Port Company,
Greenore Port, Geological Survey Ireland (GSI) and the EU Joint Research Centre (JRC). Figure 2.1 shows
the geographic spread of the gauges which RPS identified for consideration during Stage 1.

Figure 2.1: Geographic spread of tide gauges for Stage 1 assessment
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Screening involved the collation and review of all available data for the tide gauges indicated in Figure 2.1 to
identify those datasets which were suitable to progress to Stage 2 (Harmonic Analysis). Gauges which were
subject to drying or fluvial influence, or which displayed non-harmonic behaviour were not suitable for review
at Stage 2, however in some cases data from non-harmonic gauges were used to add value to Stage 2 by
providing a reference to OD Malin. Examples of non-harmonic gauges considered at Stage 2 were Wolfe
Tone Bridge and Ferrycarrig Bridge, both of which are OPW gauges which were not suitable for harmonic
analysis but were identified to be reviewed alongside the nearby Marine Institute gauges at Galway Port and
Wexford Harbour respectively, to establish whether datum information could be aligned.
The tide gauges deemed suitable for harmonic analysis, those identified as having potential as benchmarking
locations and those considered unsuitable for Stage 2 are listed in Table 2.1. Giles Quay and Dundalk Port
were subject to drying and were deemed unsuitable for harmonic analysis. Mornington Bridge, Arklow Town
Bridge, Adelphi Quay, Skibbereen, Castlemaine, Blennerville, Moneycashen, Kilcolgan, Oranmore and Port
Bridge were deemed unsuitable due to fluvial influence.
Generally, a gauge record with at least one year of data is preferred for harmonic assessment, however a
number of gauges with shorter records were progressed to Stage 2, to provide spatial coverage noting that
the appropriate confidence bands would be added following the analysis. Figure 2.2 shows the geographic
coverage of the gauges that were progressed to Stage 2 harmonic analysis.
Table 2.1: Summary of suitability assessment of gauge data for Stage 2
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Figure 2.2: Geographic coverage of tide gauges considered suitable for Stage 2
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3

STAGE 2 – HARMONIC ANALYSIS AND ESTIMATION OF
DATUM RELATIONSHIP AT GAUGE SITES

Harmonic analysis for the purposes of estimating Mean Sea Level (MSL) was undertaken on the data from
each of the gauges selected for Stage 2 over a variety of time periods, where sufficient length and quality of
data was available. Ideally for this purpose, a gauge had three consecutive years of data available with minimal
gaps, however, a reasonable estimate of Z0 was established at some locations using a shorter record length.
All records analysed showed harmonic behaviour of the tidal trace, however, it should be noted that for one
particular gauge, Arklow Harbour, the data was not fully harmonic, however this gauge was included in the
assessment to improve spatial coverage for the south east coast of Ireland. This limitation of the Arklow
Harbour gauge data was reflected in the confidence assigned to the Z0 values estimated from the record.
The software and methodology used for the harmonic analysis is described in the following sub sections.

3.1

Tidal Analysis of Heights

Each harmonic analysis was carried out using the DHI – MIKE 21 toolbox ‘Tidal Analysis of Heights’, whereby
a time series of water levels from each tide gauge was analysed over a specified period of time and a set of
tidal harmonics produced. One of these harmonics is referred to as ‘Z0’ which is the relationship between the
datum of the gauge and MSL. Where the gauge is referenced to OD Malin, the Z0 value provides the required
relationship between OD Malin and MSL.
The ‘Tidal Analysis of Heights’ toolbox uses the Institute of Ocean Sciences (IOS) method (by M.G. Foreman,
Reference 1), where the tidal variation is described by harmonic constituents, and provides a detailed
description of a tide at a specific location. Within the software the amplitudes and phases of the harmonics are
calculated via a least squares method, which enables the analysis of records with gaps.
In locations where the tide has been recorded over a number of years, generally a more accurate output can
be achieved, however longer term records carry more risk of a shift in the datum and are affected to a greater
degree by sea level rise and other trends. Consequently, RPS considered a three year period to be the
optimum length of data required, with a minimum of one year of data for a reasonable estimate of Z0 due to
seasonal variations.

3.2

Harmonic Analysis of Varying Time Periods

Due to sea level rise, vertical land movements and changes in regional patterns of atmospheric surface
pressure, winds and ocean circulation, the MSL to OD Malin relationship is constantly changing, therefore it
was deemed appropriate that an approach which incorporated sensitivity testing should be undertaken. Each
gauge dataset was therefore analysed a number of times, for different periods of record, where the available
dataset was long enough. Note that the analysis was undertaken during April and May 2020 and therefore
only included data available prior to this.
The harmonic analysis was initially undertaken on the complete record for each gauge, after the removal of
any erroneous or offset data, or periods of time with significant gaps. As all OPW and Marine Institute gauge
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water levels are reported relative to OD Malin (OSGM15), the estimated Z0 from this analysis gave the
difference between MSL and OD Malin (OSGM15) directly.
Following this, at locations where more than one complete year of data was available, a harmonic analysis
was also undertaken to estimate the Z0 for the latest suitable year of available data and if there were three or
more years of data available, a further estimate of Z0 was also established based on the latest three years of
suitable data.
Finally where circa three years of suitable data was available, harmonic analysis on a rolling basis was
undertaken using a rolling analysis of periods of one year at intervals of one month over the three year period.
The final Z0 estimate for the rolling analysis was the average of those derived for each twelve month period
and equated to the average of twenty five Z0 estimation values for a three year dataset. In cases where
between one and three years of suitable data were available, a rolling analysis was also undertaken and an
average Z0 derived from the smaller number of individual Z0 estimation values.
This output from the rolling analysis enabled the Z0 estimation derived for each twelve month period to be
plotted over time, and thus any trends in the data could be identified. Figure 3.1 shows the result of the three
year rolling analysis for the OPW gauge at Malin Head, where the start date of each twelve month analysis
period is plotted against the Z0 estimation for that period. This data shows a positive trend of circa 4mm a
year, which is comparable with that anticipated for sea level rise (a conservative allowance is up to 5mm per
year) and shows that the gauge is performing as anticipated. Plotting the data in this way also allowed outlier
periods to be identified and removed from the analysis, thus improving the reliability of the assessment. Thus
the rolling analysis was considered to offer a number of benefits compared to basing the estimation of a single
Z0 value for the latest three year period.

Rolling Z0 Estimations
0.070

Z0 Estimation (m)

0.060
0.050
0.040
0.030
0.020
0.010
0.000
22/09/2017 10/04/2018 27/10/2018 15/05/2019 01/12/2019 18/06/2020

Analysis Start Date
Figure 3.1: Rolling Analysis for OPW gauge at Malin Head, showing the variation of Z0 over time
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If a positive or in some cases negative trend was established, the rolling Z0 estimates were de-trended and a
new average calculated, in order to compare with the other estimates of Z0 for a particular gauge. Figure 3.2
shows the Malin Head data when the Z0 values were adjusted (de-trended) for sea level rise.

Figure 3.2: Rolling Analysis for OPW gauge at Malin Head, with de-trend applied

Details of the results of the various harmonic analysis for all gauges considered in Stage 2, including the
various assessment periods, trends identified and range of Z0 estimates are included in Appendix A. A
summary of the estimated Z0 values from the various harmonic analyses can be found in Appendix B.

3.2.1

Coincident Marine Institute and OPW gauges

There are three locations where both the OPW and Marine Institute operate a tide gauge; Malin Head,
Ballycotton and Dunmore East. In each case the analysis of the co-located gauges showed good correlation
with each other, which increased the confidence in the Z0 estimations at these locations.
At Malin Head, there was suitable overlapping data for the two gauges covering the period January 2018 to
April 2019, which enabled a limited rolling analysis of a one year period at intervals of one month to be
completed. The average difference between the Z0 values produced for the two gauges was 5mm.
Similarly, suitable overlapping data for the period April 2017 to April 2020 was assessed for Ballycotton, where
the Z0 estimates of a rolling analysis over the most recent two years, gave differences in the order of ±20mm.
There was greater disparity in the comparison for the year prior to this, with differences up to 70mm, however
the more recent data is of most relevance.
For Dunmore East, the overlapping period of suitable data ran between June 2017 and November 2019 and
was again assessed by a rolling analysis. The most recent months (June 2018 to November 2019) showed
the closest alignment, with differences of ±11mm, whereas differences were up to 90mm for the months prior
to this (June 2017 to May 2018).
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In summary it was concluded that, at all three locations, the data for both the OPW and Marine Institute gauges
gave suitably similar results to confirm that the gauges were operating correctly, and thus give confidence in
the Z0 estimations.

3.2.2

Galway Port and Wolfe Tone Bridge

Given the proximity of the Marine Institute Galway Port gauge and the OPW fluvially influenced gauge at Wolfe
Tone Bridge, it was decided to undertake a comparison to inform the confidence assigned to the Galway Port
gauge. Flow data from the Wolfe Tone Bridge gauge was reviewed to determine an appropriate period for
comparison (Figure 3.3), as during periods of low fluvial influence, the high waters of the two tide gauges
should be aligned. When these were compared, as shown in Figure 3.4, for a period during July 2018, the
average difference in the peaks of the two gauges was 21mm, which provides high confidence in the Z0
estimations derived from the Marine Institute gauge at Galway Port.

Figure 3.3: Identification of low flow period at Wolfe Tone Bridge gauge

Figure 3.4: Comparison of Galway Port and Wolfe Tone Bridge gauges at low flow
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3.2.3

Wexford Harbour and Ferrycarrig Bridge

Similarly to Galway, there is a Marine Institute tide gauge and OPW fluvial gauge located in close proximity at
Wexford. Data from the OPW gauge at Ferrycarrig Bridge during a period of low fluvial flow in May – June
2020 was compared with the Marine Institute gauge at Wexford Harbour and identified a difference of circa
100mm between the two datasets. To establish if this difference was due to a potential inaccuracy in one
gauge or both gauges, or a realistic offset between two gauges situated in different parts of the estuary, a
comparison with the nearby Marine Institute gauge at Rosslare, the datum of which has previously been
verified by Wexford County Council, was also undertaken. This comparison identified a good correlation
between the Marine Institute gauges at Rosslare and Wexford Harbour, with mean levels similar to Ferrycarrig
Bridge over May and June 2020. While the Ferrycarrig Bridge gauge was useful in proving the general
reliability of the Wexford Harbour gauge data, confirming the Wexford Harbour gauge levels within circa
100mm, due to timing issues between the two gauges and uncertainties associated with the origin of the
differences in the water levels between the gauge sites, no change was made in the confidence assigned to
the final estimation of Z0 at the Wexford Harbour gauge.

3.2.4

Greenore

While the Greenore gauge data was deemed suitable for harmonic analysis, there was uncertainty over the
relationship between Gauge Datum and OD Malin (OSGM15). In order to confirm this relationship, an
independent survey by 6-West Ltd. was commissioned to record tidal levels every 15 minutes for the half hour
before and after high and low water. RPS reviewed the survey information and undertook a comparison
between the survey data and the coincident gauge readings, to establish the relationship between Gauge
Datum and OD Malin (OSGM15). Some clock adjustments were required to align the high and low water times,
with the Greenore gauge readings being adjusted from Coordinated Universal Time (UTC) to British Summer
Time (BST) minus 15 minutes to align the two datasets. With this time shift applied, the correlation between
the datasets was reasonable, resulting in an estimated difference of 57mm between the mean level of the
gauge and the surveyed data points to OD Malin (OSGM15), which indicated that the gauge datum level at
Greenore is -2.99m OD Malin (OSGM15).

3.3

Spatial Variation of MSL to OD Malin Relationship

All Z0 estimations derived during Stage 2 were collated into a GIS database, so that the geographical variation
in the MSL to OD Malin relationship could be determined and presented. Figure 3.5 to Figure 3.9 show the
variation of the Z0 values and hence the relationship between MSL and OD Malin (OSGM15) for the complete
record period, latest year, latest three years and rolling annual analysis periods, respectively.
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Figure 3.5: Estimations of Z0 for the complete record of suitable gauge data
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Figure 3.6: Estimations of Z0 for the latest one year period of suitable gauge data
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Figure 3.7: Estimations of Z0 for the latest three year period of suitable gauge data
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Figure 3.8: Estimations of Z0 for the rolling analysis of suitable gauge data over a 1-3 year period
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Figure 3.9: Estimations of Z0 for the rolling analysis of suitable gauge data over a 1-3 year period –
De-trending applied
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3.4

Estimation of Final MSL to OD Malin Relationship for each Gauge

Following comparison of the variation in the Z0 estimates across the analysis periods, a final estimate of the
MSL to OD Malin relationship (Z0) was derived for each location. In those cases where the trend identified
during the rolling analysis was comparable to anticipated sea level rise, the de-trended averaged Z0 estimate
was taken as the most accurate estimate of Z0. However, due to the variation between the gauges, with some
negative and some positive trends not associated with sea level rise being apparent, the best approach at
other locations was deemed to be the use of the Z0 rolling analysis values where available, as the final Z0
estimate for each gauge location. For shorter records, the Z0 estimated from the latest one year of data was
taken as the final value, or in cases where only a few months of data was available, the Z0 estimation was
based on the complete record. The resulting final estimates of Z0 (MSL) relative to OD Malin (OSGM15 and
OSGM02) are shown in Table 3.1.
Each final Z0 estimation was assigned to a confidence band ranging from 1 to 5, as shown in Table 3.1 and
described in Table 3.2. Where an upwards trend comparable to sea level rise was identified from the rolling
analysis, this provided confidence that the gauge was recording as anticipated, and with at least three years
of suitable data this provided the optimum confidence in the estimation of Z0. Less confidence was assigned
to gauges with one to three years of suitable data, with the lowest confidence awarded to gauges with less
than one year of suitable data available. In some cases it was not possible to assign a confidence rating and
these gauges are indicated by a hash symbol (#) in Table 3.1. There are a small number of gauges which
were promoted by one confidence band, for example Ballycotton, Dunmore East, Galway Port and Rosslare
due to good correlation with adjacent gauges or survey data, as discussed in Section 3.2.
Figure 3.10 shows the geographic variation of the final Z0 estimations and their associated confidence bands.
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Table 3.1: Final Z0 estimations relative to OD Malin (OSGM15 and OSGM02) at each gauge location

Sign convention indicates MSL (Z0) relative to OD Malin (OSGM02 and OSGM15), with a positive value indicating MSL is above OD
Malin and a negative value indicating MSL is below OD Malin.

Table 3.2: Confidence bands associated with the final Z0 estimations
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Figure 3.10: Geographic variation of final Z0 estimations (metres) and associated confidence bands
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4

STAGE 3 – FEASIBILITY ASSESSMENT FOR
ESTIMATION OF CONVERSIONS AT NON-GAUGED
SITES

4.1

Feasibility of Further Interpolation to Non-Gauged Locations

The relationship between Mean Sea Level (MSL) and the land levelling datum (OD Malin) is complex and is
influenced by a number of factors such as; the shape of the coastline, changes in bathymetry and localised
features. In open coastal areas the relationship is reasonably linear in the spatial domain, however, within
estuaries, ‘squeeze’ of the tidal flow can often occur resulting in locally elevated mean sea levels. It is therefore
not considered appropriate to carry out linear interpolation between the locations for which Z0 has been derived
from gauge data.
There are however a number of datasets which have been derived to describe the shape (or variation) of the
Mean Sea Level Surface (MSS) around the coast of Ireland by way of a reference surface. During Stage 3
some of these datasets were investigated to determine the potential of fitting one such shape (or a combination
of shapes) to the known Z0 locations and hence deriving a value for the intermediate points by similarity.
To determine the feasibility of extrapolating the Z0 estimates to non-gauged locations around the coast of
Ireland, RPS compared the final estimations of Z0 at gauge locations with the MSS (to OD Malin OSGM02)
used during the Irish Coastal Protection Strategy Study (ICPSS). In order to make a direct comparison, the
surface used for the ICPSS had to be first adjusted to show the relationship between the MSS and OD Malin
OSGM15, in line with the Z0 estimates derived during this study. The published OSi relationship between OD
Malin OSGM02 and OSGM15 was used to convert the surface, using the command line tool available in the
OSi Grid Inquest II software.
In addition, the Mean Sea Level Surface relative to the ellipsoid, generated by the National Space Institute in
Denmark (DTU Space) was also used to compare the shape of the relationships between the MSS and OD
Malin OSGM15. This DTU Space dataset, shown in Figure 4.1, was first translated from its native geoid of
EGM2008 to WGS84 and adjusted to account for the dynamic topography influence.
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Figure 4.1: DTU Space Mean Sea Level Surface (EGN2008)

Following this comparison, it was concluded that there is a similar trend in the shape of the surfaces for most
parts of the coast of Ireland, and thus it should be feasible to manipulate the surfaces to align with the
estimations of Z0 at the gauged locations. Manipulation of the surfaces should be based on the confidence
band of each gauge, with the highest confidence gauges used to provide firm anchor points to which to fit the
surface or surfaces, and the least confident gauges used for guidance and confirmation only. Using this
approach it was deemed feasible to interpolate between the gauged locations to produce a Z0 value anywhere
around the coast of Ireland. However, it was recommended that due to the accuracy of the methodologies
involved, these final MSL to OD Malin (OSGM15 and OSGM02) conversions should not be quoted to any more
precision than the nearest 50mm. A further assessment of confidence at non gauged locations should also
be undertaken.
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5

STAGE 4 – MSL TO OD MALIN CONVERSION AT NON
GAUGED LOCATIONS

Following the completion of Stage 3 and the conclusion that the analysis from Stage 2 had yielded results that
appeared to have a similar spatial distribution to many of the available reference surfaces, the OPW requested
RPS to include the estimation of MSL to OD Malin relationships for non-gauged locations around the coast of
Ireland under Stage 4 of this study. A report providing full details of the work undertaken in Stage 4 of the study
is provided as Appendix C whilst a summary of the methodology and findings is provided in this section.
The purpose of this stage of the study was to derive updated corrective surfaces in order to translate between
the reference datum of Mean Sea Level and OD Malin. Mean Sea Level is generally used for hydrodynamic
modelling, particularly in tidal regimes where harmonic tidal conditions are found. The Malin datum is generally
used for onshore applications such as for the design of coastal defence structures. OD Malin is a surface which
is used to define land levels across Ireland and Mean Sea Level can be evaluated where water levels are
measured i.e. at gauge locations around the coast of Ireland. At the gauge locations the relationship can be
calculated directly therefore the study aim was to determine the relationship around the coast at non-gauged
locations.
Definition of terms:
•

Ellipsoid – a surface that may be obtained by deforming a sphere by means of directional scaling.

•

Geoid – a hypothetical solid whose surface corresponds to Mean Sea Level and its imagined extension
under (or over) land areas.

•

Dynamic topography – local deviations from the geoid.

These are illustrated in Figure 5.1.

Figure 5.1: Definition of terms (Source: International Institute for Geo-Information Science and Earth Observation, Enschede)

5.1

Methodology

The study identified a number of Mean Sea Level approximations (Geoids) which could be used to provide the
shape of the surface between the gauge locations. Each was adjusted to provide the best fit to the known
levels at the gauged locations. These candidate surfaces were considered both individually and in combination
to derive the best approximation by analysing the deviation of the surface approximation at the measured
gauge locations.
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Having determined the best approximation of Mean Sea Level from the candidate surfaces, the measured data
was included at the gauge locations and a blend of both datasets in the vicinity of these sites. The relationship
between Mean Sea Level and OD Malin was then derived for the coast of Ireland. A second Mean Sea Level
surface was also derived which was tailored to the model datum applicable to the models used in Phase 1 to
Phase 3 of the ICWWS 2018.
There are two OD Malin surfaces currently in use, OD Malin (OSGM02) and the more recently updated OD
Malin (OSGM15). The OD Malin surface shown in Figure 5.2 provides the heights from the ellipsoid to OD
Malin (OSGM15) datum. In both cases, the Malin surface is applied as a ‘correction’ to the ETRS89 geoid
which is referenced to the GRS80 ellipsoid. For this study all mean sea surfaces used in the analysis were
referenced to the same ellipsoid to enable the corrective surfaces to be derived arithmetically.

Figure 5.2: OD Malin (OSGM15) Ellipsoid Heights
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This study approached the development of the corrective surface by deriving a Mean Sea Level surface using
a combination of gauge data analysis from Stage 2 and surrogate surfaces to provide the transitional surface
information between these measured locations. The output from this stage of the study was required in the
form of gridded datasets also known as raster data. In order to carry out the analysis of the various surfaces a
common grid and spatial coverage was required, hence for continuity, the base grid implemented was in the
same layout as the original OD Malin (OSGM02) surface provided by OSi and used for the ICPSS (often
referred to as the 10K dataset but in fact the resolution is 9,240m).

5.2

Data Analysis

In total, nine candidate surfaces with the potential to infer the shape of the Mean Sea Level surface between
the gauged data points were considered as summarised in Table 5.1, which also lists the data source. Two
different ellipsoids were referenced to these datasets, namely GRS80 and WGS84. An analysis, as provided
in Appendix C, showed that the height difference in referencing a point to one or other ellipsoid within Ireland
was less than 0.1mm. Therefore, for the purposes of this study, the two ellipsoids were considered to be the
same.
Table 5.1: Candidate datasets
Surface/correction

Equipotential
MSL surface

Ellipsoid

OSi Surface used in ICPSS

ETRS89

GRS80

Danish Space Institute DTU Geoid

EGM2008

WGS84

Danish Space Institute DTUmss
Includes dynamic topography derived by DTU
Space Institute (2010)

EGM2008

WGS84

GeoidEval* geoid calculator

EGM2008

WGS84

UNAVCO** geoid calculator

EGM96

WGS84

GeoidEval* geoid calculator

EGM96

WGS84

GeoidEval* geoid calculator

EGM84

WGS84

OPW/RPS Tidal & Storm Surge Forecast daily
model data

EGM2008

WGS84

OPW/RPS Tidal & Strom Surge Forecast
decoupled model data

EGM2008

WGS84

* https://geographiclib.sourceforge.io/cgi-bin/GeoidEval
** https://www.unavco.org/software/geodetic-utilities/geoid-height-calculator/geoid-height-calculator.html

The suitability of the surfaces was assessed by comparing the standard deviation of the differences from the
gauged values for each candidate surface as detailed in Appendix C. The three surfaces with the smallest
standard deviations from the estimated gauge Z0 values were identified and taken forward in the analysis.
These were:
•

EGM2008 Geoid derived from GeoidEval (EGM2008)

•

ETRS89 OSi Surface used in ICPSS (ETRS89)

•

Tidal and Storm Surge Forecast decoupled model data referenced to geoid EGM2008 from GeoidEval
(TSSF)
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Each of the three selected surfaces was adjusted to counter the offset from the mean Z0 values; i.e. to shift
the surface into line with the gauge Z0 data. This adjustment was undertaken in two stages.
Firstly, the surface was adjusted vertically by the mean error from the gauge Z0 dataset as a whole. The
second stage was to re-assess the residual error over the most reliable gauges. The secondary adjustment
used the mean error of only the gauges with confidence of 1-3 and improved the fit of the surfaces to those
gauges where there is highest confidence. The resulting variation at the gauge locations is shown in Figure
5.3 where gauges are listed in order of confidence and confidence rating is shown after the gauge name.

Figure 5.3: Variation between gauge Z0 and candidate surface with adjusted mean error and
secondary correction for confidence 1-3 applied

The analyses clearly indicated that some surfaces provided better surrogate data in some areas than others,
hence geographical zones were defined to facilitate the application of the best fit surface to each zone without
changing between surfaces too frequently, which had the potential to introduce discontinuities. An assessment
was undertaken to identify, on a site by site basis, which surface provided the best fit, the results of which are
provided in Table 5.2. Where there was little variation between the best and the second best fit this is also
noted and the variation between the two surface fits is given. Where any discontinuity occurred, the confidence
of the gauge data was used to inform which surface was selected for application. The resulting zones as they
were applied are illustrated in Figure 5.4, with the differences between the surface and gauge Z0 values shown
in Figure 5.5. It can be seen that the use of multiple surfaces greatly reduces the disparity compared to using
a single surface.
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Table 5.2: Best fit and Surface Applied to each location
Gauge
Ballyglass Harbour
Roonagh Pier
Rossaveel Pier

Best Fit
Surface
EGM2008

Surface
Applied
EGM2008

Note on fit and/or confidence level

ETRS89

EGM2008

5

ETRS89

EGM2008

3

EGM2008

EGM2008

2

ETRS89

EGM2008

Carrigaholt Pier

EGM2008

EGM2008

Kilrush Lough

EGM2008

EGM2008

TSSF

TSSF

EGM2008

EGM2008

TSSF

TSSF

Galway Port
Inishmore

Shannon Airport
Foynes
Fenit
Dingle Harbour

TSSF

TSSF

EGM2008

ETRS89

Ringaskiddy NMCI

ETRS89

ETRS89

Currach Club

ETRS89

ETRS89

Castletownbere Port

Ballycotton

Close 32mm

4

Close 21mm

3

Close 6mm

2

Close 3mm

#

EGM2008

ETRS89

Youghal Quay

ETRS89

ETRS89

Dunmore East

EGM2008

EGM2008

Rosslare

EGM2008

EGM2008

Wexford Harbour

EGM2008

EGM2008

TSSF

EGM2008

EGM2008

EGM2008

TSSF

EGM2008

Close 16mm

4

Close 18mm

4

Arklow Harbour
Dublin Port
Howth Harbour
Skerries Harbour

TSSF

EGM2008

Port Oriel

ETRS89

ETRS89

Greenore

ETRS89

ETRS89
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Figure 5.4: Surface zone applied in analysis
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Figure 5.5: Variation in Z0 with surface zone applied in analysis

5.3

Mean Sea Level and Corrective Surface Derivation

The interpolated Mean Sea Level surface may be obtained by using some or all of the candidate surfaces with
or without weighting. A number of permutations were tested including using each surface individually and in
combination. The final scenario involved the application of zones as described previously with an overlap to
provide continuity and this Mean Sea Level surface is presented in Figure 5.6. Within this surface the gauge
Z0 values were included at the gauge locations with the level of confidence relating to the gauge location
determining how the resulting surface was derived in the immediate vicinity of the gauge.
The details of all scenarios and their development are presented in Appendix C along with an assessment of
the characteristics of the preferred surface in the context of the other candidate surfaces.
The derived Mean Sea Level surface was used to calculate the Mean Sea Level to OD Malin (OSGM02) and
MSL to OD Malin (OSGM15) correction surfaces, as shown in Figure 5.7 and Figure 5.8, respectively. The
mean level was subtracted from the OD Malin data, i.e. at a location where the OD Malin surface lies above
the Mean Sea Level surface a positive value appears, therefore if an extreme water level is derived to mean
sea level to convert this value to OD Malin the correction value is subtracted.
A second Mean Sea Level surface was also derived which was tailored to the model datum applicable to the
models used in Phase 1 to Phase 3 of the ICWWS 2018.
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Figure 5.6: Derived mean sea surface using zoned surfaces (Scenario 5)
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Figure 5.7: Mean Sea Level to OD Malin (OSGM02) corrective surface
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Figure 5.8: Mean Sea Level to OD Malin (OSGM15) corrective surface

IBE1505/Rp04 | Phase 4 | F02 | 19 October 2020

rpsgroup.com

Page 31

PHASE 4 TECHNICAL REPORT

6

KEY FINDINGS AND CONCLUSIONS

Harmonic analysis has been undertaken at a number of gauged locations around the coast of Ireland, resulting
in the estimation of a Z0 value at each site. This Z0 estimation represents the difference between MSL and
OD Malin (OSGM15) at discrete gauged locations, which was then interpolated to non-gauged sites by means
of a best fitting derived surface.
The key findings of the study were as follows:
•

To perform a reliable harmonic analysis, a three year period is the optimum length of data required,
with a minimum of one year of data for a reasonable estimate of Z0 due to seasonal variations.

•

A harmonic analysis on a rolling basis, assessing periods of one year at intervals of one month over a
three year period enabled the identification of positive and negative trends with the datasets and
associated correlation with sea level rise, whilst allowing any outlier periods to be identified and
removed from the analysis. Although a range of Z0 estimations were made for most of the tide gauge
datasets, the three year rolling analysis was considered the best representation of the relationship
between MSL and OD Malin (OSGM15), and was used to determine the final estimation of Z0 where
possible.

•

Locations where OPW and Marine Institute tide gauges are coincident generally correlate well,
improving the confidence in the estimation of Z0 at these locations and underpinning the reliability of
the datum information at OPW and Marine Institute gauges across the country.

•

No single surface provided the optimum fit to the derived Z0 values at the gauge sites, therefore a
combination of surfaces, applied to different geographical regions were required to create the
corrective surfaces and hence provide a means to convert between MSL and OD Malin at non gauged
locations or sites.
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7

FUTURE IMPROVEMENTS AND RECOMMENDATIONS

In the future, confidence will be further improved at a number of locations where there are recently deployed
gauges. When a year or more of data is available at each of these short record gauges, for example Shannon
Airport, Foynes, Carrigaholt Pier and Currach Club, a more reliable estimate of Z0 could be made, although
the best estimate would require three years of data, and the national interpolation revisited if necessary. Note
the tidal analysis for this study was undertaken during April and May 2020 and therefore does not utilise data
recorded at any of the gauges past this period.
There are also notable gaps in the availability of long term tidal records in some areas around the coast of
Ireland, notably the south east coast and along the Mayo and Cork coastlines. It is therefore recommended
that consideration is given to deploying additional tide gauges in these locations to improve the confidence in
the estimation of the relationship between MSL and OD Malin (OSGM15 and OSGM02). Figure 7.1 shows
the locations of interest for future gauge deployment relative to the gauges used for Z0 estimation in the current
study.
A number of potential gauge sites are depicted at each area of interest, however it would not be necessary to
install gauges at all of these points. Figure 7.1 shows the potential future deployment sites grouped by area /
county, whereby one installation is recommended within each group. It is recommended to consider either
Greystones or Wicklow (shown in brown), alongside Cahore Point (pink) to provide a more complete coverage
of the south east coast. Likewise one or two gauges on the Cork coast between Baltimore and Kinsale would
be beneficial in the estimation of Z0, ideally one from ‘Cork A’ (purple) and a further gauge from ‘Cork B’
(orange). As the Z0 estimation for Dingle differs significantly from Castletownbere and Fenit, a future gauge
deployment at Portmagee (dark blue) would be beneficial on the south west coast. On the Clare coast, a
gauge at Seafield Point or Doonbeg (yellow) is recommended, with a further gauge at Cleggan (light blue) in
Galway. On the Mayo coast, it is recommended that one or two gauges should be deployed between Roonagh
Pier and Blacksod (red) to aid any future analysis. Although Roonagh Pier is included in the current analysis,
the record is available for only a short period in 2017, and thus potential redeployment at this site is an option.
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Figure 7.1: Locations of interest for future gauge deployment, relative to current Z0 estimation gauge
locations
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Appendix A
Summary of Harmonic Analysis for all Stage 2 Gauges
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Appendix B
Summary of Z0 Values derived from Harmonic Analysis
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Appendix C
Derivation of Mean Sea Level to OD Malin Corrective Surfaces for the Coast of Ireland
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SUMMARY
The purpose of this stage of the study was to determine updated corrective surfaces in order to translate
between the Mean Sea Level (MSL) datum and Ordnance Datum (OD) Malin. MSL is generally used for
hydrodynamic modelling particularly in tidal regimes where harmonic tidal conditions are found. OD Malin is
generally used for onshore applications such as for the design of coastal defence structures.
OD Malin is a surface which is used to define land levels across Ireland and Mean Sea Level can be evaluated
where water levels are measured i.e. at gauge locations around the coast of Ireland. The Office of Public
Works (OPW) Hydrometric Section has undertaken a study to accurately level in a number of tidal gauges
around the coast of Ireland to OD Malin (OSGM15) and Stages 1-3 of this study used the data collected from
these gauges to ascertain Mean Sea Level (Z0 values) at these gauge sites. At the gauge locations the
relationship can be calculated directly and the purpose of this stage was to determine the relationship around
the coast of Ireland at non-gauged locations.
A number of Mean Sea Level approximations (Geoids) were identified that could be used to provide the shape
of the surface between the gauge locations. In order to carry out the analysis of the various surfaces a common
grid and coverage was required, hence for continuity, the base grid implemented was in the same layout as
the original OD Malin (OSGM02) surface provided by OSi during the Irish Coastal Protection Strategy Study
(ICPSS).
Each candidate surface was adjusted to provide the best fit to the known levels at the gauged locations. These
candidate surfaces were considered both individually and in combination to provide the best approximation by
analysing the deviation of the surface approximation at the measured gauge locations.
Having determined the best approximation of Mean Sea Level from the candidate surfaces this data was
assigned to the areas between the gauge locations. There are two OD Malin surfaces currently in use, OD
Malin (OSGM02) and the more recently updated OD Malin (OSGM15) and a relationship between Mean Sea
Level and OD Malin was derived for both.
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OVERVIEW OF METHODOLOGY
The purpose of this stage of the study was to determine an updated relationship between the Mean Sea Level
datum used for hydrodynamic analysis and local Ordnance Datum Malin (OD Malin). OD Malin is a surface
which is used to define land levels across Ireland and Mean Sea Level can be evaluated where water levels
are measured i.e. at gauge locations around the coast of Ireland. At the gauge locations the relationship can
be calculated directly therefore the purpose of this stage of the study was to determine the relationship around
the coast of Ireland at non-gauged locations.
A number of Mean Sea Level approximations (Geoids) were identified that could be used to provide the shape
of the surface between the gauge locations. Each was adjusted to provide the best fit to the known levels at
the gauged locations. These candidate surfaces were considered both individually and in combination to
provide the best approximation by analysing the deviation of the surface approximation at the measured gauge
locations.
Having determined the best approximation of Mean Sea Level from the candidate surfaces, this data was
assigned to the areas between the gauge locations. The relationship between Mean Sea Level and OD Malin
was then derived for the coast of Ireland.
As part of the study, a second Mean Sea Level surface was derived which was tailored to the model datum
applicable to the models used in Phases 1 to 3 of the ICWWS 2018.

Definition of terms:
•

Ellipsoid – a mathematical surface that may be obtained by deforming a sphere by means of directional
scaling.

•

Geoid – a hypothetical solid whose surface corresponds to Mean Sea Level and its imagined extension
under (or over) land areas.

•

Dynamic topography – local deviations from the geoid.

These are illustrated in Figure 2-1.

Figure 2-1: Definition of terms (source: International Institute for Geo-Information Science and Earth Observation, Enschede)

There are two Malin surfaces currently in use, OD Malin (OSGM02) and the more recently updated OD Malin
(OSGM15). In both cases, OD Malin is a surface which is applied as a ‘correction’ to the ETRS89 geoid which
is referenced to the GRS80 ellipsoid.
The OPW Hydrometric Section has undertaken a study to accurately level in a number of gauges around the
coast of Ireland to OD Malin (OSGM15) and Stages 1-3 of this study used the data collected from these gauges
to ascertain Mean Sea Level (Z0 values) at these sites as detailed in Table 2-1. Therefore, at the location of
the gauges, a direct relationship could be determined between Mean Sea Level and OD Malin (OSGM15) and
hence OD Malin (OSGM02).
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Table 2-1: Final Z0 estimations relative to OD Malin (OSGM15) at each gauge location

Malin Head
Aranmore Island
Killybegs Port
Sligo
Enniscrone Pier
Ballyglass Harbour
Roonagh Pier
Rossaveel Pier
Galway Port
Inishmore
Kilronan
Carrigaholt Pier
Kilrush Lough
Shannon Airport
Foynes
Fenit
Dingle Harbour
Castletownbere Port
Ringaskiddy NMCI
Currach Club
Ballycotton
Youghal Quay
Dunmore East
Rosslare
Wexford Harbour
Arklow Harbour
Dublin Port
Howth Harbour
Skerries Harbour
Port Oriel
Greenore

E ING

N ING

Authority

242179.9
168286.7
174503.3
162122.8
128396
76652.98
74457.65
95789.65
130086.2
88409.07
129617
84949
98311.94
137959
125454
72900.45
44110.55
68278.47
179049.6
169499
199898.5
210525
269072.2
313534
305026.1
325103.4
318417.3
328507.7
325274.5
317156.5
322388

458518.3
416004.3
376548.8
340292.7
330695
335524.1
280859.6
225201.1
224806
208766.5
224907
151259
154460.5
158992
151966
114729.9
101030.6
45825.14
65335.23
72193
63976.84
78301
99986.11
112941
121872.5
172832.6
234303.3
239647.2
261124
284741.5
311128

OPW
MI
MI
MI
OPW
MI
MI
OPW
MI
MI
GSI/JRC
OPW
MI
OPW
OPW
OPW
MI
MI
OPW
OPW
OPW
OPW
OPW
MI
MI
OPW
MI
MI
MI
OPW
Greenore Port

Final Z0
Estimation1 Confidence Band
(m)
0.046
0.026
-0.013
0.120
0.127
0.084
0.372
0.221
0.042
0.086
-0.588
-0.107
-0.069
0.166
0.063
0.094
-0.277
-0.116
-0.144
-0.092
-0.132
-0.055
-0.125
0.041
-0.046
-0.033
0.068
-0.020
0.020
-0.029
0.020

1
1
1
#
5
3
5
3
2
4
#
5
4
5
5
1
4
3
3
5
2
5
2
4
4
#
3
4
4
3
3

1 Sign convention indicates MSL (Z0) relative to OD Malin (OSGM02 and OSGM15), with a positive value indicating MSL
is above OD Malin and a negative value indicating MSL is below OD Malin

Since the OD Malin (OSGM02) and OD Malin (OSGM15) surfaces are implicit, the approach used for this
stage of the study was to create a Mean Sea Level surface using the gauge values and interpolate using
surrogate data. Where there is varying confidence in the gauged data, this was reflected in the reliance placed
on this data in the vicinity of the gauge locations. Having created a current Mean Sea Level surface this was
then used to determine the ‘correction’ required to move between MSL datum and OD Malin at all locations
around the coast of Ireland.
Candidate data were used in the following two ways:
•
•

as surrogate data to supplement gauge data; and
to determine trends for interpolation of data.

In order to achieve this, all data i.e. OD Malin, gauge and candidate datasets were first referenced to the same
ellipsoid (i.e. GRS80).

IBE1505_ICWWS_Ph4_Pt4_AppC | Rev02 | November 2020

rpsgroup.com

Page 3

DERIVATION OF MEAN SEA LEVEL TO OD MALIN CORRECTIVE SURFACES

DISCRETISATION OF DATA
The output from this stage of the study was required in the form of a gridded or raster dataset. In order to carry
out the analysis, a common grid and coverage was required, hence for continuity, the base grid implemented
was in the same layout as the original OD Malin (OSGM02) surface provided by OSi during the ICPSS. It is
often referred to as the 10K dataset but in fact the resolution is 9,240m. This is illustrated in Figure 3-1.

Figure 3-1: Gridded data coverage used for the study
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DATASETS USED IN THE STUDY
The study utilised all data that was available to inform the analysis, although more reliance was placed on
some datasets than others, depending on the confidence that could be assigned to each particular dataset.
Two basic types of data were used; firstly, implicit data for which information is inherent and could be directly
applied and secondly, the candidate datasets which were used to inform the assessment. The candidate data
was used to infer the shape of the Mean Sea Level surface between the gauged locations.
RPS operates the Tidal and Storm Surge Forecast (TSSF) service on behalf of the OPW. This uses two allIreland models; a daily model which is run three times per day to produce tidal and surge predictions and a
more detailed decoupled model which provides the astronomical tidal component of the total water level
prediction. Both of these models were run for a period of six months to enable the Mean Sea Level value to
be calculated over the model domain. The TSSF models are operated to a Mean Sea Level datum with surface
elevation boundaries from the Danish Space Institute (DTU) global model. The model is calibrated to the gauge
data and therefore the mean values derived from analysis of the six month predictions represent the dynamic
topography element and were referenced back to the geoid.
The implicit and candidate datasets considered are summarised in Table 4-1 and Table 4-2, respectively.
Table 4-1: Implicit datasets
Surface/correction

Equipotential
MSL surface

Ellipsoid

OSi OD Malin (OSGM02)
Local Ordnance datum

ETRS89

GRS80

OSi OD Malin (OSGM15)
Local Ordnance datum

ETRS89

GRS80

OPW/RPS Gauges MSL
Calculated to OD Malin (OSGM15)

ETRS89

GRS80

Surface/correction

Equipotential
MSL surface

Ellipsoid

OSi Surface used in ICPSS

ETRS89

GRS80

Danish Space Institute DTU Geoid

EGM2008

WGS84

Danish Space Institute DTU MSS
Includes dynamic topography derived by DTU
Space Institute (2010)

EGM2008

WGS84

GeoidEval* geoid calculator

EGM2008

WGS84

UNAVCO** geoid calculator

EGM96

WGS84

GeoidEval* geoid calculator

EGM96

WGS84

GeoidEval* geoid calculator

EGM84

WGS84

OPW/RPS Tidal & Storm Surge Forecast daily
model data

EGM2008

OPW/RPS Tidal & Strom Surge Forecast
decoupled model data

EGM2008

Table 4-2: Candidate datasets

WGS84
WGS84

* https://geographiclib.sourceforge.io/cgi-bin/GeoidEval
** https://www.unavco.org/software/geodetic-utilities/geoid-height-calculator/geoid-height-calculator.html

It was noted that two ellipsoids (GRS80 and WGS84) were referenced within these datasets, therefore, further
investigation was undertaken to determine the relationship between these two ellipsoids as reported in
Section 5.
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THE GRS80 AND WGS84 ELLIPSOIDS
The previous section identified that two different ellipsoids were referenced to the datasets used, namely
GRS80 and WGS84. Historically, all data was defined by the GRS80 ellipsoid but, whilst the European
standard (ETRS89) has remained constant, global models have been refined to WGS84. Therefore, there was
a need to ascertain the influence this would have within the context of this stage of the study.
An ellipsoid is a sphere which has undergone flattening or scaling on one axis as shown in Figure 5-1 and is
defined by a mathematical expression. The parameters in the equations for the two ellipsoids (GRS80 and
WGS84) are given in Table 5-1. It is difficult to assess the impact that the change in characteristics would have
on the study by simply examining the values provided in the table, therefore, six test locations were examined.

Figure 5-1: Definition of an ellipsoid (source Wikipedia)

Table 5-1: Mathematical expression for GRS80 & WGS84 ellipsoids
Ellipsoid
reference

Semi-major axis a

Semi-minor axis b

Inverse flattening (1/f)

GRS 80

6 378 137.0 m

≈ 6 356 752.314 140 m

≈ 298.257 222 100 882 711

WGS 84

6 378 137.0 m

≈ 6 356 752.314 245 m

298.257 223 563

The constant for the two ellipsoids is the location of the centre of the earth. At each of the six locations covering
the full extent of the coastline, shown in Figure 5-2, a point was assumed to be located at 55m geodetic height
relative to each ellipsoid. (The geodetic height falls within the range of 50-60m for Ireland for both ellipsoids).
In each case the distance from the centre was calculated and compared to quantify the impact of referencing
a location to each ellipsoid.
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Figure 5-2: Test locations highlighted in blue

The analysis was undertaken using two online tools firstly the APSalinTM Geodetic to Cartesian converter which
provided the Cartesian co-ordinates of each location (as illustrated in Figure 5-3) and secondly the Keisan
Casio Online Calculator which converted this value to spherical co-ordinates. An example of this is shown in
Figure 5-4 where ‘r’ is the distance from the centre of the ellipsoid to the location under examination.
The analysis is summarised in Table 5-2. The difference in referencing a point to one or other ellipsoid
anywhere within Ireland was found to be less than 0.1mm. Therefore, for the purposes of this assessment, the
two ellipsoids were considered to be the same.
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Figure 5-3: APSalinTM Geodetic to Cartesian converter

Figure 5-4: Keisan Casio Online Calculator
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Table 5-2: Comparison of GRS80 and WGS84 ellipsoid data points

* Difference in distance from the centre of the ellipsoid3 being distance from the centre of the WGS84 ellipsoid1 minus distance from the centre of the GRS80 ellipsoid2
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DATASETS AT GAUGED LOCATIONS
The next stage in deriving a Mean Sea Level surface was to assess the candidate datasets in order to
determine which sea level surfaces were suitable for providing surrogate data between the gauge locations to
provide information on the shape of the sea level surface. In order to achieve this, the Mean Sea Level value
at each gauge location was extracted from each candidate surface and the difference from the gauge Mean
Sea Level (Z0) estimated value noted. This data is summarised in Table 6-1 and shown graphically in Figure
6-1. Abbreviations used in the figure are provided within the table heading. Additionally in the figure the gauges
are listed anticlockwise around the coast and prefixed by the directional sector – this is important to note for
the zonal analysis discussed in Section 7.1.
Inspection of these values yielded two findings; firstly, the gauge at Kilronan showed a large variation from all
candidate layers. This, coupled with the low confidence of the Z0 value at Kilronan and, more importantly, the
disparity between this site and other higher confidence gauges in the locality, particularly the Inishmore gauge,
resulted in Kilronan being excluded from further assessment. The second finding was that there was no
obvious horizontal spatial relationship, for example an east-west slope, apparent in the datasets. The more
obvious relationships were vertical offsets.
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Table 6-1: Difference between Gauge Z0 estimated value and candidate surfaces (m)
Gauge
Abbreviation

Malin Head
Aranmore Island
Killybegs Port
Sligo
Enniscrone Pier
Ballyglass Harbour
Roonagh Pier
Rossaveel Pier
Galway Port
Inishmore
Kilronan
Carrigaholt Pier
Kilrush Lough
Shannon Airport
Foynes
Fenit
Dingle Harbour
Castletownbere Port
Ringaskiddy NMCI
Currach Club
Ballycotton
Youghal Quay
Dunmore East
Rosslare
Wexford Harbour
Arklow Harbour
Dublin Port
Howth Harbour
Skerries Harbour
Port Oriel
Greenore

DTU MSS

DTU

GeoidEval

UNAVCO

GeoidEval

GeoidEval

OSI

OPW/RPS

OPW/RPS

EGM2008
dtumss_egm

EGM2008
dtu_egm2008

EGM2008
ge_egm2008

EGM96
un_egm96

EGM96
ge_egm96

EGM84
ge_egm84

ETRS89
osi_etrs89

TSSF daily
ssfday_egm

TSSF decoup
SSFdecoup

-0.508
-0.440
-0.278
-0.276
-0.602
-0.658
-0.663
-0.553
-0.706
-0.687
-1.336
-0.702
-0.661
-0.275
-0.407
-0.189
-0.603
-0.551
-0.881
-0.584
-0.732
-0.358
-0.721
-0.300
-0.010
-0.411
-0.308
-0.563
-0.600
-0.734
-0.328

-0.459
-0.412
-0.251
-0.249
-0.576
-0.637
-0.639
-0.541
-0.691
-0.681
-1.321
-0.701
-0.660
-0.261
-0.394
-0.178
-0.589
-0.508
-0.792
-0.496
-0.643
-0.270
-0.650
-0.245
0.043
-0.376
-0.268
-0.519
-0.553
-0.682
-0.272

-0.333
-0.148
-0.391
-0.155
-0.192
-0.230
-0.386
-0.339
-0.248
-0.393
-0.878
-0.240
-0.229
-0.086
-0.143
-0.214
-0.505
-0.299
-0.216
-0.086
-0.326
-0.195
-0.316
-0.313
-0.356
-0.256
-0.154
-0.244
-0.216
-0.356
-0.290

0.059
-0.249
0.099
0.083
0.093
-0.110
-0.118
-0.336
-0.125
-0.224
-0.755
-0.026
0.018
0.149
0.084
0.107
0.110
0.099
0.174
0.196
0.142
0.177
0.120
0.199
0.138
0.281
0.192
0.124
0.132
0.028
0.306

0.059
-0.249
0.100
0.082
0.094
-0.108
-0.117
-0.336
-0.124
-0.225
-0.754
-0.025
0.018
0.150
0.084
0.107
0.111
0.099
0.173
0.196
0.141
0.178
0.119
0.198
0.138
0.281
0.192
0.124
0.132
0.028
0.306

-0.823
-0.899
-0.688
-0.439
-0.299
-0.183
-0.442
-0.529
-0.158
-0.359
-0.788
0.138
0.273
0.524
0.473
-0.204
-0.520
-0.416
-0.171
-0.078
-0.236
-0.178
-0.082
0.030
0.070
0.234
-0.067
-0.179
-0.257
-0.438
-0.212

0.039
0.266
0.036
0.302
0.293
0.245
0.115
0.163
0.258
0.090
-0.372
0.229
0.239
0.389
0.328
0.248
-0.022
0.130
0.210
0.343
0.119
0.231
0.132
0.121
0.087
0.197
0.312
0.216
0.255
0.117
0.178

-0.304
-0.328
-0.228
-0.175
-0.211
-0.382
-0.405
-0.422
-0.241
-0.412
-0.871
-0.222
-0.228
-0.183
-0.058
-0.289
-0.335
-0.331
-0.241
0.005
-0.351
-0.120
-0.324
-0.422
-0.223
-0.259
0.025
-0.261
-0.236
-0.382
-0.083

-0.304
-0.327
-0.277
-0.173
-0.210
-0.381
-0.404
-0.421
-0.240
-0.411
-0.870
-0.239
-0.214
-0.187
-0.062
-0.232
-0.334
-0.330
-0.240
0.006
-0.350
-0.118
-0.322
-0.102
-0.381
-0.259
0.027
-0.259
-0.234
-0.381
-0.081
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Figure 6-1: Variation between Gauge Z0 estimated value and candidate surfaces
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For the successful application of a candidate surface to define the shape of the Mean Sea Level surface
between gauges, the absolute magnitude of the offset is not important. The critical factor is the variation in the
offset over the application area, therefore, the suitability of the surfaces was assessed by comparing the
standard deviation of the differences from the gauged values as presented in Table 6-2.

Table 6-2: Statistical relationship between Gauge Z0 estimated values and candidate surfaces
Dataset

DTU MSS
DTU EGM2008
GeoidEval EGM2008
UNAVCO EGM96
GeoidEval EGM96
GeoidEval EGM84
OSi ETRS89
OPW/RPS TSSF day
OPW/RPS TSSF
decoup

Average
difference

Standard
Deviation

Average of
confidence 1-3

-0.510
-0.472
-0.262
0.064
0.064
-0.204
0.196
-0.254

0.198
0.197
0.097
0.150
0.150
0.330
0.098
0.118

-0.032
-0.027
-0.014
-0.028
-0.028
-0.161
-0.020
-0.023

-0.248

0.119

-0.028

It was noted that the two tidal and storm surge forecast (TSSF) models yielded similar standard deviation
values, however, it was known that the decoupled model provided better coverage across the analysis domain.
Taking this into account, the three surfaces with the smallest standard deviations from the gauged Z0 estimated
values were identified as
•

EGM2008 Geoid derived from GeoidEval (EGM2008)

•

ETRS89 OSi Surface used in ICPSS (ETRS89)

•

Tidal and Storm Surge Forecast decoupled model data referenced to geoid EGM2008 from GeoidEval
(TSSF)

Each of the three selected surfaces was adjusted to counter the offset from the mean Z0 values; i.e. to shift
the surface into line with the Z0 data. This adjustment was undertaken in two stages.
Firstly, the surface was adjusted vertically by the mean error from the Z0 dataset as a whole; the resulting
variations from mean values (Z0) are shown in Figure 6-2. The gauges are listed in order of confidence and
the confidence rating shown after gauge name The second stage was to re-assess the residual error over the
most reliable gauges; Z0 locations with confidence ratings of 1-3. The secondary adjustment used the mean
error of only these gauges and the result is shown in Figure 6-3. This secondary correction improved the fit of
the surfaces to those gauges where there is highest confidence. However, it is clear from these figures that
the fit is not uniform and different surfaces provide the most suitable values at different locations.
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Figure 6-2: Variation between gauge Z0 and candidate surface with adjusted mean error correction applied (numeral indicates confidence)
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Figure 6-3: Variation between gauge Z0 and candidate surface with adjusted mean error and secondary correction for confidence 1-3 applied
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INTERPOLATION OF MEAN SEA LEVEL SURFACE
7.1

Defining Spatial Zones

The interpolated Mean Sea Level surface may be obtained by using some or all of the candidate surfaces with
or without weighting. A number of permutations were tested including using each surface individually and in
combination. However, it was clear from the results presented in Section 6 that some surfaces fitted better in
some locations than others, therefore, an option involving a spatial variation in the candidate surface was also
examined.
To inform this, an assessment was undertaken to establish, on a site by site basis, which surface provided the
best fit. Spatial zones were then defined to provide the best coverage without changing between surfaces too
frequently as each change had the potential to introduce discontinuities. Table 7-1 shows the surface which
provided the best fit at each gauge location. Where there was little variation between the best and second best
fit this is noted as ‘close’ and the variation between the two surface fits is given. Where any discontinuity
occurred, the confidence of the gauge data was used to inform which surface was selected for application.
The resulting zones, as they were applied, are shown in Figure 7-1 with the resulting differences between the
surface and gauge Z0 values shown in Figure 7-2. It can be seen that the use of multiple surfaces greatly
reduces the disparity compared to using a single surface (by comparing Figure 7-2 with Figure 6-2 and Figure
6-3).
Table 7-1: Best fit and surface applied to each location
Gauge
Ballyglass Harbour
Roonagh Pier
Rossaveel Pier

Best Fit
Surface
EGM2008

Surface
Applied
EGM2008

Note on fit and/or
confidence level

ETRS89

EGM2008

5

ETRS89

EGM2008

3

EGM2008

EGM2008

2

ETRS89

EGM2008

Carrigaholt Pier

EGM2008

EGM2008

Kilrush Lough

EGM2008

EGM2008

TSSF

TSSF

EGM2008

EGM2008

TSSF

TSSF

Galway Port
Inishmore

Shannon Airport
Foynes
Fenit
Dingle Harbour

TSSF

TSSF

EGM2008

ETRS89

Ringaskiddy NMCI

ETRS89

ETRS89

Currach Club

ETRS89

ETRS89

Castletownbere Port

Ballycotton

Close 32mm

4

Close 21mm

3

Close 6mm

2

Close 3mm

#

EGM2008

ETRS89

Youghal Quay

ETRS89

ETRS89

Dunmore East

EGM2008

EGM2008

Rosslare

EGM2008

EGM2008

Wexford Harbour

EGM2008

EGM2008

TSSF

EGM2008

EGM2008

EGM2008

TSSF

EGM2008

Close 16mm

4

Close 18mm

4

Arklow Harbour
Dublin Port
Howth Harbour
Skerries Harbour

TSSF

EGM2008

Port Oriel

ETRS89

ETRS89

Greenore

ETRS89

ETRS89
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Figure 7-1: Surface zone applied in analysis
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Figure 7-2: Variation in Z0 with surface zone applied in analysis

7.2

Combining Datasets

In order to develop a Mean Sea Level surface, the gauge Z0 data points and the surrogate surfaces needed
to be combined to provide a composite surface. This was necessary to preserve the accurate gauge Z0 values
whilst reducing any discontinuities with the surrogate data approximations. Figure 7-3 illustrates the stages
which were undertaken in this process.
Initially the Z0 values were inserted into the common grid structure (A), the Z0 values were then applied to
each adjacent cell in addition to the cell associated with the gauge location (B). This buffer meant that any
discrepancies between the data sets were minimised.
The candidate surfaces were also prepared in the common grid structure (C) and values at the Z0 locations
removed in order to ensure that Z0 values at the gauges were maintained (D). The Mean Sea Level was then
derived by combining the two datasets (B & D) to create a composite dataset (E).
In practice a set of grids were subsequently implemented for Z0 (i.e. grid B) with a separate grid being created
for each confidence level to allow weighting to be applied and to control the overlaying of data. The level of
confidence relating to the gauge location determined how the resulting surface was derived in the immediate
vicinity of the gauge whilst the Z0 value was preserved at the gauge cell location.
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Figure 7-3: Development of interpolated Mean Sea Level Surface (E) from gauge Z0 & candidate MSL
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7.3

Derived Mean Sea Level Surfaces

In total, five Mean Sea Level surface representations (Scenarios) were defined, as outlined in Table 7-2. The
first scenario used all three surrogate layers with equal weighting whilst Scenarios 2 – 4 used each individual
surface. The final scenario involved the application of zones as described previously with an overlap to provide
continuity.
In each case, the Z0 values were set at the location of the gauges and the application of the buffer to the
surface data was weighted by the confidence rating of the gauge data, as described in Section 7.2. For
example, a high confidence (rating 1) was given a weighting of 6 therefore it was more dominant in the
immediate vicinity of the gauge than the applied surface with a weighting 2.

Table 7-2: Derived Mean Sea Level Surfaces

Layer
SSF
EGM08
ETRS89
Z0 confidence 1
Z0 confidence 2
Z0 confidence 3
Z0 confidence 4
Z0 confidence 5
Z0 confidence #

Scenario 1
weight
2
2
2
6
5
4
3
2
1

Scenario 2
weight
2
n/a
n/a
6
5
4
3
2
1

Scenario 3
weight
n/a
2
n/a
6
5
4
3
2
1

Scenario 4
weight
n/a
n/a
2
6
5
4
3
2
1

Scenario 5
weight
2**
2**
2**
6
5
4
3
2
1

**zoned data

The resulting Mean Sea Level surfaces for Scenarios 1 – 4 are presented in Figure 7-4 to Figure 7-7
respectively. However, it was clear from the reduced error in fit that the zoned data (Scenario 5) represented
the preferred surface, as illustrated in Figure 7-8.
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Figure 7-4: Derived Mean Sea Level surface using three surfaces
(Scenario 1)

Figure 7-6: Derived Mean Sea Level surface using EGM2008 surface
(Scenario 3)

Figure 7-5: Derived Mean Sea Level surface using TSSF surface
(Scenario 2)

Figure 7-7: Derived Mean Sea Level surface using ETRS89 surface
(Scenario 4)
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Figure 7-8: Derived Mean Sea Level surface using zoned surfaces (Scenario 5)
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7.4

Sensitivity Testing

Having identified the zoned surface (Scenario 5) as being the preferred
method of interpolation between the gauge Z0 values, the characteristics of
this surface were assessed in the context of the other candidate surfaces
(Scenarios 1-4). Three assessments were made, firstly the range of values
experienced across the datasets (Figure 7-9) and then where the selected
value rested in respect of the maximum (Figure 7-10) and minimum (Figure
7-11) values.

In many areas the three surfaces were in close proximity to one another,
however, there were some areas, particularly associated with nearshore
locations and estuaries, where the difference might be significant. In the
case of the pure geoid surfaces, the localised dynamic topography would
not be defined, so relatively small areas which are influenced by rapid
changes in bathymetry or topography would not be well represented. In
many of these areas, the TSSF modelled surface has been utilised as a
result of the best-fit surface selection procedure which was applied. The
characteristics of these regions would be included within this modelled
surface and therefore show better correlation with the gauge data than the
geoid surfaces.

When the selected surface was examined with respect to the range of values
which could be derived from the three candidate surfaces, it was noted that
the zoned surface lay in closer proximity to the minimum values.

Figure 7-9: Range of Mean Sea Level values derived from candidate
surfaces (5 Scenarios)
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Figure 7-10: Difference in derived surface value from maximum value

Figure 7-11: Difference in derived surface value from minimum value
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MEAN SEA LEVEL TO OD MALIN CORRECTIVE
SURFACES
The purpose of this stage of the study was to derive corrective surfaces in order to convert between the Mean
Sea Level datum and OD Malin. Mean Sea Level is generally used for hydrodynamic modelling particularly in
tidal regimes where harmonic tidal conditions are found. OD Malin is generally used for onshore applications
such as for the design of coastal defence structures.
The two OD Malin surfaces (OSGM02 and OSGM15) were referenced back to the ellipsoid GRS80 as
illustrated in Figure 8-1 and Figure 8-2. The derived Mean Sea Level surface was also referenced to this
ellipsoid which enabled the corrective surfaces to be derived arithmetically
The corrective surface for Mean Sea Level derived utilising the gauge data is presented in Figure 8-3 and
Figure 8-4 for OD Malin (OSGM02) and OD Malin (OSGM15), respectively. In preparing these figures, the
Mean Sea Level value was subtracted from the corresponding OD Malin data, i.e. at a location where the OD
Malin surface lies above the Mean Sea Level surface a positive value appears. Thus, if an extreme water level
is derived to mean sea level to convert this value to OD Malin the corrective value is subtracted.
A second Mean Sea Level surface was also derived which was tailored to the model datum applicable to the
models used in Phases 1 to 3 of the ICWWS. This Mean Sea Level surface was calculated by running the
model for a period of six months and determining the mean surface elevation at each location. This was
referenced back to the model datum ellipsoid to calculate the corrective surface. For completeness these are
presented in Figure 8-5 and Figure 8-6 for OD Malin (OSGM02) and OD Malin (OSGM15), respectively. As
before the Tidal and Storm Surge Forecasting (TSSF) model surface was subtracted from the OD Malin
datasets.
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Figure 8-1: OD Malin (OSGM02) Geodetic Height

Figure 8-2: OD Malin (OSGM15) Geodetic Height
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Figure 8-3: Mean Sea Level to OD Malin (OSGM02) corrective surface
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Figure 8-4: Mean Sea Level to OD Malin (OSGM15) corrective surface
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Figure 8-5: Model Mean Sea Level to OD Malin (OSGM02) surface
correction

Figure 8-6: Model Mean Sea Level to OD Malin (OSGM15) surface
correction
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