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Abstract

With the continued rise in global mean sea level, operational predictions of tidal height and total water levels have become
crucial for accurate estimations and understanding of sea level processes. The Dutch Continental Shelf Model in Delft3D
Flexible Mesh (DCSM-FM) is developed at Deltares to operationally estimate the total water levels to help trigger early
warning systems to mitigate against these extreme events. In this study, a regional version of the Empirical Ocean Tide model
for the Northwest European Continental Sea (EOT-NECS) is developed with the aim to apply better tidal forcing along the
boundary of the regional DCSM-FM. EOT-NECS is developed at DGFI-TUM by using 30 years of multi-mission along-track
satellite altimetry to derive tidal constituents which are estimated both empirically and semi-empirically. Compared to the
global model, EOT20, EOT-NECS showed a reduction in the root-square-sum error for the eight major tidal constituents of
0.68 cm compared to in situ tide gauges. When applying constituents from EOT-NECS at the boundaries of DCSM-FM, an
overall improvement of 0.29 cm was seen in the root-mean-square error of tidal height estimations made by DCSM-FM, with
some regions exceeding a 1 cm improvement. Furthermore, of the fourteen constituents tested, eleven showed a reduction of
RMS when included at the boundary of DCSM-FM from EOT-NECS. The results demonstrate the importance of using the
appropriate tide model(s) as boundary forcings, and in this study, the use of EOT-NECS has a positive impact on the total
water level estimations made in the northwest European continental seas.
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1 Introduction the sea level, such as storm surges, can be further exac-

erbated when coinciding with high oceanic tides and can
The ocean is influenced by a variety of physical processes  therefore increase the likelihood of coastal flooding (Muis
which create complex circulation structures and variable sea et al. 2016). For this reason, alongside having high impor-
surface patterns. One of these processes is the motion caused ~ tance for geodetic and altimetric applications, tides should
by the gravitational interaction between the Earth, Sun and ~ be carefully considered to improve our understanding of the
Moon called ocean tides. Ocean tides are a significant con- ~ ocean surface and the implications of short- and long-term
tributor to the circulation and water levels of the global ocean. ~ S¢@ level rise events (Arns et al. 2017; Intergovernmental

In the coastal regions, events that cause episodic rises in ~ Fanel on Climate Change 2022).
The theory of ocean tides is well-known due to the relative

simplicity and predictability of its forcing (Egbert and Ray
2017). The development of the harmonic method (Darwin
1891) allowed for the decomposition of ocean tides into a
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' Deutsches Geoditisches Forschungsinstitut, Technische finite number of harmonic constants or constituents which
Universitét Minchen (DGFI-TUM), Munich, Germany can be estimated and combined to provide predictions of the
2 Deltares, Delft, Netherlands full tidal signal (Pugh 1987; Cartwright 1999). In practice,
3 Nansen Environmental and Remote Sensing Center, Bergen, models of ocean tides do not provide full estimations of the
Norway hundreds of tidal constants due to the computational effort as
4 Delft Institute of Applied Mathematics, TU Delft, Delft, well as the Complexity of modelling these constituents. How-
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in most regions, from a small number of these constants
termed the major tidal constituents. A study by Egbert and
Ray (2017) demonstrates that 99% of the total tidal vari-
ance can be captured by fourteen harmonic constants and
99.99% of the variance by eighty constants. This demon-
strates the importance of accurately estimating these major
tidal constituents to reduce the overall error in ocean tide
prediction. However, accounting for the additional smaller
constituents, either through direct estimations or inferences
using linear admittance, remains crucial for the full tidal esti-
mations (Hart-Davis et al. 2021b).

Although tides have been studied and observed for hun-
dreds of years, advances in our understanding are continuing
to take place (Woodworth et al. 2021). This is largely due
to the availability of satellite altimetry which allows for a
larger spatial observation of the global sea surface than what
can be provided by in situ measurements obtained, for exam-
ple, from tide gauges. The TOPEX/Poseidon (TP) and Jason
(JA) series of satellite altimeters have provided a consistent
sampling on a tide-favourable orbit for 30 years, which has
allowed for ocean tides in the open ocean to be well studied
during this period (for example, Provost et al. 1995; Ander-
sen 1995; Egbert and Ray 2003; Savcenko and Bosch 2012;
Hart-Davis et al. 2021a). Additionally, data from the Envisat-
ERS-Saral altimeters have provided a large temporal dataset
on a constant orbit that is different to that of the TP-JA orbit.
When these data are combined and used in empirical models,
there has been an overall improvement in the tidal estimations
(Hart-Davis et al. 2021a).

Recent developments in tidal modelling have continued
to improve our understanding of global ocean tides (Lyard
et al. 2021). Although the estimation of open ocean tides
is relatively reliable, largely thanks to the previously men-
tioned availability of satellite altimetry, weaknesses continue
to remain in the coastal and shelf regions (Stammer et al.
2014). Land contamination of satellite altimetry data nearer
to the coast and poorly resolved bathymetry products are key
culprits to these weaknesses, not to mention the complex-
ity of tides in the coastal regions. Satellite altimetry-derived
empirical ocean tide models benefit from developments made
in the field of coastal altimetry, with clear evidence being
shown in two recent publications (Cheng and Andersen
2017; Hart-Davis et al. 2021a), with the latter demonstrat-
ing the importance of the retrieval of data closer to the coast,
made possible by the use of the ALES retracker (Passaro
et al. 2014). As these tide models continue to improve, they
become more valuable as corrections within coastal altimetry
applications, but these improvements serve several different
applications. One such application is the use of these tide
models as boundary forcings for operational ocean models,
which rely on tide models to account for the tidal influence
which is crucial in terms of improving the model accuracy.
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One such operational model is a series of hydrodynamic
models for the Northwest European Shelf developed for the
Dutch Directorate-General for Public Works and Water Man-
agement (Rijkswaterstaat) (Goede 2020). The latest model,
the Dutch Continental Shelf Model in Delft3D Flexible
Mesh (DCSM-FM), has been developed using the state-
of-the-art unstructured hydrodynamic modelling software
Delft3D Flexible Mesh Suite (Zijl and Groenenboom 2019;
Kernkamp et al. 2011). Previous generation models were
specifically aimed at operational forecasting of water levels
under daily storm surge conditions and were schematized as
depth-averaged 2D tide-surge models (Zijl et al. 2013, 2015).
This latest generation model has been proven to be suitable
for a wider range of applications such as water quality and
ecology studies, oil spill modelling, search and rescue and
providing three-dimensional boundary conditions of salinity
and temperature for detailed models. The high value of water
level forecasting within DCSM-FM underlines the impor-
tance of providing appropriate tidal boundary forcings, which
play a significant role in determining the accuracy of the
model.

The aims of this manuscript are two-fold: the first is to
develop a regional high-resolution version of an empirical
ocean tide model that improves on the global configuration
with respect to in situ measurements and provides additional
tidal constituents previously not included. The second aim
is to apply this improved regional tide model to the hydro-
dynamic model DCSM-FM at the boundaries to improve the
model’s estimation of the tidal height and total water lev-
els with respect to in situ measurements along the northwest
European continental shelf. The manuscript is structured as
follows: a detailed description of the developed regional
Empirical Ocean Tide for the North European Continental
Shelf (EOT-NECS) model, as well as the presentation of
an updated tide gauge dataset (TICON-3), is presented in
Section 2. The EOT-NECS model is then validated against
these tide gauges and, where appropriate, is contrasted to both
EOT?20 and the FES2014 tide models in Section 3. In Sec-
tion 4, DCSM-FM is described before several experiments
are presented and evaluated that aim at improving the mod-
els’ tidal height and total water level estimations. Finally,
a conclusion is made based on both of the aims mentioned
above, and potential further developments which would ben-
efit DCSM-FM are discussed.

2 Data and methodology
2.1 EOT-NECS

The EOT20 model provided a valuable global ocean tide
product that has proved to be useful for the field of satellite
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altimetry, particularly in its use in the tidal correction (Hart-
Davis et al. 2021a). Through the continued use of the model
as well as user feedback, several avenues were identified
that would benefit the accuracy of the model. The most
obvious initial addition to the Empirical Ocean Tide (EOT)
model configuration is the inclusion of several additional
satellite altimetry missions. These altimeter datasets are the
Sentinel-3A (S3A), Sentinel-3B (S3B), Saral (SA), Saral
drifting phase (SDP) and Sentinel-6A (S6A) missions, the
latter being the latest extension of the long-standing TP-JA
orbit (an overview of the missions used and their respective
time-period is provided in Fig. 1). There is additional value in
the inclusion of the SA altimeter which continues the orbit of
the ERS-Envisat (ER-EN) missions also previously included
in EOT20; however, due to the sun-synchronous orbit of these
missions, also for S3A and S3B, these orbits cannot be used
alone to derive a full estimation of the ocean tides.

The additional altimetry missions provide new orbits into
the model (Fig.2), which are appropriate for optimising the
weighted sea-level anomaly (SLA) estimations for each node
of the EOT configuration. Using these data, two EOT mod-
els are created: (1) a purely empirical model made out of
only satellite altimetry data and uses no reference tide model
to correct the SLA data and (2) a residual tide model based
on using the FES2014 as a tidal correction for the SLA data.
These two models follow the same methodology described in
Hart-Davis et al. (2021a). The SLA data were obtained from
along-track altimetry by applying the altimetry corrections
listed in Table 2 of Hart-Davis et al. (2021a). Additionally,
the model configuration was refined to more accurately deal
with the instrument error from the altimetry observations and
improve the outlier detection to allow for more reliable input
data used in the tidal analysis. These two refinements are
important points to account for the difficulties of sea level
retrieval from satellite altimetry (Cipollini et al. 2017). These
were identified as points of improvement in EOT20 since it is

clear that when not appropriately accounted for, outliers and
errors in SLA data will negatively influence the amplitude
and phase determinations of tidal constituents. As described
in Savcenko and Bosch (2012) and Hart-Davis et al. (2021a),
a variance component estimation (VCE) is also conducted
within EOT to allow for the combination of different mis-
sions by weighting each mission based on their variances
calculated for each node using an iterative process. In addi-
tion, all the missions used were cross-calibrated and adjusted
to each other by applying radial corrections (Bosch et al.
2014).

Once completed, the tidal analysis is conducted on the
resultant SLA observations to estimate the harmonic con-
stants of individual constituents of interest. Due to the
resultant tidal estimation being the sum of the ocean and load
tide contributions, known as the elastic tide, a final step to
separate the ocean and load tide contributions is done follow-
ing the technique presented in Cartwright and Ray (1991);
Savcenko and Bosch (2012); Hart-Davis et al. (2021a), with
only the ocean tide component being of interest for the rest
of this study.

The models are gridded onto a 1/16 degree spatial resolu-
tion, which is an increased spatial resolution relative to the
global EOT20 model (1/8 degree). A total of 42 constituents
for both model versions are estimated. These constituents
were chosen based on the requirements of the work presented
later in this publication; however, these tides were also within
the capabilities of the altimetry data used to make the tidal
estimations. The two model versions allowed all constituents
available in the reference tide model, FES2014, to be taken
and additional constituents not contained within the FES2014
atlas to be estimated as purely empirical estimations. This
combined residual and empirical set of constituents resulted
in the Empirical Ocean Tide model for the Northwest Euro-
pean Continental Sea (EOT-NECS). The list of constituents
used is the same as those presented in Section 4.

ERS-1C ERS-1G Saral Sentinel-3B
ERS-2 Saral DP
Envisat Sentinel-3A
Jason-1 Jason-3
Topex Jason-1 EM Jason-2 EM
Topex EM Jason-2 Sentinel- ’A
1992 1994 1996 1998 2000 2002 2004 2006 2010 2012 2014 2016 2018 2020 2022 2024

Fig.1 The satellite altimetry data used in EOT-NECS, taken from Ope-
nADB (https://openadb.dgfi.tum.de/en/). The missions presented with
the same colours are those that follow the same orbit. Note for the final

version of EOT-NECS data up until 2022-10-31 is used, indicated by
the black vertical black line within the plot
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Fig.2 The spatial coverage of the altimetry data used in the (a) EOT20 and (b) EOT-NECS tide models

Limitations can be placed on the estimation of certain
tides if the orbit of the satellites are not able to properly
resolve certain tidal constituents. The ER-EN-SA and the
S3A/S3B orbit missions, for example, are not able to make
estimations of the solar tides (S1, S2, etc) based on their
sun-synchronous orbits. The aliasing period, the length of
data required to estimate individual constituents based on the
respective orbits of the missions, is also important to consider
when including altimetry missions which have been provid-
ing data for a relatively short period. All 42 constituents can
be safely estimated following the Rayleigh criteria follow-
ing the technique presented in Smith (1999) with the resultant
calculations shown in Fig. 11 in the Appendix.

2.2 Tide gauge validation dataset

Tide gauges provide valuable data for the validation of ocean
tide models. Using the GESLA-2 tide gauge dataset, a dataset
of TIdal CONSstants (TICON) was produced in Piccioni et al.
(2019). In late 2021, an update to the GESLA dataset called
GESLA-3 was produced which quadrupled the number of
globally available tide gauges (Haigh et al. 2022). Based
on this, an update to TICON, termed TICON-3, was done,
which increased the number of tide gauges and maintained
the same 40 constituents included in the previous version
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of the dataset (Hart-Davis et al. 2022a). A total of 3471
tide gauges are now available within the TICON-3 dataset,
with additional information being included from the provided
GESLA-3 files about whether the tide gauge is a coastal, lake
or river tide gauge. Figure 3 demonstrates the global distribu-
tion of TICON-3 and the subset in the north European shelf
used to validate the developments of EOT-NECS model.

Although the GESLA-3 updated dataset includes 5119
tide gauges, several of these have a relatively short time series
(less than 1 year) which does not meet the requirements of
data required in the TICON processing to have at least 1 year
of continuous data. Furthermore, there are several duplicated
tide gauges which is a result of obtaining data from multiple
data sources. In TICON-3, these gauges remain within the
dataset to allow users themselves to distinguish which data
sources they would like to use. In this study, duplicated tide
gauges are removed from the analysis to reduce impacts on
the estimated mean statistics. Additionally, for some of the
minor tides estimated, not all tide gauges may be appropriate
based on the length of available time series. Again, these data
remain within the TICON-3 dataset; however, care should be
taken when interpreting the resultant estimations for these
minor tides. In this study, when validating the minor tidal
constituents, only gauges with at least 5 years” worth of data
are used to account for potential errors that may occur in
shorter time series.



Ocean Dynamics (2023) 73:475-491

479

Fig.3 The global distribution of
tide gauges within the TICON-3
dataset, with a subplot shown to
demonstrate the tide gauges
used to validate EOT-NECS.
The coloured dots represent the
M2 amplitudes estimated at the
individual tide gauges, while the
background plot shows the M2
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3 Validation of EOT-NECS

The TICON-3 dataset, which contains 389 tide gauges in the
domain of interest (Fig.3), is used to validate the results of
the developed EOT-NECS compared to both FES2014 and
EOT20 (Fig.4). Here, the root-mean-square error (RMS) for
constituents and the root-square-sum error (RSS) for the eight
major tides are compared, following the techniques presented
in Stammer et al. (2014) which uses the modelled amplitude
(A,;) and phase (p;;) and the observed amplitude (A,) and
phase (p,) for each constituent to determine the RMS as
follows:

RMS :\/(A,,. c0S(Po) —Am. cos(pm))2+(A,. sin(py) — Ay sin(py )2,

ey

and then the RSS is estimated for each tide gauge based on
the RMS of the eight major tides.

RSS=\/ZRMS[Mz,Sz,KI,KZ,NZYPI‘Olle]' 2

For each tide gauge, the RSS and RMS were estimated
and are presented in both Figs. 4 and 5. For each of the major
tides, there is an overall mean improvement in EOT-NECS
compared to EOT20 with an average RSS improvement being
0.678 cm, with this being seen in the majority of tide gauges
in the domain. This is somewhat expected based on the exten-
sion of the TP-JA orbit with the incorporation of additional
data from Jason-3 as well as the inclusion of the recent
Sentinel-6A. This extension means that the TP-JA orbit is
sampled for 30 years allowing for a reliable estimation of
the major tidal constituents and the additional estimation of
some of the minor tidal constituents. Based on these results,

60°W 0°

120°W 60°E 120°E 180°E

the extension of the previously used altimetry datasets, the
incorporation of new altimetry data and the improved spatial
resolution of the model benefit the resultant tidal estimations.

In Fig. 5, the RMS of additional constituents is presented.
Tides available in EOT20 continue to improve in the EOT-
NECS model except for the SA tide, which showed a slightly
degraded RMS. EOT-NECS improves the estimates for all
constituents compared to FES2014 besides the NU?2 tide,
which shows a higher mean RMS. For the constituents where
FES2014 does not contain data, these constituents in EOT-
NECS were derived from purely empirical estimates and do
not benefit from the use of the FES2014 reference model in
the coastal region. Several of these constituents, which are
minor tidal constituents having small tidal signals compared
to the major tides and a small contribution to the overall tidal
signal, have relatively high RMS values compared to tide
gauges. These tides are difficult to estimate directly from
satellite altimetry data based on their small signals com-
pared to the noise of altimetry data retrieval, particularly in
the coastal regions. However, these tides are not available in
empirical estimations and were sources of errors in DCSM-
FM, making them prime candidates for experimental testing
later on in this study.

Of particular interest is the inclusion of the MA2 and MB2
constituents which can reach relatively large amplitudes in
certain regions both globally and within the region of inter-
est (Ray 2022). To the best of our knowledge, these tides are
not available in any global empirical ocean tidal atlases that
could be used in this region, at least none that are publicly
available, which motivated their incorporation into the EOT-
NECS developments and, eventually, within DCSM-FM. The
tide gauges in this region indicate a mean tidal amplitude of
1.61 cm and 1.15 cm for the MA2 and MB2 constituents,
respectively, reaching up to 10.30 cm and 8.69 cm, respec-
tively. Considering the relatively small amplitudes, the RMS
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Fig.4 (a) RMS against 389 tide gauges in the North-West European Coastline of the eight major tidal constituents. (b) RSS difference between
EOT20 compared to EOT-NECS. Blue indicates a lower RSS for EOT-NECS, and red indicates a higher RSS

differences of EOT-NECS are relatively high for these two
constituents, exceeding 1cm on average. However, despite
this, we expect the open ocean estimation of these tides to
be better relative to the coastal region, and therefore, these
two tides are still appropriate for testing as a tidal boundary
forcing.

In the production of EOT?20, a first look at uncertainties
was conducted by estimating the variance factor of the model.
This so-called variance of unit weight (see Béhr et al. 2007,
for example) is determined during the VCE by evaluating
the weighted sum of squares of the residuals for each node
of the model based on the input altimetry datasets. Based
on the results of the VCE, a variance factor can be deter-
mined for each node of the model and can be complemented
with the tide gauge analysis to evaluate whether the tidal
estimations are improving. Although this quantity does not
represent the full model uncertainties, due to the absence of
uncertainty metrics in FES2014, it provides valuable insights
especially to assess performance differences between differ-
ent model versions when combined with the full in situ tide
gauge validation.

It is expected that if the variance factor of EOT-NECS
decreases with respect to EOT20, the estimations of EOT-
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NECS are improved. To test this, the percentage vari-
ance factor difference is estimated following var,,., =
((ar oo = Varzor_yecs)/Var gorao)-100, with the results
presented in Fig. 6. Throughout the model domain, there is
a reduction in uncertainties in the updated model configura-
tion. Larger variance reductions are seen in regions of large
tidal ranges, particularly in the Bay of Biscay, the English
Channel and the Irish Sea. The variance differences further
cement the idea that the changes made to the EOT model
have an overall positive impact on the estimation of tides.

4 Using EOT-NECS as boundary forcing of
DCSM-FM

4.1 Description of DCSM-FM

The Dutch Continental Shelf Model in Delft3D Flexible
Mesh (DCSM-FM) covers the Northwest European Conti-
nental Shelf from 15°W to 13°E and 43°N to 64°N. The
model has been developed in the Delft3D Flexible Mesh Suite
(Kernkamp et al. 2011), which allows for an unstructured grid
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Fig. 6 The percentage variance factor change of EOT-NECS with
respect to EOT20 as determined from the VCE described in (Savcenko
and Bosch, 2012; Hart-Davis et al., 2021a). A reduction in variance is
shown as blue, and an increase is red

approach. The grid of the horizontal schematization has an
increasing resolution from 4 nm (nautical miles)/7.408 km in
deep oceanic waters to 0.5 nm/0.926 km in shallow coastal
waters and the southern North Sea. Refinements with a fac-
tor of 2 by 2 are placed at roughly the 800m, 200 m and
50m isobaths which ensures the grid cell size scales with
the square root of the depth to limit variations in the wave
Courant number.

The model bathymetry is derived from the bathymetric
data of EMODnet Bathymetry Consortium (https://www.
emodnet-bathymetry.eu/EMODnet Bathymetry Consortium
2020) and the Dutch Directorate-General for Public Works
and Water Management (Rijkswaterstaat). Depths are written
to the grid nodes based on the average value of the data within
a surrounding area of the size of the corresponding grid cells.
Other geometric information, such as dry areas, thin dams
and weirs, are based on the World Vector Shoreline (https://
shoreline.noaa.gov/) and data by Rijkswaterstaat. For the
bottom roughness, a spatially varying Manning roughness
coefficient is used. The Manning roughness coefficient varies
from 0.012 to 0.050 s/m'/3. This value is calibrated for mul-
tiple areas within the model domain to obtain an optimal
water level representation. The method used is explained in
Zijletal. (2013). For this calibration, simulations with the 2D
depth-averaged model were conducted for 2017 to converge
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the model results to water level observations at more than
200 tide gauges within the model domain (Zijl et al. 2013).
The spatial forcing of the air-sea momentum flux in the
model is taken from the ERAS reanalysis dataset by ECMWF
(Hersbach et al. 2017). For consistency with the atmospheric
boundary layer in ERAS, the same temporally and spatially
varying Charnock coefficient is used for the air-sea momen-
tum exchange. In the 3D model, additional spatial forcing for
the heat flux is included from ERAS. To account for the radia-
tive heat fluxes, the surface net solar (short-wave) radiation
and the surface downward long-wave radiation have been
imposed, while the surface upward long-wave radiation is
computed based on the modelled sea surface temperature. In
addition, freshwater discharges at 847 locations are included
as monthly mean discharges based on climatology from E-
HYPE (Hackett et al. 2013). At the open boundaries, water
levels are forced as a combination of different components,

(a)

63°N

60°N

57°N

54°N

51°N

48°N

45°N

5°W 0° 5°E

15°W 10°W

Fig.7 The position of the lateral boundaries of the DCSM-FM model
where the model is tidally forced. In this figure, the background is the
EOT-NECS S1 tidal amplitude with the markers indicating the posi-
tion of the boundary and the associated amplitude. (b) demonstrates the
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with the amplitude and phases of tidal constituents being
included (see Fig.7 for an illustration of the S1 tide). Cur-
rently, these tides have been taken from a combination of
the DCSMv6, GTSMv4.1 and FES2014 models (Table 1).
Based on the information provide by the models, a tidal water
level signal is constructed within Delft3D Flexible Mesh as
a combination of simple harmonic constituent motions. To
determine this signal, the nodal amplitude factor and astro-
nomical argument are automatically re-calculated every 6h.
In addition, tide-generating forces within the model domain
are included. These forces are based on the gravitational
forces of the terrestrial system on the water mass. Further-
more, an estimation of offshore surge levels is included by the
addition of an inverse barometer correction (IBC) based on
the local atmospheric pressure. Lastly, a daily mean sea sur-
face height is forced to include the density-driven effects or
the mean dynamic topography (MDT) at the boundaries taken
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Table 1 The list of constituents and their associated angular frequency
[°/h] used on the boundaries to force DCSM-FM, with original sources
taken either from DCSMv6, GTSMv4.1 or FES2014. The column
‘Experiment’ describes the respective experiment where these tides are
replaced with those from EOT-NECS. The T is used for the SA tide,
which for the 2D model version uses DCSMv6 while the 3D model uses
FES2014

Tide Angular frequency Source Experiment
SA 0.041069 DCSMv6 * 3D-DCSM
SSA 0.082137 FES2014 DCSM-D
MM 0.544375 FES2014

MSF 1.015896 FES2014

MF 1.098033 FES2014

MFM 1.642408 FES2014

MSQM 2.113929 FES2014

2Q1 12.85429 GTSMv4.1 DCSM-D
SIGMA1 12.92714 GTSMv4.1

Q1 13.39866 FES2014

RHO1 13.471515 N/A DCSM-C
O1 13.94304 FES2014

NO1 14.49669 GTSMv4.1

PI1 14.91786 GTSMv4.1

P1 14.95893 FES2014

S1 15 FES2014 DCSM-B
K1 15.04107 GTSMv4.1

LABDA2 15.51259 FES2014 DCSM-D
11 15.58544 FES2014

EPSILON2 27.42383 FES2014

2N2 27.89535 FES2014

MU2 27.96821 FES2014 DCSM-D
N2 28.43973 GTSMv4.1

NU2 28.51258 FES2014 DCSM-D
MA2 28.943036 N/A DCSM-C
M2 28.9841 GTSMv4.1

MB2 29.025173 N/A DCSM-C
MKS2 29.06624 FES2014 DCSM-D
L2 29.52848 FES2014 DCSM-D
T2 29.95893 FES2014 DCSM-D
S2 30 FES2014

R2 30.04107 FES2014

K2 30.08214 GTSMv4.1

ETA2 30.62651 GTSMv4.1

M3 43.47616 GTSMv4.1

N4 56.87946 FES2014

MN4 57.42383 GTSMv4.1

M4 57.96821 FES2014

MS4 58.9841 GTSMv4.1

S4 60 FES2014

M6 86.95231 FES2014 DCSM-D
M8 115.9364 FES2014 DCSM-D

from the reanalysis dataset with the GLORY S model (https://
doi.org/10.48670/moi-00021) as provided by the Coperni-
cus Marine Environment Monitoring Service (CMEMS).
Also, three-dimensional daily mean salinity, temperature and
advection velocity data from the same source are forced at the
open boundaries. In the 2D depth-averaged model, these last
three forcings are not directly forced but indirectly included
by spatially forcing the difference between the multiyear
mean water level field computed by a 2D and 3D version
of this model.

4.2 The impact of EOT-NECS on the 2D DCSM-FM

To evaluate the importance of including certain individual
tidal constituents at the boundary forcings of DCSM-FM,
several versions of the 2D configuration were run. These
experiments assess the impacts of adding individual or
groups of constituents on the overall accuracy of the model.
Each of the 2D model simulations was run for a total of 5
years from 1st January 2013 to Ist January 2018, with the
resultant estimated individual constituents and the total tidal
heights and total water levels being the subject of evalua-
tion within this study. The selection of which constituents to
include in the experiments was based on the previous DCSM-
FM versions which identified these constituents as being
highly erroneous or constituents that were not previously
available from other model estimations. Three model simu-
lations are compared to a reference simulation of DCSM-FM
(DCSM-A), which contains the constituents listed in Table 1,
except for the MA2, MB2 and RHO1 constituents which were
previously not forced at the boundary. The original ‘Source’
of constituents is described within Table 1.

The experiments are as follows: (A) being the reference
run; (B) the S1 constituent from EOT-NECS is used; (C) the
previously not included MA2, MB2 and RHO1 constituents
are added from the EOT-NECS model; and (D) constituents
that were previously available from other tide models are
replaced by the EOT-NECS model constituents based on their
relative accuracy compared to in situ tide gauge valuations (a
breakdown of the constituents is given in the ‘Experiment’
column of Table 1). The experiments are designed to build on
the previous experiment, as constituents continue to be used
in the following experiments, i.e. DCSM-C also uses the S1
tide from EOT-NECS used in DCSM-B, and DCSM-D uses
those from the DCSM-C experiment.

The first experiment was to test the impact of the S1 tidal
constituent from the EOT-NECS model compared to using
the FES2014 S1 tide on the accuracy of the model rela-
tive to tide gauges (Fig.8A). This model version is termed
DCSM-B. At the boundaries, the S1 tidal constituent showed
relatively large differences between EOT20 and FES2014
and, within the reference simulation of DCSM-A, showed
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high RMS values for both amplitude and phase compared to
in situ tide gauges. Along the boundary of DCSM-FM, the
mean difference between the amplitude and phase of EOT20
and FES20141is 0.25 cmand 5.31° respectively. When includ-
ing the S1 tide from EOT-NECS, the predicted S1 improves
with respect to tide gauges (Fig.8I). This improvement is
particularly strong along the Dutch coastline, with the RMS
reducing by 3.16 mm relative to the tide gauges in this region,
with the rest of the domain having a reduction of 1.52 mm.
Considering that the S1 tidal signals at these tide gauges (esti-
mated following Stammer et al. 2014) are 7.19 mm, this is
a median improvement of 28.10% and 43.95% overall and
along the Dutch coastline, respectively.

The replacement of the S1 tide within DCSM-B does
not have a major influence on other tides, no constituent
changes by more than 1%. The RSS was estimated from
all the tidal constituents that were forced at the boundary as

seen in Table 1, except for the MA2, MB2 and RHOI con-
stituents which were previously not used to force DCSM-A.
The mean RSS reduction relative to DCSM-A of the MA2,
MB2 and RHOI1 constituents (Fig. 8E) was 1.91 mm. More
importantly, when assessing the influence that the S1 tide
has on the tidal and water height levels estimated by DCSM-
B, a mean RMS reduction of 2.21 mm and 1.73 mm was
seen, respectively. This reduction in RMS in the DCSM-B
tidal and water level estimations is consistent throughout the
entire domain of DCSM-FM.

Based on being identified as highly erroneous constituents
within the DCSM-A simulation results, the second experi-
ment (DCSM-C) involved three additional tides from EOT-
NECS which were previously not included in the boundary
forcing of DCSM-FM: MA2, MB2 and RHOL. It is impor-
tant to emphasise that these constituents have been added to
the constituents used in the DCSM-B experiment, i.e. Sl
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of the RMS differences (in mm) between the different experiments of
individual constituents, with only constituents with an absolute RMS
difference of more than 0.5 mm shown
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from EOT-NECS is also used, and therefore, results will
be contrasted to the results of DCSM-B and not DCSM-A.
In DCSM-A, these tides demonstrated high RMS errors for
these constituents of 5.80 cm and 1.61 cm respectively while
RHOL1 has an RMS error of 0.31 cm.

In this region, the maximum tidal signal estimated by EOT-
NECS for the MA2, MB2 and RHOL tides is 1.52 cm, 1.85
cm and 0.86 cm, while the mean tidal signal is 0.23 cm, 0.24
cm and 0.10 cm. In DCSM-C, all three of these tides show
an improvement in their estimation with respect to DCSM-
B (Fig.8I). This improvement is consistent throughout the
entire domain, with the Irish Sea and the Dutch-German
coastlines being the regions with the greatest improvement
for all three tides. When considering the tidal signals of these
tides, all exceed a 20% improvement, with RHO1 improving
by 52%. These results highlight the benefit of incorporating
these tides from EOT-NECS at the boundary of DCSM-FM.

When estimating the RSS from all the constituents,
DCSM-C has a mean reduction of 0.41 mm relative to
DCSM-B, with improvements seen throughout the domain.
The estimated total tidal and water height had a reduced RMS
in DCSM-C of 0.24 mm and 0.21 mm, respectively. The
magnitude of the reductions varies between regions, with the
Bay of Biscay and Irish Sea showing a 0.60 mm and 0.39
mm reduction in tidal height RMS and a 0.63 mm and 0.33
mm reduction in total water level RMS, respectively. For the
Skagerrak Strait, a negligible increase of 0.03 mm in RMS
for both tidal height and total water levels.

The final experiment, DCSM-D, was to switch out some
constituents already within DCSM-A with some now avail-
able from EOT-NECS. This was decided based on their
performance with respect to tide gauges in Fig. 5, their abil-
ity to be reliably estimated from satellite altimetry (Fig. 11)
as well as being tides where DCSM-A contained a relatively
large errors. The chosen ten constituents were, again, added
to those from the DCSM-C experiment. Unlike the previ-
ous experiments, which all resulted in positive impacts for
each of the tides tested, for some tidal constituents, DCSM-D
demonstrated a degradation relative to DCSM-C. The biggest
two negative impacts were the MU2 and NU2, whose mean
RMS values increased (Fig. 81) consistently throughout the
domain. In Hart-Davis et al. (2021b), these two tides were
highlighted as tides that were not suitable to be directly esti-
mated from along-track satellite altimetry within the EOT
configuration for certain regions. Instead, it is recommended
to obtain these tides from linear admittance or from a numer-
ical model. In this study, they were included to provide a
different test to those presented in Hart-Davis et al. (2021b).
However, from these results as well as those presented in pre-
vious studies, it is clear that the MU?2 and NU?2 tides should
not be directly estimated, at least not currently, within the
EOT configuration. Instead, either linear admittance (Egbert
and Ray 2017; Ray 2017) or a numerical model should be

used to estimate MU2 and NU2, such as in the DCSM-A
case where FES2014 was used. The only other tide with sig-
nificant negative impacts is M8. Relative to this tide’s tidal
signal, 5.91 mm, an increase in RMS of 9.71% was seen;
however, the negative result of this tide is region-dependent.
When removing the Skagerrak Strait from the analysis, which
accounted for most of the mean RMS increase of 1.58 mm,
the RMS differences became negligible.

Mean RMS improvements were seen throughout the
domain for the SSA, MKS2, T2 and M6 constituents (Fig. 81).
For the L2 and 2Q1 tides, negligible differences (<0.05 mm)
between DCSM-C and DCSM-D were seen. Interestingly, in
this simulation, a constituent that was not changed improved,
namely the M2 tide. However, these changes relative to the
tidal signal in this region, which can exceed 300 cm, should
be considered insignificant, despite the positive result. The
mean RSS differences between DCSM-C and DCSM-D were
also negligible, being below 0.27 mm on average. However,
this is predominantly driven by errors in the NU2 and MU2
constituents. As shown in Fig. 8G, despite the influence from
MU2 and NU2, there are still certain regions where the RSS
is improved. When these two tides are removed from the RSS
estimation, there is a mean reduction of 2.03 mm, with this
consistent throughout the domain (see Appendix Fig. 12).

For the total tidal and water height, both estimations show
an improvement of 0.49 mm and 0.52 mm relative to DCSM-
C, respectively. There were larger reductions in RMS in the
Dutch and German coastlines, with an average of 0.98 mm in
the tidal height and 1.01 mm in total water height in DCSM-
D with respect to DCSM-C. As expected, regions where the
M8, MU2 and NU?2 errors are larger have a negative impact
on the tidal and water height estimations. In the Skagerrak
Strait, negative differences of 0.50 mm for the tidal height
and 0.37 mm for the total water height were seen.

The overall change from DCSM-A to DCSM-D (Fig. 8H)
was a 0.85 mm reduction in RSS, with this increasing to 2.61
mm when the MU2 and NU?2 tides are removed from consid-
eration. The overall mean improvement made from DCSM-A
to DCSM-D based on tidal height and the total water level
was 0.29 cm and 0.25 cm, respectively (Fig.9) based on these
experiments, which is a significant improvement made to
the tidal estimations particularly based on errors in model
derived tidal constituents exceeding 4 cm in the coastal region
(Lyard et al. 2021; Hart-Davis et al. 2021a), also shown in
Fig.4. When considering that the mean sea level rise esti-
mated from satellite altimetry in the North Sea is 2.6 mm/year
(Dettmering et al. 2021) and errors in tidal estimates are a
large contributor to the uncertainty of water level estimates
(van de Wal et al. 2019; Prandi et al. 2021), these reductions
in the overall error of tidal height and water level estimations
within the model are crucial, particularly when considering
that these constituents are considered minor tides, having
much smaller contributions to the overall tidal height. In
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some regions, the overall improvements made to the model
in the Bay of Biscay, the English Channel and the Irish Sea
even surpass 1 cm (see Fig.9). These improvements made to
DCSM-FM, also along the Dutch coastline which is the main
area of application of the 2D model, demonstrate the posi-
tive impact of the appropriate tidal forcing on the model’s
performance.

4.3 The impact of EOT-NECS on the 3D DCSM-FM

To evaluate the influence of these tidal constituents on the
3D version of DCSM-FM, two 3D model versions were run
for a 1-year period, from 01 January 2017 to 01 January
2018. The first model version was a reference model (3D-
DCSM-REF) that incorporated no tidal constituents from
EOT-NECS, while the second model version included all the
constituents from EOT-NECS that were used in DCSM-D
of the 2D experiments (all the constituents listed mentioned
in ‘Experiment’ in Table 1) as well as the inclusion of the
SA tide (3D-DCSM-EOT). The inclusion of the SA tide was
based on 3D-DCSM-REF previously using FES2014 to force
this tide in the 3D model, recalling that the SA tide was
taken from the DCSMv6 in the 2D experiments, and EOT-
NECS showing an improvement in this tide with respect to
FES2014.

Overall, the differences between the two models were very
small, with both the total tidal height and total water level dif-
ferences being less than 0.005 mm on average. Despite this
negligible difference, there are differences in the RMS esti-
mation of the individual constituents. A degradation of the
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SA tide of 7.08 mm was seen, while the S1, RHO1, MA2,
MB2, M6 and MKS?2 tides all showed improved RMSs of
more than 0.5 mm when being included from EOT-NECS.
The increased RMS of the SA tide causes an increase in the
RSS estimation of the 3D-DCSM-EOT version (Fig. 10a).
The SA tide from the EOT set of models, i.e. both EOT20 and
EOT-NECS, is influenced by non-tidal variability, namely
mesoscale and seasonal variability. This results in the tide
from EOT not being appropriate for all applications, and
based on the results seen in Fig. 10a, this is also the case
for this application.

Furthermore, the SA tide is influenced by the dynamic
atmospheric correction (DAC), which is used in the deriva-
tion of the SLA data used to make the tidal estimations in
EOT-NECS. As the boundaries of DCSM-FM incorporates
an inverse barometer correction which aims to incorporate
signals similar to that estimated in the DAC, it is expected
that this SA tide signal is being over-counted, which results
in these reductions in accuracy with respect to tide gauges.
Additionally, as mentioned previously, the density fields
for the 3D model run are taken from the GLORYS ocean
model, which will also have a contribution of the SA tide
within. Accounting for these two contributions to the SA
tide means that this constituent requires special treatment in
future iterations of the model and cannot simply be taken as
is from EOT-NECS to be used as a boundary forcing within
DCSM-FM. Further experiments will take place in follow-up
research to determine what the best solution for DCSM-FM
is regarding this constituent.

Despite this, there is a clear benefit in including several
tidal constituents from EOT-NECS. To demonstrate this, in
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Fig. 10 The RSS difference of all the tidal constituents between the 3D-DCSM-REF and 3D-DCSM-EOT simulations. (a) is the RSS difference
with all tides included in the results, and (b) is without the SA tide included

Fig. 10b, the SA has been removed from the RSS estimations
to give a better illustration of the influence the other con-
stituents have on the results of the model. Particularly, the
S1, RHO1, M6, MA2, MKS2 and MB2 tidal constituents all
showed improvements when incorporated from EOT-NECS.
Table 2 shows the tides that had the biggest change in the 3D
model, with a restriction being only tides that have exceed a
0.5 mm change in RMS values. Although the changes made
to the overall tidal height and total water levels are consider-
ably smaller compared to those seen in the 2D model, there
remains a benefit in the model when forcing at the boundaries
using the EOT-NECS model. Of particular value are the tides
that were originally tested in DCSM-B and DCSM-C, which
were originally identified as constituents which would ben-
efit the most from as a boundary forcing from EOT-NECS,
which all show to have the largest positive impact on the
model. These findings and the negative impact seen by the
SA tide demonstrate the significance of these studies to eval-
uate individual constituent influences in refining the overall
tidal and total water height estimations.

4.4 The major tides

A clear omission from the above experiments is the major
tidal constituents, which have been shown to be strongly
improved in EOT-NECS with respect to EOT20 (Fig.4).
Initial experiments did test the incorporation of these major
tides from both EOT20 and EOT-NECS at the boundaries of
DCSM-FM. These constituents are originally provided by the
FES2014 (01, Q1, P1, S2) and the GTSMv4.1 (M2, N2, K1,
K2) models respectively. In the simulation comparing these
tides from EOT-NECS, these tides had negligible impacts on
the overall results of the DCSM-FM configuration, with an

overall mean RMS degradation of 0.02 mm when using these
tides from EOT-NECS. This is expected as at the boundaries,
the four tides taken from FES2014 and the tides taken from
EOT-NECS show negligible differences.

Furthermore, the hydrodynamic model, GTSMv4.1, used
for the other four major constituents, is calibrated using
some of the tide gauges used in the validation of DCSM-
FM along the Dutch coastline. Therefore, when coupling this
calibration with the accuracy of GTSMv4.1 in this region
as well as its high spatial resolution along the European
shelf region (1/90?) (Wang et al. 2022), it is expected that
the major tides from GTSMv4.1 provide suitable boundary
forcings for DCSM-FM. From the initial experiments com-
paring these major tides from either GTSMv4.1, FES2014
or EOT-NECS, this was the case (not shown). It is important
to emphasise that the chosen tides for the above experiments
were based on constituents that were highly erroneous within
DCSM-FM and, therefore, would be of the greatest benefit
in terms of improvements possible within DCSM-FM. How-
ever, avenues of merging the EOT-NECS and GTSMv4.1
based either on residual tidal analysis or a combination
through machine learning or super-resolution (Barthélémy
et al. 2022) begin to emerge to benefit from the performance
of both of these models in this region. This is not the subject
of this manuscript but will be investigated further in future
studies.

5 Conclusion
This paper aimed to address two main points: (1) to develop
an improved high-resolution EOT model and (2) to improve

the representation of tides and water levels within DCSM-
FM. Firstly, this involved the development and production of
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a regional version of the empirical ocean tide model, EOT-
NECS, which was designed to improve on the predecessor
global configuration, EOT20, by making some model refine-
ments as well as by including additional satellite altimetry
missions to help improve the models’ spatial resolution and
allow for the estimation of additional tidal constituents. Anal-
ysis of the models’ performance against in situ observations
taken from the updated TICON-3 (Hart-Davis et al. 2022b)
showed an improvement compared to the global EOT20
model of 0.678 cm for the eight major tidal constituents
and showed a reduced RMS for all tidal constituents. These
results allow for the conclusion that the new regional ver-
sion of the model outperforms the global configuration in
the North European Continental Sea region.

This has two positive implications, one being that this
new EOT-NECS model should be preferred for applica-
tions within this region. Several applications such as the
one in this paper but also regional altimetry-based applica-
tions (e.g. Birol et al. 2017; Rulent et al. 2020; Dettmering
et al. 2021; Passaro et al. 2021) would also benefit from
the regional improvements made to tidal estimations. These
applications may also be supported by the incorporation
of additional tidal constituents. Secondly, there is a poten-
tial that the model configuration will perform well in other
regions, which opens the door for additional regional ver-
sions of the model. Evaluating the model in more regions is
also essential in support of ongoing developments with future
iterations of the global EOT model in mind.

Once developed, several experiments were designed to test
the use of tidal constituents from EOT-NECS as boundary
forcings for DCSM-FM. These experiments demonstrated
positive implications on DCSM-FM based on the inclusion
of most tidal constituents replaced or included from EOT-
NECS. The experiments incorporating the S1, MA2, MB2
and RHO1 constituents resulted in mean reductions in the
error of these individual constituents as well as the total tidal
height and water levels within DCSM-FM. Thanks to the
development of the regional configuration, MA2, MB2 and
RHOI constituents were estimated for the first time within
EOT-NECS and forced at the boundary of DCSM-FM. For
the S1 tide, previously taken from FES2014, an improve-
ment was seen in including this tide from EOT-NECS. This is
likely due to FES2014’s S1 originating mostly from the atmo-
spheric forcing (Lyard et al. 2021), which, due to DCSM-FM
introducing the inverse barometer correction at the boundary,
likely produces a double counting of diurnal variations in the
air pressure, which is not the case when using the EOT-NECS
S1 tide. The NU2, MU2, and M8 tidal constituents were the
only added tides that showed a reduction in accuracy with
DCSM-FM. In Hart-Davis et al. (2021b), in three different
regions, it was concluded that the MU2 and NU?2 tides should
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not be directly estimated from empirical models, and differ-
ent techniques should be explored to include these tides in
experiments. This study supports these findings and adds that
despite making improvements to tidal estimations within the
EOT-NECS model, these tides should still not be directly
estimated, and in this case, taking these tides from FES2014
should be preferred.

The total changes made to the tidal boundary forcing of
the DCSM-FM by incorporating the EOT-NECS tidal con-
stituents had an overall positive impact on the model results.
In total, the mean improvement was 0.29 cm in RMS for
the tidal height and 0.25 cm for total water level when com-
paring the reference model with the final version, while in
some regions, such as the French and the UK coastlines, there
were reductions in RMS exceeding 1 cm. Considering that
tides along the coastline are known to have errors relating
to individual constituents exceeding 4cm from global tide
models (Stammer et al. 2014), this reduction is considerable
in providing accurate water level estimations.

Furthermore, when putting into context that the con-
stituents presented in this study are deemed ‘minor’ tides,
having a considerably smaller influence on the overall tidal
height estimation, these improvements are important. For the
major tides, there are clear benefits in continuing to utilise
the already calibrated GTSMv4.1 model in the DCSM-FM,;
however, potential future work based on the results seen in
this study could involve developing techniques to merge the
benefits of the EOT-NECS and GTSM models using either
residual tidal analysis or machine learning techniques such
as super-resolution (Barthélémy et al. 2022).

Although not the main focus of this study, the impacts on
the 3D DCSM-FM estimated water levels and tides were
also assessed. The total tidal height and total water level
differences when including EOT-NECS constituents were
negligible. The RSS estimation of the tidal constituents was
negatively impacted by the inclusion of the SA tide, but when
this tide was removed, the inclusion of EOT-NECS had pos-
itive impacts throughout the domain. This demonstrates a
clear benefit based on individual constituent performances
of including these tides within the 3D version of the model.
The individually improved tides also correlate well with those
tested in the 2D experiments, which further emphasises the
importance of their inclusion, particularly due to the 3D
model incorporating additional processes not included in the
2D model, such as baroclinic processes. It is clear that the
SA tide requires special attention, and this will be done in
future studies by attempting to remove the mesoscale vari-
ability from the SLA data used to derive the tidal constituents,
so as not to double count for these effects within the 3D
DCSM-FM, following techniques such as those presented in
Zaron and Ray (2018) and Bonaduce et al. (2021).
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This paper finally highlights the importance of testing dif-
ferent ocean tide models as boundary forcing for numerical
models. It is expected that certain tide models perform better
in different regions based on refinements made to processing
techniques, spatial resolutions etc., so it is worth it to evaluate
multiple when producing numerical model simulations that
would benefit from tidal forcing along the boundary. Fur-
thermore, a potential future study that could be conducted
by the tide modelling community is to produce a comparison
of ocean tide models from a spatial perspective to conclude
on recommended tide models for applications in particular
regions which would make it easier in applications like the
above, as well as in the context of tidal correction for satellite
altimetry, to decide on which tide model(s) are appropriate
for particular applications.

Appendix A
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Table 2 RMS difference between the 3D model version of the tidal
constituents that have an equal or exceed a difference of 0.5 mm

Constituent RMS (mm)
SA 7.08

RHO1 —1.84

S1 —1.72

M6 —1.18

H2 —-0.78
LABDA2 0.68
MKS2 —0.60

H1 —0.50

Positive values display an increased RMS when the particular EOT-
NECS tide is included, and negative values mean a reduced RMS
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