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Abstract

The surface fluctuation caused by ocean tides remains one of the most crucial components of sea level variability.
For several applications, accurate knowledge of ocean tides is crucial, either for removing the contribution from
the total sea level or for inclusion to accurately describe oceanic processes. Significant e [arts have been
made for decades in the development of global ocean tide models. The era of satellite altimetry has resulted
in significant advances in the accuracy of tide models, largely thanks to TOPEX/Poseidon and its respective
successors. The consistent orbiting of satellite altimetry has provided regular retrieval of sea level measurements
at the same positions over the last few decades. Extensive time series of measurements are vital for advancing
our estimations of ocean tides. Recent accuracy assessments have concluded that tides in the open ocean are
well documented; however, challenges remain in the coastal and polar regions. The complexity of estimating
tides in the coastal region stems from several factors. Despite the role altimetry has played in the open oceans,
the impact of land on the radar returns means that sea level estimations are not routinely available closer to the
coast.

Furthermore, tides are much more complex in the coastal regions due to the complex coastline structures and
bathymetry changes. In recent years, considerable e Larks have been made to improve and increase the retrievals
of sea level data closer to the coast based on advanced processing techniques or by using geophysical corrections
optimised for the near coastal region. Advances in coastal altimetry have positively impacted tidal estimations
and, subsequently, modelling e [arts in this region.

In this thesis, a new global ocean tide model is developed and presented, which utilises these advances in
altimetry to improve the estimations of ocean tides in the coastal region. The developed model is presented
in the application as an ocean tidal correction for satellite altimetry, where additional methods are explored to
better estimate the minor tidal constituents for these corrections. For the first time, a regional version of the
model is used to force an operational ocean model of the Northwest European Continental Shelf at its boundaries
to improve the representation of tides within the model.

Despite the model development itself, several additional tools and datasets were produced to help in the
evaluation and validation of the model. This included the extension of a tidal constituent database, TICON, to
include almost three times the number of tide gauges, which are used in the validation of the di Lerént versions
of the model. Additionally, a tidal prediction software, termed TIPTOE, was produced, which takes the tidal
constituents provided by global models and derives a tidal height estimation at any time and position. This can
be used for various applications, but in particular in the derivation of tidal corrections for satellite altimetry.
An additional tool was produced to derive sea level variances based on di [erknt tidal corrections for respective
altimetry missions, which is used to validate the model developments by assessing the impact di [erent tide
models have on the sea level variances.



The global EOT20 model produced within this thesis utilises multi-mission satellite altimetry produced at
DGFI-TUM to conduct residual tidal analysis based on twenty-six years’ worth of data. The model is evaluated
against state-of-the-art tide models compared to two independent datasets based on tide gauges and ocean bottom
pressure sensors in the open ocean, shelf seas and coastal regions. From this validation, it was concluded that
EOT20 significantly improved the accuracy of tidal estimations, particularly in the coastal region, with respect to
the previous iteration of the global model, EOT11a. Compared to the other global tide models, EOT20 showed
the lowest error margin for the eight major tidal constituents in the coastal region and remained consistent
with the best-performing models in the open ocean and shelf seas. Additional validation was done by deriving
the satellite altimetry correction for three separate altimetry missions and contrasting the resultant sea level
variances from respective models. As in the tide gauge analysis, EOT20 showed improvements compared to
EOT11a and FES2014b, with particular reductions in variances seen in the coastal regions. It is concluded that
the developed EOT20 model achieves a significant improvement in tidal estimation in the coastal region and is
suitable for a variety of applications.

An investigation into improving the altimetry tidal correction by improving the inclusion of minor tidal
constituents is presented. Despite their contribution being significantly less overall than major tides, minor
tides are still vital in providing accurate tidal corrections and reducing the overall error of tidal estimations.
When minor tides cannot be estimated by altimetry-derived models based on signal-to-noise or aliasing issues,
admittance approaches are used to infer these tides from the major tides. In this thesis, these approaches are
evaluated against deriving eight minor constituents from the altimetry-derived models as well as from numerical
models which are not constrained by the previously mentioned. The results demonstrated that the accuracy of
the tidal correction is improved when directly estimating four of the constituents and inferring the remaining
constituents. A novel approach of combining empirical and numerical models in deriving the tidal is also
presented and demonstrates comparable results to the admittance approaches. These results suggest that future
corrections could benefit from the combination of constituents from both empirical and numerical models to
reduce the overall error of tidal estimations.

Finally, aregional version of the EOT model, EOT-NECS, is applied to an operational ocean model to improve
the overall water level estimations along the Northwest European Continental Shelf. This was done by forcing
the ocean model, DCSM-FM, at its boundaries with tidal constituents provided by EOT-NECS and conducting
a series of experiments on the resultant accuracy of the predicted total water levels. The EOT-NECS model
incorporated five additional altimetry missions and extended the time series of missions already used. This
resulted in the derivation of further tidal constituents previously not included, as well as an increased spatial
resolution of the model, which, when compared to TICON-3, showed improvements within this region compared
to the global model. When applying the model to DCSM-FM, the results demonstrated a clear improvement in
model accuracy in terms of tidal height and total water level predictions.

This thesis presents clear advancements in the global estimation of ocean tides and highlights its importance
in geophysical applications. It is also clear that despite the progress made, there are still many areas where tide
models can be developed and improved, particularly in complex coastal regions and in the higher latitudes. Itis,
therefore, recommended that special attention be placed on tides in complex regions, such as fjords, estuaries
and inlets, as well as in the polar oceans to help increase the reliability and subsequent usability of global tide
models in these regions.



Preface

As a child, I was always fascinated by the ocean motion, particularly puzzled by these two questions: Why was
the beach bigger when | arrived than when | left, and why do we keep moving our towels further up the beach?
A particular memory is a beach called Blouberg in Cape Town, South Africa, which contains a small rocky
outcrop that my family and I loved to walk to. The problem was, sometimes we could walk to this outcrop, and
sometimes we could not. As I grew older, my Mother and | would always look at these "High and Lows" charts
on the beaches or in the newspapers, and | started to learn when was the best time to go to the beach, to visit
this rocky outcrop and when was the best time for my longboard.

The answer to these never-ending questions in my little head was, of course, ocean tides.

In some way or another, tides have contributed a significant amount to my life. In recognition of this, the
chapter pages within this thesis show the tidal heights estimated over the days of my birth derived from a tide
gauge in East London, South Africa, where | was born. Each line represents the tidal height calculated from
each of the major tidal constituents.

Entering my PhD having studied physical oceanography, | had thought that the problem of understanding
ocean tides was well understood. After quickly being humbled by the complexity, importance and wonder that
is ocean tides, | realised that this challenge was going to be bigger than | expected. Diving into the literature by
the pioneers of ocean tide theory, such as George Darwin, Arthur Doodson, Walter Munk, David Cartwright,
Phil Woodworth, Ole Andersen and Richard Ray, to mention only the tip of the iceberg, | was engulfed in the
variety of complex dynamical features described and influenced by ocean tides. | was ready for this challenge.

Then came the world of satellite altimetry and geodesy. Entering the field of geodesy as an ocean person
(coined by Mathis Blof3feld) was another intimidating component of my PhD. The millions of acronyms, the
countless geophysical corrections and the vast number of orbiting scientific satellites were a big surprise.
However, | was welcomed and guided through the community by my colleagues at DGFI-TUM as well as within
the NEROGRAV research group, largely benefited by the countless visits to the o [ced of Denise Dettmering
and Christian Schwatke and the privilege of sharing an o Lce vith Marcello Passaro, all of whom were always
happy to answer my basic questions and allow me to feed o [THeir vast amounts of knowledge.

Looking back on my thesis, a lot of it stems from the greatest gift | was given throughout my PhD: freedom.
Freedom to think, experiment, collaborate and discuss. As a scientist, | think it is fundamental to try and
fail as well as to think independently about how to solve certain objectives. Throughout my PhD, | tried
things that failed, I tried things that had already been done, or I tried things that were simply illogical. | also
communicated to try to describe my ideas and try to absorb the opinions and knowledge of others. In particular,
there were debates with Julius Oelsmann and slightly one-sided discussions with Ole Andersen, Richard Ray,
Roman Sulzbach, Michael Schindelegger and Bjorn Backeberg. | also had the pleasure of collaborating with
a vast network of scientists from around the world, ranging from South Africa to Europe to the United States.



These collaborations resulted in the gain of insights from di Lerknt perspectives and the broadening of my own
understanding.

The ideas that stem from these collaborations, experiments and discussions all eventually ended up in my
black book of ideas, which | maintained throughout my PhD. Although the success rate of these ideas is probably
one out of ten, if | am being very generous, some ideas resulted in the greatest progressions of my work and
shaped my PhD into the thesis it has become. In this book, I still have the original ideas of each manuscript
that | wrote in my thesis, the comments from colleagues on these ideas, as well as the eventual structure of the
manuscripts | wanted to write about these ideas.

All my scientific publications and research strongly benefited from public discussion either during the review
process or from international conferences and research visits. The discussions within the broader community
helped fine-tune the research and open the door for further opportunities to be explored. One major benefactor
was the discussions resulting from the first paper of this thesis, which resulted in extensive communication and
collaborative discussions leading to the publication of the final paper of this thesis.
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CHAPTER 1

INTRODUCTION

What you do makes a di [erience, and you have to decide what kind of di [erence you want to make.
- Jane Goodall



1 Introduction

1.1 Background and Motivation

The ocean covers more than 70% of the Earth's surface. The complex small and large-scale processes driving
ocean circulation are crucial for various reasons, mainly the driving and regulation of global climate processes.
One such oceanographic process that continues to puzzle scientists is ocean tides.

Ocean tides, like several other physical oceanographic processes, have been challenging mariners and sher-
men for thousands of years. So, naturally, theories on the physical mechanisms responsible for ocean tides have
been discussed for centuries. Studies have found references to tides as early as the ancient Greek civilisations
(Cartwright, 2001) and evidence of understandings dating back to periods 2,500 - 1,500 BC, based on fossils
found by Indian archaeologists (Panikkar and Srinivasan, 1971; Cartwright, 2001). The connection between
the ocean height and the Moon has long been theorised, with relatively satisfactory rule-of-thumb tide predic-
tions being made and published and methods used to produce tide tables often being kept secret (Munk and
Cartwright, 1966).

Although ocean tides have been studied for a long time, advances in our understanding of tides continue to
take place. These advances are being motivated by tides' importance, particularly in providing accurate current
and future sea level predictions. The rise and fall of the ocean tides can cause changes in the sea level that often
exceed one meter, with tides in regions such as the Bay of Fundy known to exceed fteen meters. Therefore, to
account for these uctuations and allow for accurate monitoring of changes in the sea level, the ocean tides need
to be removed from sea-level measurements. As we have been studying ocean tides for centuries, the process
of doing so has become relatively well-known.

The harmonic method, which decomposes the full tidal signal into several harmonic constants (or constant
frequencies) that can be individually derived and assessed, was a tremendous breakthrough in tidal expertise
(Darwin, 1891). Since then, the harmonic method has continued to be developed mainly by Doodson (1921),
who proposed what would eventually become known as the Doodson numbers, which proposed the description
of each harmonic constant, or tidal constituent, by a set of six signed integers derived from the planetary motions
within the Earth, lunar and solar system. Although hundreds of tidal constituents exist, studies have shown the
majority of the overall tidal signal is expressed as the sum of fourteen constituents (Egbert and Ray, 2017),
commonly referred to as the "major' tides. These constituents are the largest and can easily be distinguished
within in-situ measurements and are usually the subject of the most focus on tidal developments. Figure 1.1
shows a spectral analysis of two tide gauges taken from GESLA-3 (Haigh et al., 2022). It is clear that speci c
frequencies peak in both datasets, which coincide with well-known and de ned tidal frequencies such as the
(2 and( 1, as highlighted here. However, the remaining constituents, commonly termed 'minor' tides, cannot
always be wholly neglected as the variance they are responsible for can result in root-mean-square (RMS) errors
of greater than 7 cm in some regions (Egbert and Ray, 2017).
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Figure 1.1 Spectral analysis of two di erent tide gauge time-series taken from GESLA-3 (Haigh et al., 2022), showing
the power spectral density at respective frequencies in cycles per day (cpd). The tide gauges presented here are from
Wellington, New Zealand and Brest, France.

For in-situ measurements with long enough time-series lengths, such as tide gauges, these major and minor
tides can be determined and accounted for without additional information. However, for measurements with
relatively infrequent temporal sampling, such as those from satellite altimetry and gravimetry, tide models are
required to accurately account for their in uence. This is due to the repeat orbit of altimetry measurements,
meaning that tidal aliasing in uences the altimetry's ability to be used, particularly for the minor constituents.

Several types of ocean tide models exist and continue to be developed. The major types of models are
empirical, assimilative and numerical. Each model type has its own set of bene ts and weaknesses. Empirical,
data-constrained models rely purely on observations, mainly from satellite altimetry. They can make accurate
determinations of the major constituents but are restricted by tidal aliasing when it comes to minor constituents.
The continued extension of the currently ying altimeter missions has meant that the minor constituents are
becoming easier to determine and study (Ray, 2020b). The estimation of minor constituents is usually inferred
using admittance approaches (Munk and Cartwright, 1966; Petit and Luzum, 2010; Rieser et al., 2012) from
the major constituents, but with the increased time-series of altimetry data, certain minor constituents can
be directly estimated from these models. Numerical, data-unconstrained models, which are derived following
varying approaches mainly driven by the shallow water equations, do not have a limitation on which constituents
can estimate reliably. However, in terms of the accuracy of estimations, they fall behind models that include
observations. Despite this, one bene t of data-unconstrained models is the ability to more easily provide a
wider range of tidal constituents than is possible from data-constrained models (Sulzbach et al., 2021). Data
assimilative models, such as FES2014b (Lyard et al., 2021), are hydrodynamic models that assimilate data
from satellite altimetry and/or in-situ measurements. The combination of numerically re ned models with
measurements of ocean tides results in high accuracy commonly seen from these model types.

A recent accuracy assessment of state-of-the-art tide models was done by Stammer et al. (2014), which
concluded that tides in the open ocean were relatively well predicted. At the same time, the shelf and coastal
regions showed the highest model errors. The complex nature of tides near the coast, coupled with the di culty
of obtaining reliable satellite observations near the coast due to land contamination (Fok, 2012), result in
relatively high errors from satellite-derived tide models. In recent years, advances have been made in coastal
altimetry processing from the optimisation of geophysical corrections for coastal regions (Scharroo and Smith,
2010; Fernandes and Lazaro, 2016; Carrere et al., 2016) as well as the signi cant increase in the amount of
retrieved, reliable data closer to the coast (Passaro et al., 2018b).
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These advancements in coastal altimetry have resulted in signi cant improvements in tidal estimations made
by regional versions of the Empirical Ocean Tide (EOT) model with respect to the previous global model,
EOT11a (Savcenko and Bosch, 2012), which were presented in the PhD thesis of Piccioni (2021). The regional
results of model developments based on applying improved coastal altimetry processing presented in Piccioni
(2021), serve as a robust framework and launchpad for further research to be done as well as the eventual
extension of these results into a global tide model.

1.2 Objectives and Outline of this Thesis

Oceantides in uence a variety of geophysical processes studied and estimated from a variety of techniques, for
example, satellite altimetry, satellite gravimetry and ocean models. Therefore, substantial importance lies in
accurately accounting for ocean tides to improve the accuracy of these studied geophysical processes and their
downstream applications. The main aim of this thesis is to reduce the error of tidal estimations in a global ocean
tide model, with emphasis on the coastal region, and to evaluate the developed model in various applications.
Within this thesis, applications such as an ocean tidal correction for satellite altimetry and a boundary forcing
for an operational ocean model are presented. However, several other applications exist and are introduced later
in this thesis.

Three scienti ¢ objectives form the basis of this thesis:

" O-1: Reduce the error with respect to tide gauges of an updated global ocean tide model while remaining
in line with global models in the open ocean and shelf regions.

" 0-2: Increasing the accuracy of the tidal correction for satellite altimetry by optimising the methods of
accounting for minor tidal constituents.

~ 0O-3: Improve the prediction of ocean tides within an operational ocean model of the Northwest European
Continental Shelf by improving the ocean tide forcing at the open boundaries.

These scienti ¢ objectives are discussed in three published chapters of this thesis, which are as follows:

" P-1 Hart-Davis, M.G., Piccioni, G., Dettmering, D., Schwatke, C., Passaro, M. and Seitz, F., 2021.
EOT20: A global ocean tide model from multi-mission satellite altimeEgrth System Science Data
13(8), pp.3869-388410.5194/essd-13-3869-2021 .

~ P-2 Hart-Davis, M.G., Dettmering, D., Sulzbach, R., Thomas, M., Schwatke, C. and Seitz, F., 2021.
Regional evaluation of minor tidal constituents for improved estimation of ocean &#gBote Sensing
13(16), p.331010.3390/rs13163310 .

" P-3. Hart-Davis, M.G., Laan, S., Schwatke, C., Backeberg, B., Dettmering, D., Z¥l, F., Verlaan, M.,
Passaro, M. and Seitz, F., 2023. Altimetry-derived tide model for improved tide and water level forecasting
along the European continental shelicean Dynamigs73(8), pp.475-491https://doi.org/10.
1007/s10236-023-01560-0

To achieve the main aim and the objectives of this thesis, particular e ort is required on the validation metrics
used to evaluate the model performances. This means that a large section of this thesis is dedicated to producing
validation metrics for the model developments, which included updating existing in-situ measurement databases,
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developing tidal prediction software to derive the tidal correction for satellite altimetry, and developing variance
analysis software to derive the variances for altimetry missions based on chosen geophysical corrections.
These developments were targeted for use within this thesis, but also with an eye on additional studies and future
research. This resulted in the publication of four additional manuscripts, which do not serve the main objectives
of this thesis but were bene ted by the developments of this thesis. These associated publications are listed
below:

AP-1: Sulzbach, R., Wziontek, H., Hart-Davis, M.G., Dobslaw, H., Scherneck, H.G., Van Camp,
M., Omang, O.C.D., Antokoletz, E.D., Voigt, C., Dettmering, D. and Thomas, M., 2022. Modeling
gravimetric signatures of third-degree ocean tides and their detection in superconducting gravimeter
records.Journal of Geodesy@6(5), pp.1-22https://doi.org/10.1007/s00190-022-01609-w

AP-2: Hart-Davis M.G., Howard S., Ray R., Andersen O., Padman L., Nilsen F., Dettmering D. ArcTiCA:
Arctic Tidal Constituents AtlasNature Scienti ¢ Datdin review]. Preprint:https://doi.org/10.
21203/rs.3.rs-3277941/v1

AP-3. Andersen, O.B., Rose, S.K. and Hart-Davis, M.G., 2023. Polar Ocean Tides Revisited Using
Cryosat-2. Remote Sensing, 15(18), p.44@ps://doi.org/10.3390/rs15184479

AP-4: Passaro M., Rautiainen L., Dettmering D., Restano M., Hart-Davis M.G., Schlembach F., Sarkka J.,
Miiller F. L., Schwatke C., Benveniste J., 2022. Validation of an Empirical Subwaveform Retracking Strat-
egy for SAR Altimetry.Remote Sensind4(16), 4122https://doi.org/10.3390/rs14164122

AP-5: Hauk M., Wilms J., Sulzbach R., Pana dina N., Hart-Davis M., Dahle C., Miller V., Murbock M.
and Flechtner F., 2023. Satellite gravity eld recovery using variance covariance information from ocean
tide models. AGU Earth and Spadstps://doi.org/10.1029/2023EA003098

The thesis is outlined as follows: Chapter 2 discusses the theory of ocean tides and tides in satellite altimetry.
Chapter 3 provides improved validation metrics and datasets, which are crucial for the later chapters to help
achieve the scienti c objectives of this thesis. Chapter 4 discusses the tide model developments done within
this thesis, which contributed to each of the publications. Chapter 5 puts the developments done in Chapters 3
and 4 into context by providing applications of these developments. An overall summary with conclusions and
recommendations for future research is given in Chapter 6. The three scienti ¢ articles are presented in their
journal format in the Appendix.



CHAPTER 2

OCEAN TIDES AND TIDAL ANALYSIS

From the dawn of scienti ¢ enquiry, basic questions about the mechanisms of how the Moon and
Sun drive tides have inspired distinguished philosophers and Earth scientists
- David Cartwright



2 Ocean Tides and Tidal Analysis

2.1 The theory of ocean tides

A signi cant milestone in the history of ocean tide theory came from the fanfhitosophae Naturalis
Principia Mathematicabooks of Isaac Newton (Newton, 1833) where he describes observed phenomena,
including discussions on ocean tides, by his theory of universal gravitational attraction (Cartwright, 1999).
Subsequent discussions on the topic, particularly essays published by Euler, Maclaurin and Bernoulli, re ned
the detail of the theory as well as its real-life application (Cartwright, 1999) and eventually resulted in the
establishment of the Equilibrium tide theory.

The Equilibrium tide theory that originates from the work of Newton and the subsequent re nements describes
two tidal bulges: one towards the tide-generating force (TGF) and one opposite these forces, which is illustrated
in the schematic in Figure 2.1. The distance betweamd% is smaller than that df and$ , meaning tha%a
experiences a greater force of attraction than th&t.of his di erence results in a greater attraction towards the
Moon, which causes a bulge in the water mass towards the Moon. As this di erence varies throughout the Earth's
surface, the TGF can be estimated at any point. The displacement of the water caused by the tide-generating
bodies results from the tangential component of the TGF and not the radial component (Pugh and Woodworth,
2014). This may seem slightly unintuitive but is explained when considering Earth's own gravitational attraction.
Illustrated in the triangular schematic in the bottom right of Figure 2.1, the force expressed by the TGF can be
decomposed into a tangenti@l { and radial componen@g). The radial component of the force is opposed by
Earth's own gravity, which is considerably larger, while the tangential component is unopposed in the natural
world, resulting in a variation in the water body in the tangential direction.

The TGF at any point of the Earth can be estimated, u%inigp Figure 2.1 as an example:

TGFy, = ¥»1 2,g cosq , g%%— (2.1)

where' is the distance between the two centres of mass of the Earth and Moon in this exaithgleadius
of the Earthg the angle between the Earth-Moon line and the radi® e . the mass of the Moon and is
the universal gravitational constant.

The Equilibrium theory states that the free surfag;es assumed to be a level surface which is in uenced by
the combination of Earth's gravity as well as the tide generating force (Pugh and Woodworth, 2014). Equilibrium
tide theory ignores the realistic dynamic nature of ocean tides by assuming the Earth is entirely and uniformly
covered by water. Despite showing no spatial resemblance to real observed ocean tides, the Equilibrium Tide is
an essential reference system for tidal analysis (Pugh and Woodworth, 2014). As de ned in Pugh and Woodworth
(2014) the Equilibrium Tide can be determined for latitideas follows:

1'Csin2g, , »'Ccofq, — (2.2)

5 B

a2 e 3 1
Z-d<4 0(‘325|n2q? 5
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Figure 2.1 A schematic demonstrating the tide generating forces of the Earth-Moon system. Schematic inspired by Pugh
and Woodworth (2014).

where< ; is the mass of the celestial object (which in most examples are the Mopaor the Sun< g) and
<4 is Earth's mass.

The three time-dependent coe cients characterise the three main species of tides: long-period sp&ies
diurnal species 11C at one cycle per day2&B »), and semi-diurnal species,'C at two cycles per day
(2>R ») which can all be expressed as (following Pugh and Woodworth (2014)):

033

1 = — . —

0lC - zsm23, 5
0°%3.

11C = — Zsm23; cos - (2.3)
3

21@ = 2 i—ico§3;0032? .

Here,' . is the mean distance between the centre of Earth and the centre of the celestial®bgetie
celestial body declination, and, is the hour angle of position P. Using this formulation, we can derive the
Z decomposed by the contributions of each of these components. In Figure 2.2, the above equations for the
derivation of theZ are done at the lunar declination zero. The long-period tides reach maximum amplitudes
in the higher latitudes, with zero amplitudes being estimated at 3n.@%h and south. For the diurnal tidal
components, the amplitudes, and thereforezhare zero at the equator and on the poles, while they reach
maximums at 45latitude. For the semi-diurnal tides, maximum amplitudes are seen around the equator and
decrease towards zero at the poles. The combination of these components would cause the bulge towards the
tide-generating object that would move from east to west around the Earth's surface.

Inreality, this is clearly not the case as the water body is not unopposed by land masses, the bottom topography
is not uniformly distributed, and the Earth's rotation in uences the water bodies. This results in the observed
ocean tides di ering from the predicted Equilibrium Tides based on the dynamic response of the ocean to these
forces. However, the Equilibrium Tide, although considerably smaller than the observed tides, remains crucial
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Figure 2.2 An example of the latitudinal di erences of the Equilibrium Tide amplitudes as derived from Equation 2.2 for
the long-period, diurnal and semi-diurnal tidal species'.

as a reference against which observed amplitudes and phases of tides can be related (Pugh and Woodworth,
2014), more on this later.

To describe how the di erent contributions make up the realistic tide, a schematic in Figure 2.3 is presented.
In Equilibrium tide theory, the two high tide bulges rotate around the ocean surface aligned with the rotation
of the Moon around the Earth or the Earth around the Sun. When applying simple land boundaries to a basin,
as shown in Figure 2.3A, the high and low tide waves propagate horizontally across the basin and build at the
respective boundaries until the tide-generating body causes the high tide wave to move across the basin. The
additional factor of the rotation of the Earth causes the de ection through Coriolis forces of the water masses to
the right and left in the northern and southern hemispheres, respectively. So when taking this into account, the
tidal wave propagates around the basin as simply described in Figure 2.3B and C, which rotates approximately
every 12 hours as shown in Figure 2.3D. The rotation of the tidal wave occurs around a xed point, known as
the amphidromic point, which itself experiences no variations in tidal height. The tidal heights in this idolised
system increase with distance further away from the amphidromic points. Additional factors in uencing the
variations in the tides include the bottom topography, which can either amplify or reduce tides, the coastline
structure, which in uences the rotation of the tidal wave across a given basin (Pugh and Woodworth, 2014) as
well as sea ice, which can dampen the amplitude of the tide.

The combination of all these contributions gives rise to the physical characteristics of the tidal components,
and what makes this system even more complex is that these characteristics vary based on the tidal species as
well as within the tidal species. To explain this further requires a bit more insight into the decomposition of
ocean tides into individual tidal constituents. Recall Figure 1.1 where tide gauges were analysed based on the
spectral density, and certain frequencies clearly stand out in both datasets. Although the dynamics experienced
at individual tide gauges vary, these periodic oscillations induced by ocean tides are noted at all locations (Pugh
and Woodworth, 2014). When assessing a time series of data, these individual frequencies of the ocean tide,
termed tidal constituents, can be analysed separately. Several methods to do so exist, with two being discussed
below: the harmonic method and the response method.

The harmonic method was rst developed by Darwin (1891) and later re ned by several, particularly by
Doodson (1921). The principle is that the tidal signal can be decomposed into a nite number of tidal
constituents of known constant frequencies. Therefore, the tidal signal aCtiamebe determined as the sum
of these nite tidal constituents by using the following:
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Figure 2.3 Schematic describing the dynamic nature of the ocean tides.

0
Zle = :2>B\ :C 6:0_ (2.4)
where - and6:- are the amplitude and phase of the constituemis the Equilibrium Tide, respectively, and
\ = is the tidal argument based on the angular speed in radians (Egbert and Ray, 2017). The tidal argument was
re-expressed by Doodson (1921) in terms of six well-known variables which are unique to each constituent:

\2IC = 110IC, ,BC, 13 1, 14?1C , s#UC, 1 4711C (2.5)

with the terms described in Table 2.1. These known variablgs §...) are referred to as Doodson numbers,
and examples of several of the largest constituents are presented in Table 2.2. Modern studies often include
a seventh argument;ce2, not included in Doodson's work, which ensures that the cosine functions of each
constituent have positive amplitudes (Egbert and Ray, 2017). The Doodson numbers in Table 2.2 di er from
those originally described by Doodson by the addition of ve for the second to the sixth numbers, to avoid any
negative numbers in the notation, which makes it easier to use in applications.

Additionally, terms are added to Equation 2.4 to account for the nodal modulation of these tidal constituents.
The nodal tide is a harmonic signal that is caused by the precession of the lunar ascending node, which varies
over an 18.6-year period (Pugh, 1987; Parker, 2018; Hagen et al., 2021). Accounting for the nodal modulation
for each constituent is done by incorporating amplit&and phase modulatidb- terms into Equation 2.4 as
follows:

o)
ZIC= RIC -2>B\-C D.!C 60 (2.6)

The 5. andD- terms can be derived simply based on the descriptions of Doodson and Warburg (1941) with
an example of each presented for thetide here:

5=1 000041 coso, 000114 cos?2

(2.7)
D= 0372 sin °, 0«065 sin2—
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where °=  ? (Ray, 2022).

Table 2.1Astronomical arguments taken from Egbert and Ray (2017)

Symbol | De nition Period
g Mean lunar time Lunar day
B Mean longitude of Moon Tropical month
Mean longitude of Sun Tropical year
? Mean longitude of lunar perigee 8.85 years
#0 Negative mean longitude of lunar nodel 8.6 years
?1 Mean longitude of solar perigee 20,942 years

Table 2.2The characteristics of the major tidal constituents within each tidal species, with the Equilibrium Tide amplitudes
taken from Apel (1987).

Tidal Species Name  Doodson Numbers  Equilibrium Amplitude (m)  Period (hr)

Semi-diurnal ==2 11:2:3:4'5.6

Principal lunar " » 255.555 0.242334 12.4206
Principal solar (2 273.555 0.112841 12.0000
Lunar elliptic #o 245.455 0.046398 12.6584
Lunisolar 2 275.555 0.030704 11.9673
Diurnal ==1

Lunisolar 1 165.555 0.141565 23.9344
Principal lunar  $, 145.555 0.100514 25.8194
Principal solar % 163.555 0.046843 24.0659
Elliptic lumar &1 135.455 0.019256 26.8684
Long Period ==0

Fortnightly "5 075.555 0.041742 327.85
Monthly "< 065.455 0.022026 661.31
Semiannual (Bo 056.554 0.019446 4383.05

In application, accounting for these modulations has a large impact on estimations, with an example demon-
strated in Figure 2.4. Here, the yeally tide is estimated through harmonic analysis of the Newlyn tide gauge
obtained from GESLA-3 (Haigh et al., 2022). A clear 18.6-year cycle can be seen in the amplitude and phase
estimations without applying the nodal correction, with some periods showing above 5-centimetre di erences
in amplitude estimations. Studies have also shown that the nodal modulation can change water levels by up to
30 centimetres, which can have serious implications on coastal processes (Peng et al., 2019).

2.2 Methods of tidal analysis

The harmonic method forms the basis for tidal analysis, ranging from satellite altimetry to tide gauges to
modelling e orts. Within this thesis, the harmonic method is exclusively used either in deriving tidal constituents
from sealevel observations from satellite altimetry or in-situ observations or in producing tidal height predictions
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Figure 2.4The yearly estimated (A) amplitude and (B) phase of'thaide with and without applying the nodal modulation
terms estimated from the Newlyn tide gauge in Cornwall, Great Britain, obtained from GESLA-3 (Haigh et al., 2022).

based on already known tidal constituents. However, another approach, the response method, is also commonly
used and is brie y discussed below.

The response method for tidal analysis was rst introduced in Munk and Cartwright (1966) and is based on
electrical engineering techniques which describe that the output of a system is dependent on the input into the
system as well as the response of that system (Pugh and Woodworth, 2014).

As described in Pugh and Woodworth (2014), in tidal analysis, the Equilibrium Tide is described as the input
and the observed tidal oscillations as the output, with the response of the ocean to these gravitational forces
being what is analysed in this method.

The basis of this method is the ‘credo of smoothness' assumption (Munk and Cartwright, 1966), which
assumes that the ratio of the output (observed tide) to input (Equilibrium Tide) of the system, also known as
Admittance, does not vary dramatically in terms of frequency within one frequency band (e.g., in the diurnal or
semi-diurnal band) (Pugh and Woodworth, 2014). This method has successfully been applied in tide modelling
e orts from satellite altimetry for decades, particularly by the DTU series of ocean tide models (Andersen,
1995). Smith et al. (1997) compared both the harmonic and response methods and found millimetre di erences
in the estimated tides. Therefore, the selection between the two methods may be based on one's preferences,
but one such reason for favouring the response method is that it does not succumb to the aliasing-related issues
experienced by the harmonic method for the solar tides (Ray, 2007) (more on this later).
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2.3 Measuring ocean tides

Regardless of the method used, tidal analysis relies heavily on sea level measurements to produce estimations.
As the name suggests, tide gauges have been critical sources of data for advancing tidal understanding as well
as for making predictions for centuries (Cartwright, 1999). Before the emergence of satellite altimetry, these
gauges were the sole source to help develop and validate global tide models. In-situ measurements of tides,
which can also be derived from ocean bottom pressure sensors (Ray, 2013) and GNSS Re ectometry (GNSS-R)
(Tabibi et al., 2020), are deployed and maintained by governments and agencies, with several e orts being made
to collect and harmonise all the available measurements (Holgate et al., 2013; Haigh et al., 2022).

These records have allowed for the continued study of the spatial and temporal characteristics of ocean tides
as well as the evaluation of human in uence, such as by land reclamation and ood defences (Haigh et al.,
2020), on changes in tidal characteristics. Thanks to these data, early empirical tide models, models that are
data-driven, were able to reach astonishing levels of accuracy. This is demonstrated by a global model developed
in Schwiderski (1980) presented in Figure 2.5. The spatial characteristics ofotipeesented in this model,
including the positions of known amphidromic points and the direction of the waves, agree remarkably well
with modern tide models. These early models, based on considerably less data than what is available currently,
give great con dence to the theoretical understanding of ocean tides, which has continued to grow.

Despite the clear bene t of these in-situ measurements on our understanding of ocean tides, as well as other
sea-level processes, these measurements do not provide full coverage of the ocean. There are several reasons fol
this. Firstly, the nancial costs associated with either deploying or maintaining the instruments often result in
poorer countries having considerably fewer deployments of tide gauges. On top of this, several political factors
result in local governments not prioritising these types of long-term investigations. This can be seen in most
maps of observations coverage, such as that of the Permanent Service for Mean Sea Level (PSMSL) (Holgate
et al., 2013) as well as tide-speci ¢ databases such as TICON (Piccioni et al., 2019a) clearly demonstrating
heavy weighting of observations to the northern hemisphere.

Tide gauges are usually xed to the coast and, therefore, do not provide coverage across the shelf and open
ocean regions. Here, studies have utilised ocean bottom pressure data to Il in data in these regions (Ray,
2013). However, the deployment and maintenance of the moorings to house the required sensors are extremely
expensive, resulting in reduced spatial coverage of these observations. Furthermore, for both these measurement
types, the polar regions are very poorly covered due to harsh weather and due to the sensitivity of data in these
regions resulting from geopolitical reasons (Cancet et al., 2019).

In the mid-80s, a technique to measure the ocean's surface would be launched that would revolutionise our
understanding of ocean tides and change ocean tide models forever: satellite altimetry.

2.4 Tides from and for satellite altimetry

The basic principle of satellite altimetry is that a pulse of microwave radiation with a known power is transmitted
towards the Earth's surface, interacts with the surface, and part of the pulse returns back to the altimeter (Chelton
et al., 2001; Andersen and Scharroo, 2011). The total travel time of each pulse is accurately recorded. The
distance between the Earth's surface and the altimeter, also known as the'rgrigecélculated based on the

total travel time of the pulse. When using the orbital height of the satelliteyhich is usually referenced to
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Figure 2.5Global atlas of the amplitude (solid lines) and phase (dashed lines) bfttide, as derived by the Schwiderski
model and taken from Schwiderski (1980).

an ellipsoid, the sea surface height (SSH) can be obtained following the formulation described in Andersen and
Scharroo (2011):
C = ", e’ (2.8)

and the sea level anomaly (SLA) can be obtained by additionally subtracting the mean sea sBiffea®,

(¢ = 1 645° <BB-— (2.9)

5

with 4> being the range and geophysical corrections which are applied to account for processes which
in uence the pulse return. The recorded echo of the transmitted radar pulse, termed the waveform, also contains
information about the roughness of the sea surface, such as the signi cant wave heights (Benveniste, 2011). The
footprint of the pulse varies between 2 to 7 km over the ocean based on the signi cant wave height of the surface
(Gommenginger et al., 2011). To obtain the highest possible accuracy of range measurements, particularly in the
coastal regions, large e orts have been placed on waveform retracking (Gommenginger et al., 2011). Various
approaches exist to retrack the waveforms, with recent advances showing signi cant improvements in both the
accuracy of estimations and the number of retrievals in the coastal regions (Passaro et al., 2014) and in sea ice
leads (Passaro et al., 2018b). The pulse repetition frequency of each satellite usually varies between 20 and 40
Hz, but the measurements are regularly averaged over 1 Hz along the satellite track, approximately every 7 km
(Benveniste, 2011). In certain applications, such as in sea ice and coastal regions, the along-track averaging
can occur at higher frequencies, with Pujol et al. (2022), for example, averaging the measurements into 5 Hz
products L.2 km). The repeat orbit and the cross-track sampling distance vary between the respective altimetry
missions.

The launch of the Geosat altimeter, as well as the ERS altimeters, resulted in a great new perspective of the
ocean surface, which was used in a variety of studies, including that of ocean tides (Cartwright and Ray, 1991;
Andersen, 1995). However, the launch of the TOPEX/Poseidon on a tide-favourable, non-sun-synchronous orbit
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Figure 2.6 The available past and currently orbiting satellite altimetry datasets taken from the OpenADB website of
DGFI-TUM (Schwatke et al., 2014).

in the early 1990s resulted in an even greater advancement in our global understanding of ocean tides. A few
years after its launch, assessments of tide models showed signi cant advances in accuracy (Shum et al., 1997),
and the eld had taken a great leap forward in terms of our understanding of ocean tides.

Currently, several di erent satellite altimeters have own and continue to y, which can all contribute
to the understanding of the ocean surface, with an overview of altimetry missions presented in Figure 2.6.
As of 2023, over thirty years of continuous measurements have been made available from these satellites,
with several e orts existing to continue the orbits of previous missions. This is particularly the case with
the European Remote-Sensing Satellite (ERS), Envisat and Saral/ALtiKa (ERS/EN/SA) altimeters as well
as the TOPEX/Poseidon, Jason and Sentinel-6a (TP/JA/S6) altimeters, which both provide near continuous
measurements along a consistent orbit.

Satellite altimetry continues to allow for advances in our understanding of the physics of ocean tides (Ray,
2020b), resulting in continued improvements in the accuracy of tidal predictions. This is vital as ocean tides
are a necessary geophysical correction to allow for the study of a variety of oceanographic processes from
satellite altimetry, as in Equation 2.9. This is due to the tidal signal creating large variability within the retrieved
estimations, so short and long-term time series analysis would be overwhelmed by these short-frequency signals,
which can be seen in Figure 2.7A. Doing so, and doing so accurately, allowed for the further investigation of
other sea surface processes, such as SLA and surface currents.

This resulted in signi cant e orts in ocean tide modelling to provide so-called tidal corrections for the
respective satellite altimetry missions. These models can either be empirical, data assimilative or numerical
models. Historically, models that rely on satellite altimetry observations perform the best in terms of providing
accurate estimations of the tides (Stammer et al., 2014). This is largely thanks to the TP/JA/S6 series of
altimeters, which have been orbiting on a tide-favourable orbit for over thirty years.

For these empirical models, SLA data is taken from altimetry missions, which have already been corrected
for the ocean tides using a prior correction provided by a tide model, and residual tidal analysis is conducted to
estimate the residual ocean tides. The tides estimated from satellite altimetry are of the residual geocentric tide,
which requires an additional step to retrieve the ocean or load tide contributions. This is described in Chapter
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