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Abstract

This thesis investigates the coastal sea-level changes driven by oceanic
and atmospheric circulation, with a focus on three ocean basin boundaries
in the northern hemisphere: the northeast Atlantic, the northwest Pacific
and the northwest Atlantic.

In a first part, the focal point is on the northeast Atlantic and
the European shelf and coastal sea level. Observations of the oceanic
circulation in the northeast Atlantic are presented, using altimetry
observations and in-situ measurements from moored instruments deployed
in the last thirty years. Together, these recent observations showcase a
poleward flow to the west of Ireland and Scotland: the Rockall Slope
Current. In contrast, I find no evidence of an upstream continuation to the
Rockall Slope Current which would form a continuous slope circulation
circumnavigating Europe. The spatial distribution of sea level induced
by an idealised eastern boundary slope circulation, representative of the
Rockall Slope Current, is then derived. Both bottom friction as well as
the joint effect of baroclinicity and relief are considered in this theoretical
study. I demonstrate how the large-scale poleward dynamic height decline
in the North Atlantic is mediated to the shelf and eventually affects the
coastal sea level thanks to the transport divergence generated by bottom
Ekman currents. Through this process, the poleward slope circulation is
slowed down. Finally, the sub-annual variability in sea level and currents is
investigated. The shelf sea-level changes are found to reflect the alignment
of the winds with the along-isobath direction. Analysis of the in-situ
current data reveals the build-up of sea level on the shelf leads to changes
in along-isobath currents on the outer-shelf and upper-slope.

In a second part, the focal point shifts to the links between subtropical
western boundary currents and sea-level variability in the northern
hemisphere. The role of the Gulf Stream and of the Kuroshio in driving
interannual changes in nearby coastal sea level are conjointly investigated.
It is found that the sea level on the Japanese and American coasts is
strongly affected by the variability of these major western boundary
currents. In particular, path changes of the western boundary currents
are responsible for important coastal sea-level variations. Coastal sea-level
changes reflect meridional shifts of western boundary currents downstream
of their separation from the continental slope. In the northwest Pacific,
meandering of the Kuroshio in the region upstream its separation point
is also a strong driver of coastal sea-level changes.
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CHAPTER 1

General Introduction

This doctoral thesis focuses on the statistical and causal links between
coastal sea level on the one hand, and oceanic and atmospheric circulation on
the other. In all generality, the study of such links aims to ful | two ambitions.
The anthropogenic emission of greenhouse gases in the atmosphere leads to
radical changes in Earth's climate system. In particular, the global mean
sea level is rising at an unprecedented rate (3.2mm.yr ! in the three recent
decades) (Intergovernmental Panel on Climate Change IPCC , Fox-Kemper
et al., 2021) and will rise by several meters in the coming centuries (Strauss
et al., 2015). However, at regional level, sub-annual to multi-decadal changes
in the sea level largely obscure the background rise (IPCC, Fox-Kemper et al.,
2021). Furthermore, processes driving spatio-temporal coastal sea-level changes
are many and complex (Woodworth et al.,, 2019). Coastal sea level diers
signi cantly from open ocean sea level even in the climatological mean state
(Higginson et al., 2015). In this context, it is more than ever necessary to
build a solid understanding of the processes driving coastal sea-level changes;
this in e ort to appropriately adapt to (present and) future coastal inundation
hazard. This is the rst aim of coastal sea-level studies. Secondly, tide gauge
measurements of coastal sea level are amongst the longest existing observations
of changes in Earth's climate system. They provide an opportunity to infer past
oceanic and atmospheric changes, helping to improve our understanding of the
past state of the climate. In the present contribution, the attention is set on
Earth's northern hemisphere. We study in particular the e ect of the presence
of boundary currents such as the Gulf Stream in the northwest Atlantic, the
Kuroshio in the northwest Paci ¢ and the (considerably weaker) Rockall Slope
Current in the northeast Atlantic on the nearby shelf and coastal sea levels.
The focus is on past variations, with periodicity ranging from sub-annual to
decadal timescales.

1.1 Descriptive of the general ocean circulation

1.1.1 Oceanic gyres and boundary currents

The wind is the primary driver of Earth's large-scale oceanic currents,
and shapes their geometries. The intertropical easterlies and the mid-latitude
westerlies are prevailing winds that drive the oceanic subpolar and subtropical
gyres. These gyres can be seen on Figure 1.1, which is a schematic representation
of the global oceanic currents. Subtropical gyres are found between latitudes



1. General Introduction

10° and 45 in the Atlantic, Paci ¢, and Indian oceans. The subpolar gyres are
found north of 45°N in the northern hemisphere oceans, whereas the Antarctic
Circumpolar Current makes up its own subpolar gyre around Antarctica.
Subtropical gyres rotate in an anti-cyclonic manner, and subpolar gyres, on
the other hand, rotate cyclonically. The closure of the Sverdrup balance drives
powerful currents at the western edge of the subtropical gyres (Stommel, 1948;
Munk, 1950) known as Western Boundary Currents (WBC).

Figure 1.1: Schematic depiction of global oceanic currents. Note the
subtropical and (less obvious) subpolar gyres. Source: Dr. Michael Pidwirny,
https://commons.wikimedia.org/wiki/File:Corrientes-oceanicas.png.

The Kuroshio is the western boundary current of the North Pacic
subtropical gyre. Its warm water originates from the Paci ¢ North Equatorial
Current, as well as from the subtropical gyre interior. The Kuroshio ows east of
the Philippines and Taiwan, before leaning on the Ryky ridge and entering the
waters of southern Japan. In that region, its paths exhibit marked uctuations,
with three stable paths (Sugimoto and Hanawa, 2012). After pinching o
southeast of Japan, the Kuroshio becomes a meandering free jet and is called
the Kuroshio Extension. The western boundary current closing the North
Atlantic subtropical gyre is known as the Gulf Stream. It emerges in the Gulf of
Mexico, runs along the coast of Florida (USA) where it is strengthen by in ow
from subtropical gyre interior, before detaching from the American continent
at Cape Hatteras (35°N). It then ows freely eastward to the Grand Banks of
Newfoundland and meanders laterally north or south, its path evolving over
the years. The Gulf Stream is the North Atlantic equivalent to the Kuroshio.

The North Atlantic Current is the frontal jet which separates the subtropical
and subpolar gyres in the North Atlantic. It is the continuation of the Gulf
Stream, and brings warm water towards Europe. To the east of 30V, it
separates into di erent branches as it approaches Europe (Xu et al., 2015). In
the region, a current leans on the continental slope between the deep ocean
oor of the Atlantic Ocean and the large shelf extending o the coast of France,
Ireland, Scotland and Norway. This current is often known as the Rockall Slope
Current or the European slope current. We prefer the rst designation, for
reasons that will become evident in Chapter 3. This circulation is presented

4
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Figure 1.2: Schematic of circulation in the North Atlantic. Adapted
from McCarthy et al. (2023a). ESC stands for European Slope Current. The
dashed orange lines west and southwest of Ireland indicate two plausible ESC
pathways.

on Figure 1.2 which shows the circulation in the North Atlantic in greater
details. Following the bathymetry, the slope current curves west of Ireland,
where it is primarily north south, and takes the northeast direction, passing
north of Scotland and towards the Faroe-Shetland channel. Its upstream path is
particularly uncertain. The slope current forms a part of the complex circulation
carrying water towards the Nordic seas.

1.1.2 The Atlantic Meridional Overturning Circulation (AMOC)

Seawater density gradients between the equator and the poles imply large-
scale overturning in the ocean, not dissimilar in principle to the atmospheric
Hadley circulation. In e ect, the presence of continents constrains water to
ow along a convoluted path with deep water formed around Greenland and
Antarctica (Figure 1.3). The associated return upwelling currents are di use and
notoriously absent of the Atlantic Ocean. The Atlantic Meridional Overturning
Circulation (AMOC) is hence responsible for the large inter-hemisphere heat
transport in the Atlantic, the greatest of all oceans (approximately 0.7PW, see
Trenberth and Caron, 2001). The AMOC is not associated with any specic
upper layer current in the Atlantic, but rather further accelerates the poleward
current arising from gyre dynamics. The Gulf Stream, the North Atlantic
Drift, and the Rockall Slope Current, all take part in the AMOC. At depth,
the AMOC is associated with return southward ow within the Deep Western
Boundary Current (Figure 1.2).
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Figure 1.3: Representation of the thermohaline circulation, including

the Atlantic meridional overturning circulation. Source: GRID-Arendal,
Riccardo Pravettoni, modi ed from Laura Margueritte https://www.grida.no/
resources/6918. Upper-layer currents are in light blue, and deep currents are
in dark blue.

1.2 Variability

It is widely considered that the AMOC is going to weaken under continuous
emission of greenhouse gases (Bakker et al., 2016), and it may even collapse
(Westen et al., 2024). Numerous indices inform that the AMOC slowdown has
already begun (Caesar et al., 2021). This slow down is expected to cause major
changes in North Atlantic currents and North Atlantic sea level (Levermann et
al., 2005; Westen et al., 2024; Chen et al., 2019). The extensions of the Kuroshio
and of the Gulf Stream are quite similarly characterised by strong north south
lateral motions from seasonal to decadal timescales (Frankignoul et al., 2001;
Joyce et al., 2000; Sasaki and Schneider, 2011b; Sugimoto and Hanawa, 2009;
Sasaki et al., 2013; Sasaki and Schneider, 2011a; Ceballos et al., 2009). Rossby
wave propagation, triggered by the large-scale wind eld, is thought to cause
north south shifts of the western boundary currents downstream of their point
of separation from the continental slope (Sasaki and Schneider, 2011a; Sasaki
and Schneider, 2011b; Sasaki et al., 2013). The Gulf Stream lateral shifts
are also associated to the expansion/constriction of its Northern Recirculation
Gyre, in link with changes in the AMOC (Zhang and Vallis, 2007). As was
mentioned, the Kuroshio alternates between di erent pathways upstream of
its separation point. The transport of western boundary currents upstream of
their separation point is also variable (Piecuch, 2020; Kawabe, 1995; Andres
et al., 2008a; Andres et al., 2015; Andres et al., 2008b). The European slope
circulation strength is changed by variations in the large-scale North Atlantic
density distribution (Clark et al., 2022).

Besides its role in driving gyre-scale changes, the atmospheric variability is
responsible for a substantial fraction of shelf sea-level changes. The atmosphere
weight “loads' the ocean, which responds with elevation (or depression) of the sea
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level, a contribution called the inverse barometer e ect (or inverted barometer

e ect, Piecuch and Ponte, 2015; Hermans et al., 2020; Dangendorf et al., 2014).
The wind plays a determinant role throughout a range of timescales (from
storm surges to multi-decadal changes Kenigson et al., 2018; Andres et al., 2013;
Piecuch et al., 2019; Hermans et al., 2020; Woodworth et al., 2014; Woodworth
et al., 2019; Gordon and Huthnance, 1987; Dangendorf et al., 2013; Cha k
et al.,, 2017; Chak et al., 2019). When interested in the sea-level changes
driven by non-local atmospheric processes, the e ects of the inverted barometer
and the wind stress must be carefully treated, as they “pollute’ the ocean
dynamic signal. However, because this contribution can be remarkable, its
study is important to understand current and sea-level changes in shelf areas,
particularly in extra-tropical locations.

1.3 Links between ocean circulation and currents

To rst order, the geostrophic relationship ties together ocean surface
geostrophic velocity (us; vs) and the sea level ,

: g@
R T
(1.1)
2, - 9@
S f @)1/

where g is the gravitational acceleration andf the Coriolis parameter. However,
the depth-integrated geostrophic transport is non-divergent, as we will see
in Chapter 4. This indicates coastal sea level cannot be a ected by purely
geostrophic processes. Additional mechanisms, including the convergence
divergence generated by the bottom Ekman currents (Wise et al., 2018; Hughes
et al., 2019; Wu, 2021; Lin et al., 2022) and/or by the wind-driven Ekman ow
towards the coastline or the continental slope (Kenigson et al., 2018; Andres
et al., 2013; Piecuch et al., 2019; Hermans et al., 2020; Woodworth et al., 2014;
Woodworth et al., 2019; Dangendorf et al., 2013; Chak et al., 2017; Cha k
et al., 2019) are the factors which determine spatio-temporal coastal sea-level
changes.

1.4 Structure of the thesis

Part Il is focused on the European margins, and in particular on the links
the shelf and slope ow ties with the shelf and coastal sea level. The three result
Chapters (Chapters 3 to 5) are relatively independent. Therefore, a thorough
state-of-the-art literature review is provided in each of the introduction within
these Chapters. Chapter 3 is dedicated to the continuity of the European slope
circulation. It can be seen as an introduction to Chapters 4 and 5, which explore
the links between the forcing, the slope and shelf circulation, and the sea-level
spatio-temporal changes. Part Il is centred around the control exerted by the
northern hemisphere western boundary currents (the Kuroshio and the Gulf
Stream) on coastal sea-level changes at interannual timescales. Part Il is a
single study albeit a long one! separated into three Chapters for ease of
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reading. Both Parts Il and Il feature a "'methods' Chapter, indicating the data
and techniques used for the analyses (Chapters 2 and 7).



PART I

Northwest European Shelf







CHAPTER 2

Introduction, methods and data

2.1 Introduction

In the present Part, we explore the links between coastal and shelf sea level
on one hand, and atmospheric and oceanic circulations on the other hand,
focusing on the Northwest European regions. Chapter 3 is centred around the
analysis of the climatological mean circulation. The mean ow is presented and
discussed using both in-situ and satellite-derived measurements, giving a focal
point on the continuity of currents along the European slope. In Chapter 4,
the spatial distribution of sea level induced by the e ect of bottom friction in
a context of a density-driven slope circulation is explored. In Chapter 5, we
shift the focus towards sub-annual changes. We demonstrate how the winds
can drive coherent shelf sea-level changes and eventually adjustments in the
along-slope circulation.

Chapter 3 is not directly connected to the sea-level spatio-temporal
distribution, but is a necessary introduction to the following Chapters, which are.
Chapters 3 to 5 can be read independently, as they are all well separated studies.
Each of them contain a thorough introduction which presents the topical state
of research. In the remainder of the present Chapter we introduce the methods
and data used in the studies presented in Chapters 3 and 5. These two Chapters
are similarly built upon the analysis of altimetry observations together with
in-situ velocity measurements. Chapter 3 focuses on the climatological mean
state, while Chapter 5 focuses on the sub-annual variability. Hence there are
di erences in the processing performed for each of the studies, but the data used
is the same. We provide details when necessary. Chapter 4 is self-contained and
does not rely on the methods and data presented here. Some of the statistical
techniques presented here are also used in Part IIl. When this is the case, it is
indicated.

The Northwest European Shelf is a prominent continental shelf. The general
bathymetry of this region is presented in Figure 2.1. We use the following
limits to de ne bathymetry regions west of France, Ireland and the United
Kingdom. The abyssal plain and the continental rise are de ned as regions
where water depth exceeds 2000m. The lower, intermediate and upper slope
range from 2000m to 1000m, from 1000m to 500m, and from 500m to 200m
respectively. The shelf-edge at 200m separates the upper slope and the shelf. We
further separate the shelf into the outer-shelf (depth>100m) and the inner-shelf
(100m> depth>0m). Upstream and downstream are meant with respect to

11
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