Lagrangian
Perspectives

~ b on the
-, ‘7 Meridional
| Overturning
Circulation

inthe

A
al1%-

ic

UNIVERSITY OF

OXFORD
Oliver John Tooth A:he:f S;bmittei
) or edegree o
St Edmund Hall, Doctor of Philosophy

University of Oxford b Long Vacation 2024



For my great-grandfather, Stanley Ralphs,
whose kindness and courage were as boundless as the sea



Acknowledgements

First and foremost, I would like to thank Helen Johnson and Chris Wilson for being
the most supportive and empowering mentors over the past four years. Since
our earliest online meetings during the COVID-19 pandemic, you have constantly
inspired me to be a more inquisitive and resilient scientist. I am particularly
grateful to Helen for always fostering my independence and encouraging me to
forge collaborations with the wider AMOC community. I very much hope that
our research partnership will continue to flourish in the years to come.

Next, I would like to thank my wonderful family for being my greatest
champions and always encouraging me to pursue my passions. I would not
be here without the unwavering support of my parents, particularly during the
COVID-19 lockdown, for which I am eternally grateful. I am also thankful to my
sister for pioneering the route to university; your hard work and dedication will
never cease to inspire me.

I would also like to extend a huge thank you to the members of the SNAP-
DRAGON research program for welcoming me into the world of AMOC science.
In particular, I am grateful to Gwyn Evans for our endless conversations on the
philosophy of life and overturning. Thank you also to Ale Sanchez-Franks and
Nora Fried for introducing me to OSNAP observations and the intricacies of
the Irminger Sea. For broadening my overturning horizons to the subtropical
North Atlantic and being the most enthusiastic collaborators, I am very grateful
to Bill Johns and Nick Foukal. I am also immensely appreciative of the guidance
provided by Adam Blaker in helping me navigate through the obstacle course of
ocean general circulation models.

Finally, I would like to express my heartfelt thanks and deepest gratitude to
Ellie, who has been a constant source of laughter and positivity over the past
four years. Without your endless support and sacrifices behind the scenes, this
thesis would simply not have been possible.



Abstract

The Atlantic Meridional Overturning Circulation (AMOC) plays a critical role
in the global climate system through the redistribution of heat, freshwater and
carbon. However, the distribution of the strength and variability of overturning
across the individual circulation pathways of the North Atlantic Subtropical
Gyre (STG), Subpolar Gyre (SPG) and the Nordic Seas overflows remains poorly
understood. In this thesis, we investigate the detailed nature of the North Atlantic
overturning circulation by introducing a novel Lagrangian framework to analyse
ocean general circulation models.

We show that dense water formation along the longest SPG pathways sourced
from the central and southern branches of the North Atlantic Current (NAC)
accounts for more than half of the time-mean strength of the eastern subpolar
AMOC in an eddy-permitting ocean model. In contrast, the strong seasonality
of subpolar overturning is explained by water parcels circulating rapidly in the
upper Irminger and Central Iceland Basins, whose along-stream transformation
depends on their month of arrival into the eastern SPG. Looking beyond seasonal
timescales, we demonstrate that the amount of dense water formed along the
path of the SPG in models can be skilfully predicted, based solely on the volume
transport of light waters flowing northward in the branches of the NAC, which
is closely related to the strength of the SPG circulation. Finally, we present the
first Lagrangian decomposition of the time-mean meridional heat transport and
overturning in the subtropical North Atlantic. We show that the substantial heat
transport of the STG cannot be meaningfully distinguished from that of the AMOC,
since water cooled within the gyre subsequently flows northward at intermediate
depths to feed regions of dense water formation at subpolar latitudes.

Overall, our findings highlight the fundamental roles of geometry and con-
nectivity in governing the strength and variability of the AMOC in the North
Atlantic Ocean.
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Introduction

1.1 The Atlantic Meridional Overturning Circulation

Ocean circulation plays a fundamental role in moderating the global climate and
sustaining ecosystems through the redistribution of heat, carbon, nutrients and
freshwater. One key feature of the large-scale ocean circulation is the Atlantic
Meridional Overturning Circulation, which is forced by the action of the winds
and the fluxes of heat and freshwater at the sea surface (e.g., Cronin & Sprintall,
2001; Ferrari & Wunsch, 2009; Stewart et al., 2014). At high latitudes, the upper
ocean is cooled by intense heat loss to the overlying atmosphere to form dense
water masses which ventilate the deep ocean. The formation and sinking of dense
water result in two meridional overturning circulation cells, emanating from the
North Atlantic and the coastal margins around Antarctica (see review by Buckley &
Marshall, 2016). The upper meridional overturning cell represents the circulation
North Atlantic Deep Water (NADW), which flows southward in the 1000-3000
m depth range. The abyssal ocean is ventilated through the formation of denser
Antarctic Bottom Water (AABW), which flows northward in the lower meridional
overturning cell. In addition to the buoyancy forcing induced by differential
heating and cooling at the sea surface, meridional overturning cells are sustained

through adiabatic upwelling of deep waters and diapycnal mixing throughout the
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ocean interior (Johnson et al., Kuhlbrodt et al., . In the case of the upper
meridional overturning cell, the circulation of dense NADW is closed via adiabatic
upwelling along isopycnals in the Southern Ocean (e.g., Gnanadesikan,
Marshall & Speer, Toggweiler & Samuels, and via diabatic upwelling
in both the Southern Ocean and the Indo-Pacific basin (Rousselet et al.,
2021). In this thesis, we investigate the detailed nature of the circulation pathways
comprising the upper meridional overturning cell, which we herein refer to as the

Atlantic Meridional Overturning Circulation (AMOC) (Fig. [L.1).
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Figure 1.1: Time-mean (1990-2024) Atlantic Ocean meridional salinity section at 59°-14°W
calculated using EN.4.2.2 objective ocean analyses (Good et al.,2013) is shown as a function
of depth. The locations of the major Atlantic water masses are shown and are defined as
follows: AABW = Antarctic Bottom Water, AAIW = Antarctic Intermediate Water, NADW
= North Atlantic Deep Water, UNADW = Upper North Atlantic Deep Water.

1.2 Origins and Phenomenology of the Atlantic Merid-
ional Overturning Circulation

The earliest conceptual models of the AMOC were formulated based on hydro-
graphic measurements collected during the late 19™and early 20" centuries (see
review by Richardson, and consisted of two quasi-symmetric circulation
cells occupying the upper 2000 m on either side of the equator (Lenz, Schott,
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1902; Speiss, 1928). Later expeditions revised this model by recognising the inter-
hemispheric nature of the overturning circulation in the Atlantic Ocean (Brennecke,
1921) and included a deeper-reaching overturning cell sourced from the Southern
Ocean (Merz,[1925). A greater understanding of the vertical water mass structure
followed and the 2-dimensional depiction of the overturning circulation was
extended to become a three layer structure comprising Antarctic Intermediate
Water, NADW and AABW flowing at intermediate, deep and abyssal depths,
respectively (Defant, [1941; Wiist, 1935| [1949) (Fig. [1.1). Although Wiist (1957)
was the first to highlight the role of Deep Western Boundary Currents (DWBC)
as conduits for the meridional exchange of dense waters, their significance was
quantified by Henry Stommel, who developed the first 3-dimensional model of
the AMOC through the linear superposition of a wind-driven upper layer and a
full-depth meridional overturning cell (Richardson, 2008; Stommel, 1957, 1958)).

Arguably, the most impactful contribution to our present-day description of the
AMOC originates from the works of Broecker and Peng (1982) and Broecker (1991),
who first conceptualised the AMOC as a "Great Ocean Conveyor Belt" connecting
each of the global ocean basins through a continuous and coherent 3-dimensional
circulation. While subsequent AMOC depictions have favoured greater accuracy
in depicting circulation pathways and quantifying inter-basin exchanges (e.g.,
Gordon, 1986, 1991 Schmitz Jr, 1996; Talley, 2013) over the simplicity of Broecker
(1991)’s conveyor-belt representation, its popular appeal reflects its ability to
capture the most fundamental features of the AMOC (Richardson, 2008). In
particular, the conveyor-belt model presented in Figure[1.2]illustrates six of the

defining features of the AMOC as a physical phenomenon, namely:

1. Warm, saline waters flow northward in the upper 1000 m of the North

Atlantic Ocean via a system of wind and buoyancy forced ocean currents.

2. Upon reaching the subpolar North Atlantic (SPNA) and the Nordic Seas,

waters are transferred from the AMOC’s upper to lower limb by forming
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dense NADW through intense surface buoyancy (heat) loss and diapycnal

mixing.

3. NADW is exported southward in the lower limb via the DWBC and disper-

sive interior pathways.

4. NADW recirculates at depth around the Southern, Pacific and Indian Oceans
until it is eventually returned to the surface through wind-driven upwelling

or vertical mixing.

5. Waters returned to the upper limb are imported into the South Atlantic via
the Agulhas leakage ("warm route") or Drake Passage ("cold route") and

thereby close the overturning cell.

6. The large temperature contrast between the warm northward flowing upper
limb and cold southward return flow in the lower limb is responsible for the

net northward heat transport throughout the Atlantic Ocean.

The large scale and long advective timescales of the AMOC present oceanogra-
phers with the practically impossible task of quantifying the state of the AMOC
from limited in-situ observations and finite numerical model simulations. The
challenge of defining a diagnostic measure of the AMOC which adequately reflects
the physical phenomenon characterised by the features above will therefore be

an important topic of discussion throughout this thesis.

1.3 Role of the Atlantic Meridional Overturning Cir-
culation in the climate system

1.3.1 Redistribution of Heat & Biogeochemical Tracers by the
Atlantic Meridional Overturning Circulation

The Atlantic Ocean is unique amongst the global ocean basins since heat is
transported northward in both hemispheres owing to the large temperature

contrast between the opposing flows in the upper and lower limbs of the AMOC.
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Figure 1.2: Schematic depicting the Atlantic Meridional Overturning Circulation (AMOC)
in the form of a revised ‘Great Ocean Conveyor Belt’ following Broecker (1991) and
Stokstad (2007). The pathways shown in red represent the flow of warm and light near-
surface waters, whereas the pathways shown in blue represent the flow of cold, dense
waters circulating at depth. In addition to the upper NADW formation taking place in the
SPNA shown in Broecker (1991), we also include the formation of lower NADW in the
Nordic Seas and the formation of AABW along the Antarctic continental margins (feeding
the lower meridional overturning cell). The "warm" (Agulhas Leakage) and "cold" (Drake
Passage) routes for near-surface waters to feed the AMOC upper limb in the South Atlantic
are also shown. The solid black lines represent the locations of major ocean observing
arrays in the Atlantic Ocean.

The meridional heat transport by the ocean peaks in the subtropical North Atlantic,
where it accounts for 20-30% of the total atmosphere-ocean heat transport (Czaja
& Marshall, 2006; Held, 2001; Trenberth & Caron, 2001, Wunsch, 2005). The
northward heat transport across the equator, although weaker than in the sub-
tropics, plays a central role in determining the mean position of the Intertropical
Convergence Zone (ITCZ) in the northern hemisphere. The positioning of the
ITCZ north of the equator is due to Bjerknes compensation (Bjerknes, 1964), which
necessitates that a net southward atmospheric heat transport be established across
the equator to balance the net northward heat transport by the ocean (Frierson et al.,
2013; Kang et al., 2008; Marshall et al.,|2014). A further consequence of this net

northward ocean heat transport is that annually averaged surface air temperatures
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over the northern hemisphere are typically 1°-2°C warmer compared with the
southern hemisphere (Feulner et al., 2013; Lockyer, (1906; Marshall et al., 2014).

The sinking of dense NADW and its southward export at depth in the lower
limb of the AMOC also makes the SPNA a critical region for the sequestration
of biogeochemical tracers into the deep ocean. The strong uptake of dissolved
inorganic carbon (DIC; Takahashi et al., 2009; Zunino et al., 2015), dissolved
oxygen (Atamanchuk et al., 2020; Koelling et al.,|2017} 2022)) and anthropogenic
carbon (C,,,; Pérez et al., 2013; Sabine et al., 2004) at subpolar latitudes results from
the cooling-driven transformation of surface water masses via air-sea exchange
(termed the solubility pump). This is possible since the solubility of O, and CO,
increases in colder water (Sabine & Tanhua, 2010; Volk & Hoffert, 2013; Yashayaev
& Clarke, 2008). Meanwhile, the sequestration of dissolved organic carbon (DOC;
Hansell et al., 2009) is governed by the biological pump, which mediates the
transfer of organic matter into the deep ocean (de Vries et al., 2012; Lampitt et al.,
2010; Martin et al., 2011} Sanders et al., 2014). By isolating oxygen and carbon
enriched NADW from the atmosphere for many centuries in the lower limb,
the AMOC ensures that the ocean maintains a long memory of biogeochemical
anomalies introduced at the sea surface (Frajka-Williams et al., 2019).

In addition to its fundamental role in the global carbon cycle (e.g., Williams
& Follows, 2011), the AMOC contributes to the high biological productivity of
the SPNA through its associated meridional nutrient transport (Martin et al.,
2011; Moore et al., 2018; Sarmiento et al., 2004; Schmittner, 2005). The AMOC
provides a northward advective flux of nutrients from the subsurface of the
subtropics along shoaling isopycnals which outcrop in the Subpolar Gyre (SPG)
(Williams et al., 2006, 2011) in what Pelegri and Csanady (1991) termed the North
Atlantic nutrient stream. Since the high concentration of nutrients transported via
the nutrient stream are ultimately sourced from waters of Sub-Antarctic origin
(Palter et al., 2008; Sarmiento et al., 2004), North Atlantic primary production is
intrinsically linked to the AMOC'’s inter-hemispheric connectivity (see review

by Pelegri et al., 2019).
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1.3.2 The Atlantic Meridional Overturning Circulation in Past,
Present & Future Climates

Both paleoclimate and instrumental records suggest that historical changes in
the strength of the AMOC and its associated northward heat transport have
moderated global climate variability on decadal to millennial timescales (e.g.,
Lynch-Stieglitz, 2017; Zhang et al., 2019). Over the coming century, the response
of the AMOC to the increasing concentrations of greenhouse gases will also affect
the trajectory of global warming through the uptake of excess heat and carbon
(Boé et al., 2009; Buckley & Marshall, 2016). Here, we briefly review the role of
the AMOC in shaping the past, present and future states of the Earth’s climate,
drawing particular attention to societally relevant impacts, such as the AMOC’s
influence on rainfall patterns, sea level and extreme weather events (e.g., Bellomo
et al., 2021} Jackson et al., 2015; Volkov et al., 2023; Zhang et al., 2019).
Paleoclimate records offer compelling evidence that the global climate system
has oscillated between markedly different states over the last glacial cycle (see
review by Lynch-Stieglitz,|2017). In particular, paleoclimate data collected from
Greenland ice cores (Andersen et al.,2004) show a fluctuating northern hemisphere
climate over the last 120,000 years, characterised by colder stadial periods and
warmer inter-stadial periods (Alley et al., [1999; Broecker et al., 1985; Lynch-
Stieglitz, 2017). Throughout the second half of the last glacial cycle, these abrupt
climate oscillations, referred to as Dansgaard-Oeschger events (Grootes et al.,
1993; Voelker, 2002), were punctuated by Heinrich events, in which large volumes
of freshwater were fluxed into the North Atlantic Ocean by iceberg discharges
(Andrews, 1998; Bond et al., [1992). The prevailing paradigm is that the abrupt
climate signature associated with Heinrich events is due to a shutdown and
reorganisation of the AMOC in response to the freshening-induced cessation of
NADW formation in the SPNA (Elliot et al., 2002; Keigwin & Lehman, [1994;
Rahmstorf, 2002). In particular, paleoclimate studies propose that the dramatic
reduction in ocean heat transport due to the shutdown of the AMOC results in an

abrupt cooling of the northern hemisphere and a corresponding warming of the
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southern hemisphere (Buizert & Schmittner, 2015; Henry et al., 2016) consistent
with a southward shift in the tropical atmospheric circulation (Alley, 2007). A
reversal of this bipolar see-saw pattern (Alley & Clark, |1999; Broecker, 1998) has
also been identified during anomalously strong AMOC states with widespread
northern hemisphere warming compensated by southern hemisphere cooling
(Gulev et al., 2021).

Looking to the present-day, instrumental records highlight the important role of
the AMOC in regional and global climate variability through its relationship with
North Atlantic Sea Surface Temperature (SST) variations on interannual to multi-
decadal timescales (Delworth & Mann, 2000; Knight et al., 2005; Kushnir, (1994).
This has been further demonstrated in numerical modelling studies, which show
that an increase in northward heat transport associated with an intensification
of the AMOC leads to a delayed increase in upper ocean heat content and hence
SSTs in the SPNA (Delworth et al., [1993; Kim et al., 2018b, 2020; Zhang, 2008;
Zhang et al., 2007). Alternative, albeit disputed (e.g., Zhang et al., 2013, 2016),
hypotheses for the mechanism underlying North Atlantic SST variability on multi-
decadal timescales include external radiative forcing (e.g., Bellomo et al., 2018;
Booth et al., 2012) and stochastic atmospheric forcing (e.g., Cane et al., 2017}
Clement et al., 2015).

The large-scale signature of observed low-frequency SST variability over the
North Atlantic Ocean is encapsulated in a coherent mode of climate variability
termed Atlantic Multi-decadal Variability (AMV; Delworth & Mann, 2000; Kerr,
2000; Kushnir, |1994; Sutton et al.,2018; Zhang, 2017). Positive phases of the AMV
are associated with a dipole pattern of positive SST anomalies over the North
Atlantic and considerably weaker negative SST anomalies over the South Atlantic,
and thus resemble the bipolar see-saw response to AMOC changes inferred from
paleoclimate records (Delworth & Mann, 2000).

The basin-scale warming and cooling of the upper North Atlantic Ocean
characterised by the AMV has wide ranging climate impacts with important

economic and societal implications (see review by Zhang et al., 2019). On a



1. Introduction 9

regional scale, positive phases of the AMV are associated with warmer and wetter
summers over northern and western Europe (Knight et al., 2006; Sutton & Hodson,
2005), drier summers over southern Europe (Ruprich-Robert et al., 2017; Sutton
& Dong, 2012) and North America (Enfield et al., 2001; Kushnir et al., [2010;
Ruprich-Robert et al., 2018) and reduced Arctic sea ice extent (Arthun etal., 2012
Yeager et al., 2015; Zhang, 2015).

On a hemispheric scale, observations and numerical models also show a strong
correlation between the AMV and the position of the ITCZ on multi-decadal
timescales (Folland et al., 1986; Knight et al., 2006; Zhang & Delworth, 2006).
During a positive phase of the AMYV, the ITCZ shifts northward, favouring the
development of Atlantic hurricanes (Sutton & Hodson, 2007; Yan et al., 2017}
Zhang & Delworth, 2006) and enhancing rainy season rainfall over northeast
Brazil (Folland et al.,|2001) and summer monsoon rainfall over the Sahel (Folland
et al., [1986; Martin et al., 2014; Zhang & Delworth, 2006).

Finally, global-scale impacts of the AMV have been identified through the
modulation of other modes of atmospheric variability. For example, observational
analyses suggest that the leading mode of the SST variability in the North Pacific,
Pacific Decadal Variability (PDV; Deser et al., 2012), lags the AMV index by
approximately a decade (Zhang & Delworth, 2007). Positive phases of the AMV
have also been shown to influence tropical Pacific climate variability by inducing
an equatorial Pacific SST pattern characteristic of the La Nina (cold) phase of the
El Nino Southern Oscillation (ENSO; Kang et al., 2014; Levine et al., 2017).

As the concentration of greenhouse gases continues to increase over the 21% century,
the AMOC will play a critical role in modulating the effective heat capacity of
the ocean by governing the rate at which additional heat can be sequestered into
the deep ocean (Kostov et al., 2014). This is compounded by the fact that the
AMOC will also respond dynamically to anthropogenic forcing (Broecker, [1997)).
According to the Intergovernmental Panel on Climate Change Sixth Assessment
Report (AR6), the AMOC will very likely decline over the 21%century irrespective

of the shared socio-economic pathway or greenhouse gas emissions scenario
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considered (Fox-Kemper et al., 2021). The Sixth Coupled Model Intercomparison
Project (CMIP6) projected decline in the AMOC over the 21%century ranges from
24% (4-46%) to 39% (17-55%) for 2.6°C and 8.5°C of global warming, respectively.
However, the large spread in future AMOC projections amongst CMIP-class
models has led to significant uncertainty in the magnitude of any future AMOC
decline (Bellomo et al., 2021; Weijer et al., 2020). Furthermore, there is grow-
ing evidence that an anthropogenically forced historic AMOC decline (Caesar
et al., 2018} 2021; Thornalley et al., 2018) may have been partially obscured by
a compensating strengthening in the AMOC due to increasing anthropogenic
aerosol forcing in coupled climate models (Hassan et al., 2021; Menary et al.,
2020a; Robson et al., 2022).

The prospect of an abrupt collapse in the AMOC in response to anthropogenic
forcing originates from conceptual models, such as box models, which highlighted
the possibility that the AMOC could transition between two stable states (e.g.,
Gnanadesikan, 1999; Johnson et al., 2007, Rahmstorf & Willebrand, [1995; Stommel,
1961). Although direct observations of the AMOC are too short to corroborate the
proposed bistability of the AMOC, it has frequently been invoked to explain the
abrupt paleoclimate shifts coinciding with the extreme freshwater forcing recorded
during Heinrich events (Lynch-Stieglitz, 2017). However, since no state-of-the-art
coupled climate models included in CMIP6 simulate bistable AMOC behaviour
before 2100, an abrupt collapse of the AMOC during the 21%century is considered
a low probability, high impact event (Fox-Kemper et al., 2021)).

The impacts of an abrupt AMOC collapse have been explored extensively in
idealised coupled climate model experiments, in which the AMOC is artificially
shutdown by introducing large freshwater inputs (hosing) to the surface of the
SPNA (e.g., Jackson et al., 2023a). In response to an AMOC collapse, these
experiments show substantially cooler and drier conditions over Europe and
North America (Bellomo et al., 2023; Jackson et al., 2015} Vellinga & Wood, 2002,
2008), a southward shift in the ITCZ (Stouffer et al., 2006; Vellinga & Wood,
2002), a poleward shift and strengthening of the mid-latitude jet (Bellomo et al.,



1. Introduction 11

2021; Brayshaw et al., 2009), and an intensification of the Walker circulation
(Orihuela-Pinto et al., 2022). The overall colder and drier European climate
associated with a collapsed AMOC has profound implications for agriculture
as crop yields decrease due to the marked reduction in projected vegetation
productivity (Ritchie et al., 2020).

A turther robust impact of future AMOC collapse or more gradual weakening is
its substantial contribution to North Atlantic sea-level rise (Chen et al., 2019; Hu et
al.,2009). This is because a weakened AMOC transports less heat northward in the
subtropical North Atlantic, thereby accelerating upper ocean warming and local
thermosteric sea-level rise along the western boundary (Volkov et al., 2023} Yin et
al.,2010). The east coast of North America is especially vulnerable to sea-level rise
owing to its high population density (Strauss et al.,2012), with coastal communities
projected to be exposed to an increasing severity and frequency of coastal flood

events in the decades to come (Ezer & Atkinson, 2014; Wdowinski et al., 2016).

1.4 Measures of the Atlantic Meridional Overturning
Circulation

In recognition of the societal importance of the AMOC within the global climate
system and the substantial uncertainty over its future trajectory, significant efforts
have been made to monitor the state of the overturning circulation in recent
decades. In this Section, we review the most widely used approaches to diag-
nose the strength of the AMOC using both in-situ observations and numerical

model simulations.

1.4.1 Eulerian Measures of the Atlantic Meridional Overturning
Circulation

1.4.1.1 Eulerian Overturning in Depth Coordinates

By far the most commonly used measure of the AMOC is the Eulerian merid-
ional overturning stream function (e.g., D66s & Webb, 1994; Do6s et al., 2012}

Groeskamp et al.,2014). Traditionally, the meridional overturning stream function
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has been diagnosed in depth coordinates, which represents the zonally integrated
and vertically accumulated meridional volume transport across a given latitude
and above a given depth horizon (e.g., Bryan, |1986 Bryan & Cox, 1968; Manabe
& Stouffer, 1988) (see Fig. ). However, the meridional overturning stream
function can be defined mathematically for any given vertical coordinate ¢ (e.g.,

density, temperature, salinity, oxygen etc.) as follows (Hirschi et al., 2020):

(B, C,t) = / /Z:MO oz, 7, t) d7 da (1.1)

where the meridional velocity v(z, ¢, z, t) is first accumulated vertically from the
sea surface 7 to a specified depth z(z, ¢, () (decreasing downward) before being
integrated zonally between the western (z,,) and eastern (z.) boundaries of the
basin (Danabasoglu et al., 2014; Do6s et al., 2008; Zika et al., 2012). In the case
of the traditional meridional overturning stream function in depth coordinates,
Y. (¢, z,t), the depth z(z, ¢, ) denotes a geopotential level (i.e., ( = z). However,
this can be modified to be the depth of any given seawater property; for example,
Vo, (9, 09,t) is the meridional overturning stream function in potential density
coordinates, where potential density is referenced to the sea surface.

To further simplify the 2-dimensional meridional overturning stream function
in depth coordinates, the AMOC strength at each latitude has been traditionally de-

fined as the maximum of ¢,(¢, z,t) over the depth of the water column as follows:

MOC,(¢,t) = mazx,

V(0,2 t)] (1.2)

Physically, this represents the net volume transport, typically expressed in terms
of Sverdrups (1 Sv = 1x10° m? s7?!), flowing northward which is balanced by
a southward return flow at depth. As such, the depth at which the stream
function reaches its maximum constitutes the interface between the upper and
lower limbs of the AMOC at a given latitude. This ability to interpret both
V.(¢, z,t) and MOC,(¢,t) geometrically, in addition to allowing us to identify
regions of upwelling and downwelling at high latitudes, is a major advantage of

the meridional overturning stream function in depth coordinates.
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In addition to calculating the strength of vertical overturning, observations and
numerical models are often used to quantify the societally-relevant meridional
transports of heat and freshwater. The Meridional Heat Transport (MHT) by the
ocean across a given latitude is calculated by zonally and vertically integrating
the product of the meridional velocity v(x, ¢, z,t) and the potential temperature

0(x, ¢, z,t) (Bryan, 1982; Johns et al., 2011 Johns et al., 2023b):

n Ze
Qo= [ [ Gyl 6.2 000, 0,2,1) do dz (13)

where p, is a reference seawater density, C,, is the specific heat capacity of seawater
and H(z,¢) is the depth of the seafloor.
We can also define the Meridional Freshwater Transport (MFT) by the ocean

across a given latitude as:

1 Te So — S(x, ¢, 2,t)
Fu )= [ “olw oz (P2 dedz (L)

where S is the seawater salinity and S, is a reference salinity. Recent studies have
strongly criticised this calculation of MFT owing to its dependence on an arbitrary
reference salinity, and instead favour the use of ocean salt transport due to its
lack of ambiguity (e.g., Schauer & Losch, 2019).

Heat and freshwater transports are traditionally separated into vertical "over-
turning" and horizontal "gyre" components related to the zonal mean circulation
and deviations from the zonal mean, respectively (e.g., Boning & Herrmann,
1994; Bryan, 1982; Bryden & Imawaki, 2001; Johns et al., 2011; Marsh et al., 2008;
McDonagh et al., 2015; Msadek et al., 2013). Although this simple geometric
decomposition into basin-wide vertical and horizontal circulation cells does
conform to the traditional view of overturning as a closed circulation in depth
coordinates, there is considerable debate regarding the degree of association
between horizontal circulation and the Subtropical Gyre (STG). In order for the
horizontal component of MHT to be equivalent to the heat transported by the STG,
all recirculating water masses must, by construction, return along constant depth

surfaces. However, observations suggest that water masses flowing northward
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in the upper Florida Current typically return southward at greater depths and
densities (Spall, 1992; Talley, 2003) owing to cooling and subduction by Ekman
pumping along-stream. Thus, it is possible that a substantial fraction of the STG
heat transport will instead project onto the vertical component typically associated
with overturning (Berglund et al., 2021). The extent to which subtropical MHT can
be partitioned into physically meaningful components associated with the flow

structures of the AMOC and STG therefore remains an important open question.

1.4.1.2 Diagnosing the Eulerian Overturning in Depth Coordinates from Ob-
servations

The decision of observational oceanographers to diagnose the AMOC strength in
depth coordinates was principally informed by the hydrography of the subtropical
North Atlantic, given that strong thermal stratification ensures warm and saline
water flowing northward is vertically separated from cold and fresh NADW
returning southward (Kanzow et al., 2007). Prior to the early 2000s, diagnosing
the strength of the AMOC from in-situ observations relied upon the collection
of vertical profiles of seawater properties along a line of constant latitude to
form a hydrographic section (e.g., Bryden & Hall, 1980; Roemmich & Wunsch,
1985). However, reliably inferring long-term AMOC changes from individual
"snapshots" captured by hydrographic sections is a major challenge due to the
aliasing of high-frequency intra-annual variability (Frajka-Williams et al., 2019;
Kanzow et al., 2007; Wunsch & Heimbach, 2006).

In recognition of the need for high-frequency measurements of seawater
properties in order to improve confidence in observations of AMOC variability,
trans-basin ocean observing systems were introduced. The Rapid Climate Change
Meridional Overturning Circulation and Heat Flux Array (herein referred to at
the RAPID arrray) was deployed in 2004 to provide the first continuous estimates
of the AMOC strength and structure, as well as heat and freshwater transports
across 26.5°N (Cunningham et al., 2007). The observing system consists of moored
instruments measuring seawater properties along the western and eastern bound-

aries of the basin to calculate the geostrophic transport of the Mid-Ocean region
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Figure 1.3: (a) Time-mean (1990-2015) Atlantic Ocean Eulerian meridional overturning
stream function in latitude-depth coordinates. (b) Time-mean (1990-2015) Atlantic Ocean
Eulerian overturning stream function in latitude-density coordinates, where potential
density is referenced to the sea surface. Positive streamlines (red shading) indicate a
clockwise circulation, whereas negative streamlines (blue shading) indicate anti-clockwise
circulation. (c) Time-mean (1990-2015) Atlantic Ocean meridional heat transport as a
function of latitude. All diagnostics are calculated using the ORCAQ0083-N06 ocean sea-ice
hindcast (Table[1.T), which simulates the historical period from 1958-2015. Black dashed
lines indicate the latitudes of the RAPID (26.5°N) and OSNAP (59°N) observing arrays.
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(Baehr et al., 2004; Hirschi et al., 2003), acoustic Doppler current profilers (ADCPs)
directly measuring the transport of the western boundary current, a submarine
cable providing electromagnetic estimates of the Florida Current transport (Meinen
et al., 2010; Shoosmith et al., 2005), and satellite-derived surface Ekman transports
(McCarthy et al., 2015a). Estimates of the AMOC strength in depth coordinates
are made at 10 day intervals by combining these transport components with a
spatially-uniform compensation transport, constructed to ensure conservation
of mass across the section (Kanzow et al., 2007).

Over the entire 17-year period of available RAPID observations (2004-2020),
the average strength of the AMOC at 26.5°N is 16.9 + 1.2 Sv and is dominated
by large seasonal to interannual variability (Johns et al., 2023b). The average
MHT across 26.5°N is 1.20 + 0.12 PW between 2004-2020 (Johns et al., 2023b) and
the time-mean MFT is 0.43 + 0.02 Sv between 2004-2018 (Li et al., 2021b). Both
the MHT and MFT across the RAPID array exhibit a very high correlation with
the AMOC strength (Johns et al., 2023b; Li et al., [2021b; McDonagh et al., 2015),
underscoring the dominant role of the overturning circulation in the redistribution
of heat and freshwater.

Following the success of the RAPID program, several contemporaneous ocean
observing systems have since been deployed throughout the Atlantic Ocean (see
Fig. Frajka-Williams et al., [2023). These include the South Atlantic MOC
Basin-wide Array (SAMBA) at 34.5°S (Kersalé et al., 2020; Meinen et al., 2013),
Meridional Overturning Variability Experiment (MOVE) at 16°N (Kanzow et al.,
2006; Send et al., 2011), TRopical Atlantic Circulation & Overturning at 11°S
(TRACOS; Herrford et al., 2021} Tuchen et al., 2022) and the North Atlantic Changes
array (NOAC) at 47°N (Rhein et al., 2019; Wett et al., 2023).

1.4.1.3 Eulerian Overturning in Density Coordinates

Analysis of biennial hydrographic sections extending from Greenland to Portu-
gal by the OVIDE program highlighted one of the major shortcomings of the

traditional meridional overturning stream function in depth coordinates when
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implemented at subpolar latitudes (Lherminier et al., 2007; Lherminier et al.,2010).
In contrast to the subtropics, where warm and saline northward flow is separated
vertically from the cold and fresh southward return flow at depth, the weaker
vertical stratification in the SPNA means that the upper and lower limbs of the
AMOC reside at similar depths, but on opposite sides of the basin. This arises
because warmer, lighter waters flowing northward in the eastern SPNA become
colder and denser while circulating cyclonically around the SPG. As a result, the
total shallow-to-deep conversion captured by the meridional overturning stream
function in depth coordinates significantly underestimates the total light-to-dense
conversion taking place in the SPNA (Buckley et al., 2023; Zhang & Thomas,
2021). In order to obtain a more accurate 2-dimensional depiction of the complex,
3-dimensional flow field, the meridional overturning stream function in density
coordinates, v, (¢, 0y, t) (see Fig. ), is now widely used to calculate the AMOC
strength at subpolar latitudes (e.g., Lherminier et al.,2010; Lozier et al., 2019).
The latest addition to the family of trans-basin ocean observing systems is
the Overturning in the Subpolar North Atlantic Program (OSNAP), which has
continuously measured the volume, heat and freshwater transports across the
subpolar basin since 2014 (Li et al., 2017; Lozier et al., 2017). The OSNAP trans-
basin observing system consists of two sections: OSNAP West, which extends
from the southeastern Labrador Shelf to the southwest coast of Greenland, and
OSNAP East, which extends from the southeast coast of Greenland to the Scottish
Shelf. Moored instruments, measuring seawater properties and velocities, are
located along the boundaries of each of the four major basins of the SPNA, namely,
the Rockall Trough, Iceland Basin, Irminger Basin, and Labrador Sea. Data from
the OSNAP observing system is also supplemented by satellite-derived surface
Ekman transports and data from Argo floats, satellite altimetry and climatological
seawater properties in order to calculate transport metrics (Fu et al., 2023).
Over the 6-years of available OSNAP observations, the average strength of
the AMOC across the full observing array is 16.7 & 0.6 Sv. Historically, numerical

modelling studies have identified dense water formation in the Labrador Sea
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interior as a major contributor to the subpolar AMOC and its decadal to multi-
decadal variability (Boning et al., 2006; Li & Lozier, 2018; Menary et al., 2015;
Yeager & Danabasoglu, 2014). However, OSNAP observations have broadened
this long-standing paradigm (Fu et al., 2023; Li et al., 2021a} Lozier et al., 2019)
to recognise the significant role played by both the eastern and western basins,
given that the mean strength and interannual variability of the subpolar AMOC is
dominated by dense water formation north of OSNAP East (16.3 £ 0.6 Sv) rather
than OSNAP West (3.0 4+ 0.5 Sv). This is consistent with the earlier observations of
Pickart and Spall (2007), which showed a weak diapycnal overturning in spite of
strong water mass transformation in the Labrador Sea. As a consequence of the
close relationship between heat loss and dense water formation, the total MHT
is also dominated by OSNAP East (0.42 £ 0.01 PW), which explains 85% of the
time-mean total MHT (0.50 4+ 0.01 PW) between 2014-2020 (Lozier, 2023). This
is in contrast to the partitioning of the time-mean MFT between the two OSNAP
sections, since OSNAP West (-0.17 + 0.01 Sv) and OSNAP East (-0.18 + 0.01 Sv)

contribute approximately equally to the total southward transport of freshwater.

1.4.1.4 Eulerian Overturning in Thermohaline Coordinates

The contradiction between the relatively weak diapycnal overturning recorded
along the OSNAP West array and the strong wintertime cooling experienced by
water masses within the Labrador Sea highlights an important limitation of the
meridional overturning stream function in density coordinates. Specifically, when
warm and salty water masses circulate around the Labrador Sea they are both
cooled and freshened along-stream, such that the densification due to heat loss is
almost entirely offset by freshening-induced lightening due to exchange with fresh
coastal current waters (Bebieva & Lozier, 2023 Zou et al., 2020b, [2024). As a result
of this density compensation, the total light-to-dense conversion captured by the
meridional overturning stream function in density coordinates is approximately
six times weaker than the amount of warm-to-cold and saline-to-fresh conversion

taking place north of OSNAP West (Lozier, 2023).
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The inability of the meridional overturning stream function formulated in
density coordinates to capture water mass changes taking place along isopycnals
has motivated the use of meridional overturning stream functions in poten-
tial temperature, 1y(¢, 0,t), and salinity, ¢ s(¢, S,t), coordinates to diagnose the
diathermal and diahaline contributions to overturning (e.g., Buckley et al.,|2023;
Zou et al.,2020b). A further advantage of calculating the meridional overturning
stream functions in potential temperature and salinity coordinates is that they
are intrinsically related to the MHT and MFT. For example, the MHT (Fig. [1.3)
can be expressed succinctly in terms of the volume transport in temperature

layers as follows:

Q6.0) = poCy [ 0(6,0,1) do (15)

where 0, and 0y represent the potential temperatures at the sea surface and the
sea floor, respectively (Boccaletti et al., 2005; Czaja & Marshall, 2006; Ferrari
& Ferreira, 2011). A disadvantage of visualising the AMOC in either the ¢-0
or ¢-S plane is that potential temperature and salinity do not always increase
monotonically with depth and thus interpreting streamlines geometrically can
be challenging. Previous studies have attempted to overcome this challenge by
re-projecting the meridional overturning stream function in tracer coordinates into
depth coordinates by plotting the values of the stream function at the zonal-mean
depths of the iso-surfaces at each latitude (Foukal & Chafik, 2024; McIntosh &
McDougall, [1996; Rousselet et al., 2020; Xu et al., 2018b).

Other studies have dispensed with geographical coordinates all together in
favour of combining temperature and salinity coordinates to form a thermohaline
stream function (Cuny et al., 2002; D66s et al., 2012; Marsh et al., 2005; Zika
et al., 2012). The thermohaline stream function, defined as the integral of volume
transport in the 6-S plane, represents the transformation of water masses across
temperature and salinity surfaces without differentiating between flow occurring
along or across isopycnals (Do0s et al., 2012; Zika et al., 2012). Many of the

advantages of using the thermohaline stream function to quantify the strength of



1. Introduction 20

the AMOC are outlined in Zika et al. (2012), including the ability to easily calculate
advective transports of heat and freshwater alongside the typical transit times of
the global thermohaline circulation. An obvious drawback of the thermohaline
stream function is the absence of any geographical information to relate diathermal
and diahaline transformation of water masses to where they occur in the global
ocean. It is possible to determine the geographical pathway of a water mass
following a given streamline from one basin to the next (Zika et al.,2012); however,
there remains inherent ambiguity when similar thermohaline properties are found

in several ocean basins.

1.4.1.5 Eulerian Overturning & the Water Mass Transformation Framework

A major advantage of quantifying the strength of the AMOC in tracer (i.e., density,
temperature or salinity) rather than traditional depth coordinates is that it can be
directly related to air-sea buoyancy fluxes and mixing through the water mass
transformation framework (Evans et al., 2023; Marsh, 2000; Speer & Tziperman,
1992 Walin, [1982; Xu et al., 2018bj Zou et al., 2024). Introduced by Walin (1982),
the water mass transformation framework connects the rate of change of volume
below a given tracer surface to the net volume flux across the surface and the
divergence of volume transport at the boundaries of the specified geographical
domain (Buckley et al., [2023).

Since, on sufficiently long timescales, the total water mass transformation north
of a given latitude must be balanced by southward export in the lower limb rather
than through the accumulation of volume (Buckley et al., 2023; Desbruyeres et al.,
2019), the strength of the AMOC in density coordinates can be estimated directly
from diapycnal volume fluxes. Given that surface buoyancy fluxes dominate
diapycnal transformation, many observational and numerical modelling studies
have used the surface-forced water mass transformation due to the fluxes of
heat and freshwater at the sea surface as an indicator of AMOC strength (e.g.,
Desbruyeres et al.,[2019; Grist et al., 2009} Josey et al., 2009; Marsh, 2000; Megann

et al., 2021} Petit et al.,[2020). However, an important caveat of this approach is that
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it neglects the contribution of diapycnal mixing, which plays a critical role in the
formation of NADW and, hence, the composition of the lower limb in the SPNA
(Evans et al.,2023; Jackson & Petit, [2023; Stendardo et al., 2024} Zou et al., 2024).

1.4.2 Lagrangian Measures of the Atlantic Meridional Overturn-
ing Circulation

The Lagrangian perspective of fluid dynamics, where fluid motion is measured
by following an individual parcel through space and time, provided the basis
for the earliest measurements of ocean circulation (Bower et al., 2019). Although
many early records of ocean currents resulted from measurements of opportunity
(Richardson, 2019), coordinated Lagrangian measurements now constitute a key
component of the global ocean observing system, including those made by surface
drifters (Lumpkin et al., 2017) and subsurface Argo profiling floats (Wong et al.,
2020). To complement the necessarily limited number of Lagrangian observations
(Bower et al., 2019), the calculation of virtual water parcel trajectories using the
Eulerian velocity fields of Ocean General Circulation Models (OGCMs) began in
the 1990s (e.g., Blanke & Raynaud, (1997; D66s,1995; Drijthout et al., (1996). This
Lagrangian approach to understanding the kinematics of the ocean circulation
is similar to the use of Eulerian passive tracers. However, there is an important
distinction between the two methodologies; Lagrangian trajectories represent the
pathways of water parcels passively advected by the resolved model velocity
tield, whereas passive tracer experiments include an explicit diffusion term (e.g.,

Do0s et al., 2013).

1.4.2.1 Lagrangian Particle Tracking

Throughout this thesis, we evaluate the trajectories of virtual water parcels using
the Lagrangian particle tracking tool TRACMASS, which was first introduced by
Do6s (1995). TRACMASS, alongside its close relative Ariane (Blanke & Delecluse,
1993), belongs to the inaugural family of Lagrangian particle tracking tools, which

determine water parcel trajectories using analytical streamtube methods. To
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define a streamtube, let us consider an incompressible (Boussinesq) and thus
non-divergent flow field output by a typical OGCM. We can define a streamtube
as a collection of streamlines which form an impermeable tube, since there can be
no flow normal to a streamline. It can be further shown that, in order to obey mass
conservation, the mass flux, or equivalently, the volume flux must remain constant
along the streamtube, thereby ensuring volume transport is conserved along-
stream. By modelling each water parcel trajectory as an individual streamtube
with a prescribed initial volume transport, D66s (1995) and Blanke and Raynaud
(1997) developed analytical methods to quantify the volume transport pathways

comprising a steady, incompressible flow field.

(a) Example Lagrangian (b) Zonal-Vertical Trajectory
Trajectory Discretisation

Wikt

— Ui jke

Figure 1.4: (a,b) Schematics illustrating an example Lagrangian water parcel trajectory path
through a numerical model grid cell calculated using an analytical streamtube method.

To calculate the Lagrangian trajectory of a given water parcel through a steady
3-dimensional velocity field, the trajectory path through each numerical model
grid cell is determined analytically by solving for the streamlines between the
grid cell faces (see Fig. (Blanke & Raynaud, 1997; Do6s et al., 2013, 2017).
This is achieved using the discrete form of the continuity equation applied to

a given model grid cell:

Ui7j7k7t - U7'717.77k7t + ‘//[:7j7k7t - ‘//['7.]717.7’15 + m7j7k7t - W’L:.Lk*l:t = 0 (1'6)
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where U and V/, representing the volume transports in the zonal () and meridional

(y) directions, are defined as follows:
Uijkt = Uigkt DYij DzZijre Vigkt = Vijke Alij Azijng (1.7)

where v and v are the zonal and meridional velocities at the grid cell face (7, j, k),
Az and Ay are the zonal and meridional grid cell spacings and Az is the time-
evolving vertical level thickness. The vertical (2) volume transports through
the upper (W, ;) and lower (W;;x_1,.) grid cell faces (see Fig. ) are deter-
mined using continuity rather than using the resolved model vertical velocities
(Doos et al., 2017).

Inside a grid cell, the velocity components of a water parcel (v = u(x), v = v(y),
w = w(z)) are calculated by linearly interpolating between the velocity values
defined at opposing grid cell faces (Doos et al., 2013). For example, the local

zonal velocity u(x) is given by:

u(w) = i+ () (i — i) (1.8)

An analytical expression for the water parcel displacement in each coordinate
direction is then obtained following Blanke and Raynaud (1997), which describes
the trajectory path through the grid cell. To identify the location where the water
parcel exits the grid cell, the transit times taken to reach each opposing grid cell
face are calculated (¢,, t,, t.). The shortest of the three possible transit times
(tmin) determines both which grid cell face the water parcel will cross to enter the
adjacent grid cell and its final displacements along the remaining two coordinate
axes (i-e., Yout = Y(tmin) and 2oy = 2(tmin) when exiting via a zonal grid cell face).
Since the initial application to steady-state velocity fields output by OGCMs
(Blanke & Raynaud, 1997, Do0s, (1995; Drijfhout et al., [1996), the analytical
integration scheme described above has been extended to time-evolving flow
fields (e.g., Doos et al., 2013, 2017). The stepwise-stationary scheme assumes
that the flow is steady between successive time-mean velocity fields output by

an OGCM (Doos et al., 2017). When Lagrangian trajectories are evaluated offline



1. Introduction 24

using existing OGCM output this is typically implemented in one of two ways.
The simplest approach is to assume that the velocity field is piece-wise stationary
and changes discretely at a time-step equivalent to the interval between two
successive velocity fields output by the model (Blanke & Raynaud, 1997; Blanke
etal.,1999). The alternative approach is to linearly interpolate between the velocity
tields output by the OGCM to generate a larger number of shorter intermediate
time-steps (D60s et al., 2017).

There are three major advantages of evaluating water parcels trajectories
using analytical streamtube methods over discrete time-stepping schemes (e.g.,
OceanParcels; Delandmeter & Van Sebille, 2019). Firstly, analytical schemes
are, by definition, more accurate than numerical integration schemes, which
include both truncation errors and errors resulting from the interpolation of the
velocity field along the trajectory path. Second, analytical schemes are more
computationally efficient than numerical schemes since we only need to calculate
trajectory positions on model grid cell faces (see review by Van Sebille et al.,
2018). Finally, streamtube-based methods respect the inherent three-dimensional
non-divergence of the flow field calculated using a Boussinesq OGCM, thereby
enabling Lagrangian trajectories to be interpreted as volume transport pathways
(Van Sebille et al., 2018). An additional benefit of this self-consistency is that
trajectories can be advected both forward and backward in time and therefore
allow us to determine both the evolution and the origins of water parcels (Blanke

& Raynaud, 1997).

1.4.2.2 Lagrangian Overturning Stream Functions

Since Lagrangian trajectories evaluated using analytical streamtube methods
represent the pathways of water parcels whose volume transport is conserved
along-stream, there is a long-history of using trajectories to quantify the water
mass exchanges between ocean basins (Blanke & Raynaud, 1997 Blanke et al.,
1999 Do6s, [1995). Such connectivity analyses are now routinely performed by

summing the volume transports associated with the subset of all water parcel



1. Introduction 25

trajectories, evaluated either forward or backward-in-time, which transit between
two specified regions (Van Sebille et al., 2018).

A natural extension to quantifying the Lagrangian connectivity between two
regions is to assess how such connectivity is achieved. To do this, Blanke et al.
(1999) introduced the concept of the Lagrangian stream function as a means to
project the 3-dimensional volume transport pathways of a given water mass into
a two-dimensional representation of the flow field. Let us consider a region of
the North Atlantic Ocean bounded by two zonal trans-basin sections to the north
and south and continental land masses to the east and west. Water parcels are
initialised along both the northern and southern boundaries, sampling the total
volume transport directed into the region, before being passively advected until
they exit the region via either boundary. The volume transport V,, conveyed along
a water parcel trajectory, indexed by n, is recorded on each crossing of a model
grid cell face, resulting in a 3-dimensional volume transport field representing its
flow through the domain. Since each water parcel trajectory entering a model grid
cell must subsequently exit, the volume transport field associated with the water

parcel is non-divergent by construction and thus satisfies the following condition:

Vi = Viigmn T Vi = Viiiin + Vigea — Vi =0 (19)

i7j7k7n ivj7k7n ? Z7j7k71an

where V*, V?, VV* are the volume transport due to the water parcel crossing zonal
(¢, A), meridional (j, ¢) and vertical (k, z) model grid cell faces, respectively. By
summing the 3-dimensional volume transport fields associated with all water
parcel trajectories and integrating along a chosen coordinate axes (i.e., zonal,
meridional or vertical), a two-dimensional non-divergent volume transport field
is obtained, which can be represented using a stream function.

Returning to our North Atlantic example, we choose to construct a Lagrangian
meridional overturning stream function (F%?) by vertically accumulating (down-
wards; the direction of increasing k) the 2-dimensional volume transport field

obtained by integrating zonally over the total water parcel volume transport field
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(see Fig. [I.5p-b) as follows (D60s et al., 2008; Kjellsson & Dods, [2012):

k
=333 Viwn (1.10)
k=1 i« n

Importantly, as discussed by Do66s et al. (2013) and Berglund et al. (2017), the
indices 7, j, k do not need to correspond to the discrete coordinates of the numerical
model grid. For example the vertical index k is often replaced with a discrete
potential temperature ¢, absolute salinity S or potential density oy index to form a
Lagrangian meridional overturning stream function in latitude-tracer coordinates
(Berglund et al., 2021} 2022, 2023).

The total Lagrangian stream function, constructed from all of the water parcel
trajectories entering a given region, has been shown to converge towards the
time-mean Eulerian stream function (over the duration water parcels are advected)
provided that a sufficient number of water parcels are initialised (D606s et al., 2008;
Kjellsson & Do6o6s, 2012). According to Doos et al. (2008), a sufficient "Lagrangian
resolution" is achieved when the Lagrangian stream function is independent
of the number of water parcel trajectories initialised. In practice, this equates
to prescribing a sufficiently small volume transport per water parcel, since the
volume transport associated with each water parcel is inversely proportional to
the total number of trajectories initialised (Dd06s, (1995; Doos et al., [2013).

The advantage of calculating the Lagrangian stream function for a given flow
tield is that it can be partitioned into partial Lagrangian stream functions, reflecting
the contributions of specific collections of trajectories, which share common
water mass properties (Blanke et al., 1999; Do6s et al., 2008). This ability to
decompose the time-mean flow field into separate circulation pathways has led
many studies to employ Lagrangian stream functions in order to investigate the
structure and connectivity of the AMOC. In the South Atlantic, Lagrangian stream
functions have been used extensively to assess the sources of the upper limb
of the AMOC, including quantifying the contributions of cold (Drake Passage)
and warm (Agulhas leakage) water pathways (Berglund et al., 2021; Drijthout
et al., 2003; Durgadoo et al., 2013, 2017} Riihs et al., 2019; Schmidt et al., 2021}
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Speich et al.,, . In the North Atlantic, there has naturally been a
greater focus on identifying the mean flow pathways responsible for transforming
water masses between the upper and lower limbs of the AMOC. In particular,
Thomas et al. and Lique and Thomas decomposed the Lagrangian
meridional overturning stream function in latitude-depth coordinates according
to the locations where dense NADW is subducted from the surface mixed layer in
both historical and future climate simulations. Meanwhile, Berglund et al.
used Lagrangian meridional overturning stream functions in latitude-depth and
latitude-tracer coordinates to quantify the exchanges of heat and salt along the
inter-gyre boundary and highlight the importance of subsurface mixing in forming

Subpolar Mode Water (SPMW), the precursor to NADW.
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Figure 1.5: Schematics illustrating the construction of a Lagrangian overturning stream
function using the volume transports associated with two idealised water parcel trajec-
tories. The shallow trajectory, shown in grey, is initialised along the southern boundary
before flowing northward in the AMOC upper limb until reaching the northern boundary.
The deep trajectory, shown in orange, is initialised along the northern boundary before
flowing southward in the AMOC lower limb until reaching the southern boundary. (a) The
fixed volume transports V; ; . ,, conveyed along each trajectory are recorded on crossing
each meridional grid cell face (j, k) to form a 2-dimensional volume transport field in the
latitude-depth (¢-2) plane (red shading depicts northward transport, blue shading depicts
southward transport). (b) The Lagrangian meridional overturning stream function in
latitude-depth coordinates (Ff,f ) is then obtained by calculating the cumulative sum of the
meridional volume transport field from the sea surface (k = 1) to the sea floor (k + Nj).

Given that the convergence between Lagrangian and Eulerian stream functions

strictly only applies to steady flow fields, there have, understandably, been far
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fewer studies dedicated to investigating the nature of AMOC variability using
the Lagrangian framework. However, extending the use of Lagrangian stream
functions beyond the decomposition of more familiar Eulerian diagnostics may
bring some notable advantages. In particular, since Lagrangian overturning stream
functions are calculated using water parcel trajectories whose transit times range
from days to decades, there is an opportunity to use large collections of Lagrangian
overturning stream functions calculated from many successive water parcel initial-
isations to investigate the detailed nature of water mass transformation variability
following the flow. Furthermore, this would allow us to identify the dominant
pathways and advective timescales of variability, which is not possible using
traditional Eulerian overturning stream functions calculated from individual

"snapshots" of the flow field.

1.5 Pathways of the Atlantic Meridional Overturning
Circulation in the North Atlantic Ocean

Throughout this thesis, our analyses focus on the circulation pathways and
dynamics of the North Atlantic Ocean, spanning the latitudinal range 5°N - 65°N.
In this Section, we provide a state-of-the-science summary of the water masses
and circulation pathways constituting the North Atlantic Meridional Overturning
Circulation (Fig. [L.6).

Traditionally, the large-scale circulation of the North Atlantic Ocean has been
characterised by the complex interplay between the AMOC and the primarily
wind-driven STG and SPG circulations. The anticyclonic STG takes a classically
asymmetric form with an intense, narrow western boundary current flowing
northward, which is compensated by a broad and diffuse southward return flow
throughout the ocean interior. In contrast, the cyclonic SPG circulation is more
zonally symmetric owing to the strong topographic steering of currents in the
presence of weaker stratification (Talley et al., 2011). In order for a large-scale

overturning circulation to exist, the subtropical and subpolar gyres are connected
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through the northward flowing North Atlantic Current (upper limb) and the
southward flowing DWBC (lower limb).
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Figure 1.6: Schematic of the circulation pathways which constitute the Atlantic Meridional
Overturning Circulation in the North Atlantic Ocean. The pathways of upper limb waters
flowing in the upper 1000 m of the North Atlantic are shown in red and are defined
as follows: NEC = North Equatorial Current, NBC = North Brazil Current, LC = Loop
Current, FC = Florida Current, GS = Gulf Stream, NAC = North Atlantic Current. The
Deep Western Boundary Current (DWBC), alongside dispersive interior pathways, returns
dense lower limb waters southward.

At the southern boundary of the STG, upper limb waters, originating from the
Drake Passage (~40%) and the Agulhas leakage (~60%; Rodrigues et al.,
Riihs et al.,[2019), arrive via the North Brazil Current and diffuse interior pathways
(Fratantoni et al., Halliwell et al.,[2003). On reaching the subtropics, these
intermediate waters combine with Subtropical Underwater (STUW) recirculating
in the southern limb of the STG. STUW, also known as salinity maximum water,

forms in the westward flowing North Equatorial Current when high salinity



1. Introduction 30

surface waters are subducted below warmer and fresher tropical waters (Talley et
al., 2011} Worthington, 1976)). Upper limb waters then flow northwestward through
the Caribbean Sea and the Yucatan Channel into the Gulf of Mexico (Candela et al.,
2003; Johns et al., 2002; Rousset & Beal, 2010). Here they contribute to the strongly
eddying Loop Current before being exported northward through the Straits of
Florida via the Florida Current (Lumpkin & Johnson, 2013; Molinari & Morrison,
1988). Interestingly, although both hydrographic (Schmitz et al., [1993; Schmitz &
McCartney, |1993; Schmitz & Richardson, [1991) and nutrient (Palter et al., 2008)
analyses suggest that tropical-origin waters make an important contribution to
the total Florida Current transport, little is known about how these specific waters
evolve downstream and hence contribute to the AMOC at subtropical latitudes.

North of the Florida Straits, upper limb waters transported in the Florida
Current combine with recirculating STG waters flowing northward in the Antilles
Current to form a western intensified boundary current, widely known as the
Gulf Stream. On separating from the coast of North America near Cape Hatteras
(Schmitz Jr,1996)), the Gulf Stream transitions from a narrow western boundary
current into a highly turbulent and strongly meandering current transporting a
core of warm and saline water into the central North Atlantic (e.g., Lillibridge
& Mariano, 2013} Rossby, 1996). The separated Gulf Stream transport intensifies
downstream, steadily increasing from ~30 Sv at the Florida Straits to >140 Sv
at 65°W (Hogg, 1992; Hogg & Johns, 1995). Due to its growing instability, the
separated Gulf Stream loses water on both its northern and southern flanks via
large eddy-driven recirculation features known as the Northern (Hogg, 1992; Hogg
et al., 1986) and Southern (Worthington, [1976) Recirculation Gyres, respectively.

Upon reaching the Grand Banks of Newfoundland near 50°W, the remaining
Gulf Stream waters bifurcate into two branches (Johns et al., 1995, Mann, 1967).
Near-surface waters in the upper branch are overwhelmingly recirculated within
the STG (Berglund et al., 2022} Burkholder & Lozier, 2011b)), whereas subsurface
waters continue to flow northward to form the North Atlantic Current (NAC)

(Clarke et al., 1980; Kwon & Riser, 2005; Rossby, 1996). The absence of a direct
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pathway enabling near-surface subtropical waters to be advected into the SPNA
has been demonstrated repeatedly using both surface drifters (Bower et al.,1985;
Bower & Lozier, 1994; Brambilla & Talley, 2006; Hakkinen & Rhines, 2009; Rypina
et al.,, 2011) and simulated water parcel (Burkholder & Lozier, 2011b; Foukal
& Lozier, 2016) trajectories.

Along the path of the Gulf Stream and within the Southern Recirculation Gyre,
upper limb waters are transformed by vertical convective mixing induced by
wintertime surface buoyancy loss (Joyce et al., 2013). This results in the formation
of a vertically homogenous water mass known as Subtropical Mode Water (STMW;
Feucher et al., 2019; Hanawa & Talley, 2001; Worthington, 1958). Following
formation, newly ventilated STMW, identifiable through its low potential vorticity
signature, is isolated from the atmosphere by lateral subduction along isopycnals,
which extend below the seasonal thermocline in spring (McCartney & Talley,
1982). These upper limb waters are then recirculated throughout the STG inte-
rior and by flowing eastward in the Azores Current (Schmitz Jr, [1996) before
returning southward via the slow and diffuse Canary Current (Talley et al.,[2011).
STMWs are finally returned to the Florida Straits and the Antilles Current via
the westward flowing North Equatorial Current, thereby completing a single
loop of the anticylonic STG.

The fate of both STUW and STMW formed within the STG has been inves-
tigated extensively using passive tracers (e.g., Qu et al., 2013), simulated water
parcel trajectories (e.g., Berglund et al., 2022; Blanke et al., 2002} Gary et al.,
2014) and subsurface floats (e.g., Fratantoni et al., 2013; The Climode Group
et al., 2009). Collectively, these Lagrangian studies suggest that upper limb
waters, preconditioned in the STG, are exported northward into the SPG via
subsurface Gulf Stream pathways, which shoal with distance northward along
the path of the NAC (Burkholder & Lozier, 2011a; Foukal & Lozier, 2016; Gary
et al., 2014; Hakkinen et al., 2011, Kwon & Riser, 2005, Kwon et al., 2015). On
reaching the Grand Banks, these subtropical-origin waters exchange heat and salt

with relatively colder and fresher subpolar waters (Berglund et al., 2023) at the
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confluence between the NAC and the Labrador Current (Fratantoni & Pickart,
2007; Jutras et al., 2023; Rossby, (1996). At around 51°N, the NAC retroflects
eastward to form a broad topographically steered flow (Bower & Von Appen, 2008;
Rossby, 1996, (1999), which constitutes both the southern limb of the cyclonic SPG
circulation and the upper limb of the AMOC.

Once the NAC crosses the Mid-Atlantic Ridge at the Charlie Gibbs Fracture
Zone, it divides into several branches feeding the eastern SPG to the northeast
(Fratantoni, 2001; Krauss, [1986; Sy et al., |1992) and the Portugal Current to
the south (Brambilla & Talley, 2008; Flatau et al., 2003; Schott & Brandt, 2007).
Observational estimates suggest that, of the 16-20 Sv of upper limb water entering
the eastern SPG via the NAC, almost 90% arrives in the Iceland Basin via the
northern and central branches, while the remaining 10% arrives in the southern
branch feeding the Rockall Trough (Daniault et al., 2016; Mercier et al., [2015;
Sarafanov et al., 2012). The composition of upper limb waters, also known as
SPMWs (McCartney & Talley, 1982), changes markedly across each of the NAC
branches as the influence of subtropical-origin water increases with distance
eastward. Downstream, these SPMWs are distributed between the Atlantic Water
inflows to the Nordic Seas (8.4 Sv; Sarafanov et al., 2012) and the cyclonic SPG
circulation (12.7 Sv; Sarafanov et al., 2012; Van Aken & Becker, 1996), which in-turn
supply approximately equal volumes of NADW to the lower limb of the AMOC
(Chafik & Rossby, 2019} Petit et al., 2020).

Atlantic Water flows northward across the Greenland-Scotland Ridge into the
Nordic Seas via the Norwegian Atlantic Current (~7 Sv; Hansen & Usterhus, 2000}
Hansen et al., 2008; Osterhus et al., 2019) and the Northern Icelandic Irminger
Current (~1 Sv; Jénsson & Valdimarsson, 2012; Semper et al., 2022). The fate of the
Atlantic Water inflow to the Nordic Seas has previously been described as a double
estuary circulation comprising of both thermohaline and estuarine components
(e.g., Eldevik & Nilsen, 2013; Rudels, 2010; Stigebrandt, 1981). On, average, 70%
of the Atlantic Water inflow transport forms dense overflow waters (defined by a

potential density greater than 27.8 kg m~?) via the thermohaline circulation, while
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the remaining 30% is returned as cold, fresh Polar Water in the so-called estuarine
circulation (Jsterhus et al., 2019; Tsubouchi et al.,2021). Typically, overflow waters
are formed in the Nordic Seas by one of two primary mechanisms (Brakstad et al.,
2023). Firstly, dense water can be formed via progressive diapycnal transformation
due to intense surface heat loss along the boundary current encircling the Nordic
Seas (e.g., Eldevik et al., 2009; Isachsen et al., 2007, Mauritzen, 1996). The
second mechanism is via open-ocean convection resulting from wintertime surface
buoyancy loss over the interior of the weakly stratified Iceland and Greenland
Seas (Marshall & Schott, 1999; Swift & Aagaard, 1981).

Approximately 3.2 Sv of the freshest, densest variety of overflow water, known
as Denmark Strait Overflow Water (DSOW; Usterhus et al., 2019; Tsubouchi
et al., 2021), overspills the Denmark Strait sill west of Iceland before entraining
ambient SPMWs to form lower NADW (Dickson et al., 2008; Dickson & Brown,
1994; Jochumsen et al., 2012), the densest component of the AMOC lower limb.
To the east, around 2.6 Sv Iceland Scotland Overflow Water (ISOW; Eldevik &
Nilsen, 2013} Osterhus et al., 2019) descends from the Norwegian Sea into the
Iceland Basin via the Iceland-Faroe Ridge and the Faroe Bank Channel (Beaird
et al., 2013; Kanzow & Zenk, 2014; Osterhus et al., 2008), where entrainment
of subtropical-origin SPMWs produces its characteristic high salinity, observed
downstream (Johns et al., 2021} Yashayaev & Dickson, 2008). ISOW subsequently
flows southward at depth along the eastern flank of the Mid-Atlantic Ridge
(Lankhorst & Zenk, 2006), where it is partitioned between interior pathways
flanking the Mid-Atlantic Ridge (Liu et al., 2024; Lozier et al., 2022; Zou et al.,
2020a)) and deep cyclonic pathways which form North East Atlantic Deep Water
(NEADW; Daniault et al., 2016; Racapé et al., [2019); a dense water mass which
combines with DSOW in the DWBC.

In the eastern SPG, the remaining SPMWs that did not cross the Greenland-
Scotland Ridge circulate cyclonically around the Iceland Basin, undergoing contin-
uous densification (Brambilla et al., 2008; Stendardo et al., 2024) through surface

buoyancy loss along-stream (Petit et al., 2020). On reaching the eastern flank of the
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Reykjanes Ridge, weakly stratified SPMWs are considered to be preconditioned to
form upper NADW downstream (de Boisséson et al., 2012; Thierry et al., 2008).
These preconditioned SPMWs subsequently flow southward in the East Reykjanes
Ridge Current before retroflecting to form the northward flowing Irminger Current
along the western flank of the Rekjanes Ridge (Daniault et al., 2016; de Jong
et al., 2020; de Jong & de Steur, 2016). In addition to recirculating SPMWs, the
Irminger Current transports SPMW sourced from a minor branch of the NAC
(Chafik et al., 2022; Daniault et al., 2016; Fried et al., 2023). The Irminger Current
flows cyclonically around the Irminger Sea (Krauss, 1995; Reverdin et al., 2003)
before bifurcating south of Denmark Strait to feed the Northern Icelandic Irminger
Current (Hansen & Osterhus, 2000; Semper et al., 2022) and the southward flowing
East Greenland Current system (Vage et al., 2011).

The East Greenland Current system consists of two western boundary currents,
namely, the East Greenland Coastal Current, which transports freshwater along
the continental shelf (Bacon et al., 2002; Sutherland & Pickart, 2008), and the
East Greenland Current (EGC) at the shelf break (Le Bras et al., 2018). The EGC
transports both relatively warm and saline SPMWs sourced from the NAC and
much colder and fresher Polar Water of Arctic-origin (Foukal et al., 2020; Rudels
et al., 2005). On reaching Cape Farewell, the topographically-steered EGC flows
northwestward as the West Greenland Current (WGC; Holliday et al., 2009), which
circumnavigates the Labrador Sea along the continental shelf break. This strongly
eddying "rim current" (Pacini & Pickart, [2022; Schott & Brandt, 2007} Talley et al.,
2011) becomes the offshore branch of the largely barotropic Labrador Current,
flowing southward along the western boundary of the Labrador Sea (Hall et al.,
2013). The inshore branch of the Labrador Current, known as the Labrador Coastal
Current, is fed by a combination of fresh recirculating West Greenland Coastal
Current waters and Arctic-origin waters exported through the Hudson and Davis
Straits (Cuny et al., 2002; Florindo-Lépez et al., 2020; Lazier & Wright, [1993).

Away from the continental shelf break, the interior of the Labrador and

Irminger Seas is filled with an intermediate water mass known as Labrador Sea
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Water (LSW; Lazier, 1980; Talley & McCartney, 1982; Yashayaev et al., 2008),
formed in deep winter mixed layers via open-ocean convection (Marshall & Schott,
1999; Pickart et al., 2002). Following its formation, LSW is either transported into
the boundary current (Schott & Brandt, 2007) or recirculated within the central
Labrador and Irminger Seas via the closed cyclonic circulation of the Irminger
Gyre (Faure & Speer, 2005; Lavender et al., 2005; Sy et al., 1997). The entrainment
of LSW into the boundary current takes place via eddy exchange (e.g., Georgiou
et al., [2019; Spall, 2004} 2011} Straneo, 2006). The net effect of this exchange of
buoyancy between the lighter boundary current and denser convective interior is
that the boundary current becomes denser along-stream (Briiggemann & Katsman,
2019; Holte & Straneo, 2017; Straneo, 2006), while stratification increases in the
basin interior (de Jong et al., 2014; Katsman et al., 2004; Lilly et al., [1999).

In addition to eddy fluxes, direct heat loss to the overlying atmosphere can
induce boundary densification via local convective mixing (Bebieva & Lozier,
2023; Spall, 2004; Wahlin & Johnson, 2009). In the Labrador Sea, this convection
occurring within the boundary current itself has been suggested as the primary
mechanism by which SPMW forms upper LSW (Pickart et al., 1997, 2002; Spall
& Pickart, 2001), the lightest component of the AMOC lower limb (e.g., Rhein
et al., 2011, 2017). This should be distinguished from deep LSW, which is formed
by open-ocean convection in the Labrador Sea interior (Yashayaev et al., [2008)
before being laterally transported into the boundary current along isopycnals
(Cuny et al., 2002; Georgiou et al., 2021).

Recently, Le Bras et al. (2020) used mooring observations along OSNAP East to
identify a similar mode of dense water formation in the western Irminger Sea. In
particular, the authors identified two convective water masses analogous to LSW,
namely, upper Irminger Sea Intermediate Water (ISIW), which is formed along the
edge of the boundary current, and deep ISIW, which is formed in the Irminger
Sea interior. Moreover, Le Bras et al. (2020) showed that the close proximity of
upper ISIW formation to the western boundary current results in rapid export on

seasonal timescales, whereas deep ISIW typically recirculates in the basin interior
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on interannual timescales. Similar rapid export of lower limb waters has been
identified along the boundaries of the Labrador Sea in a model (MacGilchrist et al.,
2020), where newly ventilated LSW is exported southward in the deep Labrador
Current in only a matter of months (Brandt et al., 2007; Holte & Straneo, 2017).
At the exit of the Labrador Sea, the Labrador Current transports both upper
and lower NADW varieties to be exported equatorward in the AMOC lower limb.
However, given that the typical Labrador Current transport (~30 Sv; Dengler et al.,
2006; Zantopp et al., 2017) is almost twice that of the subpolar AMOC strength
(~16 Sv; Lozier et al., 2019), a robust recirculation of NADW must take place
within the SPG (Mertens et al., 2014; Schott et al., 2004) via a combination of
deep cyclonic pathways feeding the Labrador Sea interior (Fischer & Schott, 2002;
Lavender et al., 2000) and the NAC (Breckenfelder et al., 2017; Mertens et al., 2014).
Subsurface Lagrangian floats have also been used to challenge the long-standing
paradigm that the DWBC is the principal conduit for the remaining NADW to
be exported to the subtropical North Atlantic (Stommel, [1958). The majority of
NADW exported from the Labrador Sea is detrained from the DWBC on reaching
the Grand Banks before continuing equatorward via highly dispersive interior
pathways (Bower et al., 2011; Bower et al., 2009; Fischer & Schott, 2002), consistent
with results from passive tracer experiments (e.g., Lozier, [1999; Rhein et al., 2002;
Rhein et al., 2015). The dominant role of interior pathways in transporting NADW
across the inter-gyre boundary is similarly reproduced by simulated water parcel
trajectories (Gary et al., 2011; Lozier et al., 2013; Petit et al., 2023a; Zou & Lozier,
2016) and is explained by deep eddy-driven recirculation gyres (Lozier, (1999;
Lozier et al., [1997). On reaching 26.5°N, most of the interior NADW is returned
to the DWBC (Bower et al., 2009), which crosses the RAPID array below 1000
m offshore of the Bahamas. This marks the completion of the North Atlantic
Overturning Circulation which, on average, transforms ~17 Sv of warm, light

water in the upper 1000 m into cold, dense NADW returning southward at depth.
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1.6 Variability of the Atlantic Meridional Overturning
Circulation in the North Atlantic Ocean

We have seen in Section that changes in the strength of the AMOC have
wide-reaching climate impacts with significant socio-economic implications. In
this Section, we discuss the nature of North Atlantic overturning variability as
recorded in observations and simulated in OGCMSs. Although the strength of
the AMOC in the North Atlantic Ocean exhibits a rich spectrum of variability
extending from daily to centennial timescales, we draw particular attention to the
mechanisms governing seasonal to multi-decadal AMOC variability. We note that,
while the focus of this thesis is on the processes and circulation pathways local
to the North Atlantic, on multi-centennial timescales, coupled climate models
suggest a significant role for the Southern Ocean in forcing AMOC variability
through the generation of upper ocean thermohaline anomalies (Delworth &
Zeng, 2012; Martin et al., 2015).

Since the strength of the AMOC at a given latitude is typically diagnosed
by calculating either the vertical or diapycnal overturning stream function, any
process which acts to modify the depth or density dependent meridional velocity
field can induce variability in the overturning strength. The two most important
drivers of AMOC variability are momentum and buoyancy forcing at the sea
surface, due to changes in wind stress and the fluxes of heat and freshwater,
respectively (Biastoch et al., 2008; Delworth et al., [1993; Héakkinen, 1999). As
discussed in Jackson et al. (2022), we can partition the effects of wind stress forcing
on the meridional velocity field and, hence, the AMOC into separate ageostrophic
and geostrophic components. Ageostrophic wind-driven AMOC anomalies result
from local changes in meridional Ekman transport induced by anomalous zonal
wind stress (Baehr et al.,[2004; Jayne & Marotzke, 2001; Wunsch & Heimbach, 2009).
Meanwhile, geostrophic wind-driven AMOC anomalies are owed to changes in
zonal density gradients due to the heaving of isopycnals in response to anomalous

wind stress curl (Chidichimo et al., 2010; Kanzow et al., 2010; Zhao & Johns,
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2014b) or to boundary wave adjustment to wind forcing changes (Hermanson
et al., 2014; Kanzow et al., 2010).

In contrast to the adiabatic generation of AMOC anomalies by the winds,
buoyancy forcing induces geostrophic overturning anomalies diabatically through
surface-forced water mass transformation (Biastoch et al., 2008; Kim et al., 2024;
Yeager et al., 2021). Following their generation, density anomalies are communi-
cated equatorward along the western boundary, where they modify the meridional
geostrophic flow according to the thermal wind relation (Waldman et al., 2021).
The extent to which AMOC variability is driven by wind or buoyancy forcing
strongly depends on both the location and timescale of the variability in question
(e.g., Bryden, 2021; Jackson et al., |2022; Larson et al., 2020; Polo et al., 2014;
Yeager & Danabasoglu, 2014). Thus, we next focus on the mechanisms responsible
for seasonal and interannual to multi-decadal overturning variability at both

subtropical and subpolar latitudes.

1.6.1 Seasonal Variability in the North Atlantic Meridional Over-
turning Circulation

Both observations and numerical models show that AMOC variability is most
pronounced on monthly to seasonal timescales, with fluctuations on the order of
the time-mean AMOC strength recorded at both subtropical and subpolar latitudes
(Johns et al., 2023bj Lozier et al., 2019; Moat et al., 2020, ~17 Sv).

In the subtropical North Atlantic, high-frequency overturning variability is
principally driven by local wind forcing (e.g., Blaker et al., |2015; Duchez et al.,
2016; Roberts et al., 2013; Zhao & Johns, 2014a, 2014b). Indeed, Roberts et al.
(2013) were able to reproduce between 70-80% of the observed AMOC variability
at the RAPID array along 26.5°N by forcing an ocean model with observed winds.
The remaining overturning variability (20-30%) is associated with intrinsic ocean
variability (Germe et al., 2022; Hirschi et al.,2013; Thomas & Zhai, 2013)), which
is unrelated to the external forcing by momentum and buoyancy fluxes at the

sea surface. Instead, this internal AMOC variability emerges from the chaotic
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mesoscale ocean eddy field (Biastoch et al., 2008; Grégorio et al., | 2015; Hirschi
et al., 2013; Thomas & Zhai, 2013).

On monthly timescales, subtropical overturning and, by extension, MHT
variability reflects the local ageostrophic response to fluctuations in zonal wind
stress, in which meridional Ekman transport anomalies are balanced by a depth-
independent geostrophic return flow in the ocean interior (e.g., Jayne & Marotzke,
2001; Moat et al., 2020; Wunsch & Heimbach, 2006). On longer seasonal timescales,
Kanzow et al. (2010) showed that a substantial fraction of subtropical AMOC
variability results from the geostrophic response of the upper-ocean to seasonal
wind forcing. The seasonal cycle of subtropical overturning measured at the
RAPID array is characterised by a minimum in spring and a maximum between
autumn and early winter (Kanzow et al., 2010; Mielke et al., 2013), with an
amplitude of 2.0 £+ 0.1 Sv (Moat et al., 2020). By relating the geostrophic transport
in the upper 1000 m to the density difference between the eastern and western
boundaries at 26.5°N, Kanzow et al. (2010) demonstrated that seasonal geostrophic
transport anomalies result from isopycnal heaving along the eastern boundary in
response to seasonal changes in local wind stress curl, consistent with the earlier
studies of Kohl (2005) and Chidichimo et al. (2010). Thus, the seasonal cycle
of vertical overturning in the subtropical North Atlantic reflects a combination
of local Ekman and wind-forced Rossby wave dynamics (Kanzow et al., 2010;
Zhao & Johns, 2014a).

In the SPNA, similarly large overturning variability has been observed on
monthly to seasonal timescales at the OSNAP array (Fu et al., 2023} Li et al., 2021bj}
Lozier et al., [2019). According to Fu et al. (2023), seasonal variability accounts
for 40% of the monthly diapycnal overturning variability measured across the
full OSNAP array, with OSNAP East making the dominant contribution. The
observed seasonal cycle in subpolar overturning is characterised by a maximum
in spring (21.1 & 1.2 Sv) and a minimum in winter (12.3 & 1.2 Sv) and is, therefore,
in antiphase with the seasonal cycle of vertical overturning in the subtropics. The

strength of seasonal diapycnal overturning variability recorded at OSNAP East
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(6.2 Sv peak-to-trough amplitude in Fu et al., 2023) is slightly larger than reported
in Mercier et al. (2015), who observed a seasonal cycle of diapycnal overturning
with an amplitude of approximately 4 Sv along the OVIDE section extending from
Greenland to Portugal. However, we note that the observations used in the studies
above do not overlap (OSNAP East: 2014-2020; OVIDE: 1993-2010). Moreover,
Mercier et al. (2024) recently showed that the amplitude of seasonal overturning
variability at OVIDE is sensitive to the choice of objective analysis used to provide
gridded temperature and salinity measurements.

In contrast to the subtropical North Atlantic, observations and ocean reanalyses
suggest that both wind and buoyancy forcing play an important role in generating
seasonal overturning variability at subpolar latitudes (Fu et al., 2023; Holte &
Straneo, 2017; Wang et al., 2021). However, this may also be a consequence of
using density-coordinates rather than depth-coordinates to calculate the strength
of subpolar overturning, given that both changes in the meridional velocity field
and the heaving of isopycnals can project onto the diapycnal overturning stream
function (e.g., Wang et al., [2021).

Using the 6-years of available OSNAP observations, Fu et al. (2023) argued that
seasonality of subpolar overturning reflects both a delayed response to wintertime
dense water formation and the seasonal cycle of southward Ekman transport.
This followed a number of earlier studies which highlighted the close relationship
between seasonal overturning variability and the export of seasonal western
boundary density anomalies (e.g., Le Bras et al., 2020; Straneo, 2006; Wang et al.,
2021). In particular, Holte and Straneo (2017) used Argo float data to suggest that
the delayed springtime overturning maxima in the western SPG results from the
time taken for wintertime dense water formation in the Labrador Sea interior to be
communicated into the encircling boundary current. Similarly, in the eastern SPG,
Li et al. (2021a) observed strong seasonality in the layer thickness of upper NADW
exported in the western boundary current of the Irminger Sea. The delayed
response of the subpolar overturning circulation to seasonal buoyancy forcing

does not, however, account for the wintertime seasonal minimum in diapycnal
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overturning at OSNAP. Fu et al. (2023) instead propose that this is due to an
increase in the southward Ekman transport across the OSNAP East array during
winter, which acts to reduce the northward volume transport of the upper limb.

There is also evidence which challenges the emerging consensus that winter-
time dense water formation drives the seasonal subpolar overturning variability.
For example, several studies, including Fu et al. (2023), have shown that the
seasonal cycle of surface buoyancy-driven transformation in the eastern SPG
far exceeds the overturning seasonality measured at OSNAP East (Petit et al.,
2020; Xu et al., 2018a). This difference implies that only a small fraction of the
dense waters formed each winter are efficiently exported across the OSNAP
East array on seasonal timescales. Meanwhile, the remaining seasonal water mass
transformation must be balanced by volume changes within isopycnal layers north
of OSNAP East (Petit et al.,[2020). Indeed, Le Bras et al. (2020) recently showed that
only convected water masses formed close to the EGC can be exported on seasonal
(1-3 months) timescales, whereas the remainder recirculate within the Irminger
Sea on interannual timescales. As a result of the wide range of export timescales
convolved in the western boundary currents of the Labrador and Irminger Seas, Li
et al. (2021a) conclude that there is no discernable relationship between subpolar
overturning variability and western boundary density changes recorded along
the OSNAP array. It, therefore, remains an open question to what extent the
overturning seasonality measured in the SPNA can be attributed to seasonal dense

water formation, as is often inferred using lagged correlations.

1.6.2 Interannual to Multi-Decadal Variability in the North At-
lantic Meridional Overturning Circulation

On interannual to multi-decadal timescales, variations in the strength of the
AMOC at both subtropical and subpolar latitudes are dominated by wind and
buoyancy forcing associated with the North Atlantic Oscillation (NAO) (e.g.,
Biastoch et al., 2008; Danabasoglu et al., 2016; Eden & Willebrand, |2001; Yeager,
2020; Yeager & Danabasoglu, 2014), which is the dominant mode of atmospheric
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variability in the North Atlantic sector (Hurrell, [1995; Marshall et al., 2001). The
ocean response to NAO forcing can be understood as a combination of a fast
ageostrophic response and a delayed geostrophic response (Eden & Willebrand,
2001; Khatri et al.,2022; Lohmann et al.,2009). During a positive phase of the NAO,
the fast response results from the anomalous meridional Ekman transport induced
by the intensification of both the subtropical easterlies and the subpolar westerlies
(Khatri et al.,[2022). Thus, since these Ekman transport anomalies are divergent
between subtropical and subpolar latitudes (Jackson et al., [2022), NAO-forced
overturning variability is not meridionally coherent on interannual timescales
(Balan Sarojini et al., 2011; Bingham et al., 2007). In the subtropics, Zhao and Johns
(2014b) showed that the fast Ekman response to a shift to a negative phase of
the NAO played an important role in driving the ~30% reduction in the AMOC
strength at 26.5°N during the winter of 2009-10 (McCarthy et al., 2012).

The delayed geostrophic response to NAO forcing also differs significantly
between subtropical and subpolar latitudes for two reasons: (i) the westward
propagation speed of baroclinic Rossby waves induced by anomalous wind and
buoyancy forcing depends strongly on latitude (e.g., Wunsch & Heimbach, 2013),
and (ii) the buoyancy forcing associated with the NAO is localised over regions
of deep convection within the SPNA.

In the subtropical North Atlantic, baroclinic Rossby waves propagate westward
across the basin on interannual timescales (e.g., Cabanes et al., 2008; Hirschi &
Marotzke, |2007), meaning that wind forcing projects strongly onto interannual
AMOC variability (Biastoch et al., 2008; Boning et al., 2006; Stepanov et al.,
2016). This Rossby wave adjustment to NAO-induced wind forcing can be
understood as follows: anomalous wind stress curl generates isopycnal heave; the
resulting density anomalies propagate towards the western boundary as baroclinic
Rossby waves, thereby modifying the basin-wide density gradient and hence the
strength of the upper-ocean geostrophic flow (Cabanes et al., 2008; Hirschi &
Marotzke, 2007; Zhai et al., 2014; Zhao & Johns, 2014b). On longer, decadal
timescales, observed AMOC variability at 26.5°N (e.g., Frajka-Williams et al., 2018)
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is hypothesised to result from a delayed geostrophic response to prolonged periods
of surface buoyancy forcing at subpolar latitudes (Jackson et al., 2016; Robson
et al., 2012). Such meridionally coherent modes of decadal AMOC variability arise
because subpolar density anomalies are communicated meridionally along the
western boundary via either rapid boundary wave propagation (Getzlaff et al.,
2005; Johnson & Marshall, 2002) or slower advection within the DWBC (Bower
et al., 2009; Marotzke & Klinger, 2000; Van Sebille et al., 2011; Zhang, 2010).

Unlike in the subtropics, the local formation of buoyancy anomalies coupled
with the longer timescales taken for Rossby waves to propagate across the basin
(Buckley et al., 2012} Tulloch & Marshall, 2012) means that NAO-induced wind
and buoyancy forcing projects most strongly onto decadal AMOC variability
at subpolar latitudes. During positive phases of the NAO, anomalous cyclonic
wind stress curl over the SPNA leads to a gradual spin-up of the SPG through
increased Ekman upwelling in the basin interior (Eden & Willebrand, 2001).
The anomalously strong westerly winds also enhance surface heat loss over the
central Labrador and western Irminger Seas, which favours increased dense water
formation by strengthening deep convection (Danabasoglu et al., 2014; Yeager
et al., 2021). The resulting subsurface density (buoyancy) anomalies are advected
throughout the basin interior (Chafik et al., 2022; Lavender et al., 2000), where
they act to further intensify the cyclonic SPG circulation by steepening the zonal
dynamic height gradient across the basin (Hikkinen & Rhines, 2004; Kim et al.,
2024; Roussenov et al., [2022; Yeager et al., 2021). Since there is a strong coupling
between the overturning and gyre circulations at subpolar latitudes (Yeager et al.,
2015), the strengthening of the SPG circulation in response to a positive phase
of the NAO yields a concordant strengthening of the subpolar AMOC (Boning
et al., 2006; Eden & Jung, 2001; Roussenov et al., 2022).

In addition to their redistribution throughout the SPG interior, subsurface
density anomalies generated during positive phases of the NAO have also been
highlighted as an important precursor to low-frequency AMOC variability further
south (Ortega et al., 2017, [2021; Robson et al., 2014). On reaching the tail of the
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Grand Banks, positive density anomalies advected southward in the DWBC act
to increase the zonal density gradient across the basin and, therefore, strengthen
the northward geostrophic flow of the upper limb according to the thermal wind
relation (Biastoch et al., 2008; Chafik et al., 2023 Kostov et al., 2023; Tulloch &
Marshall, 2012). Numerical models show that the increase in northward heat
transport associated with such a strengthening of the AMOC also leads to a
delayed increase in upper ocean heat content and SSTs in the SPNA on decadal
to multi-decadal timescales (Delworth & Mann, 2000; Delworth & Zeng, 2012}
Knight et al., 2006; Latif et al., 2007; Msadek & Frankignoul, 2009; Roberts et al.,
2013; Williams et al., 2015). This is further supported by observations, which
show a delayed warming and salinification of the upper eastern SPG in response
to the intensification of the AMOC following persistent positive phases of the
NAO in the early 1990s (Bersch et al., 2007; Cuny et al., 2005; Fu et al., 2020)
and late 2010s (Desbruyeres et al., 2021). In contrast, during negative phases of
the NAO, observations indicate that anticyclonic wind stress curl anomalies and
reduced heat loss induce a delayed cooling and freshening (Bryden et al., 2020;
Robson et al., 2016) of the upper eastern SPG by favouring the recirculation of
subpolar-origin waters (Fox et al., 2022; Holliday et al., [2020).

Since the northward propagation of upper-ocean thermohaline anomalies from
the SPNA into the Nordic Seas has also been shown to yield predictable regional
climate impacts (e.g., Arthun et al., 2017; Straneo & Heimbach, 2013; Yeager et al.,
2015), accurately representing the dynamical memory of low frequency AMOC
variability is widely considered to be an essential component of skillful decadal
climate prediction (Dunstone et al.,[2011; Yeager & Robson, 2017). Yet, in contrast
to the large number of studies investigating the role of the AMOC in the generation
of upper-ocean thermohaline anomalies (e.g., Arthun et al., 2021, Hakkinen, 1999}
Kim et al., 2020; Moat et al., 2019), much less attention has been paid to their
subsequent evolution, including their ability to influence dense water formation
downstream (e.g., Dong & Sutton, 2005; Passos et al., 2024). On the one hand,

numerous simple box models and low-resolution coupled climate models suggest
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that thermohaline anomalies generated by low-frequency AMOC variability can
feed back onto subpolar overturning variability by impacting the strength of water
mass transformation (i.e., via the salt-advection feedback) (Delworth et al.,[1993;
Griffies & Tziperman, 1995; Rahmstorf, [1996; Stommel, 1961). However, this is
inconsistent with Fu et al. (2020), who used observations to show that the subpolar
AMOC has remained stable in spite of the large-scale thermohaline variability
during recent decades. If the subpolar overturning circulation is indeed strongly
decoupled from upper-ocean buoyancy anomalies advected around the SPG as
proposed in Fu et al. (2020), this raises several important open questions. Firstly,
what physical processes are responsible for setting the amount of dense water
formed along the path of the SPG? Secondly, how predictable is SPG dense water

formation on interannual to decadal timescales?

1.7 Aims & thesis overview

In this thesis, we seek to develop new insights into the nature of the Meridional
Overturning Circulation in the North Atlantic Ocean by introducing a novel
Lagrangian framework to analyse numerical model simulations. By combining tra-
ditional Eulerian analyses with carefully formulated Lagrangian particle tracking

experiments, we will address each of the following research questions:

1. How is the time-mean strength of the AMOC partitioned amongst the

individual circulation pathways of the eastern SPNA? (Chapter

2. What is the detailed nature of the overturning pathways in the eastern SPNA,
including the geography and advective timescales of diapycnal water mass

transformation? (Chapter

3. Which circulation pathways are responsible for seasonal overturning vari-

ability in the eastern SPG? (Chapter
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4. What are the physical mechanisms underpinning seasonal overturning
variability in the eastern SPG in both the Eulerian and Lagrangian frames of

reference? (Chapter

5. To what extent do upper limb buoyancy anomalies advected along the path

of the SPG influence the strength of the subpolar overturning circulation?

(Chapter

6. How predictable are interannual to decadal variations in the amount of

dense water formed along the path of the SPG? (Chapter [4)

7. What contribution does the STG make to the time-mean meridional over-

turning and heat transport at 26.5°N? (Chapter

8. To what extent do the Eulerian vertical and horizontal heat transport compo-
nents reflect the contributions made by the STG and the large-scale AMOC

to the total meridional heat transport in the subtropical North Atlantic?

(Chapter

1.8 Software & Data availability

The Lagrangian trajectory data generated as part of this thesis have been made
available in publicly accessible repositories where possible (see Table[1.2). The code
used to undertake the Lagrangian analyses presented in the following Chapters
has been consolidated to create the open-source Lagrangian Trajectories Toolbox

(https:/ / github.com/oj-tooth /lt-toolbox).
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Table 1.1: List of numerical models used in this thesis.
ORCA025-GJM189 ORCAO0083-GO8p7 ORCA0083-N06
Chapter(s) 2,3 4 5
Ocean General
Circulation Model NEMO v3.5 NEMO v4.0.4 NEMO v3.6 (ORCA12)
(ORCAO025) (eORCA12)
Ocean
Resolution 1/4° 1/12° 1/12°
Vertical Levels 75 75 75
Sea Ice
Model LIM v2 CICE v4 LIM v2
Run Length 1958-2015 1958-2021 1958-2015
Initial Conditions Levitus climatology EN.4.2.2 (1995-2014) Levitus climatology
(Levitus et al.,|[1998) climatology (Good (Levitus et al.,|[1998),
and PHC2.1 (Steele etal.,[2013) PHC2.1 (Steele et al.,
et al.,[2001) 2001) and MEDATLAS
(Jourdan et al.,|1998)
Forcing DFS 5.2 JRA55-do DFS5.2
References Jean-Marc Molines Megann et al. (2022) Moat et al. (2016)
2021)
Table 1.2: List of Lagrangian trajectory datasets used in this thesis.
Chapter(s) Description
2&3 ORCA025-GJM189 Lagrangian Trajectories
https:/ /doi.org/doi/10.5281/zenodo.6573899
5 ORCAO0083-N06 Lagrangian Trajectory Crossings of 26.5°N

https:/ /doi.org/10.5281/zenodo.10069800
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Lagrangian overturning pathways in
the eastern subpolar North Atlantic

We saw in Section [1.3| that the subpolar North Atlantic Ocean (SPNA) plays a
critical role in the global climate system through the formation of dense NADW
that feeds the lower limb of the AMOC. In this Chapter, we diagnose the con-
tribution of individual circulation pathways to the time-mean strength of the
subpolar AMOC and determine the dominant advective timescales of water mass

transformation in the eastern SPNA.

2.1 Introduction

Both numerical modelling studies (e.g., Menary et al., 2020bj Petit et al., |2023b;
Yeager et al., 2021; Zhang & Thomas, 2021) and recent observations made along
the OSNAP observing array (e.g., Fu et al., 2023; Li et al., 2021a; Lozier et al.,
2019) show that water mass transformation east of Greenland (north of OSNAP
East, see Fig) dominates both the mean strength and seasonal to interannual
variability of the subpolar overturning circulation. Therefore, in this opening
Chapter, we focus on the circulation pathways responsible for the time-mean

strength of the AMOC in the eastern SPNA.

48
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Observational studies exploring the sources of NADW feeding the AMOC
lower limb in the eastern SPNA have revealed that dense water formation is
distributed approximately equally between the Iceland and Irminger Basins and
the Nordic Seas (Bringedal et al., 2018; Chafik & Rossby, 2019; Petit et al., 2020).
In the eastern SPG, upper NADW formation is characterised by the progressive
densification of SPMWs circulating cyclonically in the Iceland and Irminger Basins
(Brambilla & Talley, 2008; de Boisséson et al., 2010; Petit et al., 2020; Stendardo
et al.,[2024). This surface buoyancy-driven transformation along the horizontal
boundary currents of the eastern SPG has been characterised as a form of "lateral
subduction" by Chafik and Rossby (2019), and is estimated to be responsible for
around 40% of time-mean diapycnal overturning at OSNAP East (Hirschi et al.,
2020; Zhang & Thomas, 2021). Away from the SPG boundaries, upper NADW
with a similar composition to deep LSW (Pickart et al., 2003) is also formed by
deep convection in the Irminger Sea interior (de Jong et al.,2012; Piron et al., 2016).

Collectively, these two modes of dense water formation occurring south of
the Greenland-Scotland Ridge dominate the variability of the subpolar AMOC
on monthly to decadal (Desbruyeres et al., 2019; Petit et al., 2020) timescales.
This is contrasted by the transport of dense overflow waters returning across
the Greenland-Scotland Ridge, which exhibit little variability on interannual to
decadal timescales (Jsterhus et al., 2019).

Although the processes governing water mass transformation in both the
eastern SPG and the Nordic Seas have been subject to extensive research (e.g.,
Arthun, 2023; Desbruyeres et al., 2019; Evans et al., 2023 Grist et al., 2009,
2016; Petit et al., 2020, 2021), what remains unaddressed is how the diapycnal
overturning integrated across the OSNAP East section is distributed amongst the
circulation pathways of the eastern SPG and the Nordic Seas overflows. Moreover,
given that recent observations suggest that variations in upper NADW formation
can imprint onto both seasonal and interannual overturning variability (Le Bras
et al., 2020), there is a growing need to identify the dominant advective timescales

over which dense water formation takes place within the eastern SPNA.
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Figure 2.1: Time-mean sea surface temperature and volume transports in the SPNA
in ORCA025-GJM189. (a) The location of the OSNAP observing array (purple line)
superimposed on a map of mean (1976-2015) sea surface temperature and the boundary
of the SPG (defined as the largest closed contour of sea surface height following Foukal
& Lozier, 2018). The Reykjanes Ridge (RR, orange line) and the Greenland-Scotland
Ridge (GSR, pink line) sections are used to define circulation pathways and determine
the extent of water mass transformation in each of the subpolar basins in Section
The major currents intercepted by the OSNAP East array are identified: North Atlantic
Current (NAC), East Reykjanes Ridge Current (ERRC), Irminger Current (IC), and East
Greenland Current (EGC). (b) Model-derived summertime mean (JJA; 2002-2008) velocity
perpendicular to OSNAP East (positive transports are northward) overlaid by og = 27.55
kg m~3 (the isopycnal of maximum overturning reported by Sarafanov et al., and oy
= 27.80 kg m 3 (the observed upper limit of overflow waters transformed in the Nordic
Seas). Simulated net transports (bold) are included for the upper layer (< 27.55 kg m~3),
intermediate layer (27.55 < 0y < 27.80) and the deep layer (> 27.80 kg m~3) following
Sarafanov et al. (2012). The NAC transport is defined as the net upper layer transport
east of Reykjanes Ridge (dashed line at 750 km). The western boundary current (WBC)
transport is defined as the net top-to-bottom transport within 250km of Greenland (dashed
line).
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In this Chapter, we employ Lagrangian particle tracking to investigate the
structure of the time-mean overturning circulation in the eastern SPNA within an
eddy-permitting ocean sea-ice hindcast simulation. We first establish the fidelity
of the gyre and overturning circulations simulated in ORCA025-GJM189 through
comparison with observations of the SPNA. By extending the methodology of
Georgiou et al. (2020} 2021), we then formalise the concept of the Lagrangian
overturning in density-coordinates and show how trajectories traced from the
northward inflows across a model-defined OSNAP East section reveal the mean
pathways of the overturning circulation, including their along-stream diapycnal
transformation. In contrast to traditional zonally-integrated metrics, we demon-
strate how the Lagrangian overturning in density-coordinates can be decomposed
to quantify the contributions made by individual pathways to overturning at
OSNAP East, their associated advective timescales and the extent of water mass
transformation in the Iceland-Rockall and Irminger Basins.

This Chapter is organised as follows. In Section we introduce the eddy-
permitting model simulation and Lagrangian particle tracking experiments. Sec-
tion explores the composition of the time-mean northward transport across
OSNAP East. The time-mean Lagrangian overturning in the eastern SPG is
defined in density-coordinates in Section In Section we decompose the
Lagrangian overturning in the eastern SPG by circulation pathway, quantifying the
extent of water mass transformation in each basin and identifying the dominant
advective timescales over which overturning takes place. Finally, in Section
we reproduce our findings using time-averaged velocity and hydrographic
fields, before extending our analysis to investigate the overturning pathways and
advective timescales of the Nordic Seas overflows. The Chapter concludes with a
summary of our principal findings and a discussion of their wider implications

for high-latitude AMOC variability (Section [2.4).
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2.2 Methods
2.2.1 Ocean General Circulation Model

To investigate the nature of the time-mean overturning circulation in the eastern
SPNA, we use output from the ORCA025-GJM189 (see Table ocean sea-ice
hindcast simulation produced by the Drakkar initiative (Bernard et al., 2006). The
simulation uses a global implementation of the Nucleus for European Modelling
of the Ocean (NEMO) model (Madec et al., 2013) coupled to the thermodynamic
Louvain-la-Neuve Ice Model version 2 (LIM2) (Fichefet & Maqueda, 1999). The
ocean is simulated using the eddy-permitting ORCAO025 configuration of the
NEMO v3.5 model (Madec et al., 2013), which utilises the ORCA tripolar quasi-
isotropic grid with a nominal horizontal resolution of 1/4° (27.75 km at the
equator, 13.8 km at 60°N) and 75 unevenly spaced z-partial-step-coordinate
levels, ranging from 1 m at the surface to 200 m below 4000 m depth. Subgrid-
scale parameterisations include horizontal biharmonic viscosity for momentum,
Laplacian isopyncal diffusivity for tracers and the TKE turbulence closure scheme
for vertical mixing (Bernard et al., 2006). While there is no explicit parametrisation
of mesoscale eddy mixing in this simulation (e.g., Gent & Mcwilliams, [1990), sub-
grid scale diffusion of momentum and tracers does admit the partial resolution
of mesoscale eddies. A comprehensive description of the ORCA025-GJM189
configuration can be found in Jean-Marc Molines (2021).

The ORCA025-GJM189 hindcast simulates the historical period from 1958-2015
initialised from rest. Atmospheric forcing, in the form of surface heat, freshwater,
and momentum fluxes, is computed using the CORE bulk formulae (Large et al.,
1994; Large & Yeager, 2004) and the Drakkar Forcing Set 5.2 (Dussin et al., 2016)),
which combines surface fluxes from the ERA40 (Uppala et al., 2005) and ERA-
Interim reanalyses (Dee et al.,2011). The initial conditions of the simulation are
provided by a combination of the Levitus climatological hydrography (Levitus
et al.,1998) and Polar Science Center Hydrographic Climatology (Steele et al., 2001)

in the Arctic. A relaxation of sea surface salinity towards the Levitus climatological
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hydrography with a piston velocity of 167 mm day*, equivalent to a 60 day decay
time for 10 m of water depth (Jean-Marc Molines, 2021), is included to minimise
model drift. In the absence of a dedicated spinup period, we discard the first
18 years of the simulation to allow for the initial adjustment of the model. The
depth of the surface mixed layer (MLD) is diagnosed using a potential density
criterion, as in MacGilchrist et al. (2020): Aoy = 0.01 kg m~3, where Aoy is the
difference in potential density from the sea surface. We additionally construct
stationary velocity and hydrographic fields by averaging 5-day mean model
outputs from 1976-2015. To preserve the spatial signature of wintertime convection
when calculating the time-mean MLDs, we elect to average the 5-day mean MLDs
across all months between 1976-2015 rather than compute them directly from
the time-mean potential density field.

We choose to place the simulated period (1976-2015) into context throughout
the study by comparing transports and hydrography along the model-defined
OSNAP East section (defined as in Menary et al., 2020a) with relevant observations.
In agreement with previous Lagrangian studies using models based on ORCA025
(e.g., Asbjornsen et al., 2021; de Boisséson et al., 2012} Desbruyeéres et al., 2013,
2015; MacGilchrist et al., 2020), we will show that the velocity and hydrographic
fields of the ORCA025-GJM189 simulation can adequately reproduce the gyre
and overturning circulations of the eastern SPNA.

To provide an initial impression of the model, Figure presents the summer-
time mean velocity fields and volume transports across the OSNAP East section
during the 2002-2008 observational period of Sarafanov et al. (2012). Upper ocean
transports across the section are generally well represented within the simulation:
the net transport above the 27.55 kg m~3 isopycnal between the Rekyjanes Ridge
and Scotland is 15.4 Sv in the model compared with 15.5 £ 0.8 Sv observed by
Sarafanov et al. (2012) at 59.5°N. Although the simulated top-to-bottom transport
of the Irminger Sea Western Boundary Current (WBC) is 4.6 Sv weaker than
observations during the summers of 2002-2008, we note the strong agreement

between the mean WBC transport (31.0 Sv) in the model and the 32.0 + 2.7 Sv
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reported in Sarafanov et al. (2012) for the extended period between 1978-2006.
We also highlight the weaker simulated lower NADW transport (> 27.8 kg m™?)
across OSNAP East (2.9 Sv) compared with the 13.3 & 1.3 Sv observed at 59.5°N
(Sarafanov et al., 2012). This absence of the densest water masses results from the
excessive entrainment of ambient Atlantic waters by the Nordic Seas overflows
in this simulation (MacGilchrist et al., 2020), which is a well-documented bias
in current-generation OGCMs (e.g., Danabasoglu et al., 2010; Wang et al., 2015).
MacGilchrist et al. (2020) also showed that the weaker than observed lower NADW
transports in this simulation contribute to biases downstream, including low mid-

depth stratification and excessively deep mixed layers in the central Labrador Sea.

2.2.2 Lagrangian Particle Tracking

We use the Lagrangian offline particle tracking tool TRACMASS (v7.1; Aldama-
Campino et al.,[2020) introduced in Section[1.4.2.T|to determine the trajectories of
virtual water parcels advected by the time-evolving ORCA025-GJM189 velocity
tield. We evaluate water parcel trajectories using the stepwise-stationary scheme,
which linearly interpolates the model velocities between successive 5-day mean
velocity fields using a series of 100 intermediate time-steps (D66s et al., 2017).
We calculate purely advective trajectories except in the surface mixed layer. To
reconcile the strongly time-dependent process of vertical turbulent mixing with
our use of 5-day mean velocity and hydrographic fields, we choose to implement
the mixed layer physics scheme of Paris et al. (2013). This ensures that otherwise
smooth trajectories adequately sample the effects of vertical turbulent mixing
captured in the Eulerian tracer fields. At each time-step, the parameterisation
identifies the water parcels located within the surface mixed layer and introduces
a random vertical displacement governed by a maximum vertical velocity of
|w| =10 cm s~ (Georgiou et al., 2021} van Sebille et al., 2013). Unlike alternative
diffusive mixing schemes (e.g., D66s, 1995), this scheme does not allow water
parcels to be displaced across the base of the mixed layer and hence does not

artificially contribute to dense water formation.
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We perform two Lagrangian experiments to determine the structure of the time-
mean subpolar AMOC at OSNAP East. In our primary Lagrangian experiment,
water parcels are initialised on the first available day of each month (based on
where the centre of the nearest 5-day mean window falls) between 1976-2008 and
advected forward-in-time for a maximum of 7 years. In total, more than 11.2
million water parcels are initialised sampling the full-depth northward transport
across OSNAP East over 396 months. During each monthly intialisation, we
distribute water parcels in proportion to the volume transport through each
grid cell, with a minimum of one water parcel per cell. The number of water
parcels assigned to each grid cell along the model-defined OSNAP East section

is determined by:

Ve
Ngc = ceil (1/775%) (21)

where V. is the absolute northward volume transport across the grid cell face
and V., represents the maximum volume transport per water parcel. We choose
a maximum volume transport of V., = 2.5 mSv per parcel to generate sufficiently
large monthly ensembles of virtual water parcels to calculate robust Lagrangian
diagnostics (Jones et al.,2016). Water parcels are then distributed evenly across
the model grid cell face to ensure adequate sampling of the local velocity field.
To illustrate how this works in practice, consider the case of a 52 mSv northward
transport across a grid cell face along the OSNAP East array. Here, we would
distribute ceil (2525> = 21 water parcels, each representing approximately 2.48
mSv, evenly across the grid cell face.

Following initialisation, water parcels are advected through the time-evolving
velocity field until they meet any one of three conditions: (i) returning to the
OSNAP East section, (ii) crossing the Greenland-Scotland Ridge northwards, or
(iii) reaching the maximum advection time of 7 years. Our choice of a 7-year
maximum water parcel advection time ensures that >99.1% of water parcels are
intercepted at either OSNAP East or the Greenland-Scotland Ridge. We note
that the remaining water parcels (<0.9%), terminated between OSNAP East and
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the Greenland-Scotland Ridge, overwhelmingly circulate at depth within the
lower limb of the AMOC and thus would contribute negligibly to the time-
mean overturning measured at the section. The decision to terminate water
parcels on reaching the Greenland-Scotland Ridge was motivated by the results
of a preliminary experiment, which highlighted that inflows to the Nordic Seas
typically required multiple decades to return to OSNAP East in the form of dense
overflow waters. Given that the ORCA025-GJM189 hindcast only simulates a 40
year historical period (time-mean over 1976-2015), we choose to use our primary
Lagrangian experiment to investigate the structure of the time-mean overturning
within the eastern SPG, south of the Greenland-Scotland Ridge.

In our second, complementary Lagrangian experiment, we extend our analysis
to examine the contributions of both the eastern SPG and the Nordic Seas overflow
pathways sourced from the northward inflows across the OSNAP East section
to the time-mean overturning in the eastern SPNA. To do this, we replicate our
primary experiment using time-averaged (stationary) velocity and tracer fields
(1976-2015), whilst also significantly increasing the maximum advection time to
60 years in order to explicitly resolve the pathways of the Nordic Seas overflows.
Moreover, since the stationary velocity field does not evolve through time, we
require only a single initialisation of 22,657 numerical water parcels to sample
the entire northward transport across the OSNAP East section. We note that
fewer water parcels are released in our second Lagrangian experiment compared
with the average monthly initialisation (28,372) using time-evolving fields since
eddy-induced northward transports are substantially weaker across OSNAP East
in the stationary velocity field.

In each of our Lagrangian experiments, we output the position and properties
of water parcels at every grid-cell crossing. Since the potential temperature (°C)
and salinity (PSU) are defined at the center of each grid cell, TRACMASS uses a
linear interpolation scheme in time and space to determine water parcel properties
from the two nearest model T-points. The potential density referenced to the

sea surface is subsequently computed using the EOS-80 non-linear equation of
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state (Fofonoff & Millard Jr., (1983) as in our ORCAO025 configuration of NEMO
(Madec et al., 2013).

2.3 Results
2.3.1 Northward inflow across OSNAP East

We begin by analysing the structure of the time-mean northward inflow across
OSNAP East in our primary Lagrangian experiment (1976-2008). Figure
shows the average distribution of full-depth northward transport sampled by
Lagrangian water parcels flowing across the OSNAP East section. Of the 64.9 Sv
of total northward transport, 21.3 Sv enters via the Irminger Basin (west of the
Reykjanes Ridge), representing the combined transports of the Irminger Current
and the Irminger Gyre. In comparison, Vage et al. (2011) used mean absolute
geostrophic velocities from 1991-2007 to estimate northward transports of 13 £+ 3
Svand 4.2 £ 1.9 Sv (~17.2 Sv in total) for the Irminger Current and the Irminger
Gyre, respectively. The larger full-depth northward transport determined from
Lagrangian water parcels is explained by the absence of compensating southward
transports due to recirculation features in the interior Irminger Basin (see blue
bars in Figure2.2a). Figure highlights a sharp density contrast between the
dense northward transport of the Irminger Gyre, feeding the basin interior, and
the lighter, surface-intensified transport of the Irminger Current along the western
Reykjanes Ridge. These differences in density reflect the contrasting origins of the
two currents: the northward limb of the Irminger Gyre transports LSW formed
via open-ocean deep convection into the Irminger Sea interior (Lavender et al.,
2000; Vage et al., 2011), whereas the Irminger Current is fed by water sourced
from the NAC, which recirculates from the southward flowing East Reykjanes
Ridge Current (ERRC) (Bower et al., 2002; Koman et al., 2020).

To the east of the Reykjanes Ridge, inflow across OSNAP East occurs via
the branches of the NAC. The structure and composition of the NAC shown in
Figure [2.2| compares favourably with observations. Each of the NAC branches
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Figure 2.2: Time-mean (1976-2008) volume transports and potential density at OSNAP
East. (a) Mean full-depth northward (red) and southward (blue) transports across OSNAP
East summed using discrete bins (Az = 20 km) along the section. Vertical solid lines
divide the inflow across the section into five geographic regions with the corresponding
total northward volume transports shown. (b) Mean potential density along OSNAP
East overlaid by the 1976-2008 mean isopycnal of maximum Eulerian overturning (27.51
kg m~3), denoting the interface between the upper and lower limbs of the AMOC. The
location of the Hatton Bank is labelled along OSNAP East as HB.

is associated with a characteristic SPMW, formed during wintertime convection
(McCartney & Talley, 1982), whose properties reflect the relative contributions of
subpolar and subtropical waters (de Boisséson et al.,[2012). In the central Iceland
Basin, the northern NAC branch advects 17.3 Sv of relatively cold and fresh SPMW,
sourced predominantly from the Labrador Sea (de Boisséson et al.,2012). To the
east, the central NAC branch, transporting 16.4 Sv, is characterised by a sharp
salinity front known as the Sub-Arctic Front (SAF; Bersch et al,, . As the
oceanographic boundary of the SPG (Bersch et al.,2007), the SAF divides water of
subpolar origin on the western side of the central NAC branch from subtropical-
origin water to the east. The strong density-gradient across this baroclinic front
produces the intensification of transport along the steep western flank of the

Rockall Plateau, which resembles the quasi-permanent Hatton-Bank jet observed

by Houpert et al. (2018).



2. Lagrangian overturning pathways in the eastern subpolar North Atlantic
59

East of the Hatton Bank, Figure shows that northward flowing SPMWs
become lighter as the influence of warm and saline subtropical water increases to-
wards Scotland. The relatively weak 2.9 Sv of northward transport over the Rockall
Plateau likely results from the compensating transports of the unstable southward
flow observed along the western flank of the Rockall Plateau and the northward
flowing Rockall Bank jet to the east (Houpert et al., 2018). The remaining 7.0 Sv of
inflow transport enters the Rockall Trough via two northward flowing boundary
currents representing the southernmost branch of the NAC. This mean transport
agrees with the recent observations of Houpert et al. (2020), who estimated that

6.6 Sv of NAC water flows northward in the Rockall Trough (2014-2018).

2.3.2 Opverturning in Density-Coordinates at OSNAP East

To evaluate the extent to which water masses are transformed north of OSNAP
East, we first calculate the time-mean Eulerian overturning stream function in
density-coordinates in Figure [2.3p-c. This is constructed by averaging the monthly
integrated northward and southward volume transports across the OSNAP East
section in discrete potential density bins (Aoy = 0.01 kg m~3) between 1976-2008
(Fig.[2.3p). A net volume transport distribution in density-coordinates (Fig. 2.3p)
is then produced by summing the time-averaged northward and southward
transport distributions in Figure 2.3a, before the mean Eulerian overturning
stream function is obtained by computing the cumulative sum from the lightest
to the densest isopycnal layer following Lozier et al. (2019). The strength of the
time-mean AMOC at OSNAP East, given by the maximum of the time-mean
overturning stream function shown in Figure , is 15.3 Sv at op0c = 27.51
kg m~3, which is in broad agreement with the 1992-2006 average of 15.9 + 1.9
reported by Sarafanov et al. (2012). The simulated overturning strength is weaker
than both that reported in Sarafanov et al. (2012) and the 2014-2020 estimate of
16.3 £ 2.9 Sv at OSNAP East (Fu et al., 2023) because we have computed the
maximum of the time-mean Eulerian overturning stream function as opposed to

calculating the average of the maximum Eulerian overturning each month as done
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Figure 2.3: Time-mean (1976 - 2008) volume transports and overturning in potential
density coordinates (op) at OSNAP East. (a) Monthly Eulerian northward (red) and
southward (blue) volume transports, integrated in 0.01 kg m 3 potential density bins and
averaged across all 396 months. (b) The net volume transport distribution across OSNAP
East obtained by summing the mean northward and southward transports (a) in each
potential density bin. The net throughflow to the Arctic Ocean is also shown. (c) Eulerian
overturning stream function (solid line) and complementary Lagrangian overturning
stream function (dashed line) computed from the eastern SPG and Nordic Seas overflow
trajectories evaluated using 1976-2015 stationary velocity and hydrographic fields (see
Section 2.3.4). The magnitude and isopycnal of the maximum Eulerian overturning
stream function is also shown. (d) Lagrangian mean northward (red) and southward
(blue) volume transport distributions of the eastern SPG determined by averaging the
volume transports of water parcels which return to OSNAP East in 0.01 kg m~3 potential
density bins. (e) Lagrangian net volume transport distribution of the eastern SPG in
potential density-space. Note that no net throughflow to the Arctic Ocean is permitted.
(f) Lagrangian overturning stream function of the eastern SPG with the magnitude and
isopycnal of maximum Lagrangian overturning shown. The horizontal (solid) lines
identify the isopycnals of maximum Eulerian (b, ¢; op0¢ = 27.51 kg m™2) and Lagrangian
(e, f; ormoc = 27.52 kg m~3) overturning.
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in observations. Concomitant with the absence of NADW in the densest classes, a
lighter isopycnal of maximum overturning (cy0c¢) is simulated at OSNAP East
compared with observations (27.55 kg m~3; Chafik & Rossby, 2019; Li et al,,
2021a; Sarafanov et al., 2012), indicating that the upper cell of the AMOC is too
shallow in the model (Danabasoglu et al., 2010). The net poleward transport
across the section is 1.2 Sv, which is consistent with the estimates of 1.0-1.6 Sv
of throughflow to the Arctic Ocean east of Greenland used in inverse models
(Lherminier et al., 2007; Lozier et al., 2019).

To complement the traditional Eulerian overturning stream function, we next
define a Lagrangian measure of the diapycnal overturning at OSNAP East by
extending the methodology of Georgiou et al. (2020, 2021). We use the trajectories
generated in our primary Lagrangian experiment to quantify the time-mean water
mass transformation taking place along the circulation pathways confined to the
south of the Greenland-Scotland Ridge. To achieve this, we first extract the 9.8
million of the total 11.2 million virtual water parcels which return to OSNAP
East without crossing the Greenland-Scotland Ridge and within the maximum 7
year advection period (7,,4,) to form 396 ensembles, one for each month between
1976-2008. For each monthly ensemble initialised at time ¢, we sum the absolute
volume transports of the N(t) recirculating water parcels in discrete potential
density bins as follows:

Vi, t) = > Vie,dl(op) (2.2)

neN (1)

where V,, ,, ¢ is the absolute volume transport conveyed by a water parcel identified
with index n, which crosses the OSNAP East array with an associated potential
density oy. We note that, in practice, the initial position and potential density are
expressed as p = p(i, j,t) and oy = 0¢(3, j, t), where i and j are the ORCA025 grid
indices of the model-defined OSNAP East array. The boxcar function Il(o}) is
defined with a bin width Aoy = 0.01 kg m~* as follows:

(o) 1 for |oj — og| < %
o) =
o 0 elsewhere
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where an asterisk is used to denote that o represents a range of oy values, given
by o; £ Aoy/2.

We construct two separate volume transport distributions each month accord-
ing to the properties of water parcels on their initial northward Vi (09, ) and
final southward Vi, (09, t + Tout) crossings of the OSNAP East section, where
Tout 18 the water parcel termination time following initialisation. In keeping with
the Eulerian calculation outlined above, the time-mean northward VNorth<O'9) and
southward VSOuth(ag) Lagrangian volume transport distributions (Fig. ) are
obtained by averaging the monthly transport distributions at OSNAP East. Figure
shows that, on average, 56.9 Sv (87.7%) of the 64.9 Sv total northward transport
across OSNAP East recirculates within the eastern SPG, south of the Greenland-
Scotland Ridge. The remaining 8.0 Sv of northward transport which crosses the
Greenland-Scotland Ridge is divided between the net throughflow to the Arctic
Ocean (1.2 Sv) and 6.8 Sv of residual transport which would eventually return
to OSNAP East either via the dense Nordic Seas overflows or via the fresh East
Greenland Coastal Current (EGCCQC).

Returning to the recirculating northward transport within the eastern SPG, we
next calculate the time-mean Lagrangian diapycnal overturning stream function
(Blanke et al., [1999), F(o;), analogously to the Eulerian diapycnal overturning
stream function, by taking the cumulative sum of the time-mean Lagrangian net
volume transport distribution (Vvortn (08) — Visourn(0g) in Fig. ) from the lightest
(0min) to the densest (0,,q,) potential density bin as follows:

o )
F(og) = Y Vnorthos — Vsouthos (2.3)
T9=0min
The time-mean Lagrangian overturning stream function of the eastern SPG, pre-
sented in Figure , reaches a maximum of 8.4 Sv at oy )/0c = 27.52 kg m™, in
close agreement with the isopycnal of maximum Eulerian overturning (oyoc
= 27.51 kg m™?).
To evaluate the performance of our Lagrangian particle tracking approach,

we use our estimate of the time-mean Lagrangian overturning to construct a
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steady-state volume budget of the eastern SPG (Fig. 2.4), which can be validated
using recent observations. For consistency, we choose to express the net volume
flux from the upper to the lower limb of the AMOC between OSNAP East and
the Greenland-Scotland Ridge as a percentage of the net upper limb transport
recorded at the OSNAP East section. The maximum Lagrangian overturning
shown in Figure informs us that 55% (8.4 Sv) of the time-mean net transport
of the upper limb across OSNAP East (15.3 Sv shown in Fig. 2.3k) is transferred
into the lower limb within the Iceland-Rockall and Irminger Basins, south of the
Greenland-Scotland Ridge. This corresponds closely with the studies of Chafik
and Rossby (2019), Petit et al. (2020) and Sarafanov et al. (2012), who estimate
that the Iceland and Irminger Basins are collectively responsible for 50% (9.6 Sv
between 2012-2016), 52% (7.6 Sv between 2014-2016) and 60% (10.2 Sv between
2002-2008) of the diapycnal overturning north of OSNAP East, respectively. We

therefore conclude that the Lagrangian overturning stream function accurately

' Upper Limb
8.4 Sv
Tanoc 5.7 Sv
m Lower Limb
OSNAP Eastern GSR

East SPG

Figure 2.4: Schematic of the upper and lower limb volume budget of the eastern SPG,
defined as the region north of OSNAP East and south of the Greenland-Scotland Ridge
(GSR). The total upper limb volume transport flowing northward across OSNAP East (15.3
Sv) is given by the maximum of the time-mean Eulerian overturning stream function. The
net northward volume transport across the Greenland-Scotland Ridge (1.2 Sv) is assumed
to equal the net throughflow to the Arctic Ocean across OSNAP East. The remaining 14.1
Sv of upper limb volume transport across OSNAP East is returned southward in the lower
limb. The time-mean Lagrangian overturning within the eastern SPG informs us that 8.4
Sv of the total 14.1 Sv volume flux into the lower limb occurs south of the GSR, which
implies that the remaining 5.7 Sv is due to diapycnal water mass transformation taking
place within the Nordic Seas and the Arctic Ocean.
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depicts the contribution of dense water formation within the eastern SPG to the

time-mean strength of the AMOC at OSNAP East.

2.3.3 Lagrangian overturning pathways in the eastern SPG

We next explore how the time-mean Lagrangian overturning is distributed across
the major circulation pathways of the eastern SPG. To do this, we classify water
parcels according to the route by which they recirculate back to the OSNAP East
section. Three circulation pathways are defined geographically: water parcels
which flow westward across the Reykjanes Ridge north of OSNAP East (IcRo-RR-
Irm), and water parcels confined to the Iceland-Rockall (IcRo-IcRo) and Irminger
Basins (Irm-Irm) respectively. We note that no water parcels with an Irminger
Basin inflow return to the section east of the Reykjanes Ridge.

Figure 2.5/ highlights the strong disparity between the distributions of north-
ward transport and Lagrangian density-coordinates overturning across our three
circulation pathways. We find that, while the IcRo-IcRo and Irm-Irm pathways
account for 81% (46.1 Sv) of the mean northward transport recirculating within
the eastern SPG, they are collectively responsible for only 25% (2.1 Sv) of the
time-mean Lagrangian overturning at OSNAP East. To understand the source
of this disparity, we examine the net densification of water parcels during their
recirculation in the eastern SPG (Aoy) as a function of their inflow location along
OSNAP East (Fig. [2.6). To obtain this, we first calculate the net change in potential
density of recirculating water parcels between their northward and southward
crossings of the OSNAP East section (i.e, Aoy = 0south — Onorn) before averaging
in discrete x — z bins (Az = 25 m, Az = 25 km), where z and x correspond to
the depth and distance along the OSNAP East section where a water parcel
initially flows northward.

Figure shows that along-stream densification is principally confined to
water parcels flowing northward across OSNAP East in the upper limb (i.e., above

the mean depth of the isopycnal of maximum Lagrangian overturning). Yet, almost
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Figure 2.5: Lagrangian pathways of water parcels recirculating back to OSNAP East within
the eastern SPG. (a) The total SPG Lagrangian overturning stream function decomposed
by circulation pathway through the major basins: IcRo = Iceland-Rockall Basin, Irm =
Irminger Basin, RR = Reykjanes Ridge. (b) Example trajectories illustrating each of the
three categories of circulation pathways north of the section and their respective mean
northward transports across OSNAP East (Sv). Shading represents ORCA025 model
bathymetry contoured every 250 m. (c) Inflow and (d) Outflow locations of water parcels
along OSNAP East classified by pathway. Volume transports (Sv) for each pathway are
averaged in discrete z — z space (Az = 25 m, Az = 25 km) using all 396 initialisation
months before normalising by the maximum mean transport recorded across all bins
(darker colour shading thus indicates where, on average, transport is strongest for each
overturning pathway). For clarity, the outflow locations of the IcRo-RR-Irm and Irm-Irm
pathways in the EGC are presented separately in panel d. The 1976-2008 mean isopycnal
of maximum Lagrangian overturning (27.52 kg m~3), denoting the interface between the
upper and lower limbs of the AMOC, is shown in (c) and (d) in bold.
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three-quarters (72%) of the volume transport recirculated within the Iceland-
Rockall and Irminger Basins flows northward across OSNAP East in the lower limb
of the AMOC, where, in the presence of weak diapycnal mixing (Waterhouse et al.,
2014), water parcels overwhelmingly recirculate along isopycnals (|Acy| < 0.01
kg m™?). The central Iceland Basin represents a notable exception, however, since
Figure[2.6shows a concentrated region of negative diapycnal transport (Aoy <-0.01
kg m~?%) below the isopycnal of maximum Lagrangian overturning. We attribute
this to subpolar-origin water parcels in the lower limb of the AMOC becoming
lighter on mixing with warm subtropical inflows, as previously highlighted by
Berglund et al. (2023) and de Boisséson et al. (2012). Such upwelling from the
ocean interior arises from divergence along the northern branch of the NAC,
whereby the obduction of subpolar water into the mixed layer replenishes SPMW
advected northward (Brambilla et al., 2008)).

Since the IcRo-IcRo and Irm-Irm pathways represent successive stages along
one continuous SPG pathway intercepted by the OSNAP East array, we choose
to consider their contributions to the mean Lagrangian overturning collectively.
In agreement with the observational studies of Thierry et al. (2008) and Petit
et al. (2020), we find that IcRo-IcRo water parcels, sourced primarily from the
northernmost NAC branch, undergo initial densification within the upper limb
of the AMOC before flowing southward across OSNAP East in the ERRC (Fig.
, Fig. . Given that the ERRC retroflects south of 59°N (Daniault et al.,
2016), this "preconditioned" SPMW rapidly returns northward across OSNAP East
via the Irminger Current. Since Figure shows that inflow to the Irminger
Current remains concentrated within the upper limb of the AMOC, it is hence the
substantial densification experienced downstream in the Irminger Basin that is
responsible for the subduction of Irm-Irm water parcels into the lower limb of the
AMOC. These successive transformations of SPMW manifest in the Lagrangian
overturning stream functions presented in Figure (blue and purple lines)
through an increase in the isopycnal of maximum Lagrangian overturning from

27.26 kg m~? (IcRo-IcRo) to 27.56 kg m~3 (Irm-Irm). Meanwhile, the secondary
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peak in Lagrangian overturning along the IcRo-IcRo pathway is explained by a
small fraction of water parcels, which are transformed directly into the lower limb
of the AMOC while transiting from the Rockall Trough to the ERRC.

The remaining 10.8 Sv of northward transport recirculating within the eastern
SPG transits directly from the central and southern branches of the NAC to the
EGC via the Reykjanes Ridge in the IcRo-RR-Irm pathway (Fig. [2.5b). Inter-
estingly, Figure shows a clear distinction between the southward outflow
locations of the IcRo-RR-Irm and Irm-Irm pathways, with the latter concentrated
further offshore within the EGC. Despite accounting for less than a fifth of the total
SPG northward transport across OSNAP East, we find that the IcRo-RR-Irm path-
way is responsible for three-quarters of the time-mean Lagrangian overturning
within the eastern SPG (6.3 Sv at 27.52 kg m~?). This is consistent with Figure
which shows that, on average, water parcels initialised within the warm, surface-
intensified core of the Sub-Arctic Front and the upper 1000 m of the Rockall
Trough and Plateau experience the largest diapycnal transformation during their
recirculation. The IcRo-RR-Irm pathway also dominates the mean cross-Reykjanes
Ridge transport of the SPG north of OSNAP East (12.4 Sv), which encouragingly
resides between the observed estimates of Daniault et al. (2016) (11.3 + 4.2 Sv
north of 58.5°N during 2002-2012) and Petit et al. (2018) (13.6 & 0.8 Sv between
59-62°N in 2015). Interestingly, Koman et al. (2020) reported a notably weaker
cross-Reykjanes Ridge transport north of OSNAP East (~6.8 Sv) compared with
previous observational studies; however, this discrepancy may partly be explained
by the limitations of the Argo-altimetry methodology used. The remaining 0.6 Sv
of cross-Reykjanes Ridge transport is accounted for by Atlantic Water trajectories
which feed the North Icelandic Irminger Current flowing northwards over the

Denmark Strait (Jonsson & Valdimarsson, 2005).

2.3.3.1 Overturning pathways crossing the Reykjanes Ridge

Our finding that pathways crossing the Reykjanes Ridge directly north of 59°N

are the largest contributor to the density-coordinates overturning of the eastern
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Figure 2.6: Net change in potential density of water parcels as a function of their inflow
location along OSNAP East. The net change in potential density, Aoy (kg m—3), between
northward and southward crossings of OSNAP East is computed for recirculating water
parcels initialised over all 396 months before averaging in discrete x — z space (Az =25
m, Az =25 km). The 1976-2008 mean isopycnal of maximum Lagrangian overturning
(27.52 kg m~3), denoting the interface between the upper and lower limbs of the AMOC,
is shown in bold. Vertical solid lines correspond to the geographical limits of the major
northward currents crossing the section.

SPG at OSNAP East is especially interesting given that the existence of substantial
cross-ridge transport has historically been debated (e.g., Chafik et al., 2014; Petit
et al.,, 2018). Here, we investigate the nature of these overturning pathways
further and quantify the extent to which water parcels are transformed east and
west of the Reykjanes Ridge.

To decompose the time-mean Lagrangian overturning stream function by basin,
we record the potential density of each water parcel on crossing the Reykjanes
Ridge in order to generate two partial Lagrangian overturning stream functions,
capturing the successive diapycnal transformations of water parcels within the

Iceland-Rockall and Irminger Basins:

Fiero-rR-1rm (09) = Fiero-rr(09) + FRR-1rm(09) (2.4)

If IcRo-RR-Irm water parcels reflected one pathway, continuously transformed
along-stream, we would expect a decomposition in which the maxima of Fir,-rr(09)
and Fgg.im(0p) are equal in magnitude yet increasing in potential density, such that
the maximum of F.r,rr-1rm(09) lies between them. The decomposition presented in

Figure is intriguing because the isopycnal of maximum Lagrangian overturn-
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ing for the IcRo-RR-Irm pathway (27.51 kg m~?) does not reside halfway between
the maxima of the two constituent Lagrangian overturning stream functions (IcRo-
RR: 27.31 kg m™~* and RR-Irm: 27.52 kg m ). Instead, the maximum of the total
Lagrangian overturning stream function is found close to the peak of overturning
within the Irminger Basin. This displacement arises from the substantial water
mass transformation across isopycnals denser than those at which the maximum
overturning sits in the Iceland-Rockall Basin, which contributes a substantial 2.1
Sv to the maximum Lagrangian overturning at 27.52 kg m~®. This additional
overturning at higher densities in the Iceland-Rockall Basin also imprints onto
the distribution of IcRo-RR-Irm water parcels in T-S space presented in Figure
2.7b, which suggests that two distinct overturning pathways cross the Reykjanes
Ridge north of OSNAP East.
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Figure 2.7: Water mass transformation along the pathways crossing the Reykjanes Ridge
directly north of OSNAP East. (a) The Lagrangian Overturning Function of the IcRo-
RR-Irm pathway (black line) decomposed by basin; overturning in the Iceland-Rockall
basin (IcRo-RR) is shown in green and the Irminger basin (RR-Irm) in orange. Note that
taking the sum of the two basin Lagrangian overturning stream functions (green and
orange lines) recovers the IcRo-RR-Irm Lagrangian overturning stream function (black).
(b) Density distribution of water parcel potential temperature and salinity at inflow (IcRo,
green), on crossing the Reykjanes Ridge (RR, grey) and at outflow (Irm, orange) for the
IcRo-RR-Irm pathway. Contours, corresponding to iso-proportions of the density, are
plotted with an interval of 0.1, such that 10% of all water parcels are contained within
the shaded region between any two contours. Overlaid potential density contours are
computed using EOS80 as in the NEMO model.
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The two pathways crossing the Reykjanes Ridge can be isolated by categorising
water parcels according to their inflow locations along OSNAP East. Of the 10.8
Sv crossing the ridge north of 59°N, we find that 8.7 Sv is sourced from the SAF
and exhibits a progressive increase in potential density along-stream, in close
agreement with the evolution of SPMW described by Brambilla and Talley (2008).
The SPMW advected along this Ic-RR-Irm sub-pathway is initially relatively warm
(8.7 £ 2.0 °C) and salty (35.2 £ 0.1), reflecting an approximately equal mixture
of subtropical and subpolar waters mixed along the SAF. Figure illustrates
how water parcels sourced from the SAF circulate cyclonically around the Iceland
Basin before crossing the Reykjanes Ridge with an average potential density of
27.48 £ 0.19 kg m~®. This agrees closely with the density of SPMW found along
the Reykjanes Ridge in both the modelling study of de Boisséson et al. (2012) and
the observations of Thierry et al. (2008) between 1990-2006. SAF water parcels
undergo further densification along the northern boundary of the Irminger Basin,
including subduction into the lower limb of the AMOC on the edge of the EGC.
The resulting entrainment into the EGC, coupled with the pathway’s intermediate
density (27.62 + 0.20 kg m~?) on returning to OSNAP East, suggests that SPMW5s
originating from the SAF are the likely source of upper Irminger Sea Intermediate
Water, recently identified by Le Bras et al. (2020).

The gradual densification exhibited along the SAF pathway is largely explained
by the small median depth change of SPMW water parcels (Az ~ +55 m), which,
in the presence of sloping isopycnals, enables water masses to undergo continuous
cooling and freshening during recirculation. Although this implies that density
compensation occurs within the SPG (Xu et al., 2016; Zou et al., 2020a), we find
that thermal changes dominate the diapycnal transformation, in agreement with
estimates of the surface-forced water mass transformation due to air-sea fluxes
(e.g., Desbruyeres et al., 2019; Marsh, 2000). The largely horizontal Ic-RR-Irm sub-
pathway accounts for 4.8 Sv of the maximum Lagrangian overturning at OSNAP
East, and thus corresponds closely with the horizontal component of overturning

estimated by Zhang and Thomas (2021) using OSNAP observations (5.6 Sv).
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a) Example Trajectories: SAF Origin
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b) Example Trajectories: Rockall Origin

Figure 2.8: Example trajectories for the two principal overturning pathways crossing the
Reykjanes Ridge north of OSNAP East. The potential density evolution along 50 randomly
sampled trajectories originating from (a) the Sub-Arctic Front and (b) the Rockall Trough
and Plateau is shown in colour. Trajectories are superimposed on the ORCA025 model
bathymetry contoured every 250 m.

The remaining 2.1 Sv of the IcRo-RR-Irm pathway flows northward across
OSNAP East at intermediate depths via the Rockall Trough and Rockall Plateau.
Although the water masses transported along this Ro-RR-Irm sub-pathway are

predominantly of subtropical-origin, they are found to be denser on arrival at the
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section compared with Ic-RR-Irm water parcels, owing to their greater salinity
(35.3 & 0.1). Figure[2.8b shows that water parcels are advected northwards feeding
the 500-1000 m "entrainment zone" in the northern Iceland Basin (Dickson et al.,
2002; Sarafanov, 2009) before undergoing dramatic cooling and freshening near
the Faroe Bank Channel. This step-change in water properties along the Rockall
pathway (Fig. 2.7b) closely resembles the formation of Icelandic Slope Water
(ISW) (Holliday et al., 2009; Read, 2000; Van Aken & De Boer, 1995)): ISW is a
water mass formed when ISOW descending the Iceland-Faroes Ridge entrains
ambient SPMW. This interpretation of the Ro-RR-Irm sub-pathway is additionally
supported by the recent observations of Petit et al. (2018), who showed that ISW
was the second largest contributor to the westward flow across the Reykjanes
Ridge between 50°N and 63°N. After following the 1000 m bathymetric contour
around the northern Iceland Basin (Fig. 2.8p), water parcels reach the Reykjanes

Ridge with an average density of 27.70 + 0.12 kg m ™3

, consistent with their large
median depth change of +380 m. In contrast to the SAF pathway, water parcels
experience minimal further densification in the Irminger Basin before returning

to OSNAP East via the EGC and deep interior pathways.

2.3.3.2 Timescales of Lagrangian overturning in the eastern SPG

One of the most valuable properties of the Lagrangian overturning stream function,
as applied here, is that it integrates across water parcels with recirculation times
ranging from days to years. We can therefore examine the temporal structure un-
derlying the time-mean Lagrangian overturning in the eastern SPG and diagnose
the dominant advective timescales over which water mass transformation takes
place north of OSNAP East. Throughout our subsequent discussion, we choose
to define the times taken to recover 50% (r,,,) and 90% (r,,,,) of the maximum
Lagrangian overturning as measures of the characteristic overturning timescale
for each of our circulation pathways.

In Figure we present the Lagrangian overturning of the eastern SPG as a

function of the time water parcels spend north of OSNAP East, such that at any
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given time only the subset of all recirculating water parcels which have already
returned to the section are included in the calculation. Since only water parcels
which recirculate south of the Greenland-Scotland Ridge are included in this
calculation, we reserve discussion of the overturning timescales associated with
Nordic Seas overflows for Section[2.3.4.2 Surprisingly, we find that three-quarters
of the maximum Lagrangian overturning within the eastern SPG (at 27.52 kg
m~?) can be explained by water parcels which spend 1.4 years or less north of
OSNAP East. A further 5.6 years is required to recover the remaining 25% of the
maximum Lagrangian overturning, along with the majority of SPG overturning
in the highest density classes (> 27.7 kg m ™).

Previous Lagrangian studies have considered the circulation and overturning
timescales as equivalent (e.g., Georgiou et al., 2020, 2021). However, Figure
shows that, on average, 50% of the northward transport returns to OSNAP East
in just 0.6 years, approximately half of the time taken to recover the equivalent
proportion of the maximum Lagrangian overturning (7, ,, = 1.0 yrs). This large
disparity between the overturning and circulation timescales indicates that water
recirculating along isopycnals, primarily in the lower limb (Fig. [2.6), must, on av-
erage, return to OSNAP East more quickly than water which is transformed across
isopcynals. The Irm-Irm pathway is an important exception, however, given that
isopycnal transport in the Irminger Gyre recirculates to OSNAP East more slowly
than the adjacent Irminger Current, despite its shorter path length (not shown).

Figure also shows that the diapycnal overturning within the eastern SPG
is characterised by episodes of strong diapycnal transformation associated with
the return flows of each of the major overturning pathways identified in Section
The rapid accumulation of Lagrangian overturning between 0.5 - 1.5 years
following northward flow across OSNAP East is dominated by Irm-Irm and Ic-
RR-Irm pathways. The initial pulse of overturning recovered at OSNAP East
is explained by water parcels recirculating along the Irm-Irm pathway, which

are advected through the Irminger Basin on seasonal timescales (7, = 0.5 yrs).

0%

Meanwhile, dense water formation along the Ic-RR-Irm pathway is divided evenly
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between water parcels recirculating on sub-annual and interannual timescales
(7, = 1.0 yrs). As the largest contributor to the time-mean strength of the SPG
Lagrangian overturning at OSNAP East, the especially narrow distribution of

overturning times exhibited by Ic-RR-Irm water parcels (7, ,, = 1.6 yrs) supports

0%
the conclusion of Petit et al. (2020) that surface buoyancy loss over the Irminger
and Iceland Basins projects onto diapycnal overturning with minimal lag.
Once 1.5 years have elapsed following northward flow across OSNAP East, a
more gradual accumulation of Lagrangian overturning is evident in Figure[2.9p,

attributable to the deep IcRo-IcRo (7,,, = 2.6 yrs) and Ro-RR-Irm (7,,, = 3.4 yrs)

0% 0%

pathways. The longer overturning timescale of both pathways is associated with
the entrainment of SPMW, sourced from the Rockall Trough, into the Norwegian
Seas overflow, which subsequently returns to OSNAP East at depth either via
the ERRC (IcRo-IcRo) or the EGC (Ro-RR-Irm) (see Fig. 2.5d). Our finding
that entrainment can contribute to deep water formation in the northern Iceland
Basin on subdecadal timescales agrees with the recent observational study of
Devana et al. (2021). Those authors estimated a total advection time of 1.5 - 2.5
years for upper ocean anomalies in the Iceland Basin to be entrained by ISOW

and return to OSNAP East.

2.3.4 Lagrangian overturning in stationary fields
2.3.41 Comparing the time-mean Lagrangian overturning in the eastern SPG
using time-evolving and stationary fields.

An important limitation of our primary Lagrangian experiment is our inability to
explicitly resolve the overturning pathways of the Nordic Seas overflows within
the relatively short 7-year advection time. To diagnose the contribution of the
Nordic Seas overflow pathways to the time-mean strength of the AMOC at OSNAP
East, we choose to replicate our primary Lagrangian experiment using time-
averaged velocity and tracer fields (1976-2015). There are two principal advantages
of using a stationary velocity field in our Lagrangian analysis. Firstly, trajectory

calculations are more efficient since using a single time-averaged velocity field
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Figure 2.9: Evolution in time of Lagrangian overturning within the eastern SPG at OSNAP
East. (a) Lagrangian overturning stream function evaluated as a function of time elapsed
following northward flow across OSNAP East, with the maximum denoted for each
profile (dots). The horizontal dashed line in (a) corresponds to the isopycnal of maximum
Lagrangian overturning (27.52 kg m~3) once 7 years have elapsed. (b) Normalised
cumulative volume transport (black-dashed) and Lagrangian overturning (black-solid) at
the 27.52 kg m 3 isopycnal as a function of time elapsed following northward flow across
OSNAP East. The proportion of the maximum Lagrangian overturning accounted for by
each of the eastern SPG circulation pathways is shaded.

eliminates the need for multiple water parcel initialisations. Secondly, since
stationary velocity and tracer fields are, by definition, time-independent, their use
permits an arbitrary maximum advection time. Here, we choose to advect water

parcels for a maximum of 60-years, thereby exceeding the length of the historical
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period simulated by our ocean model hindcast by a further two decades. We
begin by validating our stationary fields approach by comparing the Lagrangian
overturning pathways and transports in the eastern SPG determined from both
time-evolving and time-averaged fields.

To ensure consistency in our comparison of the two Lagrangian experiments,
the diagnostics presented in Figure include only the water parcels which
return to OSNAP East within the eastern SPG and within 7 years of flowing
northwards across the section. Figure shows that, while the absence of
time-varying transports results in a small 0.5 Sv overestimation of the maximum
Lagrangian overturning at 27.52 kg m~3, the time-mean Lagrangian overturn-
ing stream functions generated from stationary and time-evolving fields are in
remarkably close agreement.

On partitioning the maximum Lagrangian overturning in the eastern SPG
between the four circulation pathways defined in Section section we en-
couragingly find that the composition of SPG overturning at OSNAP East is
reproduced using stationary fields, including the dominance of the pathways
crossing the Reykjanes Ridge. The median recirculation time and northward
transport advected along the dominant Ic-RR-Irm pathway are especially well
represented in stationary fields (Fig. [2.10c-d), suggesting that eddy-induced
transports make only a limited contribution to the time-mean overturning along
this route. In contrast, the northward transport advected along the IcRo-IcRo
and Irm-Irm pathways are found to be underestimated by 10.2 Sv and 5.2 Sy,
respectively, in our stationary fields experiment. We attribute this considerable
underestimation to our averaging over the seasonal cycle, given that observational
studies find substantial transport variations in both the Irminger and Iceland-
Rockall Basins on seasonal timescales (de Jong et al.,[2020; Gary et al., 2011). As a
further consequence of our smoothing of seasonal variations in the velocity field of
the eastern SPG, Figure shows a notable increase in the median recirculation
times of the IcRo-IcRo and Irm-Irm pathways when using stationary fields.

Interestingly, the maximum overturning contribution of the Irm-Irm pathway
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Figure 2.10: Lagrangian overturning diagnostics in the eastern SPG determined from
time-evolving and stationary fields experiments. (a) Time-mean Lagrangian overturning
stream functions for the eastern SPG calculated from ensembles of trajectories advected by
time-evolving (solid line) and stationary (dashed line) velocity and tracer fields. The solid
line at 27.52 kg m~? identifies the shared isopycnal of maximum Lagrangian overturning
in the eastern SPG. (b-d) The Lagrangian overturning at 27.52 kg m~3, total northward
transport across OSNAP East, and median recirculation time are decomposed into the
circulation pathways of the eastern SPG as defined in Section section [2.3.3] Diagnostics
determined from stationary velocity and tracer fields are distinguished using hatched
bars.

remains in broad agreement between our two Lagrangian experiments (Fig. 2.10p),
suggesting that seasonally transformed water parcels recirculating within the
Irminger Basin do not contribute substantially to the time-mean strength of the
AMOC at OSNAP East. In the Iceland-Rockall Basin, the obscuring of wintertime
transformation from the upper to the lower limb in time-averaged fields yields

a negative overturning contribution for the IcRo-IcRo pathway, corresponding
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to the steady obduction of water into the upper limb along the northern NAC
branch (see Fig. [2.6).

In spite of the biases discussed above, we conclude that the structure of the time-
mean overturning at OSNAP East is sufficiently well represented in stationary
velocity and tracer fields to justify their use in investigating the pathways of

the Nordic Seas overflows.

2.3.4.2 Pathways crossing the Greenland-Scotland Ridge.

We explore the nature of overturning along the pathways of the Nordic Seas
overflows by considering all of the trajectories which return to OSNAP East within
the maximum 60 year advection time of our second Lagrangian experiment. Over
the entire duration of the experiment, 94.2% of the total northward transport
initialised along OSNAP East returns to the section, allowing us to recover 13.0
Sv of the time-mean Lagrangian overturning (Fig. [2.1Tp). It should be noted
that, since the time-mean Lagrangian overturning stream function, by definition,
does not include the 1.2 Sv net throughflow to the Arctic, we would not expect
the maximum Lagrangian overturning to converge towards the maximum of
the Eulerian stream function shown in Figure (15.3 Sv), irrespective of our
choice of the maximum advection time.

The Nordic Seas overflows are captured within the 4.3 Sv sourced from the SAF
and the Rockall Trough, which flows northward across the Greenland-Scotland
Ridge before returning to OSNAP East either via the Iceland Basin or the Irminger
Sea (hereafter the IcRo-GSR-Ic/Irm pathway). We note that this recirculating
transport does not include a further 2.9 Sv, which flows northward across the
Greenland-Scotland Ridge following initialisation but does not return to OSNAP
East within the 60-year maximum advection time. On combining this outstanding
transport with the recirculating transport of the IcRo-GSR-Ic/Irm pathway, we
obtain an estimate of the total cross Greenland-Scotland Ridge transport of 7.2
Sv, which is in broad agreement with observations of the Atlantic inflow into the

Nordic Seas (8.0 + 0.7 Sv; Osterhus et al., 2019). Figure [2.11a shows that, water
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parcels transformed in the Nordic Seas within the 60-year maximum advection
time collectively contribute 3.9 Sv to the time-mean strength of the AMOC at
OSNAP East. The remaining 0.4 Sv of the total 4.3 Sv of recirculating transport
flowing across the Greenland-Scotland Ridge returns southward across OSNAP
East in the upper limb via the fresh EGCC.

Figure presents the 7-S distributions of overflow water parcels on their
northward and southward crossings of both OSNAP East and the Greenland-
Scotland Ridge. Concurrent with our earlier findings, the Iceland-Rockall Basin
plays a critical role in preconditioning subtropical-origin waters en route to the
Nordic Seas. On crossing the Greenland-Scotland Ridge, water parcels represent
SPMW of intermediate density (27.37 + 0.14 kg m~?), which is distinctly lighter
than that crossing the Reykjanes Ridge as observed by Brambilla and Talley (2008).
On returning to the Greenland-Scotland Ridge, IcRo-GSR-Ic/Irm water parcels
have, on average, been cooled to 2.2 4 1.5 °C, yielding a potential density (27.83 +
0.19 kg m~?) within the observed range for overflow waters (Dickson & Brown,
1994). South of the ridge, the poor representation of diapycnal mixing between
the overflows and ambient Atlantic waters results in excessive entrainment of
ambient Atlantic waters by the overflows. This warming and salinification (Fig.
2.11p) reduces the average potential density of overflow water parcels to 27.70 +
0.16 kg m~3 and thus directly imprints onto the structure of diapycnal overturning
downstream, where the southward transport in the density range of the observed
overflows is ~11 Sv less than found in observations (Sarafanov et al.,[2012).

We next distinguish between the water mass varieties that are equivalent to
DSOW and ISOW in the model (albeit found at lighter densities). We define DSOW
(ISOW) as IcRo-GSR-Ic/Irm water parcels which return to OSNAP East in the
lower limb of the AMOC via the sills west (east) of Iceland. It should be noted that
this definition excludes water parcels flowing southwards in the EGCC. Figure
shows that ISOW water parcels (1.3 Sv) predominantly originate from the
surface inflows to the Rockall Trough, whereas DSOW (2.6 Sv) water parcels are

sourced approximately equally from the warm, subtropical inflows to the SAF
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Figure 2.11: Lagrangian overturning, transports and timescales for water parcels flowing
northward across the Greenland-Scotland Ridge. (a) The total Lagrangian overturning
stream function at OSNAP East determined using stationary fields decomposed into the
contributions made by the eastern SPG and the Nordic Seas overflows. The Lagrangian
overturning of the Nordic Seas overflows is further divided between DSOW and ISOW
varieties. (b) Density distribution of water parcel potential temperature and salinity at
inflow, on northward and southward crossings of the Greenland-Scotland Ridge, and
on return to OSNAP East for the IcRo-GSR-Ic/Irm pathway. Contours, corresponding
to iso-proportions of the density, are plotted with an interval of 0.1, such that 10% of
all water parcels are contained within the shaded region between any two contours. (c)
Inflow and Outflow locations of DSOW and ISOW water parcels along OSNAP East. The
water parcels which return to OSNAP East via the fresh EGCC are shown in green. (d)
Normalised cumulative Lagrangian overturning of the Nordic Seas overflows at the 27.52
kg m~3 isopycnal as a function of time elapsed following northward flow across OSNAP
East.
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and below 250 m over the Rockall Plateau. Since, by definition, all of the transport
advected along our two overflow pathways is transformed from the upper to the
lower limb of the AMOC north of OSNAP East, it follows that DSOW contributes
twice as much as ISOW to the time-mean strength of Lagrangian overturning in
our stationary fields experiment (Figure 2.11a). However, it remains unclear how
the residual 1.7 Sv, which does not return to OSNAP East on entering the Nordic
Seas, is distributed between DSOW and ISOW pathways.

On returning to OSNAP East, DSOW is transported southwards in the EGC
and to a lesser extent through deep interior pathways on the western flank of the
Reykjanes Ridge. Meanwhile, the export of ISOW across OSNAP East is divided
almost equally between the ERRC in the western Iceland Basin and at depth in
the EGC, offshore of DSOW. This distribution contrasts with recent observations,
which found no substantial cross-Reykjanes Ridge transport of ISOW north of
the Bight Fracture Zone (Petit et al., 2018), and hence north of OSNAP East. One
likely explanation for this discrepancy, proposed in the modelling study of Xu et al.
(2010), is that the simulated ISOW is too light compared with observations, and
thus flows over shallower fractures in the Reykjanes Ridge north of 59°N. In reality,
approximately half of the 5.3 & 0.4 Sv of ISOW flowing southward across OSNAP
East in the ERRC (2014-18) is derived from the entrainment of SPMW and Labrador
Sea Water in the northern Iceland Basin (Johns et al., 2021). However, we find
negligible along-stream transformation of IcRo-IcRo water parcels within or above
the observed ISOW density range (Fig. 2.5a), suggesting that excessively entrained
SPMWs are advected unrealistically by pathways crossing the Reykjanes Ridge
(Ro-RR-Irm) within the model.

A further distinction between ISOW and DSOW varieties can be made by
examining the dominant advective timescales over which overflow water parcels
are overturned north of OSNAP East. Figure shows that, while 90% of
the Lagrangian overturning along the ISOW pathway can be explained by water
parcels which spend 37.2 years or less north of OSNAP East, almost an additional

decade ( = 45.8 yrs) is required to accumulate the equivalent proportion

7-9 0%
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of the Lagrangian overturning along the DSOW pathway. This difference in
overturning timescales is explained by the fact that DSOW water parcels are twice
as likely (82%) to enter the Arctic Ocean during their recirculation compared with
ISOW water parcels (41%), and thus spend a greater amount of time north of the
Greenland-Scotland Ridge (44.8 years for DSOW compared with 34.9 years for
ISOW). We also find that 92% of the residual overflow transport (1.7 Sv), requiring
more than 60 years to return to OSNAP East, enters the Arctic Ocean through
either the Fram Strait or the Barents Sea. Our inability to recover these residual
overflow water parcels within the duration of our Lagrangian experiment is hence
unsurprising, given that recent chemical tracer studies estimate that Atlantic
Waters can spend between 30-50 years circulating within the Arctic Ocean before

returning to the Fram Strait (Stoven et al., 2016; Wefing et al., 2021)).

2.4 Discussion & Conclusions

In this study, we demonstrate how Lagrangian particle tracking can be employed
to partition the diapycnal overturning across a trans-basin section amongst the
circulation pathways comprising the subpolar AMOC. In this first application
of our Lagrangian overturning framework, we explore the structure of the time-
mean overturning circulation in the eastern SPNA using an eddy-permitting
ocean hindcast simulation (ORCA025-GJM189). By advecting water parcels
from the northward inflows across OSNAP East using both time-evolving and
stationary velocity and tracer fields, coupled with a simple parameterisation of
vertical convective mixing, we quantify how water mass transformation along
the circulation pathways of the eastern SPG and Nordic Seas overflows projects
onto the diapycnal overturning at OSNAP East. We show how the Lagrangian
overturning stream function, complementing the traditional Eulerian stream
function, can be used to diagnose the extent to which water parcels are transformed
in each basin and to identify the dominant advective timescales of the overturning

circulation in the eastern SPNA.
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In our primary Lagrangian experiment using time-evolving fields, we evaluate
the trajectories of more than 11.2 million numerical water parcels initialised over
396 months between 1976-2008 to investigate the overturning pathways of the
eastern SPG. Our analysis shows that 55% (8.4 Sv) of the time-mean overturning
recorded at OSNAP East takes place south of the Greenland-Scotland Ridge in this
model, underscoring the dominant role of the SPG in water mass transformation
(Desbruyeres et al., 2019; Menary et al., 2020a; Petit et al., 2020). Through a
decomposition of the time-mean Lagrangian overturning stream function, we
show that the SPG pathways crossing the Reykjanes Ridge north of OSNAP East
make the largest contribution to mean strength of the AMOC at the section. The
principal overturning pathway, accounting for 4.8 Sv of the maximum overturning,
is sourced from the central NAC branch along the SAF, and undergoes continuous
densification by circulating horizontally across sloping isopycnals. Moreover,
since water parcels are subducted into the lower limb of the AMOC on the edge
of the EGC and overturn rapidly in less than 2 years, we suggest that the SAF is
the likely source of upper ISIW recently defined by Le Bras et al. (2020).

The short overturning timescales of the eastern SPG pathways are dynam-
ically important since they govern the rate at which thermohaline anomalies
can propagate advectively through the Iceland and Irminger Basins, and thus
imprint onto the overturning measured at OSNAP East. The SPNA exhibits large-
scale thermohaline variability on decadal timescales (Desbruyeres et al., 2021}
Hatan et al., 2005; Holliday, 2003; Lozier et al., 2008), forced in part by abrupt
transitions in the North Atlantic Oscillation (NAO Hurrell, 1995). Following the
sharp transition to a strong positive phase of the NAO in 2012, the persistence of
negative wind stress curl increased the export of freshwater from the Labrador
and Newfoundland shelves into the branches of the NAC (Holliday et al., 2020).
According to the recent observational study of Bil6 et al. (2022), fresh anomalies
advected in the NAC reached the Reykjanes Ridge in early 2016 before transiting
to the EGC mooring positioned along OSNAP East in a further 6-11 months. This

implies a total advection time of between 1.5-1.9 years for the freshening signal to
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propagate from the Iceland Basin to the Irminger Sea, in close agreement with our
dominant overturning timescale of 1.6 years along the Ic-RR-Irm pathway.

Thermohaline anomalies have also been shown to propagate from the upper to
the deep ocean via the entrainment of SPMW by the Iceland-Scotland overflows
(Devana et al., 2021; Dickson et al.,2002; Sarafanov, |[2009). In particular, Sarafanov
et al. (2010) attributed the persistent salinifcation of ISOW during the late 1990s to
the NAO-induced increase in subtropical throughput to the eastern SPNA. Here,
we have identified a deep overturning pathway along which upper intermediate
waters of subtropical-origin undergo dramatic cooling and freshening on mixing
with ISOW south of the Iceland-Scotland Ridge. The resulting water mass, resem-
bling dense ISW (Read, 2000; Van Aken & De Boer, 1995), crosses the Reykjanes
Ridge north of 59°N before returning to OSNAP East via the EGC and deep interior
pathways. Our conclusion that it takes 3.4 years for 90% of the overturning to
occur along this pathway aligns with the recent finding of Devana et al. (2021),
who showed that NAO-induced freshening of the upper ocean can propagate into
the deep overflows via turbulent entrainment on subdecadal timescales.

To overcome our inability to recover the recirculating transport associated with
the Nordic Seas overflows in our primary Lagrangian experiment, we conduct a
supplementary experiment using time-averaged velocity and tracer fields (1976-
2015) to advect numerical water parcels initialised along OSNAP East for up to
60 years. We find strong agreement between the structures of the time-mean
Lagrangian overturning within the eastern SPG evaluated in our stationary and
time-evolving fields experiments. However, this similarity masks significant
biases introduced by time-averaging model fields, including the substantial un-
derestimation of northward transport advected along basin interior pathways
within the SPG.

Over the duration of our second Lagrangian experiment, 4.3 Sv of the total 7.2
Sv flowing northwards across the Greenland-Scotland Ridge returns to OSNAP
East via either the dense Nordic Seas overflows (3.9 Sv) or the fresh EGCC (0.4

Sv). The remaining 2.9 Sv of cross-ridge transport is partitioned between the
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net throughflow to the Arctic Ocean (1.2 Sv) and residual transport (1.7 Sv),
representing water parcels which require more than 60 years to return to OSNAP
East. Crucially, even if all of this residual transport is ultimately subducted into the
lower limb of the AMOC along the IcRo-GSR-Ic/Irm pathway, the contribution of
the Nordic Seas overflows (3.9 Sv + 1.7 Sv = 5.6 Sv) would still remain secondary
to transformation within the eastern SPG, albeit closer to the observed estimate
of 5.8 £ 0.7 Sv (Isterhus et al., 2019). Although we find that both DSOW and
ISOW varieties overturn on multi-decadal timescales, their final properties are
strongly influenced by the excessive entrainment of ambient Atlantic waters south
of the Greenland-Scotland Ridge in this simulation. In contrast to the substantial
overturning variability recorded at OSNAP East (Desbruyeres et al., 2019; Li
et al., 2021a} Petit et al., 2020), observed overflow transports across the Greenland-
Scotland Ridge exhibit only weak variability on interannual-decadal timescales
(Osterhus et al., 2019). Thus, while it has been shown that thermohaline anomalies
can be imported into the Nordic Seas via the Atlantic Water inflows (Asbjernsen
et al., 2021; Glessmer et al., 2014), the fact that water parcels typically integrate
across multiple decades of water mass transformation before returning to OSNAP
East means that such anomalies are unlikely to persist downstream to imprint
onto Lagrangian overturning variability via this route.

The use of a single eddy-permitting ocean sea-ice hindcast is naturally a
limitation of the present study. While the ORCA025 configuration has been
validated extensively within the SPNA region (e.g., de Boisséson et al., 2010,
2012; Desbruyeres et al., 2013, 2015; MacGilchrist et al., 2020), it remains an open
question as to how the model’s inability to fully resolve ocean turbulence occurring
at the mesoscale and submesoscale might impact the faithful representation of the
individual overturning pathways comprising the subpolar AMOC. Multi-decadal
ocean sea-ice hindcasts are now routinely performed at eddy rich resolutions (at
least 1/10° according to Hallberg, 2013), such as ORCA12 (Marzocchi et al., 2015),
FLAME (Boning et al., 2006) and VIKING20 (Biastoch et al., 2021} Boning et al.,

2016), and show substantial improvements in the simulated gyre and overturning
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circulations compared with observations. In particular, eddy-rich models have
been found to more realistically represent the pathways and properties of both the
NAC (Breckenfelder et al., 2017, Marzocchi et al., 2015) and the Nordic Seas
overflows south of the Greenland-Scotland Ridge (Behrens et al., 2017). On
the other hand, the transition to high resolution models has also introduced
new biases, including overestimating the strength of both the subpolar AMOC
and SPG circulation when compared with observed estimates (Hirschi et al.,
2020; Jackson & Wood, 2020). To complicate this picture, simulated gyre and
overturning circulations are also strongly influenced by the surface boundary
conditions employed in ocean hindcasts (Biastoch et al., 2021). Therefore, while
it is beyond the scope of this study, addressing the sensitivity of Lagrangian
overturning pathways simulated within the SPNA to the choice of both horizontal
model resolution and atmospheric forcing remains an important subject in need
of further research.

This Chapter has demonstrated that the Lagrangian overturning stream func-
tion is a valuable addition to existing measures of the diapycnal overturning (e.g.,
Lozier et al., 2019; Marsh, 2000), owing to its unique ability to connect water
mass transformation integrated at the basin-scale to the individual circulation
pathways comprising the subpolar AMOC. Extending the Lagrangian overturning
framework to investigate how seasonal to decadal overturning variability is
manifested amongst the overturning pathways of the SPNA will be the subject
of Chapters 3| & [



Seasonal overturning variability in the
eastern subpolar North Atlantic

In Chapter 2, we introduced a novel Lagrangian measure of the overturning in
the eastern SPNA by quantifying the total light-to-dense transformation occurring
along recirculating water parcel trajectories. In this Chapter, we extend this
Lagrangian overturning framework to identify the circulation pathways respon-
sible for seasonal overturning variability at OSNAP East and characterise their

advective timescales and along-stream transformations within the eastern SPG.

3.1 Introduction

Throughout the North Atlantic Ocean, observational and numerical modelling
studies demonstrate that the variability of the AMOC is larger on seasonal than
interannual timescales (Lozier et al., 2019; Mielke et al., 2013; Willis, 2010; Xu
et al.,|2014). In the eastern SPNA, both observations and ocean reanalyses show a
pronounced seasonality in the AMOC (Fu et al., 2023; Jones et al., 2023; Mercier
et al., 2015), which is closely related to the export of seasonal western boundary
density anomalies (Le Bras et al., 2020; Wang et al., 2021). Since the formation
of dense waters exported along the western boundary is principally governed

by surface buoyancy loss over the Iceland and Irminger basins (Brambilla et
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al., [2008; Pacini et al., 2020; Petit et al., 2020), we might anticipate a seasonal
cycle of overturning at OSNAP East which closely reflects the seasonality of
surface buoyancy forcing within this region. However, the observed amplitude
of seasonal overturning variability (~4 Sv; Fu et al., 2023; Mercier et al., 2015) is
typically 5 times smaller than the magnitude of seasonal surface buoyancy-driven
transformation (~20 Sv; Petit et al., 2020; Xu et al., 2018a). This difference reflects
the fact that overturning variability depends upon both the transformation of
water masses into the lower limb of the AMOC and the rate at which they are
subsequently exported southward across the OSNAP East section. Given that we
saw in Chapter 2| that water masses circulate within the eastern SPG on timescales
ranging from weeks to years, it therefore remains an open question to what
extent the overturning seasonality measured at OSNAP East can be attributed
to seasonal dense water formation.

The recent modelling study of Wang et al. (2021) attributes the seasonality of
overturning at OSNAP East to the projection of seasonal density changes in the
western Irminger Sea onto the time-mean barotropic transport of the EGC. On
the one hand, this is consistent with OSNAP observations, which reveal strong
seasonality in the thickness of upper ISIW (the lightest component of the lower
limb) exported southward in the EGC during 2014-18 (Le Bras et al., 2020; Li
et al.,2021a). However, on the other hand, observations also show pronounced
seasonality in the volume transport of the western boundary current (Mercier
et al., 2024), which is closely correlated with the seasonality of wind stress curl
over the Irminger Sea (Daniault et al., 2011a; Daniault et al., 2011b} Le Bras et al.,
2018; Pacini et al., 2020). To our knowledge, no study to date has explored how
such seasonal changes in both the density structure and transport of the EGC
might act in combination to modulate the seasonality of overturning measured
at OSNAP East.

In the traditional Eulerian overturning framework discussed above, seasonal
overturning variability is proposed to depend upon the efficient export of lower

limb water masses within several months of their formation upstream (Fu et al.,
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2023). At OSNAP East, Le Bras et al. (2020) showed that overturning seasonality is
preferentially determined by variations in the formation rate of upper ISIW due
to its rapid export southward within the EGC (Pacini et al., 2020). In contrast,
variability in the formation rate of deep ISIW formed in the Irminger Sea interior
was found to imprint onto interannual Eulerian overturning variability owing to
its slower entrainment into the boundary current (Le Bras et al., 2020; Li et al.,
2021a). Given the diversity of export times convolved in the western boundary
current of the Irminger Sea, it is perhaps therefore unsurprising that changes in
the velocity and density field of the EGC alone have been shown to account for
only 10% of the monthly AMOC variability at OSNAP East (Li et al., 2021a)).

One way to better understand the relationship between seasonal surface
buoyancy-driven transformation and the overturning seasonality recorded at
OSNAP East is to explicitly account for the diverse range of export timescales by
adopting a Lagrangian frame of reference. Hence, in this Chapter, we make use
of the Lagrangian particle tracking experiment detailed in Chapter 2| to explore
how the seasonal overturning variability simulated at OSNAP East is distributed
amongst the individual circulation pathways of the eastern SPG in an eddy-
permitting ocean model.

This Chapter is structured as follows. We begin by reviewing the Lagrangian
particle tracking approach, and defining both the Eulerian and Lagrangian over-
turning in density-space at OSNAP East in Section 3.2] Section explores the
seasonal Eulerian overturning variability simulated at OSNAP East and addresses
the physical mechanisms responsible, including the important role of seasonal
water parcel recirculation times in the upper Irminger Sea. In Section we
introduce a complementary Lagrangian measure of overturning variability at
OSNAP East and compare the advective timescales of water parcels contributing
to the time-mean strength and seasonality of Lagrangian overturning. We also
decompose the seasonal cycle of Lagrangian overturning by circulation pathway;,

and examine the role of along-stream diathermal and diahaline transformations in
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driving seasonal dense water formation. The Chapter concludes with a discussion

of our principal findings in Section

3.2 Methods

3.2.1 Ocean General Circulation Model

In this study we use output from the eddy-permitting ORCA025-GJM189 ocean-
sea-ice hindcast (Jean-Marc Molines, 2021) documented in Table[1.1/and Section
Our justification for using the ORCA025-GJM189 hindcast to investigate the
physical mechanisms underpinning seasonal overturning variability in the eastern
SPG is as follows. The ORCA025-GJM189 model is configured at a nominal
horizontal resolution (1/4°), which is approximately four times finer than the
typical resolution used in the ocean component of CMIP6 climate models (e.g.,
Heuzé, 2021) and is more typical of the climate models involved in the upcoming
CMIP7 analysis. Thus, understanding how such eddy-permitting models represent
seasonal to interannual subpolar overturning variability is crucial if we are to have
confidence in their ability to project future trends in the AMOC.

As discussed in Chapter 2} there is broad agreement between the summertime
upper ocean transports across the OSNAP East section in ORCA025-GJM189 and
the observations of Sarafanov et al., 2010 at 59.5°N. Moreover, previous studies
(e.g., de Boisséson et al., 2012) have highlighted the close agreement between
the simulated water mass properties of SPMWs transformed at the surface of
the eastern SPG at eddy-permitting resolution and those observed by Brambilla
and Talley (2008) and Thierry et al. (2008). Model biases primarily emerge at
depth in the ORCA025-GJM189 hindcast, where there is an absence of deep
stratification within the eastern SPG due to excessive mixing between the Nordic
Seas overflows and ambient Atlantic waters south of the Greenland-Scotland

Ridge (MacGilchrist et al., 2020).
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(a) Example trajectories initialised across OSNAP East
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Figure 3.1: Lagrangian trajectories and volume transports across the model-defined
OSNAP East section. (a) Example Lagrangian trajectories initialised on the northward
inflows across OSNAP East in January 1990. Trajectories of water parcels which recirculate
back to OSNAP East within the eastern SPG (south of the Greenland-Scotland Ridge)
are shown in red, whereas green trajectories represent water parcels which cross the
Greenland-Scotland Ridge northwards as Atlantic Water inflows to the Nordic Seas. (b)
Monthly volume transports initialised on the northward inflows across OSNAP East
which recirculate within the eastern SPG (red, upper panel) and those which cross the
Greenland-Scotland Ridge northwards (green, lower panel). The bold lines overlaid are
low pass filtered volume transports using a 12-month running mean.
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3.2.2 Lagrangian Particle Tracking

To investigate the nature of seasonal overturning variability in the eastern SPG,
we make use of the primary Lagrangian experiment documented in Section[2.2.2]
Here, we briefly review the experimental strategy, highlighting the details which
are particularly relevant for this Chapter.

Water parcels are initialised to sample the full-depth northward transport
across the OSNAP East section on the earliest available day of each month (based
on the centre of the nearest 5-day mean window) for a period of 33 years (1976-
2008). Water parcels are removed from the experiment on meeting any one of three
conditions: (i) returning to the OSNAP East section (red trajectories in Fig. .Th),
(i) crossing the Greenland-Scotland Ridge northwards (green trajectories in Fig.
B.Ta), or (iii) reaching the maximum advection time of 7 years. Our decision to
terminate water parcels on reaching the Greenland-Scotland Ridge is motivated by
recent observations, which show that monthly to seasonal overturning variability
at OSNAP East is dominated by surface buoyancy forcing over the Iceland and
Irminger Basins rather than by variations in the overflow transport exiting the
Nordic Seas (Bringedal et al., 2018; UJsterhus et al., 2019; Petit et al., 2020). It
should also be noted that >99.1% of water parcels are intercepted on crossing
either OSNAP East or the Greenland-Scotland Ridge within the 7-year maximum
advection time. The remaining 0.9% of water parcels almost exclusively circulate
at depth within the lower limb of the AMOC north of OSNAP East and therefore

do not contribute to the seasonal overturning variability.

3.2.3 Definitions of overturning in density-coordinates

We use two complementary measures of the overturning in density-coordinates at
OSNAP East in this study. The Eulerian diapycnal overturning stream function,
Y(0oy, t),is calculated directly from the time-evolving velocity and potential density
fields along the model-defined OSNAP East section as defined in Section
We denote the isopycnal at which the Eulerian overturning stream function

reaches a maximum as o,;0¢, representing the interface between the upper and
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lower limbs of the AMOC at OSNAP East. The maximum Eulerian overturning
(MOC), measuring the overall strength of the AMOC, therefore equates to the
net northward transport within the upper limb integrated along the section. To
ensure comparability between our Eulerian and Lagrangian analyses, Eulerian
overturning stream functions are computed using the 5-day mean velocity and
potential density fields output on the earliest available day of each month be-
tween 1976-2008.

An important consideration when calculating the Eulerian overturning stream
function at OSNAP East is how to account for the variability of net throughflow
to the Arctic, which is not transformed into the lower limb of the AMOC. In
Lozier et al. (2019), a prescribed net throughflow of +1.6 + 0.2 Sv is applied
across the OSNAP East section to ensure a zero net meridional mass transport
across the combined OSNAP East and West sections. Here, as in Menary et al.
(2020a), we choose not to compensate for the variations in the net throughflow
across OSNAP East since this would prevent us from investigating the transport
structure of the upper limb in Section Critically, we find no seasonal
signal in the net throughflow across the OSNAP East section (see Fig. and
hence its inclusion in the Eulerian overturning stream function does not impact
the findings of this Chapter.

To complement the Eulerian diapycnal overturning, we additionally diagnose
the strength of the overturning at OSNAP East using the Lagrangian overturning
stream function introduced in Chapter 2| The Lagrangian overturning stream
function, F'(oj,t), quantifies the total light-to-dense transformation occurring
along water parcel trajectories flowing northward across OSNAP East at time
t. To compute the Lagrangian overturning each month, we first subset the 9.8
million water parcels which recirculate back to OSNAP East within the eastern
SPG (south of the Greenland-Scotland Ridge) into 396 ensembles of water parcel
trajectories, one for each month between 1976-2008 (Fig. [3.Ip). Each monthly
ensemble contains N (¢) water parcels, which flow northward across OSNAP East

at time ¢ and return southward across the section at the later time ¢ + 7,,;, where
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Tout 15 the water parcel termination time. A Lagrangian diapycnal overturning

stream function is calculated for each monthly ensemble as follows:
%
F(U;a t) = Z VNorth,ag (t) - VSouth,ag (t + Tout) (31)
09=0min

where Vo, and Vo, represent the absolute volume transport distributions of
the ensemble of water parcels in density-coordinates on their initial northward
and final southward crossings of OSNAP East section, respectively. In practice, we
calculate these volume transport distributions by summing the absolute volume

transports of the N(t) water parcels initialised each month in discrete potential

density bins (Acy = 0.01 kg m~?) as introduced in Section 2.3.2}

V(U;at): Z Vn,ae,tH(Ug) (3.2)

neN(t)

where V,, ,, ; is the absolute volume transport conveyed by a water parcel iden-
tified with index n, which crosses the OSNAP East array with an associated
potential density oy. The boxcar function II(o}) is equal to 1 if |0 — 0y| < Aoy/2,
and is otherwise 0.

Since the volume transport conveyed by each water parcel is conserved along
its entire trajectory, the total northward and southward transports across OSNAP
East due to recirculating water parcels are equal in the Lagrangian overturning
calculation, and thus there is no net flow across the section. In keeping with its
Eulerian counterpart, the strength of Lagrangian overturning (LMOC) is given
by the maximum of the Lagrangian overturning stream function, which occurs
at the isopycnal of maximum Lagrangian overturning oy0c. We note that
the strength and variability of the Lagrangian overturning is not sensitive to
our chosen parameterisation of vertical convective mixing along water parcel
trajectories in the surface mixed layer (see Fig. [A.2), and therefore its inclusion

does not impact the conclusions of this Chapter.
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3.3 Results

3.3.1 Seasonal overturning variability: An Eulerian perspective

3.3.1.1 Seasonal Eulerian overturning at OSNAP East

We begin by exploring the time-mean strength of the diapycnal overturning at
OSNAP East in ORCA025-GJM189 from the traditional Eulerian perspective. Over
the duration of the study period (1976-2008), the time-mean MOC at OSNAP East is
16.6 £ 2.7 Sv in ORCA025-GJM189, corresponding closely with observed estimates
of the MOC at both 59.5°N (16.6 4+ 1.1 Sv in 2002-2008; Sarafanov et al., 2012) and
OSNAP East (16.3 & 2.9 Sv in 2014-2020; Fu et al., [2023). The mean isopycnal of
maximum Eulerian overturning (oy0c = 27.52 kg m ™) is lighter in the simulation
compared with observations (27.55 kg m~?), owing to the shoaling of the NADW
overturning cell in response to the excessive entrainment of ambient Atlantic water
by the Nordic Seas overflows in the model (MacGilchrist et al., 2020).

Figure shows that MOC at OSNAP East exhibits variability on monthly to
interannual timescales. Concordant with the previous studies of Lozier et al. (2019)
and Mercier et al. (2015), we find that MOC variability at OSNAP East is most
pronounced on monthly timescales (monthly SD = £2.7 Sv), where monthly MOC
values range from 7.8 Sv in October 1978 to 28.7 Sv in January 1996. The simulated
MOC variability is weaker on interannual timescales (SD of annual means = £1.0
Sv), in agreement with previous results from ocean models and reanalyses (Wang
et al., 2021} Xu et al., 2014). The gradual increase in the MOC from the 1970s to the
mid-1990s (+0.1 Sv yr!, p < 0.01) and the subsequent decline in the MOC between
1996 and 2000 (-1.3 Sv yr™*, p < 0.01) are well-documented trends, consistently
found in both observations (Kieke et al., 2007; Mercier et al., 2015) and numerical
modelling studies (Boning et al., 2006; Desbruyeres et al., 2013; Xu et al., 2013).

The intra-annual variability in the MOC at OSNAP East is dominated by
the strong seasonal cycle shown in Figure 3.2b. The peak-to-peak amplitude
of the seasonal cycle is 4.1 Sv, in close agreement with the 4.2 Sv found by

Wang et al. (2021) using a 1/12° Global Ocean Physics Reanalysis (1993-2016)
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Figure 3.2: Eulerian overturning variability at the model-defined OSNAP East section. (a)
Monthly maximum of the Eulerian overturning stream function in density-coordinates
(first available day of each month, grey line) and 12-month running mean (black bold
line) overlaid for 1976-2008. (b) Mean seasonal cycles of the maximum of the Eulerian
overturning and the isopycnal of maximum overturning (oy/0c) computed from monthly
composites. Shading represents &1 standard error of the monthly estimates (i.e., monthly
standard deviation divided by /n where n is the number of independent samples -
equivalent to the number of years in this case). (c) Monthly composites of the Eulerian
overturning stream function calculated in discrete density-coordinates (bin width is 0.01
kg m~3); maximum (April) and minimum (October) months in the MOC seasonal cycle
are included in bold.

and the 4.3 Sv seasonal cycle recorded along the OVIDE section (1993-2010) by
Mercier et al. (2015). Figure indicates that, on average, the MOC reaches a
maximum in April (18.5 Sv) and a minimum in October (14.4 Sv). We note that,
while there is strong consensus that the subpolar MOC reaches a maximum in
spring (e.g., Holte & Straneo, 2017; Li et al., 2021a), the occurrence of the seasonal
MOC minimum during autumn in this simulation disagrees with the findings
of previous reanalysis (August; Wang et al., 2021) and observational (December;
Mercier et al.,[2015) studies. One possible reason for this inconsistency between
studies is that the MOC seasonal cycle, when computed from monthly composites,
is non-stationary, such that the timing of the seasonal extrema will be dependent

upon the years chosen to compute those composites. This is particularly notable in
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the results of Wang et al. (2021), where the most probable timing of the minimum
of the MOC seasonal cycle at OSNAP East transitions from autumn during the
years overlapping our study period (1993-2008) to summer between 2009-2016.

Given that the strength of the MOC equates to the net transport above o/0¢,
seasonal variations in the MOC can be attributed to either changes in the merid-
ional velocity field or to changes in the isopycnal structure at OSNAP East. To
understand how the composition of the MOC upper limb evolves on seasonal
timescales, Figure presents monthly composites of the Eulerian overturning
stream function evaluated at OSNAP East. We note that the maximum values of
the monthly mean stream functions presented in Figure underestimate the
time-mean MOC determined from the maxima of monthly mean stream functions
in Figure . This is because the isopycnal of maximum overturning, oy oc,
can vary substantially within each of the monthly composites (Lozier et al., 2019).
Figure shows that the seasonal maximum of the MOC in April occurs when
upper limb waters flowing northwards across OSNAP East are relatively cold
and dense (0y0c = 27.57 kg m~? in Fig. 3.2p) having experienced intense surface
buoyancy loss along the NAC during the previous winter (Grist et al., 2016).
Conversely, the minimum of the MOC seasonal cycle in October is characterised
by the arrival of warm and light upper limb waters (o0¢ = 27.50 in Fig. [3.2b)
at OSNAP East, which have been transformed by summertime buoyancy gain
in the NAC during the months prior (Li et al., 2021a).

The seasonal cycle of Eulerian overturning at OSNAP East therefore corre-
sponds to the expansion (a lighter upper limb coinciding with a weaker MOC
in summer-autumn) and contraction (a denser upper limb coinciding with a
stronger MOC in winter-spring) of the overturning stream function in density-
coordinates (Fig. [3.2c), which is consistent with seasonal variations in surface

buoyancy forcing over the NAC upstream.
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Figure 3.3: Mean Eulerian volume transport in the upper limb (i.e. above oy;0¢) of the
MOC accumulated with distance eastward along the model-defined OSNAP East section.
The net upper limb volume transport (a) is decomposed into its respective northward (b)
and southward components (c). The model bathymetry along the OSNAP East array is
presented in (d). The values shown in bold represent the total transports accumulated
across the OSNAP East section for the maximum (April, purple) and minimum (October,
orange) months of the MOC seasonal cycle. Vertical lines partition the volume transport
across the section into five geographical regions corresponding to the major currents
intercepted by the array: East Greenland Current (EGC), Irminger Gyre and Irminger
Current (IG & IC), East Reykjanes Ridge Current (ERRC), the Central Iceland Basin and
Sub-Arctic Front (CIB & SAF), and the Rockall Plateau and Rockall Trough (RP & RT).
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3.3.1.2 Mechanisms of seasonal Eulerian overturning variability

To identify the mechanisms responsible for seasonal Eulerian overturning variabil-
ity, we next decompose the net transport of the upper limb, determined directly
from the simulated velocity and potential density fields along OSNAP East, into
its constituent northward and southward components during April and October
(corresponding to the extrema of the MOC seasonal cycle in Figure[3.2b). Figure
indicates that, in spite of the year-round net northward transport in the upper limb,
the seasonal cycle of the MOC results from changes in the southward transport
above o;0c at OSNAP East. This is highlighted in Figure [3.3f, which shows that
the total southward transport in the upper limb increases significantly from -8.7
Sv in April, when the Eulerian overturning reaches its seasonal maximum, to -14.4

Sv when the MOC seasonal minimum occurs in October.

EGC IG&IC ERRC CIB & RT&RP Total
SAF
Net Upper Limb
Volume Transport
(Sv)
April -2.1 2.4 -2.5 14.2 6.5 18.5
October -49 42 -4.2 13.9 54 14.4

Table 3.1: Mean Eulerian net volume transport (Sv) in the upper limb of the AMOC (i.e.,
above or0¢) for the major currents along the OSNAP East array during April and October.
The major currents are defined geographically as follows: East Greenland Current (EGC, 0
km <z <250 km), Irminger Gyre and Irminger Current (IG & IC, 250 km < 2 < 750 km),
East Reykjanes Ridge Current (ERRC, 750 km < = < 1000 km), Central Iceland Basin and
Sub-Arctic Front (CIB & SAF, 1000 km < z < 1450 km), and Rockall Plateau and Rockall
Trough (RP & RT, 1450 km < = < 2300 km). Note x corresponds to the distance from Cape
Farewell on the east Greenland coast.

By further decomposing the seasonal upper limb transport according to the
major currents crossing the OSNAP East array (Table[3.1)), we find that the seasonal
minimum of the MOC results from the combination of a 2.8 Sv strengthening
of the EGC southward transport above o;;0c and a 1.1 Sv weakening of the
southern NAC branch feeding the Rockall Trough. This agrees with the recent

results of Wang et al. (2021), who demonstrated that variations in the southward
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transport along the western boundary of the Irminger Sea play a prominent
role in modulating the seasonal cycle of overturning at OSNAP East. Moreover,
Wang et al. (2021) showed that the seasonality of the EGC upper limb transport
is principally explained by seasonal density changes in the upper Irminger Sea
projecting onto the mean barotropic transport of the western boundary current.

To explore this further, Figure (3.4 presents the mean potential density field
along OSNAP East in April and October and the corresponding locations of o/0c:.
In April, we find that the erosion of stratification, owing to intense wintertime
heat loss, permits deep convective mixing in the Irminger Sea interior (de Jong
et al., 2012; de Jong & de Steur, 2016} Piron et al., 2016)), such that oy0c (27.57
kg m~? in April) outcrops at the surface (Fig. [3.4h). As a consequence, there is a
reduction in the total upper limb northward transport entering the Irminger Sea
across OSNAP East (Table see IG & IC), since the majority of water flowing
northward does so in the lower limb of the AMOC (de Jong et al., 2020). The equal
magnitudes of the upper limb transports entering the Irminger Sea northward
(IG & IC) and leaving the Iceland Basin southward via the East Reykjanes Ridge
Current (ERRC) in Table 3.1]is explained by the anticyclonic recirculation of water
south of the OSNAP East section. Along the western boundary, the isopycnal
of maximum overturning slopes steeply with distance offshore during spring,
decreasing the cross-sectional area over which southward flow can contribute to
the upper limb of the AMOC at OSNAP East. Thus, since the weaker upper limb
southward transport of the EGC (-2.1 Sv, Table compensates for less of the
stronger northward transport above o,0¢ in the NAC (20.7 Sv, Table , the
MOC reaches a seasonal maximum in spring.

A contrasting density structure is found in autumn, when Figure shows
that surface heating through summer has restored the stratification in the upper
Irminger Sea. This agrees closely with the recent observations of de Jong et al.
(2020), who found the lowest monthly-mean density along OSNAP East during
October. Since the depth of oy0c in Figure exceeds 100 m throughout

the entire Irminger Basin, there is a larger northward upper limb transport in
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the Irminger Gyre and the Irminger Current (4.2 Sv). However, this is more
than compensated for by the vertical migration of the isopycnal of maximum
overturning offshore of the East Greenland shelfbreak, which enables water
flowing southward in the upper 200 m of the EGC to be included within the
lighter upper limb (o)0c = 27.50 kg m~* in October) as recently observed by
Le Bras et al. . This, in conjunction with the weaker transport of warm,
saline water flowing northward in the NAC (-1.4 Sv), is therefore responsible
for the MOC seasonal minimum in October.

(a) Mean April (1976-2009) potential density along OSNAP East
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Figure 3.4: Mean potential density along the model-defined OSNAP East section in (a)
April and (b) October overlaid by the corresponding mean isopycnal of maximum Eulerian
overturning (April: oy0c = 27.57 kg m~3, October: o3,0¢ = 27.50 kg m~3), denoting the
seasonal interface between the upper and lower limbs of the AMOC.

In contrast with the conclusion of Wang et al. (2021)), we do not find that the
seasonal cycle of MOC can be accounted for by changes in the density structure of
the western Irminger Basin alone. Rather, we propose that seasonal variations in
the velocity field of the upper EGC act in conjunction with migrations of o);0¢ to
drive the seasonality of Eulerian overturning at OSNAP East. To demonstrate this,

we consider the Lagrangian trajectories of water parcels recirculating exclusively
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Figure 3.5: (a) Seasonal cycle of median recirculation times north of the model-defined
OSNAP East section for water parcels initialised in the upper 250 m of the Irminger
Current (IC, purple) and Irminger Gyre (IG, pink) pathways. The total volume transport
of upper Irminger Sea water parcels flowing southward in the EGC within the upper
limb (i.e., above oyr0¢) is given by the solid black line (Vggc). Note that, unlike the
water parcel recirculation times (purple and pink), the EGC volume transports (black) are
plotted according to the month during which they cross OSNAP East southward in the
EGC. (b) Example water parcel trajectories flowing northward in the upper 250m of the
Irminger Current during February (pink) and August (green) 2000. The associated median
recirculation times are also coloured accordingly in a). Way point markers show the
locations of water parcels remaining within the boundary current at 60- (circles) and 120-
days (squares) following initialisation. Trajectories are superimposed on filled contours of
the difference between the mean winter (DJF) and summer (JJA) northward component
of the wind stress fields calculated between 1976-2015. The time-mean wind stress field
(1976-2015) is shown by the overlying vectors included at the centre of every 4" model
grid cell. (c) Distributions of upper IC recirculation times determined from all of the water
parcels flowing northward across OSNAP East during February (pink) and August (green)
between 1976-2008 (i.e., 33 initialisations for each month).
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within the upper 250 m of the Irminger Sea. Following Vége et al. (2011), and
guided by the simulated time-mean current structure presented in Chapter
(see Fig. , we define a fixed boundary located 500 km from Cape Farewell to
differentiate between the cyclonic circulation pathways of the Irminger Gyre (IG),
recirculating within the basin interior, and the Irminger Current (IC), positioned
on the western flank of the Reykjanes Ridge. Figure shows a strong seasonal
signal in the median amount of time water parcels spend north of OSNAP East;
recirculation times are longest when water parcels flow northward across OSNAP
East during winter and are shortest when they arrive at the section during summer.
For the upper IC pathway, this amounts to water parcels typically spending
8 months recirculating in the Irminger Sea following initialisation in February
compared with only 6 months when initialised in August (Fig. [3.5h).

Critically, it is the decrease in upper IG and IC recirculation times between
February-May (Fig. [3.5a) which contributes to the seasonality of Eulerian over-
turning at OSNAP East. This is because the reduction in the recirculation times
of water parcels crossing OSNAP East northwards in the upper IC during spring
produces a convergence of water parcels flowing southward in the upper EGC
during autumn. The strongest convergence occurs in October, consistent with the
observed intensification of the upper EGC at OSNAP East during autumn (Le Bras
et al., 2018 Pacini et al., 2020), and amounts to a -1.0 Sv anomaly in the full-
depth transport of the EGC. Although the magnitude of this transport anomaly
remains small compared with the typical magnitude of the EGC in this simulation
(31.0 Sv), its surface-intensified nature has disproportionate consequences for the
strength of the AMOC at OSNAP East. Figure shows that the convergence
of upper Irminger Sea water parcels within the EGC occurs almost exclusively
within the upper limb of the AMOC. Thus, by acting in concert with the deepening
of op0c during late-summer and autumn (Fig. [3.4b), the convergence of upper
IG and IC water parcels within the boundary current can explain 2.6 Sv of the

2.8 Sv increase in the upper limb EGC southward transport between April and
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October, accounting for almost two-thirds of the amplitude of the MOC seasonal
cycle at OSNAP East (4.2 Sv).

Previous studies have highlighted the close relationship between seasonal
variations in the large-scale circulation of the Irminger Sea and wind-stress forcing
acting over the basin (Daniault et al., 2011a; Daniault et al., 2011b; Le Bras et al.,,
2018). To determine whether local wind-stress forcing can account for the seasonal-
ity of water parcel recirculation times in the upper Irminger Sea, we next compare
the character of upper IC trajectories flowing northward across OSNAP East in
February and August, corresponding to the longest and shortest recirculation
times, respectively. Figure shows that the longer median recirculation times
of upper IC water parcels flowing northward across OSNAP East in February is
due to their slower advection along the boundary current through spring-summer.
The weakening of the boundary current is explained by the springtime spin-down
of the gyre circulation owing to the decrease in wind-stress curl acting over the
Irminger Sea (Daniault et al., 2011b). In addition to their slower recirculation times
along the boundary current, water parcels flowing northward in February are
more likely to be entrained into slower circulation pathways in the basin interior,
resulting in a longer tail in the distribution of recirculation times in Figure[3.5c. The
shorter recirculation times exhibited by upper IC water parcels flowing northward
in August results from the autumn-wintertime spin-up of the gyre during their
recirculation north of OSNAP East. Figure shows that water parcels flowing
northward in August experience especially fast advection within the EGC, where
the strongest north-easterly winds act along-stream. This is consistent with the
study of Le Bras et al. (2018), who found that seasonal variations in the wind-stress
curl, and by extension the EGC transport, are largely determined by changes in
the local wind stress field acting along the East Greenland coast.

It is important to emphasise that the relationship we have determined between
wind-stress forcing and seasonal Eulerian overturning variability at OSNAP East
may not be applicable throughout the entire SPNA. For example, Wang et al. (2021)

showed that dramatic seasonal variations in wind-stress curl over the Labrador Sea
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do not translate into overturning seasonality, given that northward and southward
boundary current transports across OSNAP West vary synchronously and thus
act to compensate one another on seasonal timescales. This suggests that the
larger basin geometry of the eastern SPNA plays an integral role in enabling
seasonal wind-stress forcing to project onto the seasonal overturning variability

recorded at OSNAP East.

3.3.2 Seasonal overturning variability: A Lagrangian perspective

3.3.2.1 Seasonal Lagrangian overturning at OSNAP East

The Lagrangian overturning framework provides us with an alternative view
of the overturning variability at OSNAP East on seasonal timescales. Whereas
the Eulerian stream function integrates the meridional transports across OSNAP
East in density-coordinates at a given snapshot in time, the Lagrangian over-
turning stream function measures the total light-to-dense transformation that the
northward transport arriving at OSNAP East will go on to experience during
its recirculation within the eastern SPG. As such, the meridional transports com-
prising the Lagrangian overturning stream function belong to a single collection
of water parcels (sharing a common inflow time), whereas the Eulerian stream
function includes two unrelated collections of water parcels flowing northwards
and southwards, respectively. We should therefore consider the Lagrangian
overturning to be a complementary measure to the Eulerian overturning at OSNAP
East, which explicitly accounts for both the transformation and subsequent export
of dense water masses within the eastern SPG by preserving knowledge of
water parcel identity.

Figure presents the strength of the Lagrangian overturning within the
eastern SPG between 1976 and 2008, consistent with our earlier Eulerian analysis
(Fig. B.2h). The smaller magnitude of Lagrangian overturning in Figure
compared with the Eulerian overturning shown in Figure is due to the
exclusion of water parcels which are transformed north of the Greenland-Scotland

Ridge from our analysis. We find that, on average, 8.9 + 2.2 Sv of water flowing
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northwards across OSNAP East is transferred from the upper to the lower limb
of the AMOC within the Iceland and Irminger basins. This transformation is
slightly stronger than the time-mean Lagrangian overturning found in Chapter
because here we compute the average of the maximum Lagrangian overturning
each month as opposed to taking the maximum of the time-mean Lagrangian
overturning stream function as in Section [2.3.2]

In contrast with the seasonality of the Eulerian overturning at OSNAP East, the
seasonal cycle of Lagrangian overturning in Figure shows a steady increase
from a minimum of 6.4 Sv in May to a maximum of 11.5 Sv in November. While
the phase difference between the seasonal cycles of the MOC and the LMOC
may initially appear counter-intuitive, recall that the strength of the Lagrangian
overturning quantifies how much of the total northward transport flowing north
across OSNAP East in any given month is transformed from the upper to the
lower limb in the Iceland and Irminger basins. Interestingly, the seasonal cycle
of the LMOC is closely correlated with the seasonality of both o;0¢ (Fig. :
r = —0.85, p < 0.01) and opoc (Fig. : r = —0.86, p < 0.01), suggesting
that the potential density of upper limb water parcels on flowing northward
across OSNAP East is an important indicator of their future contribution to
overturning seasonality north of the section. This is in marked contrast to the
seasonal cycle of the Eulerian overturning, which implies that the coldest and
densest upper limb waters flowing northward across OSNAP East in April lead
to a maximum in the MOC.

To better understand the relationship between the composition of the upper
limb and the strength of Lagrangian overturning, Figure shows how the
Lagrangian overturning stream function evolves over the duration of the mean
seasonal cycle. Here, we find that the maximum of the LMOC, for water parcels
flowing north in November, occurs when relatively light upper limb water parcels
experience sufficient wintertime surface buoyancy loss to enter the lower limb
before returning to OSNAP East. Meanwhile, denser upper limb water parcels

arriving at OSNAP East in May, previously transformed by wintertime cooling,
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Figure 3.6: Lagrangian overturning variability of the eastern SPG at the model-defined
OSNAP East section. (a) Monthly maximum Lagrangian overturning (LMOC; computed
from the subset of particles initialised on the inflow across OSNAP East that recirculate
south of the Greenland-Scotland Ridge, grey line) and 12-month running mean (bold black
line) overlaid for 1976-2008. (b) Mean seasonal cycles of the LMOC and the isopycnal
of maximum Lagrangian overturning (oryoc) computed from monthly composites.
Shading represents +1 standard error of the monthly estimates (i.e., monthly standard
deviation divided by \/n where n is the number of independent samples - equivalent to
the number of years in this case). The strength of Lagrangian overturning, representing the
total (volume) flux of water parcels from the upper to the lower limb, is plotted according
to their common inflow time across the OSNAP East section. (c) Monthly composites
of the Lagrangian overturning stream function calculated in discrete density-space (bin
width is 0.01 kg m—3); maximum (November) and minimum (May) months in the LMOC
seasonal cycle are included in bold.

experience substantial summertime buoyancy gain north of OSNAP East to
become lighter downstream. This negative diapycnal transformation is captured
in the pronounced region of negative Lagrangian overturning between 26.8 -
27.2 kg m~? in Figure and results in the weakest seasonal volume flux into
the lower limb.

The seasonal cycle of Lagrangian overturning at OSNAP East therefore reflects
the seasonality of the surface-forced water mass transformation within the Iceland
and Irminger basins. The strengthening of the LMOC for water parcels crossing

OSNAP East in summer-autumn corresponds to an increasing volume flux across
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ormoc, owing to intense surface buoyancy loss along water parcel trajectories
during the ensuing winter. Meanwhile, the weakening of the LMOC for water
parcels crossing OSNAP East through winter-spring reflects a decreasing volume
flux into the lower limb as water parcels in the upper limb gain buoyancy along

their trajectories during the ensuing summer.

3.3.2.2 Timescales and origins of seasonal Lagrangian overturning

We have demonstrated that a close phase relationship exists between the seasonal
cycle of Lagrangian overturning at OSNAP East and the seasonality of surface
buoyancy forcing over the Iceland and Irminger basins. Since wintertime surface
buoyancy loss greatly exceeds summertime buoyancy gain over the eastern SPG
(Xu et al., 2018b), the time-mean LMOC is governed by the fraction of upper limb
water parcels which fail to return to OSNAP East before the onset of winter and
therefore experience sufficient surface buoyancy loss to be transferred into the
lower limb during their recirculation. In contrast, the seasonality of Lagrangian
overturning is determined by upper limb water parcels whose along-stream
diapycnal transformation is dependent on their month of arrival across the OSNAP
East section. To better distinguish between the origins and advective timescales of
water parcels responsible for the time-mean strength and seasonality of Lagrangian
overturning at OSNAP East, we next decompose the Lagrangian overturning
stream function according to both the time water parcels spend north of OSNAP
East (herein referred to as the water parcel recirculation time) and the distance
from the East Greenland coast that water parcels flow northward across the
section (Fig. [3.7).

Figure presents the proportion of the mean strength of Lagrangian over-
turning and amplitude of the seasonal cycle (difference between November-
May LMOC monthly composites) accumulated as a function of the time water
parcels spend north of OSNAP East. We find that the entire LMOC seasonal
cycle and 25% of the mean strength of Lagrangian overturning can be explained

by water parcels which spend less than 8.5 months recirculating within the
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Figure 3.7: Decomposition of the mean strength and seasonality of Lagrangian overturning
within the eastern SPG by recirculation time and distance along OSNAP East. (a)
Normalised mean strength and seasonality (amplitude of the seasonal cycle calculated
as November-May difference between LMOC monthly composites) of the Lagrangian
overturning at o7, y70c evaluated as a function of the time in which water parcels recirculate
back to the OSNAP East section. (b) Mean recirculation time of water parcels initialised
on the northward inflow across OSNAP East as a function of their initial position in  — =z
space, where z is the distance along the OSNAP East section (km) and z is the depth (m).
All 9.8 million eastern SPG water parcels initialised across 396 months (1976-2008) are
binned according to their initial position, before computing the mean recirculation time
for each bin (Az = 25 m, Az = 25 km). Grey regions coincide with the major southward
currents intersected by the OSNAP East array, hence no northward flowing water parcels
are initialised here. (c) Normalised mean strength and seasonality of the Lagrangian
overturning at o730 accumulated as a function of the distance from the East Greenland
coast that water parcels flow northward across OSNAP East.
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eastern SPG. Interestingly, the absence of any further accumulation of seasonal
Lagrangian overturning variability after 8.5 months following northward inflow
across OSNAP East implies that, irrespective of its time of arrival, once a water
parcel has experienced wintertime surface buoyancy loss it can no longer imprint
onto the seasonal cycle of Lagrangian overturning. Thus, the remaining 75% of
the mean volume flux into the lower limb is accounted for by water parcels which
spend between 8.5 months and 7 years recirculating within the eastern SPG, and
experience at least one winter north of OSNAP East.

To understand how the recirculation time of a water parcel is related to its
inflow location along OSNAP East, we next calculate the average recirculation
time of water parcels within the eastern SPG as a function of their northward
crossing locations along the section. Figure indicates that, on average, the
recirculation times of the major upper ocean currents intercepted by OSNAP
East are shortest in the upper ocean and generally increase with depth. This is
consistent with observations in the eastern SPNA, which show that northward
transport is surface intensified in the NAC branches (Holliday et al., 2018; Houpert
et al.,[2018, 2020) and the Irminger Current (de Jong et al., 2020; Fried & de Jong,
2022) since isopycnals in the upper ocean shoal strongly westward. We attribute
the short recirculation times (< 8.5 months) found in the lower limb in Figure
to rapidly recirculating water parcels sampling short-lived mesoscale eddies,
which are only partially resolved in the model velocity field.

A prominent feature of Figure is the transition from upper limb pathways
which contribute to the seasonal cycle of the LMOC (orange, < 8.5 months) in
the Irminger and Central Iceland Basins to longer pathways (blue, > 8.5 months),
sourced from the central and southern NAC branches, which dominate its mean
strength. Figure quantifies this distinction, highlighting that 74% of the time-
mean LMOC is due to water parcels originating from the Sub-Arctic Front and
the Rockall Trough and Plateau, whereas 96% of the seasonal cycle of Lagrangian
overturning can be explained by water parcels sourced from the Irminger and

Central Iceland Basins (x < 1250 km). We note that the recirculation times of water
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parcels flowing northward in the upper 250-m of the Central Iceland and Irminger
basins also vary seasonally (see Fig. [3.5a), however this does not influence their
contribution to the seasonal cycle of Lagrangian overturning.

To summarise, we have found a clear distinction between the origins and
advective timescales of water parcels responsible for the mean strength and
seasonality of Lagrangian overturning at OSNAP East. Seasonal overturning
variability is associated with water crossing the section in the upper Irminger and
Central Iceland Basins, where the rapid recirculation of water parcels in less than
8.5 months yields along-stream transformations which are dependent on their
time of arrival at OSNAP East. Conversely, the time-mean LMOC is determined
by water parcels, originating from the central and southern NAC branches, whose
longer recirculation time (> 8.5 months) guarantees their diapycnal transformation

into the lower limb through intense wintertime buoyancy loss.

3.3.3 Pathways of seasonal Lagrangian overturning

To further investigate the sources of seasonal Lagrangian overturning variability
within the eastern SPG, we classify water parcels according to five cyclonic circu-
lation pathways defined between OSNAP East and the Greenland-Scotland Ridge
introduced in Chapter 2 The majority of water parcels recirculate exclusively
within the Iceland-Rockall (IcRo-IcRo) and Irminger basins (IG and IC, see Fig.
for regional definitions). The remaining water parcels cross the section in the
NAC and flow westward across the Reykjanes Ridge before returning to OSNAP
East via the EGC, which flows southward along the western boundary of the
Irminger Sea. These water parcels are subdivided into two pathways according to
their inflow location along the section: the Ic-Irm pathway comprises water parcels
sourced from the central NAC branch positioned along the Sub-Arctic Front, while
the Ro-Irm pathway originates from the southern NAC branch feeding both the
Rockall Trough and the Rockall Plateau (Fig. [3.8p).

Concordant with our earlier analysis, Figure 3.8 shows the clear distinction

between the circulation pathways responsible for the seasonality of the LMOC
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Figure 3.8: Decomposition of the seasonal cycle of Lagrangian overturning by circulation
pathway north of the model-defined OSNAP East section. (a) Example water parcel
trajectories illustrating each of the five circulation pathways within the eastern SPG and
their respective contributions to the mean strength of Lagrangian overturning at oz0c-
(b) Inflow locations where water parcels are advected northward across OSNAP East
classified by pathway. Water parcel volume transports for each pathway are averaged
in discrete x - z space (Az = 25 m, Az = 25 km) using all 396 initialisation months before
normalising by the maximum mean transport recorded across all bins (darker shading
corresponds to the strongest northward transport for each pathway). (c) Seasonal cycle
of the Lagrangian overturning at o7 ,;0c decomposed by circulation pathway north of
OSNAP East. For clarity, variations in the LMOC are presented as anomalies about the
time-mean overturning determined from monthly composites of each pathway. (d) The
proportion of the total diapycnal transport (1 Ao | > 0.01 kg m™2, where Ao is the net
change in potential density between northward and southward crossing of OSNAP East)
to have successfully recirculated back to OSNAP East as a function of the time elapsed
following northward flow across the section. Coloured circles correspond to the median
recirculation time of each circulation pathway.

and those governing its mean state. We find that the two pathways crossing the
Reykjanes Ridge north of OSNAP East account for 70% of the mean strength of the
Lagrangian overturning within the eastern SPG (Fig. B.8p) yet exhibit negligible
variability on seasonal timescales (Fig. ). This is because the recirculation
times of water parcels advected across the ridge north of OSNAP East consistently
exceed the critical 8.5 month threshold required to be transferred into the lower

limb. Water parcels advected along the Ic-Irm pathway typically experience 1.1
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years (Fig. [3.8d) of along-stream surface buoyancy loss in order to transfer 4.8 +
1.0 Sv of water into the lower limb. As shown in Chapter 2, the slower Ro-Irm
pathway (7 = 1.7 years) forms 1.4 + 0.4 Sv of dense Icelandic Slope Water (Read,
2000; Van Aken & De Boer, [1995) by entraining Iceland Scotland Overflow Water
(ISOW) in the vicinity of the Faroe Bank Channel (Fig. ).

Figure shows that the seasonal cycle of Lagrangian overturning at OSNAP
East is dominated by water parcels recirculating exclusively within the Irminger
basin (IG + IC). We find that the northward inflows to the IG (< 500 km from Cape
Farewell) make a disproportionately large contribution to the seasonality of the
LMOC (26%) compared with their limited contribution to its time-mean strength
(3% in Fig. [3.7c). Water parcels advected along the path of the IC (between 500
km and 750 km from Cape Farewell in Fig. ) explain almost half (49%) of the
seasonal cycle of Lagrangian overturning whilst also accounting for approximately
a fifth (19%) of the mean volume flux into the lower limb. The larger contribution
of the IC pathway to the mean Lagrangian overturning is explained by Figure[3.8d,
which shows that water parcels typically spend 8.2 months recirculating within the
IC compared with only 5.8 months within the IG. Since the median recirculation
time of the IC pathway is comparable to the 8.5-month threshold required to avoid
intense wintertime surface buoyancy loss, it follows that approximately half of
all water parcels advected along the boundary current of the Irminger Sea will
be transferred into the lower limb north of OSNAP East.

Although diapycnal transformation along the IcRo-IcRo pathway accounts for
only a quarter of the seasonal cycle of Lagrangian overturning at OSNAP East,
Figure highlights its critical role in establishing the timing of the seasonal
maximum of the LMOC. Notably, it is the rapid recirculation of water parcels from
the northern NAC branch to the ERRC within 4.8 months that dominates seasonal
overturning variability along this pathway. Figure shows that the largest
volume flux into the lower limb occurs for water flowing north in November
because then IcRo-IcRo water parcels experience the greatest surface buoyancy

loss throughout the ensuing winter spent north of OSNAP East. This is consistent
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with the results of de Boisséson et al. (2010), who found the strongest net heat loss

over the Iceland basin between November and February.

3.3.4 Transformation along seasonal overturning pathways

To understand how seasonal Lagrangian overturning variability results from
diapycnal transformation along water parcel trajectories, we next calculate the
net potential density change of water parcels between northward and southward
crossings of OSNAP East, Aoy, as a function of their inflow location along the
section. Figure [3.9a-b highlights the striking disparity between the net diapycnal
transformation of water parcels flowing northward in the upper 250 m of the
Irminger and Central Iceland basins during May (lightening) and November
(densification). We find that large negative diapycnal transformations occur along
water parcel trajectories sourced from the upper 100m of the IG and the Central
Iceland Basin (IcRo-IcRo) in May, consistent with the pronounced region of
negative Lagrangian overturning in Figure [3.6f. In contrast, water parcels flowing
northward into the upper Irminger and Central Iceland basins in November
undergo strong positive diapycnal transformation north of OSNAP East, and
hence are responsible for the largest seasonal volume flux into the lower limb.
Since water parcels recirculating cyclonically along the boundary current of
the Irminger Sea typically spend an additional 2.4 months north of OSNAP East
compared with those circulating in the interior of the Irminger and Central Iceland
basins (Fig. [3.8), we next explore how the character of seasonal water mass
transformation differs along boundary and interior pathways within the eastern
SPG. We focus our analysis on the water parcels circulating in the upper 250 m of
the Irminger Sea (pink and purple boxes in Figs. [3.9a-b), since these collectively
account for three quarters of the seasonal cycle of Lagrangian overturning at
OSNAP East (Fig. [3.7c). To determine the relative importance of temperature and
salinity changes along boundary and interior pathways, we further decompose

the net diapycnal transformation (Aoy) north of OSNAP East into diathermal
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Figure 3.9: (a) Mean net change in potential density of water parcels flowing northward
across OSNAP East in May as a function of their inflow location along OSNAP East.
The net change in potential density, Aoy (kg m~3), between northward and southward
crossings of OSNAP East is computed for each recirculating water parcel before averaging
in discrete + — z space (Az =25 m, z = 25 km). (b) Same as (a) for water parcels flowing
northward in November. Vertical solid lines correspond to the geographical limits of the
major currents intercepted along the section. Boxes included in the upper 250 m define
the upper IG (pink), IC (purple) and Ic-Irm (orange) pathways. (c, d) Mean seasonal
cycle of transport-weighted mean net change in potential density and contributions from
diathermal (A, black solid line) and diahaline (AS, black dotted line) components for the
upper (c) IG and (d) IC pathways. (e, f) Same as (c, d) for the Ic-Irm pathway once divided
into two successive diapycnal transformations in the Iceland (e, Ic-RR) and Irminger basins
(f, RR-Irm) using water parcel properties on crossing the Reykjanes Ridge (RR) north of
OSNAP East.

and diahaline components. We approximate Aoy using a linearised form of the

equation of state following the integral approach of Tamsitt et al. (2018):
Aoy =~ —a(h,S)A0 + B(0, S)AS, (3.3)

where 6 denotes potential temperature, S denotes salinity, o represents the thermal
expansion coefficient, and /3 represents the haline contraction coefficient. The
values of § and S correspond to the average potential temperature and salinity

of a water parcel on its northward and southward crossings of OSNAP East. To
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validate our approximation, Figures [3.9c-d show strong agreement between the
seasonal cycles of net diapycnal transformation (pink/purple solid line) along the
upper IG/IC pathways and its reconstruction, given by the sum of diathermal
(—aAf) and diahaline (8AS) components (pink/purple dashed line).

Consistent with the strong seasonality of surface heat fluxes over the Irminger
Basin (de Jong & de Steur, 2016; Piron et al., 2016), we find that the seasonal
cycle of diapycnal transformation along both boundary and interior pathways is
dominated by diathermal transformation along water parcel trajectories initialised
in the upper 250 m. Yet, despite a similar seasonality in their mean potential
density on northward inflow, upper IG water parcels exhibit a broader potential
density range (27.52 - 27.68 kg m~?; Fig. [3.10p) on southward outflow compared
with those recirculating along the upper IC pathway (27.48 - 27.59 kg m?; Fig.
B.10k). This is because the longer recirculation time of the upper IC pathway (7,.; =
6.2 months) allows water parcels to experience a greater surface-forced diathermal
transformation along the boundary current (Fig. [3.9d), thereby damping the
seasonality of their water mass properties on inflow. The additional time upper
IC water parcels spend north of OSNAP East is also reflected by the shorter 2-
month window (April-May in Fig. 3.9d) during which water parcels flowing north
subsequently experience negative diapycnal transformation, compared with the
5-month window (March-July in Fig. [3.9c) for the rapidly recirculating upper
IG pathway (7,,: = 3.8 months).

Figures [3.9c-d highlight the opposing roles of along-stream diahaline transfor-
mation along boundary and interior pathways in the upper Irminger Sea. We find
that upper IG water parcels rapidly recirculating in the interior of the Irminger
basin experience year-round salinification north of OSNAP East (Fig. [3.9c). Salin-
ification is strongest when water parcels flow north across the section during
winter, suggesting that lateral mixing between the warmer and saltier boundary
current and cold, fresh interior waters, formed via open-ocean convection (Chafik
et al., 2022; Lavender et al., 2000), is enhanced during the ensuing months. This

proposition is supported by the recent observations of de Jong et al. (2020), who
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found that eddy kinetic energy is largest near the surface of the Irminger Current
between January and April.

Diahaline transformation along the upper IC pathway is characterised by
the freshening of water parcels flowing northward across OSNAP East between
February-August. Interestingly, Figure shows that it is this substantial
freshening, rather than summertime heating, which is responsible for the negative
diapycnal transformation along water parcel trajectories flowing north in late
spring - early summer. The largest freshening along the boundary current is
associated with water parcels which flow northward in the IC during May-June
and return southward across OSNAP East via the EGC in November-December.
This is consistent with observations, which show that the largest freshwater
transport of the East Greenland Coastal Current (EGCC) occurs during autumn
(Daniault et al., 2011b; Le Bras et al., 2018) following the summertime accumulation
of meltwater on the shelf. Moreover, observations indicate that the strongest
mixing between cold, fresh EGCC water and comparatively warmer and saltier
EGC water occurs in winter (Le Bras et al., 2018), concurrent with the return of
the freshest upper IC water parcels across OSNAP East.

We next compare and contrast the boundary and interior modes of seasonal
watermass transformation with that of the dominant time-mean Lagrangian
overturning pathway sourced from the central branch of the NAC. Figures [3.9a-b
show that water parcels sourced from the upper 250 m of the Ic-Irm pathway
(orange box) experience net densification irrespective of the time of year that
they flow northward across OSNAP East. Given that the Ic-Irm pathway flows
from the Sub-Arctic Front to the EGC via the Reykjanes Ridge, we choose to
decompose the net diapycnal transformation north of OSNAP East into two
successive transformations taking place in the Iceland and Irminger basins (Fig.
B.9e-f). We find that upper Ic-Irm water parcels experience sufficient net diapy-
cnal transformation north of OSNAP East to be transferred into the lower limb,
irrespective of their water mass properties on inflow (see Fig. [3.10d). For the

lightest water parcels flowing northward in autumn, diapycnal transformation



3. Seasonal overturning variability in the eastern subpolar North Atlantic 118

is dominated by intense wintertime heat loss (equivalent to ~0.5 kg m~*) during
their initial 6.8 months spent within the Iceland Basin (Fig. ). In contrast, the
densest water parcels arriving at OSNAP East in spring experience wintertime
diathermal transformation (equivalent to ~0.5 kg m~*) during their final 6.5
months spent in the Irminger basin (Fig. ). Thus, we find that wintertime
surface buoyancy loss acts as an important damping mechanism of seasonal
thermohaline anomalies advected northward into the eastern SPG. Meanwhile,
the transit times of upper Ic-Irm water parcels through the Iceland and Irminger
basins account for the 7-month phase shift in the seasonal cycles of diapycnal
transformation shown in Figures [3.9-f.

The remarkably consistent density of the upper Ic-Irm pathway on returning
southward across OSNAP East in the EGC (27.55 + 0.01 kg m~?%; Fig. [3.104d)
additionally underscores the importance of interior mixing along water parcel
trajectories. This is because mixing is associated with the convergence of water
masses in T-S space, whereas transformation by surface buoyancy fluxes leads
to diverging water mass properties (Groeskamp et al., 2014; Mackay et al.,|2020).
The strong density compensation between year-round cooling and freshening
along the upper Ic-Irm pathway in the Irminger Sea (Figure 3.9f) is indicative of a
constant background mixing with colder and fresher waters sourced from north
of the Greenland-Scotland Ridge. A closer examination shows that this mixing
along water parcel trajectories is concentrated between the Denmark Strait and
the Kangerdlugssuaq Trough in the northern Irminger basin. On the one hand,
this localised freshening of the boundary current is consistent with observations,
which have found substantial freshwater transports directed offshore from the
East Greenland Shelf (Foukal et al., 2020; Sutherland & Pickart, 2008; Sutherland
et al.,[2009). However, such cooling and freshening are also consistent with the
excessive turbulent mixing between the dense overflows and overlying ambient
Atlantic waters in this model, as documented in Chapter 2| It therefore remains an
outstanding question to what extent the stable composition of the lower limb found

in this simulation (see Fig. where o700 = 27.51£0.02 kg m™?) represents an
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artifact of well-established model biases (Danabasoglu et al., 2010; Wang et al.,
2015) or rather underscores the importance of mixing between Atlantic, Arctic
and overflow water masses along the northwestern boundary of the Irminger

Sea, as highlighted in Evans et al. (2023).
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Figure 3.10: Mean seasonal cycles of the transport-weighted mean potential density on
northward inflow and southward outflow crossings of the OSNAP East section for the
upper 250 m of the (a) IcRo-IcRo, (b) IG, (c) IC pathways. (d) Same as (a-c) for Sub-Arctic
Front inflow (circular markers), Reykjanes Ridge crossing (thombus markers) and East
Greenland Current outflow (square markers) for the upper 250 m of the Ic-Irm pathway.
Note that transport-weighted mean potential densities on southward outflow (a-d) and
crossing the Reykjanes Ridge (d) are plotted at the month when water parcels originally
flowed northward across the OSNAP East section.

3.4 Discussion & Conclusions

In this Chapter, we investigate the nature of seasonal overturning variability
within the eastern North Atlantic SPG using Lagrangian water parcel trajecto-
ries evaluated within an eddy-permitting ocean sea-ice hindcast simulation. To
complement the traditional Eulerian overturning stream function, we employ the
Lagrangian overturning stream function in density-coordinates to diagnose the

total light-to-dense transformation along water parcel trajectories evaluated from
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the northward inflows across a model-defined OSNAP East section. Our analysis
demonstrates that the advective timescales over which water masses circulate
within the eastern SPG play a crucial role in shaping the simulated Eulerian and
Lagrangian seasonal overturning variability at OSNAP East.

From an Eulerian perspective, we show that the net transport in the upper
limb of the MOC exhibits a pronounced seasonal cycle of 4.1 Sv at OSNAP East,
consistent with estimates made using both observations and ocean reanalyses
(Mercier et al., 2015; Wang et al., 2021). Moreover, seasonality in the strength of
Eulerian overturning is closely related to the density structure along the Irminger
Sea western boundary. The weakest Eulerian overturning occurs in October when
the outflowing EGC is lightest, yielding a large southward transport (-4.9 Sv) in the
upper limb of the AMOC. We find the largest Eulerian overturning in April when
the density structure of the EGC, closely reflecting that of the basin interior, results
in the weakest southward transport (-2.1 Sv) within the density classes of the
upper limb and the strongest southward transport in the lower limb. This agrees
closely with the results of Holte and Straneo (2017), who used Argo profiling
floats to show that the MOC seasonal cycle in the Labrador Sea peaks in spring in
conjunction with the outflow of newly formed LSW in the Labrador Current.

In contrast with previous studies which attribute the seasonality of Eulerian
overturning to the seasonal export of western boundary density anomalies alone
(Brandt et al., 2007; Holte & Straneo, 2017; Wang et al., 2021), we also highlight the
important role of seasonal wind stress forcing over the Irminger basin. In addition
to the deepening of o0¢ along the western boundary of the Irminger Sea, the
enhanced upper limb EGC transport responsible for the MOC minimum in October
is owed to a convergence of water parcels which flowed northward across OSNAP
East in the upper 250 m of the Irminger basin during spring. This convergence is
the result of decreasing water parcel recirculation times in the upper Irminger Sea,
which is consistent with a spin-up of the eastern SPG in response to increasing
wind stress curl acting over the basin during the ensuing autumn-winter (Daniault

et al., 2011b; Le Bras et al., 2018; Pacini et al., 2020). We therefore propose that



3. Seasonal overturning variability in the eastern subpolar North Atlantic 121

the seasonal cycle of Eulerian overturning at OSNAP East arises from a complex
combination of seasonal dense water formation along the western boundary of the
Irminger Sea and the wind-driven modulation of the upper limb EGC transport,
which agrees closely with the recent study of Mercier et al. (2024).

From a Lagrangian perspective, we show that the formation of upper NADW
along the cyclonic pathways of the eastern SPG is strongly dependent upon the
time of year water parcels flow northward across OSNAP East. The lightest
water parcels, arriving at the section in autumn, experience the greatest positive
diapycnal transformation due to intense wintertime heat loss along-stream and
constitute the strongest seasonal volume flux into the lower limb. Meanwhile,
the weakest volume flux into the lower limb is associated with the densest
water parcels arriving at OSNAP East in spring and results from summertime
heating along-stream.

Given the asymmetry between stronger wintertime surface buoyancy loss
and weaker summertime buoyancy gain over the Iceland and Irminger Basins
(Brambilla et al., 2008; de Boisséson et al., 2010; Xu et al., 2018a), it is interesting
to frame seasonal Lagrangian overturning variability somewhat analogously to
"Stommel’s Demon" (Stommel, 1979; Williams et al., 1995). That is to say, water
parcels advected northward across OSNAP East in the upper limb of the AMOC
are participating in a recirculation race against time to avoid wintertime diapycnal
transformation into the lower limb. The majority of upper limb water parcels,
sourced from the central and southern NAC branches, are unsuccessful and hence
determine the mean strength of Lagrangian overturning within the eastern SPG.
In contrast, the seasonal cyle of Lagrangian overturning originates from rapidly
recirculating (< 8.5 months) water parcels in the upper Irminger and Central
Iceland basins, whose along-stream diapycnal transformation is dependent on
their time of arrival at OSNAP East. As such, the proximity of the OSNAP East
array to regions of dense water formation constrains the amplitude of seasonal
Lagrangian overturning variability recorded at the section. For example, if we

calculated the LMOC seasonal cycle across a trans-basin section located further



3. Seasonal overturning variability in the eastern subpolar North Atlantic 122

south, we would likely find a weaker amplitude of seasonality since a larger
fraction of upper limb water parcels would experience wintertime diapycnal
transformation into the lower limb owing to their longer recirculation.

The recent study of MacGilchrist et al. (2021) extended the concept of a seasonal
"Demon" by demonstrating that the subduction of water parcels into the interior
of the SPNA is additionally modulated by interannual variations in atmospheric
forcing, such as the NAO (Hurrell, 1995). Although it is beyond the scope of
this Chapter, it would be interesting to establish whether Lagrangian overturning
exhibits a similar sensitivity to interannual variations in surface buoyancy forcing
over the Iceland and Irminger basins. It may alternatively be the case that
enhanced surface heat loss, such as that associated with strong positive phases
of the NAO (Bersch et al., 2007} Visbeck et al., 2003), would be of secondary
importance to changes in the distribution and transport of upper limb waters
flowing northward across OSNAP East owing to the concordant intensification
and contraction of the SPG circulation (Curry & McCartney, 2001} Flatau et al.,
2003} Pollard et al., 2004). Thus, we might anticipate an increase in the amplitude
of seasonal Lagrangian overturning variability following positive phases of the
NAO since the westward retreat of the Subarctic Front (Bersch et al., [1999; Pollard
et al., 2004) favours greater inflow to the Irminger and Central Iceland basins,
which dominate the seasonality of Lagrangian overturning at OSNAP East.

Through a detailed investigation of the overturning pathways recirculating
north of OSNAP East, we identify two dominant modes of seasonal Lagrangian
overturning variability operating in the upper 250 m of the eastern SPG. Ap-
proximately half of the seasonal cycle of Lagrangian overturning at OSNAP
East is sourced from water parcels rapidly recirculating in the interior of the
Central Iceland and Irminger basins (7,,; ~ 4 months), while the remainder
originates from the longer boundary current encircling the Irminger Sea (7,
~ 6 months). Although seasonal diapycnal transformation along both boundary
and interior pathways is dominated by the surface-forced diathermal component,

diahaline transformations highlight the important and contrasting roles of lateral
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mixing between water masses along-stream. In the upper Irminger Gyre, the
year-round salinification of water parcels owing to boundary-interior exchange
acts to reinforce their wintertime densification. Meanwhile, water parcels advected
northward across OSNAP East in the Irminger Current during spring experience
substantial freshening downstream, consistent with the greater mixing observed
between boundary current and Arctic-origin waters along the shelfbreak during
winter (Le Bras et al., 2018). Our proposition that the contrasting diahaline
changes along the boundary current (freshening) and within the basin interior
(salinification) result from mixing is supported by Xu et al. (2018b), who found that,
on average, the mixing-induced diapycnal transformation is negative (lightening)
on the inshore side of the boundary current and positive (densification) between
the boundary current and the interior. While we have only sought to infer the
contributions of air-sea interaction and mixing to the net densification along
water parcel trajectories in this Chapter, it would prove valuable for a future
study to formally diagnose their respective contributions to the diathermal and
diahaline transformations governing the densification of water masses within
the eastern SPG.

The Lagrangian analysis presented in this Chapter also demonstrates how
the longest circulation pathways within the eastern SPG maintain the consistent
water mass properties of the AMOC lower limb flowing southward across OSNAP
East. By decomposing the seasonal cycle of diapycnal transformation along the
dominant Ic-Irm overturning pathway, we show that, provided water parcels
spend at least one winter north of OSNAP East, they will experience sufficient
surface-forced diathermal transformation to form upper NADW, irrespective of
their properties on inflow. We therefore suggest that wintertime surface buoyancy
loss over the Iceland and Irminger basins constitutes an important damping
mechanism for seasonal thermohaline variability imported northward across
OSNAP East. Meanwhile, the stable year-round composition of lower limb waters

flowing southward in the EGC results from a constant background mixing with
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both overflow and Arctic-origin waters along the northwestern boundary of
the Irminger Sea.

It is important to recognise that the conclusions of this Chapter are drawn from
a single ocean sea-ice hindcast simulation and thus several limitations should be
acknowledged. Firstly, the water parcel recirculation timescales identified within
the eastern SPG will be sensitive to our choice of model horizontal resolution,
since this governs the representation of submesoscale and mesoscale dynamics.
In particular, the study of Blanke et al. (2012) shows that the inclusion of finer-
scale structures in the velocity fields simulated by eddy-rich models reduces water
parcel transit times despite also increasing the complexity of trajectories (Gary et al.,
2011). This is further compounded by the stronger SPG circulation simulated in
eddy-rich models compared with those configured at eddy-permitting resolution
(Hirschi et al.,|2020; Jackson & Wood, 2020), which favours shorter recirculation
times and hence a larger seasonal Lagrangian overturning signal at OSNAP East.

Secondly, the mixing-induced diapycnal transformations along water parcel
trajectories will be dependent upon both model resolution and the chosen pa-
rameterisations of lateral eddy mixing and turbulent entrainment in the bottom
boundary layer. Although not included in this ORCA025 configuration, previous
studies have shown that implementing a modified form of the mesoscale eddy
mixing scheme of Gent and Mcwilliams (1990) at eddy-permitting resolution can
significantly improve model hydrography in the SPNA by reducing spurious
diapycnal mixing between boundary and interior water masses (Deacu & Myers,
2005a, 2005b). Given their ability to explicitly resolve the effects of mesoscale
eddies, we would also expect eddy-rich models (e.g., Biastoch et al.,[2021; Boning
et al., 2016, Hirschi et al., 2020; Marzocchi et al., 2015) to simulate more realistic
mixing along water parcel trajectories. However, this is partly undermined by
the well-documented warming and salinification trends in the Labrador and
Irminger Seas at eddy-rich resolution (Jackson et al., 2023b; Marzocchi et al., 2015}
Treguier et al., 2005), which yield significantly larger than observed diapycnal

transformation and hence overturning within the SPNA (Hirschi et al., [2020).
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Establishing whether the mechanisms governing overturning seasonality are
consistent across numerical models should therefore be considered an ongoing
priority, especially given that the accurate assessment of long-term trends in the
strength of the subpolar MOC is predicated on adequately resolving the variability
simulated on seasonal-interannual timescales.

In this Chapter, we have investigated the nature of seasonal overturning
variability in the eastern SPG using water parcel trajectories calculated within an
eddy-permitting ocean sea-ice hindcast. We showed that the seasonal cycle of
Eulerian overturning at OSNAP East reflects a complex combination of seasonal
dense water formation along the western boundary of the Irminger Sea and the
wind-driven modulation of water parcel recirculation times. We also explored
seasonal overturning variability from a Lagrangian perspective, highlighting that
the seasonality of dense water formation along the cyclonic pathways of the
eastern SPG is explained by a small collection of water parcels, circulating rapidly
(< 8.5 months) in the upper Irminger and Central Iceland Basins. In the next
Chapter, we will explore the factors controlling dense water formation variability

along the pathways of the SPG on longer, decadal timescales.



Controls on dense water formation
along the path of the North Atlantic
subpolar gyre

In Chapters 2| & 3} we saw how the Lagrangian overturning framework can be
used to identify the circulation pathways responsible for the time-mean strength
and seasonality of the AMOC in the eastern SPNA. In this Chapter, we extend
our Lagrangian analysis to explore the controls on dense water formation along
the path of the SPG, from arrival across OSNAP East in the NAC to returning
southward across OSNAP West in the Labrador Sea.

4,1 Introduction

Observations and ocean reanalyses indicate that the upper subpolar North Atlantic
Ocean exhibits pronounced thermohaline variability on decadal timescales (Bersch,
2002; Bersch et al., 2007; Curry et al., 1998; Fu et al., 2020; Holliday et al., [2018;
Holliday et al., 2020; Lozier et al., 2008)), with significant implications for both
regional and global climate. On a regional scale, the northward propagation of
upper ocean thermohaline anomalies from the subpolar North Atlantic into the

Nordic Seas yields predictable climate impacts on surface air temperatures over
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northwest Europe (Arthun et al., 2017; Collins & Sinha, 2003} Keenlyside et al.,
2008; Li et al., 2013), Arctic sea ice extent (Yeager et al., 2015; Zhang & Zhang, 2015)
and the rates of Greenland ice melt (Straneo & Heimbach, 2013). Low-frequency
variability in subpolar ocean dynamics is believed to be the source of skillful
decadal climate prediction through the modulation of North Atlantic sea surface
temperatures (SST) (Arthun & Eldevik, 2016} Chepurin & Carton, 2012; Delworth
& Mann, 2000} Furevik, 2001; Knight et al., 2006; Sutton & Allen, 1997, Sutton
& Hodson, 2005). The impacts of North Atlantic multi-decadal SST variability
also extend far beyond the regional scale (Zhang et al., 2019), including through
hemispheric teleconnections which contribute to multidecadal changes in the
West African and Indian monsoons (Feng & Hu, 2008; Goswami et al., 2006; Luo
et al., 2011, Martin & Thorncroft, 2014; Martin et al., 2014) and Pacific decadal
climate variability (d’Orgeville & Peltier, 2007; Zhang et al., 2007). Given the
significant socioeconomic implications of the climate impacts outlined above,
better understanding the physical mechanisms underpinning both the generation
and persistence of thermohaline anomalies in the SPNA is essential to improving
the skill of decadal climate predictions.

Since Bjerknes (1964) first hypothesised that low-frequency overturning vari-
ability drives decadal fluctuations in the surface climate of the North Atlantic
sector, numerical modelling studies have repeatedly identified decadal changes in
dense water formation as the principal source of subpolar upper ocean thermo-
haline variability (Desbruyeres et al., 2015; Grist et al., 2010; Robson et al.,|2016;
Yeager & Robson, 2017). Low-frequency fluctuations in the AMOC are excited
by shifts in the state of the NAO, which is the dominant mode of atmospheric
variability governing wind and surface buoyancy forcing over the North Atlantic
sector (Hurrell, 1995; Marshall et al., 2001). During positive phases of the NAO,
anomalously strong westerly winds yield an intensification of surface heat loss
over the Labrador and Irminger Seas, which favours enhanced NADW formation
(Kim et al., 2020; Yeager & Danabasoglu, 2014). The resulting densification of
the AMOC lower limb induces a geostrophic intensification of both the subpolar
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overturning and gyre circulations (Kim et al., 2024; Yeager et al., 2021), thereby
increasing the northward transport of warm and saline subtropical waters into
the eastern SPG (Desbruyeéres et al., 2013; Jacobs et al., 2019). This manifests
as a delayed warming and salinification of the eastern SPNA (Chafik et al,,
2023; Desbruyeéres et al., 2021; Khatri et al., 2022) which continues to propagate
downstream into the Nordic Seas (Fan et al., 2023; Passos et al., 2024).

Although our mechanistic understanding of the generation of thermohaline
anomalies has progressed significantly in recent decades (Robson et al., 2012;
Zhang, 2017), few studies have investigated the extent to which the arrival of such
anomalies impacts the downstream formation of dense water masses and hence
feeds back on the strength of the subpolar ocean circulation (Passos et al., 2024).
On the one hand, we might anticipate that upper limb thermohaline (buoyancy)
anomalies will feed back on the AMOC strength by impacting the efficiency of
diapycnal water mass transformation and, therefore, the production of NADW
downstream. Indeed, this view forms the basis of the salt-advection feedback, in
which a weakened AMOC transports less salt into the SPNA, thereby reducing
NADW formation by increasing stratification, which further weakens the AMOC
(de Vries & Weber, 2005; Rahmstorf, [1996; Stommel, 1961). However, this is at
odds with the recent observational analysis of Fu et al. (2020), which showed that
subpolar overturning has remained stable in spite of the large-scale thermohaline
variability observed during the past three decades. This implies that only a weak
coupling exists between upper limb thermohaline anomalies and the magnitude
of dense water formation downstream on multi-decadal timescales (Fu et al., 2020).
Thus, determining precisely what controls the amount of dense water formed
along the path of the SPG and its relationship to subpolar overturning variability
on multi-decadal timescales represents an important open question.

When exploring the downstream evolution of upper ocean thermohaline
anomalies in the SPNA, studies adopting the traditional Eulerian frame of refer-
ence typically use lagged correlation analysis (Arthun & Eldevik, 2016; Arthun
et al.,|2017; Fan et al., 2023; Holliday et al., 2008)), which relies upon the coherent
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propagation of signals downstream. In reality, however, thermohaline anomalies
are communicated over a diverse range of advective timescales owing to the
dispersive nature of subpolar circulation pathways (e.g., Yashayaev & Seidov,
2015), which often convolve water masses from many different sources. In this
Chapter, we overcome this challenge by adopting a Lagrangian frame of reference
to investigate the controls on dense water formation along the path of the SPG.
By evaluating Lagrangian water parcel trajectories in an eddy-rich ocean sea-ice
hindcast, we are able to trace the evolution of upper limb thermohaline anomalies

arriving into the eastern SPNA and directly assess their influence on the formation

of NADW downstream.

This Chapter is organised as follows. In Section 4.2} we introduce the eddy-rich
ocean sea-ice hindcast, Lagrangian particle tracking experiments and both the
Eulerian and Lagrangian diagnostics used in our analysis. Section4.3.Texplores
the nature of dense water formation along the path of the SPG, including validation
against OSNAP observations. We investigate the sources of variability in along-
stream dense water formation in Section In Section 4.3.3, we introduce a
linear model to skilfully predict along-stream dense water formation. Section
explores the two dense water pathways circulating cyclonically around the
SPG. Section [4.3.5] offers a theoretical perspective on the relationship between
upper limb thermohaline (buoyancy) anomalies and SPG dense water formation.
Finally, in Section we assess the role of remote buoyancy forcing in driving
decadal variations in dense water formation along the path of the SPG. The study
concludes with a summary of our main findings and a critical discussion of

their wider significance in Section including the implications for observing

subpolar AMOC variability.
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Figure 4.1: Time-mean (2014-2020) Eulerian diapycnal overturning stream functions at
(a) OSNAP East and (b) OSNAP West calculated using the ORCA0083-GO8p7 hindcast
(black) and OSNAP observations (purple). The shaded regions represent +1 (monthly)
standard deviation in the Eulerian overturning stream function. Time series of maximum
Eulerian diapycnal overturning at (c) OSNAP East and (d) OSNAP West calculated using
the ORCA0083-GO8p hindcast (black) and OSNAP observations (purple).

4,2 Methods
421 Ocean General Circulation Model

To investigate the variability of dense water formation along the path of the
subpolar gyre, we use output from a higher resolution ocean sea-ice hindcast
than that employed in earlier Chapters, the eddy-rich, global ORCA0083-GO8p7
integration (see Table Megann et al., 2022). The integration uses the Nucleus
for European Modelling of the Ocean (NEMO) ocean circulation model version
4.0.4 (Madec et al., 2019) implemented in the UK Global Ocean (GO) version
8 configuration.

The NEMO ocean model is discretised on an Arakawa C-grid with a nominal

1/12° resolution (equivalent to ~8 km in the subtropical North Atlantic and ~4 km
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in the Arctic). The extended version of the quasi-uniform ORCA12 orthogonal tri-
polar grid (eORCA12) with poles located on land in Canada, Siberia and Antarctica
is used, enabling the explicit representation of the ocean circulation beneath ice
cavities in Antarctica. In the vertical, the model uses 75 unevenly spaced z-partial-
step coordinate levels with depth increments ranging from 1 m to 250 m. Notably,
the volume of the grid cells at each vertical level varies through time due to the
implementation of a non-linear free surface (Madec et al., 2019). The vertical
mixing of tracers is parameterised using an improved version of the Turbulent
Kinetic Energy (TKE) scheme (Gaspar et al.,1990). Within the NEMO framework,
the ocean general circulation model OPA (Ocean Parallélisé) is coupled to the
Community Ice CodE (CICE) dynamic-thermodynamic sea-ice model version 4
(Hunke & Lipscomb, 2010), which includes the effects of surface melt ponds.

The ORCAO0083-GO8p7 integration is initialised from a 1995-2014 average
climatology of the EN4 objective ocean analysis (Good et al., 2013). The model is
forced by the Japanese 55-year atmospheric reanalysis (JRA55-do; Tsujino et al.,
2018) for the period 1958-2021. We disregard the initial 18 years of the integration
when model adjustment is largest and make use of the monthly-mean velocity
and tracer fields, output between 1975-2021.

To assess the fidelity of the subpolar ocean circulation in the ORCA0083-GO8p7
hindcast, we compare the simulated diapycnal overturning to OSNAP observa-
tions between 2014-2020. This comparison is possible due to the extended length
of the JRA55-do atmospheric forcing used in the ORCA0083-GO8p7 simulation
(1958-2021) and is one of the key reasons for using a different hindcast in this
Chapter. Figures f.Ta-b show the time-mean Eulerian diapycnal overturning
stream functions at the OSNAP East and OSNAP West sections calculated using
both the model and observations. Overall, we find close agreement between
the modelled and observed overturning stream functions in density space at
the OSNAP array. At OSNAP East, the maximum of the time-mean diapycnal
overturning stream function in the model (13.5 Sv at 27.51 kg m™?) is slightly

weaker than observed (14.5 Sv at 27.55 kg m™®). However, this is primarily
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due to the weaker time-mean net throughflow across the section in the model
(0.8 Sv) compared to the 1.6 Sv imposed in OSNAP observations. Figure
shows that there is also strong agreement between both the magnitude and
isopycnal of maximum diapycnal overturning in the model (2.1 Sv at 27.70 kg
m~? and observations (2.2 Sv at 27.69 kg m~*) at OSNAP West. This is particularly
encouraging, given that many eddy-rich models considerably overestimate the
time-mean strength of diapycnal overturning in the Labrador Sea (e.g., Markina
et al., 2024} Petit et al., 2023b). Note that, once we account for the larger net
southward flow across the OSNAP West section in the model (-2.4 Sv) compared
with that imposed in OSNAP observations (-1.6 Sv), we do find that the modelled
diapycnal overturning is stronger than observed, although this difference is not
statistically significant.

Figures [£.Tc-d show the time series of diapycnal overturning strength at
OSNAP East and OSNAP West determined by calculating the maximum of each
monthly overturning stream function. Although we find a significant correlation
(r = 0.55, p < 0.01) between the modelled and observed diapycnal overturning
strength at OSNAP East, it is clear that the model (monthly SD = + 2.6 Sv)
underestimates the monthly overturning variability captured in observations
(monthly SD = + 3.0 Sv). In contrast, at OSNAP West, we find a much weaker
correlation (r = 0.27, p < 0.05) since the observed diapycnal overturning strength
is less variable than found in the model, especially on seasonal timescales. Further
investigation reveals that the stronger overturning seasonality in the model is
due to the presence of warm (~0.14°C) and saline (~0.1 g kg™!') biases in the
western Labrador Sea (47.5° - 46°W) compared with OSNAP observations. This is
because warmer and saltier waters experience less density compensation between
wintertime cooling and year-round freshening (Bebieva & Lozier, 2023} Zou
et al., 2020b) and thus experience greater diapycnal transformation during their
recirculation in the Labrador Sea.

In addition to reproducing much of the observed strength and monthly variabil-

ity of overturning along the OSNAP array, we also find good agreement between
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the modelled (6.5 4+ 1.0 Sv) and observed (5.8 + 0.7 Sv; Osterhus et al., 2019)
overturning strength at the Greenland-Scotland Ridge (1995-2015). Furthermore,
given our strong focus on the formation of dense water along the boundary
currents of the SPG in this Chapter, we also note the close agreement between the
time-mean top-to-bottom strength of the East Greenland Current (-33.8 + 2.7 Sv)
in the model and that observed by Daniault et al. (2016) (-33.1 & 2.6 Sv) between
2002-2012 along the OVIDE section. However, in the Labrador Sea, the model
(-27.4 + 5.8 Sv) slightly underestimates the time-mean (1997-2014) strength of the
DWBC at 53°N as reported by Zantopp et al. (2017) (-30.2 £ 6.6 Sv where 0y > 27.68
kg m~3). In spite of these differences, we consider the broad overall agreement
between the strength of both the SPG and diapycnal overturning circulations
simulated in the ORCA0083-GO8p7 hindcast and that observed along trans-basin
arrays as sufficient justification for using this model to investigate the nature of

dense water formation along the path of the SPG.

4.2.2 Lagrangian Particle Tracking

We evaluate the Lagrangian trajectories of virtual water parcels advected by the
time-evolving velocity fields of the ORCA0083-GO8p7 hindcast using TRACMASS
version 7.1 (Aldama-Campino et al., 2020). We use the stepwise stationary scheme,
which divides the duration between successive monthly-mean velocity fields
into 100 intermediate time-steps. In contrast to Chapters [2| & [3| we calculate
purely advective water parcel trajectories without attempting to parameterise any
sub-grid scale diffusive processes in the surface mixed layer. This is because, in
Chapter 3, we showed that the strength and variability of along-stream diapycnal
transformation was not influenced by our parameterisation of vertical convective
mixing along water parcel trajectories.

The Lagrangian experiment used in this study evaluates the trajectories of
water parcels sampling the full-depth northward transport across a subsection
of the OSNAP East array extending from the Reykjanes Ridge (RR, 30°W) to the

Scottish Shelf (SS). We chose this subsection of the array to focus our Lagrangian
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analysis on the waters which flow northward across OSNAP East in the north-
ern, central and southern branches of the NAC and to avoid oversampling the
recirculating upper limb waters which return northward in the Irminger Current
(see Fig.[4.2). Water parcels are initialised at the beginning of each month for 456
consecutive months between 1975-2012. The number of water parcels assigned
to each model grid cell along the model-defined OSNAP East array (RR-SS) is
determined using Eq. We chose V.., = 2.5 mSv per parcel to ensure that
a sufficiently large number of water parcels are initialised to calculate robust
Lagrangian diagnostics (Jones et al., 2016).

In total, more than 12.5 million water parcels are advected forwards-in-time
using monthly mean velocity fields for a maximum of 9-years to determine
their future trajectories. Water parcel trajectories are terminated on reaching
the maximum advection time (7,,,,,) or upon meeting any one of the following ge-
ographical criteria (Fig. [4.2h): (i) crossing (southward) a subsection of the OSNAP
West array (53°N) (ii) crossing the Greenland-Scotland Ridge, (iii) crossing the
Davis or Hudson Straits or (iv) crossing 50°N. Figures [4.3a-c show that the 9-year
maximum advection time is sufficient to capture the SPG circulation because the
accumulated volume transport reaching OSNAP West and the Greenland-Scotland
Ridge have stabilised within this period. The location, conservative temperature
and absolute salinity along each water parcel trajectory are calculated through
linear interpolation using the monthly mean model tracer fields. The potential
density referenced to the sea surface (o) is calculated along each trajectory using
the TEOS-10 equation of state (McDougall et al., 2012) as implemented in the
ORCAO0083-GO8p7 hindcast (Megann et al., 2022).

4.2.3 Lagrangian Diagnostics

To quantify the amount of dense water formed along the path of the North Atlantic
SPG, we calculate Lagrangian overturning stream function, F'(o;,t) in density-

coordinates using only the subset of water parcel trajectories initialised at time ¢
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Figure 4.2: Schematic of the North Atlantic Subpolar Gyre (SPG) circulation and
Lagrangian experiment domain (solid black lines). Water parcels are initialised northward
across the subsection of the OSNAP East array extending from the Reykjanes Ridge
(~31°W) to the Scottish Shelf (NAC, black dashed line with orange markers). The SPG
pathway (orange) contains all water parcels which flow southward across the OSNAP
West array between the Labrador Coast and the basin interior (53°N, solid black line)
once initialised across OSNAP East and within the 9-year maximum advection period.
Purple arrows represent the pathways of water parcels which are terminated on reaching
the boundaries of the Lagrangian experiment domain. Water parcels remaining in the
Lagrangian experiment domain are represented by the pathway terminating with an
orange circle. The time-mean (1975-2012) volume transports conveyed by each pathway
are shown in bold.

which transit from OSNAP East (NAC) to OSNAP West (53°N) within the 7,,,,, = 9-
year maximum advection period (i.e., 0 < T,u¢ < Tinae Where 7, is the termination
time for each water parcel). We focus on this particular subset of water parcels
since the overwhelming majority of water parcels which exit via the southern
boundary at 50°N or remain inside the domain following 9 years of advection
are already contained within the lower limb on flowing northward across the
OSNAP East section. The Lagrangian diapycnal overturning stream function for

each monthly ensemble of N (¢) water parcels initialised across the OSNAP East
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section at time ¢ is calculated following Chapter
%
Flog,t) = > Vnace,(t) — Vesonoo (t + Tout) (4.1)

T9=0min
where Viysc and Vzso v represent the absolute volume transport distributions of
SPG water parcels in density-coordinates on their initial northward (NAC) and
final southward (53°N) crossings of the OSNAP array.

In order to investigate the downstream evolution of thermohaline anomalies,
we additionally define the volume-weighted mean of a specified quantity ¢ of a
collection of N(t) water parcels at some time 7 following initialisation as:

Y oneN(t) Vo (T)
2onene Vn

q(r) = (4.2)

where V, is the constant volume transport conveyed by an individual water parcel
with index n and ¢, (7) represents the value of ¢ recorded at time 7 following

initialisation, where t < 7 < t + T u.

4.2.4 Eulerian Diagnostics

4.2.4.1 Surface-Forced Water Mass Transformation

As discussed in Section decadal variations in the strength of the subpolar
overturning circulation can be related to changes in water mass transformation
due to surface buoyancy exchanges and diapycnal mixing. To quantify the amount
of dense water formed by surface buoyancy loss over our Lagrangian experiment
domain, we begin by computing the surface density flux due to the fluxes of
heat (Q;, W m~?) and freshwater (Qrw, kg m2 s™') at the sea surface following
Speer and Tziperman (1992):

flz,y,t) = —gQH(x,y,t) + S, 9,1)

,, =S et 69

where « is the thermal expansion coefficient, [ is the haline contraction coefficient,
C, is the specific heat capacity of seawater and S is the sea surface salinity. Note

2

that a positive surface density flux (i.e., f(z,y,t) > 0 kg m~? s7!) represents an

increase in sea surface density. To calculate the surface-forced diapycnal water
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mass transformation H(c03,t) across an outcropping isopycnal surface, we then

integrate the surface density flux over the area of each surface density outcrop o3:

H(o3,1) = Af, [ [ #.0 Wo3w,.1)) do dy (4.4)

where
Aoo

1 for |o5(x,y,t) — 09| < =5

(o5 (z,y,t)) =
(23 3,1)) {0 elsewhere

The sea surface potential density o, referenced to 2000 m is computed using model
monthly-mean sea surface temperature and salinity fields. The density bin size

is given by Aoy = 0.02 kg m~? following Yeager et al. (2021).
4.2.4.2 Definition of Labrador Sea Water

We define Labrador Sea Water (LSW) from the long-term average surface-forced
diapycnal water mass transformation calculated over our Lagrangian experiment
domain following the methodology of Yeager et al. (2021). The potential density
range of LSW at OSNAP West is determined as the interval over which positive
annual mean formation of LSW occurs in the 1975-2012 climatology of H (o3, )
over the region north of OSNAP West in our Lagrangian experiment domain.
In this study, LSW is defined by the density range o, = 37.01 - 37.11 kg m>.
To account for the lighter composition of LSW in the eastern SPG, we use a
modified potential density range o2 = 36.95 - 37.11 kg m ™ to define LSW in the
Irminger Sea. We quantify the interior LSW thickness, Az s, in the Labrador
and Irminger Seas by calculating the average layer thickness of LSW defined by
the potential density ranges above along both OSNAP West and OSNAP East
where the ocean depth exceeds 2000 m.

4.3 Results

4.3.1 Characterising dense water formation along the path of
the subpolar gyre

To characterise the nature of dense water formation along the path of the SPG, we

begin by describing the circulation pathways of water parcels flowing northward
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into the eastern SPG between 1975-2012 (Fig. 4.2).

On average, water parcels represent 52.7 + 9.0 Sv flowing northward across
the OSNAP East array between the Reykjanes Ridge and the Scottish Shelf via
the branches of the NAC. Of this total northward transport, 24.8 &+ 4.2 Sv (47.0
+ 3.1%; Fig. circulates around the SPG before flowing southwards across
the OSNAP West array at 53°N (extending from the Labrador coast to the basin
interior), which we shall herein refer to as the SPG pathway. The remaining
northward transport across OSNAP East is distributed between pathways crossing
the Greenland-Scotland Ridge (27.0 £ 4.5%), the Davis and Hudson Straits (0.5
+ 0.4%) and 50°N (12.4 + 4.2%), with a small fraction remaining within the SPG
interior following 9-years of advection (11.4 £ 2.0%).

Figure [4.3| shows that the 14.5 & 2.3 Sv flowing northward into the Nordic
Seas is dominated by shallow water parcels, sourced almost equally from the
upper 500 m of the central and southern NAC branches, which typically reach the
Greenland-Scotland Ridge in less than a year. Interestingly, although this Nordic
Seas inflow is larger than observed (Chafik & Rossby, 2019; Osterhus et al., 2019),
we find close agreement between the modelled (6.5 + 1.0 Sv) and observed (5.8
+ 0.7 Sv; Osterhus et al., 2019) overturning strength at the Greenland-Scotland
Ridge (1995-2015), suggesting that a substantial fraction of northward transport
across the ridge is recirculated within the upper limb in the model.

As a typical water parcel flows cyclonically around the SPG (Fig. 4.4p), it will
form dense NADW by cooling (A4, =-4.0 £ 0.2 °C) and freshening (AS,,, =
-0.36 + 0.03 g kg™') along-stream. Figure shows that, on average, the total
light-to-dense transformation of SPG water parcels peaks across the oy = 27.66
kg m~? isopycnal, which we herein refer to as 7,,,,. We hence define the along-
stream Dense Water Formation (DWF) as the total volume flux of water parcels
across this constant isopycnal between their initial arrival at OSNAP East and final

southward crossing of OSNAP West (i.e., DWF,,(t) = F (o )- Notably, o

DWF)? t) DWF

agrees closely with the isopycnal of maximum overturning recorded in OSNAP

observations (7,,,. = 27.63 kg m~* during 2014-2020 in Fu et al. (2023)), although
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Figure 4.3: (a,b) Volume transport distributions of (a) SPG and (b) Nordic Seas inflow
water parcels as a function of the time taken to reach either (a) OSNAP West at 53°N or (b)
the Greenland-Scotland following initialisation across OSNAP East in the NAC. The solid
black lines represents the accumulated volume transport as a function of water parcel
transit time. (c,d) Water parcel release locations in the NAC along OSNAP East between
the Reykjanes Ridge and the Scottish Shelf for the SPG pathway (c, red) and the inflows
to the Nordic Seas (d, purple). The black dashed line at -18.875 °E is used to distinguish
between the northward volume transport arriving in the Iceland Basin and the Rockall
Trough and Plateau along OSNAP East. The time-mean volume transport distributions
for each pathway are calculated by summing the absolute volume transports conveyed
by water parcels in discrete longitude-depth bins, where the bin widths are defined as
Az = 0.25°E and Az = 20 m.

we acknowledge that this lies outside of our study period. We herein refer to water

parcels with a potential density less than or greater than 7, . as being found in

DWF
the upper or lower limb of the AMOC, respectively. Furthermore, we refer to
lower limb water parcels collectively as NADW throughout the study since 7,
constitutes the time-mean upper isopycnal limit of NADW.

Figure shows that, of the 24.8 + 4.2 Sv circulating around the SPG, 12.7

+ 1.9 Sv forms dense NADW in the lower limb (i.e., o530y >= 7 ). However,

DWF
not all of the water circulating around the SPG is eligible to form NADW along-
stream, given that 5.6 £ 1.4 Sv already arrives across OSNAP East in the lower
limb. Therefore, on average, we find that 12.7 + 1.9 Sv of the 19.2 £ 3.0 Sv flowing
northward across OSNAP East in the upper limb forms NADW along-stream.

We additionally decompose the total DWF along-stream into the separate
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Figure 4.4: Water mass transformation along the path of the North Atlantic SPG. (a)
Schematic of the SPG pathway transiting from the NAC inflows across OSNAP East to
53°N along the OSNAP West array. The volume-weighted average changes in conservative
temperature and absolute salinity experienced by water parcels in the eastern SPG (NAC
to WGC), the western SPG (WGC to 53°N) and along the full SPG pathway (NAC to
53°N) are shown in boxes. (b) Time-mean (1975-2012) Lagrangian overturning stream
functions in density-coordinates for the SPG pathway. The total diapycnal overturning
along the full path of the SPG (black) is decomposed into the contributions of water mass
transformation in the eastern (orange) and western SPG (blue). The black dashed line
indicates the isopycnal of the maximum of the time-mean Lagrangian overturning stream
function denoted as Tpwr. (¢, d) Time-mean (1975-2012) volume transport distributions
of water parcels along the path of the SPG in conservative temperature and absolute
salinity coordinates. The three distributions shown in each panel correspond to the water
parcel properties at their initial location along OSNAP East (NAC, red), their subsequent
northward crossing of OSNAP West (WGC, orange) and their final southward crossing of
OSNAP West (53°N, blue)

contributions made in the eastern and western SPG by calculating partial La-
grangian overturning stream functions using the properties of water parcels on
their northward crossing of the OSNAP West array via the West Greenland Current
(WGC; Fig. ). In agreement with OSNAP observations, we find that DWF
is dominated by cooling-driven diapycnal transformation in the eastern SPG (9.0
+ 1.7 Sv). In contrast, DWF is much weaker in the Labrador Sea (3.7 + 0.9 Sv)

since there is greater density compensation between cooling and freshening along-
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stream (Fig. [£.4-d). The mean strength of along-stream DWF in the Labrador Sea
agrees well with the magnitude of diapycnal overturning observed along OSNAP
West (3.0 £+ 1.5 Sv during 2014-2020 in Fu et al. (2023))). An equivalent comparison
of DWF with observations in the eastern SPG is impeded by the contribution of
the Nordic Seas overflows in the Eulerian diapycnal overturning stream function
calculated at OSNAP East. However, we note that our finding that the eastern SPG
accounts for 9.0 + 1.7 Sv of the total along-stream DWF agrees closely with both the
results presented in Chapters 2| & [3|and previous estimates from observations and
ocean reanalyses, which suggest that between 9-10 Sv of diapycnal transformation
takes place in the Iceland and Irminger Basins (e.g., Buckley et al., 2023; Chafik
& Rossby, 2019; Koman et al., 2022; Sarafanov et al., 2012).

4.3.2 What governs dense water formation along the path of the
subpolar gyre?

Figure shows that the amount of dense NADW formed along the path of
the SPG varies substantially across seasonal to decadal timescales. Given that we
quantify DWF using the Lagrangian water parcels circulating around the SPG,
we next explore whether the initial properties of an upper limb water parcel
on arrival at OSNAP East have any influence on their likelihood of forming
dense NADW downstream.

Consistent with Chapter 3| we find that variability in the composition of
the upper limb at OSNAP East is dominated by seasonality (Fig. [£.5b); upper
limb water parcels are, on average, lighter on arrival during autumn and denser

during spring. However, Figure shows that DWF is not significantly

sPG
correlated (p > 0.05) with the volume-weighted average potential density of
water parcels arriving at OSNAP East in the upper limb. Furthermore, we find
no statistically significant relationship between annual-means of DWF_, ., and
upper limb potential density (buoyancy), suggesting that along-stream DWF is

not influenced by the arrival of upper limb buoyancy anomalies into the eastern

SPG on either seasonal or interannual timescales. In contrast, we find a strong
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Figure 4.5: Controls on dense water formation along the path of the North Atlantic SPG.
(a) Dense water formation (i.e., total volume flux of water parcels across o pwr) along
the path of the SPG (NAC to 53°N) plotted according to the common inflow time when
water parcels are released across OSNAP East. The bold line is obtained by applying
a 12-month running mean filter to the monthly dense water formation (light grey line)
coloured by the volume-weighted mean potential density of the SPG upper limb (i.e.,
onac < Tpwr) water parcels. (b) Monthly dense water formation and the volume-
weighted mean potential density of SPG upper limb water parcels coloured by their
month of release across OSNAP East in the NAC. (c) Monthly dense water formation and
the total volume transport of SPG upper limb water parcels coloured by their volume-
weighted mean potential density on release across OSNAP East.

positive correlation (r = 0.86, p < 0.01) between DWF_ . and the total northward

SPG

transport of the upper limb (i.e., o < T, ) across OSNAP East, such that

NAC
a larger volume transport of upper limb waters into the eastern SPG results in
greater NADW formation downstream (Fig. [4.5¢).

To better understand the relationship between upper limb volume transport

(¢—w B) 2¥No quir 4addn ods
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and along-stream diapycnal transformation, we can express the total DWF along

the path of the SPG as:
DWFqpo(t) = 6(0)Vspep (t) (4.5)

where V..., (t) represents the SPG upper limb volume transport arriving at

OSNAP East at a time ¢ and «(t) represents the fraction of this upper limb volume
transport that will form dense NADW downstream. Furthermore, by decomposing
each term into its steady and fluctuating components (i.e., x(t) = k + £’(t) and
Verews ) = Vipown + V1 ey (1), we can clearly see that variations in DWF .,
are potentially determined by a complex combination of changes in the amount
of upper limb water imported into the eastern SPG (V] (t)) and changes

in the efficiency by which water parcels are transferred from the upper to the
lower limb along-stream (x'(t)):

DWF! (t)=RV!

sSPG SPGUL]

(t) 4+ &' (t)V. + K (t)V!

SPGIUL] SPG[UL] <t)

(4.6)

Surprisingly, Figure suggests that the efficiency of along-stream diapycnal
transformation (x') is not the rate-limiting factor governing DWF along the path

of the SPG. Instead, variations in DWF,,, are proportional to the amount of

G

upper limb water imported into the eastern SPG via the branches of the NAC
(i.e, DWF! (t) x V!

. por (1)- This implies that along-stream diapycnal transfor-

mation is sufficient to transfer a steady fraction (k) of upper limb water parcels
into the lower limb, irrespective of their initial thermohaline properties on arrival
across OSNAP East. Furthermore, the SPG upper limb volume transport is also
strongly correlated with the total volume transport along the path of the SPG

(r = 0.97, p < 0.01), indicating that DWF_, . is closely related to the overall

G

strength of the SPG circulation.

4.3.3 How predictable is subpolar gyre dense water formation?

Since we have shown that DWF along the path of the SPG is proportional to the

upper limb volume transport imported into the eastern SPNA, we next develop a
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simple linear model to predict the amount of dense NADW formed along-stream.
By assuming that the efficiency of water mass transformation from the upper
to the lower limb is time-independent (i.e., K = k), we can formulate a linear

model for DWF_, , as follows:

G

DWFE,, (t) =&V, (t) +€t) (4.7)

SPGUL]

where & is the constant fraction of the upper limb volume transport which forms
NADW along-stream and ¢(t) represents the residual error, which is given by

et) = K (t)Vypguy + K (V!

SPGIUL

](t), following Equation 4.7.

To determine k, we use ordinary-least-squares linear regression without an
intercept term since it would be unphysical to suggest that any amount of dense
NADW would be formed if no upper limb water arrived across OSNAP East
(e, Vipewry = 0Sv). We find that £ = 0.66, implying that, on average, 66% of
upper limb waters arriving at OSNAP East are transferred into the lower limb
prior to their southward crossing of OSNAP West (53°N). Figure shows
the strong predictive skill of our linear model on both monthly (RMSE = 1.1
Sv) and interannual (RMSE = 0.8 Sv) timescales, accounting for 74% and 68%
of the variance in monthly and interannual (12-month running mean filtered)
DWE, respectively.

To better understand the sources of error in our linear model, we decompose
the residual DWF (¢(t)) into its two components in Figure [4.6b. We find that the
residual DWF is almost exclusively explained by fluctuations in the efficiency of
along-stream diapycnal transformation from the upper to the lower limb acting on
the time-mean volume transport of the SPG upper limb. In particular, our linear
model overestimates the amount of dense NADW formed during the late 1970’s
and mid-1980’s, indicating that the time-independent efficiency of diapycnal
transformation of our model is too large during these periods (i.e., & > x(t)).
In contrast, during the early and late 2000’s, the efficiency of transformation is
slightly underestimated (i.e., K < x(t)) resulting in an underestimation of the DWF

downstream. Despite these differences, the high predictive skill of our linear
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model, especially on interannual to decadal timescales, suggests that changes
in diapycnal transformation play a secondary role in governing variations in
DWEF,, ., when compared to variability in the upper limb transport imported

into the eastern SPG.
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Figure 4.6: A linear model for Dense Water Formation (DWF) along the path of the North
Atlantic SPG. (a) Monthly DWF along the path of the SPG (NAC to 53°N, black) and
estimated DWF using a simple linear model £V gpgy1)(t) (pink). (b) The residual DWF
€(t) which is not included in the simple linear model is decomposed into the contributions
made by the fluctuations in the efficiency of diapycnal transformation from the upper
to the lower limb acting on the time-mean transport of the upper limb and a non-linear
term representing the correlation between fluctuations in the efficiency of diapycnal
transformation and in the upper limb volume transport. The bold lines are obtained by
applying a 12-month running mean filter to the monthly values.

Given that k = 66% of the upper limb waters arriving across OSNAP form
dense NADW along the path of the SPG, we next consider what happens to the
remaining (1 - k) = 34% of upper limb waters which do not form dense NADW
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before crossing OSNAP West at 53°N. Of the 6.4 &+ 1.7 Sv of upper limb water
parcels which do not form dense NADW along the path of the SPG, we find
that 1.5 &+ 0.5 Sv of water parcels become lighter through entrainment into the
fresh Labrador Coastal Current. Meanwhile, the majority (5.0 & 1.4 Sv) become
denser but not dense enough to be transferred into the lower limb on crossing
OSNAP West via the Labrador Current. To determine the fate of these denser water
parcels remaining in the upper limb at 53°N, we extend our original Lagrangian
experiment by continuing to track upper limb water parcels once they cross the
OSNAP West section. We find that almost all of the denser upper limb water
parcels (94%) are either transformed into dense NADW south of the OSNAP West
section or return to OSNAP East via the NAC to continue circulating around the
SPG. Thus, of the total upper limb transport imported into the eastern SPG, we
would expect that, on average, almost 92.5% will form dense NADW during one
or more circuits of the SPG, whereas 7.5% will join the fresh, estuarine circulation

confined to the shelves of the SPNA.

4.34 Two dense water formation pathways around the subpo-
lar gyre

We have demonstrated that the total DWF along the path of the SPG can be
skilfully predicted with knowledge of only the northward upper limb transport
arriving across OSNAP East and a time-independent parameter k, representing
the efficiency of diapycnal transformation along-stream. However, in Chapters
and |3, we showed that a wide range of circulation pathways are responsible for
the diapycnal transformation of upper limb waters arriving across OSNAP East.
Hence, in this Section, we investigate how DWF along the path of the SPG and
its variability are partitioned amongst the the NAC branches flowing northward
across OSNAP East, and explore how this relates to the nature of diapycnal water
mass transformation along-stream.

Figure reveals that there are, in-fact, two distinct pathways by which
dense water is formed along the path of the SPG. By decomposing the total
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Figure 4.7: Dense water formation along the two circulation pathways of the North
Atlantic SPG. (a) Time-mean (1975-2012) volume transport of SPG water parcels originating
from the Iceland Basin (IB, red) and the Rockall Trough (RT, purple) across OSNAP East.
Water parcel volume transports are binned in discrete longitude-depth space (Az = 0.25°E,
Az = 20 m) according to their initial release locations along OSNAP East. The black solid
line shows the time-mean (1975-2012) position of the opwr isopycnal used to define
along-stream dense water formation and hence delimits the upper and lower limbs of the
AMOC in this study. (b) Variations in the total DWF along the path of the SPG (DW F’ _ .,
black) decomposed into the contributions made by upper limb water parcels sourced from
the Iceland Basin (DW F}, red) and the Rockall Trough (DW Fp,,, purple). We apply a
12-month running mean filter to the monthly DWF values in order to highlight interannual
to decadal variability. (c,d) Volume-weighted mean potential density evolution of upper
limb water parcels, sourced from the IB (c) and the RT (d), which experience a net positive
diapycnal transformation along-stream (Ao > 0 kg m~3). The bold lines are obtained by
applying a 12-month running mean filter to the monthly mean potential density values
recorded on arrival at OSNAP East (IB / RT) and on crossing OSNAP West via both the
West Greenland Current (WGC) and the Labrador Current (53°N).

DWF along the path of the SPG into the contributions made by NAC branches
flowing northward in the Iceland Basin and Rockall Trough (Figure 4.7a), we find
that upper limb water parcels sourced from the Iceland Basin (DW F,,) account
for almost three quarters (9.3 £ 1.8 Sv) of the time-mean DW F,, , and 88% of its

variance on interannual timescales (Fig. [4.7p). This is contrasted by the weaker 3.4
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+ 0.7 Sv of along-stream DWF due to upper limb water parcels flowing northward
in the Rockall Trough (DW F,,.), which explain around 31% of the interannual
variability in DWF’

spe- On the one hand, these differences in along-stream DWF

are partly owed to the much larger northward transport entering the Iceland Basin
across OSNAP East (21.2 + 4.0 Sv) compared with the Rockall Trough (3.9 + 0.8 Sv
in Fig. 4.3b). However, this is far from the complete picture, given that these two
dense water pathways also exhibit distinct modes of diapycnal transformation
downstream (Figures [4.7c-d), which result in markedly different efficiencies in the
transformation of water parcels from the upper to the lower limb.

We find that 59% (k;5 = 0.59, Fig. £.8a) of upper limb waters entering the
Iceland Basin via the northern and central branches of the NAC form upper

NADW downstream (o < 27.80 kg m~?). Consistent with dominant

pwr < Oszon
Lagrangian overturning pathway identified in Chapters 2] & [, we find that
upper limb water parcels undergo continuous transformation by surface buoyancy
loss and diapycnal mixing along-stream (Fig. [£.7c). In contrast, practically all
(krr = 0.97, Fig. [£.8p) of upper limb waters arriving in the subsurface of the

Rockall Trough form dense lower NADW (o,,, > 27.80 kg m~?) by intense

53N
diapycnal mixing with Iceland-Scotland Overflow Waters (ISOW) at the exit
of the Faroe-Bank Channel (Fig. [{.7c). This finding is consistent with both
Chapter [2| and previous studies (e.g., Chafik & Holliday, [2022; Devana et al.,
2021; Sarafanov et al., 2012), which identify a "short-cut’ pathway for subtropical-
origin waters to penetrate the deep ocean on sub-decadal timescales by mixing
with overflow waters south of the Iceland-Faroes Ridge. The clear distinction
between the character of diapycnal transformation along these two dense water
pathways is further highlighted by the two peaks in the conservative temperature
distribution of SPG water parcels on their northward crossing of OSNAP West
via the WGC in Figure @.4c.

Concordant with our earlier analysis in Section[4.3.2) Figures [4.7c-d show that

buoyancy anomalies conveyed by upper limb water parcels arriving in both the

Iceland Basin and the Rockall Trough are strongly damped downstream. This is
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particularly evident in the Iceland Basin (Fig. [#.7c), where we find that variations
in the average potential density (buoyancy) of upper limb water parcels can only
explain around 30% of their downstream variability at 53°N (i.e., (05, 0530n) =
0.56, p < 0.01). The increasing homogeneity of the two dense water pathways on
reaching the exit of the Labrador Sea (53°N) is further highlighted in Figures[4.8p-c,
which present the relationship between the initial potential density (buoyancy)
of upper limb water parcels (excluding those entrained into the fresh estuarine
circulation) and their average densification along the path of the SPG. Here, we find
that upper limb water parcels sourced from both the Iceland Basin and the Rockall
Trough experience a net densification along-stream which is inversely proportional
to their initial potential density (buoyancy) on arrival at OSNAP East (Figs. f.8b-c).
This supports the view that diapycnal transformation is not the rate-limiting factor
governing DWF along the path of the SPG, given that along-stream densification
is sufficient to transform upper limb water parcels into near-homogeneous NADW

varieties, irrespective of their initial properties on arrival at OSNAP East.

4.3.5 The relationship between upper limb buoyancy anomalies
and subpolar gyre dense water formation.

We have seen that upper limb buoyancy anomalies arriving in the Iceland Basin
and the Rockall Trough on seasonal to interannual timescales are strongly damped
by diapycnal transformation downstream (Fig. £.7b-c). However, Figure
suggests that this is no longer the case on multi-decadal timescales since upper
limb buoyancy anomalies arriving in the Rockall Trough persist downstream,
imprinting onto the low-frequency potential density variability recorded at 53°N.
For example, Figure shows that lighter upper limb water parcels flowing
northward in the Rockall Trough between 2000-2010 undergo less densification and
hence form a lighter variety of lower NADW on mixing with ISOW downstream,
owing to ISOW'’s relatively stable source properties. In contrast, Figure
explains why the final properties of upper limb water parcels flowing northward

in the Iceland Basin remain largely consistent, even on decadal timescales (see Fig.
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Figure 4.8: Variability in dense water formation along the two circulation pathways of
the North Atlantic SPG. (a) Dense water formation and the total volume transport of SPG
upper limb water parcels sourced from the Iceland Basin (IB, red) and the Rockall Trough
(RT, purple) inflows across OSNAP East. The values of k overlaid represent the fraction of
upper limb waters sourced from the IB and RT which form dense NADW before reaching
53°N at OSNAP West. (c, d) Volume-weighted mean potential density of SPG upper limb
water parcels (7, ,, 0,,) and their volume-weighted mean net densification along-stream
(053N - 0,5, 0pyp) coloured by their year of arrival across OSNAP East. We include only
the SPG upper limb water parcels experiencing a net positive diapycnal transformation
(i.e, Ao > 0 kg m~3) along-stream to exclude those entrained into the fresh estuarine
circulation in the Labrador Sea.

@9), given that their along-stream densification remains inversely proportional to
their initial potential density (buoyancy) on crossing OSNAP East. This disparity
reflects the fact that the SPG pathway sourced from the Iceland Basin behaves
more like an idealised boundary current in a marginal sea (Buckley et al., [2023;
Spall, 2004; Straneo, 2006), which exchanges buoyancy with both the overlying

atmosphere and the basin interior. Thus, in this Section, we more closely examine
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the disconnect between upper limb buoyancy anomalies arriving in the Iceland

Basin and the strength of DWF downstream.
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Figure 4.9: (a) Schematic of an idealised boundary current with a constant volume
transport V' circulating cylonically around a subpolar basin. (b) Decomposition of the
volume-weighted mean potential density anomaly of upper limb waters released in
the Iceland Basin. Potential density anomalies from the time-mean (0}, black) are
decomposed into their respective diathermal (—aA# 5, red) and diahaline (3AS] 5, blue)
components using a linearised equation of state for seawater. Note that the potential
density anomaly (solid black line) of upper limb waters is entirely reconstructed by the
sum of diathermal (—aA# ;) and diahaline (5AS} ;) components (underlying dashed
black line).

We adopt the theoretical framework of Wahlin and Johnson (2009), which

describes the temperature 6 and salinity S evolution along an idealised, well-
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mixed boundary current flowing cyclonically around a subpolar basin (Fig. 4.9).

The heat and freshwater budgets of the idealised boundary current are given by:

do YR
—=—10- — M(0—6; 4.
dy e, (9 eatm) (6 ‘gmt) ( 8)

vjj — _FS — M(S - Sim) (4.9)

where V and R are the volume transport and width of the boundary current,
respectively, and y is the along-stream coordinate. The surface heat flux along
the boundary current is assumed to be proportional to the temperature difference
between the sea surface (§(y)) and the overlying atmosphere (6,:,, which is
assumed to be constant) and is modulated by a temperature relaxation coeffi-
cient v (Haney, 1971). The freshwater flux F' represents the combined net rate
at which freshwater is added to the boundary current by precipitation minus
evaporation, coastal runoff and exchange with fresh coastal currents at the shelf
break. The boundary current also exchanges heat and salt with the basin interior
through a combination of eddy (M, ) and wind-driven (M, ) exchange, where
M = MEggqy + Mgg. The constant temperature and salinity of the basin interior
are given by 6;,, and S,,;, respectively.

The solutions of the above equations, describing the exponential adjustment of
temperature 6(y) and salinity S(y) along the path of the boundary current towards

the equilibrium values 0., and S.,, are given by:
(e(y) - eeq) = (90 - 96q>6_y/L9 (4.10)

(S(y) = Seq) = (So — Seq)e ¥/"s (4.11)

where 6, and S, represent the initial values of temperature and salinity at y = 0
and Ly and Lg are the adjustment length scales of the boundary current with
respect to temperature and salinity. We can, therefore, interpret (6.,, S,,) as the
temperature and salinity the boundary current would acquire if fully adjusted to
the forcing (i.e, at 6(y) — 0., and S(y) — S, given a sufficiently long y). In general,

it is assumed that heat loss to the overlying atmosphere is much larger than the
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heat flux due to exchange between the boundary current and the basin interior
(i.e., %(9 — Oatm) > M (0 — 6,,,t)), such that the the basin interior is in equilibrium
with the atmosphere (i.e., 0,y = 0., following Lambert et al., 2018; Straneo,
2006; Wahlin & Johnson, 2009). As a result, the downstream temperature 6(y) will
approach the shared equilibrium temperature of both the atmosphere and the basin
interior (i.e., (L) — €int = O4im). Moreover, under this assumption, the boundary
current will converge towards an equilibrium density o (6;,, Se,) provided that
the ratios L/Ly and L/Lg > 1, where L is the boundary current length.

The simple theoretical model above is particularly insightful when applied
to the evolution of upper limb buoyancy anomalies arriving in the Iceland Basin
via the NAC. This is because we can show that, provided the path length L;5 >
Ly, Lg, surface buoyancy loss and diapycnal mixing along-stream will damp
upper limb buoyancy anomalies to form upper NADW with a time-independent
density o(0.,, Se,) on reaching 53°N. To assess the extent to which upper limb
water parcels arriving in the Iceland Basin adjust to the forcing downstream, we
return to our Lagrangian water parcel trajectories. By calculating the typical
path length of upper limb water parcel trajectories which circulate cyclonically
from the Iceland Basin to OSNAP West at 53°N, we estimate that L;5 ~ 6000
km. Following Wahlin and Johnson (2009), the adjustment length scales with

respect to temperature and salinity are given by:

1%
Lg= —— 412
=T RE (4.12)
1%
Lo = 4.1
ST EF+M (4.13)

To estimate the value of Ly and Lg for the upper limb water parcels sourced from
the Iceland Basin, we model the SPG pathway as an idealised boundary current
using the parameters given in Table We find that Ly ~ 2400 km and hence
the pathway is almost fully adjusted in terms of temperature (L;5/Ly ~ 2.5), such
that its final temperature on reaching 53°N is virtually independent of both the

volume transport and initial temperature of upper limb waters arriving across
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OSNAP East (Wahlin & Johnson, 2009). In order to obtain a rough estimate of
Lg, we assume that the along-stream addition of freshwater is small compared
with the freshwater flux due to exchange with the basin interior (i.e., £’ < M),
such that Lg ~ V/M. This estimate yields an upper limit for the length scale with
respect to salinity Lg ~ 7100 km, which informs us that the SPG pathway is not
fully adjusted in terms of salinity (L;z/Ls ~ 0.84) and thus salinity anomalies
arriving in the Iceland Basin will persist downstream. Interestingly, Figure
shows that upper limb buoyancy (potential density) anomalies arriving in the
Iceland Basin are dominated by temperature rather than salinity fluctuations
on monthly to decadal timescales (i.e., 7(—afz,075) = 0.82, p < 0.01). The
dominance of thermal anomalies in the upper limb, combined with their efficient
damping by air-sea fluxes and mixing downstream, hence explains the strong
decoupling between decadal changes in upper-ocean properties and DWF in

the SPG (e.g., Fu et al., 2020).

4.3.6 What drives decadal variability in subpolar gyre dense
water formation?

We have seen that the amount of dense water formed along the path of the
SPG exhibits substantial variations on decadal timescales (Fig. [4.5a), which
principally result from changes in the transport of upper limb water arriving across
OSNAP East via the branches of the NAC. More specifically, we find that DWFgp¢
transitions from a relatively strong period between 1975-1987 (13.7 & 2.0 Sv) to a
weaker, less variable period extending from 2000-2012 (12.1 & 1.5 Sv; see Fig. {.7b).
Since we have also shown that the amount of upper limb water flowing northward
in the NAC is closely correlated with the total volume transport along the path of
the SPG, we next investigate the mechanisms responsible for generating variability
in the strength of the SPG and hence DWF on decadal to multi-decadal timescales.

Previous numerical modelling studies have highlighted the important role of
localised surface buoyancy forcing, driven by low-frequency changes in the NAO,

in modulating decadal variability in the subpolar ocean circulation (Boning et al.,
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Figure 4.10: Mechanisms governing decadal variability in dense water formation along the
path of the North Atlantic SPG. (a) Winter [DJFM] station-based North Atlantic Oscillation
(NAO) index. (b) Surface forced Water Mass Transformation (WMT) anomalies calculated
over the Lagrangian experiment domain (see Fig. [4.1h) in o5 potential density coordinates
(referenced to 2000 m). (c) Layer thickness anomalies of Labrador Sea Water (Azrsw ) in
the basin interior (where bathymetry exceeds 2000 m) along the OSNAP West (blue) and
OSNAP East (orange) arrays. (d) Basin interior (where bathymetry exceeds 2000 m) Sea
Surface Height (SSH) anomaly relative to the section-wide mean SSH along the OSNAP
West (blue) and OSNAP East (orange) arrays. (e) Total volume transport of SPG upper
limb water parcels (Vspgu 1), black) decomposed into contributions from water parcels
sourced from the Iceland Basin (V; gy}, red) and the Rockall Trough (V gr(rrr), purple). (f)
Dense water formation along the path of the SPG (black) and the volume-weighted mean
transit time of upper limb water parcels circulating around the SPG (teal). All anomalies
are determined by removing the long-term time-mean (1975-2012) from monthly values
before applying a 36-month running mean filter.
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Parameter Iceland Basin Value Description

Vi) 14.3 Sv Upper limb volume transport
sourced from the Iceland
Basin (excluding the fresh
estuarine circulation

component)

Rip 200 km Typical width of upper limb
inflow arriving in the Iceland
Basin

p 1027 kg m—3 Reference density

p 3994 kg~ 'C~! Specific heat capacity of
seawater

¥ 80 Wm™2 Temperature relaxation

coefficient (upper estimate
used in Wahlin & Johnson,
2009)

M 20m3s~! Exchange rate between the
boundary current and the
basin interior (Furevik &
Nilsen, [2005; Spall, [2004;
Waéhlin & Johnson, 2009,
upper estimate of)

Table 4.1: Definitions of parameters used to estimate the adjustment length scales with
respect to temperature Ly and salinity Lg along the SPG pathway sourced from the Iceland
Basin.

2006; Delworth & Zeng, |2016; Jackson et al., 2022; Khatri et al., 2022; Kim et al.,
2018a; Robson et al., 2012; Yeager, 2020; Yeager & Danabasoglu, 2014; Yeager et al.,
2015). Consistent with the mechanisms proposed in these studies, we find that the
generation of subsurface density anomalies and the densification of the AMOC
lower limb are both important precursors to sustained positive anomalies in
DWEF along the path of the SPG. In particular, Figures #.10p-b show that persistent
positive phases of the NAO during the mid-1980s and early 1990s were responsible
for enhanced surface heat loss and, therefore, an intensification in deep convection
in the SPG interior. This resulted in anomalously strong surface-forced water
mass transformation in the LSW density range (i.e., 02 > 37.0 kg m~? in Fig.
), which increased the thickness of the LSW layer in the central Labrador
and western Irminger Seas (Fig. £.10c). The densification of the SPG interior

also manifests at the surface through a depression in the sea-surface height (SSH)
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field (see Fig. [4.10d), which induces a delayed spin-up of the SPG circulation by
steepening the SSH gradient across the basin (Eden & Willebrand, 2001; Hakkinen
& Rhines, 2004; Kostov et al., 2023). In agreement with recent studies (Chafik
et al.,2022; Mercier et al., 2024; Roussenov et al., 2022), we find that SSH (density)
anomalies in the Irminger Sea interior play an important role in determining the
northward geostrophic transport of the upper limb by modulating the pressure
gradient across the NAC. Specifically, Figure shows that the stronger upper
limb transport arriving in the Iceland Basin between 1975-1987 is associated with
a period of anomalously low sea-surface heights in the Irminger Sea interior,
whereas elevated sea-surface heights are concomitant with the weaker upper limb
transport recorded during the 2000s (Fig. 4.10d).

To further demonstrate that multi-decadal variations in the upper limb trans-
port entering the Iceland Basin are concordant with low-frequency changes in
SPG dynamics, Figure shows the average transit times taken for upper limb
water parcels to circulate around the SPG. We can clearly see that the greater upper
limb volume transport across OSNAP East during the 1970s and 1980s coincides
with a faster, stronger SPG circulation. Meanwhile, in the 2000s, the slower SPG
circulation is responsible for the weaker upper limb transport arriving in the NAC.
Finally, since we have already shown that DWF along the path of the SPG depends
linearly on the upper limb transport arriving across OSNAP East, Figure
shows that multi-decadal changes in SPG DWF are largely determined by the
delayed response of the gyre circulation to remote (i.e., Labrador Sea) surface
buoyancy forcing. The strong interannual variability superimposed on this multi-
decadal trend in DWF likely reflects the faster wind-driven response of the SPG
circulation to changes in the NAO. For example, Wang et al. (2021) show that wind-
stress curl induced variations in the transport of the NAC branches arriving in the
Iceland Basin and Rockall Trough play an important role in driving interannual
variability in the upper limb transport across OSNAP East.

In summary, we have shown that decadal surface buoyancy forcing anomalies

in the central Labrador and Irminger Seas can remotely influence NADW forma-
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tion taking place along the path of the SPG by modifying the strength of the SPG

circulation and hence the amount of upper limb water arriving across OSNAP East.

4.4 Discussion & Conclusions

Despite the success of the Overturning in the Subpolar North Atlantic Program
(OSNAP) in revealing the complex nature of DWF in the SPNA, the extent to which
large-scale changes in upper-ocean properties impact the downstream formation
of NADW remains unclear. In this Chapter, we take a Lagrangian approach to
determining how much dense NADW is formed along the path of the SPG in
an eddy-rich ocean sea-ice hindcast. By evaluating the Lagrangian trajectories
of water parcels flowing northward in the NAC, we investigate the physical
mechanisms governing DWF along the path of the SPG, including addressing the
role of upper limb buoyancy anomalies advected along-stream.

Our Lagrangian analysis demonstrates that DWF along the path of the SPG
principally depends on the amount of upper limb waters arriving in the eastern
SPG via the NAC rather than the efficiency of diapycnal transformation. We thus
show that along-stream DWF can be skilfully predicted using a simple linear
model, which assumes that a constant fraction £ = 66% of upper limb volume
transport is transformed into NADW during each circuit of the SPG. The efficiency
of diapycnal transformation from the upper to the lower limb k can also be
conceptualised as a measure of the relative alignment between the gyre and the
overturning circulations at subpolar latitudes. To illustrate this, we can consider
the idealised case in which the SPG and overturning circulations are perfectly
aligned (i.e., k = 100%), with the upper limb waters flowing northward in the
NAC separated horizontally from lower limb waters returning southward in the
Labrador Current. Here, the volume transport flowing around the SPG would
be equivalent to the diapycnal overturning downstream and we could quantify
DWEF by simply measuring the volume transport arriving into the eastern SPG
via the branches of the NAC. In reality, we know from observations that k < 1

since the density surface delimiting upper NADW does not continuously outcrop
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at the sea surface along the western boundary of the Labrador Sea (see Fig. 4 in

Zantopp et al., 2017) and hence the SPG circulation projects onto a diapycnal
overturning cell (and thus the formation of NADW) with a time-evolving efficiency
characterised by «(t).

It is also interesting to compare the character of DWF along the path of the
SPG to that taking place within the Nordic Seas. Previous studies have framed
the circulation of the Nordic Seas as a double estuary, comprising of a fresh
estuarine and a thermohaline circulation (e.g., Eldevik & Nilsen, 2013} Rudels,
2010). According to Jsterhus et al. (2019), 70% of the Atlantic Water inflow
across the Greenland-Scotland Ridge participates in the thermohaline circulation
to form dense lower NADW, whereas the remaining 30% joins the freshwater
sourced from the Arctic in the estuarine circulation. On the one hand this implies
a similar efficiency of diapycnal transformation along the boundary currents of
both the SPG and the Nordic Seas. However, this conceals the fact that a much
smaller fraction of the upper limb water circulating around the SPG (8% or 1.5 &
0.5 Sv) participates in the estuarine circulation compared with the Nordic Seas.
Instead, we find that the overwhelming majority of the (1 — k) water parcels which
remain in the upper limb after completing one circuit of the SPG participate in
the thermohaline circulation either by forming NADW further downstream or
returning to the eastern SPG with a greater density. It would be interesting to apply
the Lagrangian methodology introduced in this study to see if a similar linear
relationship can be found between the northward transport of Atlantic Waters
imported across the Greenland-Scotland Ridge and the downstream formation of
lower NADW in the Nordic Seas (i.e., DWF, . = knsVaw, where kys ~ 0.7).

The likelihood of downstream transformation into the lower limb is also
strongly dependent on where upper limb waters arrive into the eastern SPG.
In particular, we find that upper limb waters arriving in the subsurface of the
Rockall Trough are almost guaranteed (krr = 97%) to form dense lower NADW

via vigorous mixing with ISOW, whereas only ;5 = 59% of upper limb waters
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arriving in the Iceland Basin form upper NADW. In spite of their different effi-
ciencies of diapycnal transformation, we show that the amount of dense water
formed along both pathways is independent of the initial properties of water
parcels arriving in the NAC on seasonal to interannual timescales, implying
that upper limb buoyancy anomalies do not feed back onto the strength of
DWF downstream. This is consistent with the conclusion of Fu et al. (2020)
that diapycnal overturning is strongly decoupled from upper-ocean properties
in the SPNA. To better understand this decoupling, we further examine the
evolution of diapycnal transformation along the SPG pathway sourced from
the Iceland Basin using the simple theoretical model of Wahlin and Johnson
(2009). Our analysis indicates that the Iceland Basin pathway has almost reached
an equilibrium density on reaching 53°N, and thus along-stream buoyancy loss
due to air-sea fluxes and diapycnal mixing acts to damp upper limb buoyancy
anomalies arriving from upstream.

There are two important implications of the strong decoupling between the
composition of upper limb waters arriving in the eastern SPG and the strength
of DWF downstream. Firstly, it accounts for the consistent properties of upper
NADW flowing southward across 53°N, which is typically defined by the narrow
potential density range of 27.68 - 27.74 kg m~* (e.g., Kieke et al., 2007; Rhein
et al., 2011). Secondly, this result suggests that buoyancy anomalies advected
along the path of the SPG do not play an active role in driving variability in
DWEF on seasonal to decadal timescales since they are unable to persist down-
stream. This supports the conclusion of Buckley et al. (2012) that although AMOC
variability can generate upper-ocean thermohaline anomalies, these anomalies
are not themselves responsible for generating subpolar overturning variability.
Instead, we find that decadal variations in the amount of dense water formed
along the path of the SPG are determined by surface buoyancy forcing localised
in the central Labrador and Irminger Seas.

Concordant with recent studies (e.g., Kostov et al., 2024; Roussenov et al., 2022),

we show that enhanced surface buoyancy loss during persistent positive phases of



4. Controls on dense water formation along the path of the North Atlantic subpolar gyre
161

the NAO drives a geostrophic increase in the northward upper limb transport into
the Iceland Basin, which is consistent with an intensification of the cyclonic SPG
circulation in response to the densification of the Irminger Sea interior. Since along-
stream DWF is proportional to the amount of upper limb water arriving across
OSNAP East, we might anticipate that this spin-up of the SPG circulation would
directly translate into an increase in the strength of the basin-scale overturning.
However, in order for DWF to imprint onto the diapycnal overturning circulation,
lower limb waters must also be exported out of the SPG and into the subtropical
North Atlantic (Buckley et al., 2023). An outstanding question from this study
is, therefore, what fraction of the NADW formed along the path of the SPG is
subsequently exported to the subtropics compared with that which recirculates in
the SPG? By comparing the long-term mean subpolar AMOC strength (~16 Sv)
to the typical southward transport of NADW across 53°N (~30 Sv; Frohle et al.,
2022; Zantopp et al., 2017), Buckley et al. (2023) suggest that only around half of
all NADW is exported from the SPG. While it is beyond the scope of this study; it
would be interesting to investigate whether decadal changes in DWF can influence
the rate at which NADW is exported to the subtropical North Atlantic and, hence,
act to modulate the advective propagation of overturning anomalies downstream.

It is important to acknowledge the limitations of this study. Firstly, our use of
monthly-mean model velocity and tracer fields will result in an underestimation
of the dispersive nature of Lagrangian trajectories. This is particularly relevant
for representing the exchanges between the SPG boundary and interior of the
Labrador and Irminger Seas. Thus, we would expect shorter circulation times
and greater boundary-interior exchange along the path of the SPG if daily or
5-day mean velocity and tracer fields were used. Similarly, by calculating purely
advective Lagrangian trajectories within the surface mixed layer, we will inevitably
underestimate the influence of unresolved vertical convective mixing on water
parcel trajectories. However, the effects of such turbulent mixing are implicitly

included in the tracer fields sampled by water parcels (Chenillat et al., 2015).
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Secondly, our Lagrangian analysis solely focuses on the water parcels which
transit directly from OSNAP East to OSNAP West and thus, by definition, excludes
water parcels which exit the domain to the south (primarily sourced from the
central Iceland Basin) and those which do not reach any of the boundaries of
the domain following 9-years of advection. Further investigation of the volume
transport reaching the southern boundary of the Lagrangian experiment domain
at ~52°N indicates that more than 95% of these water parcels are already found
in the lower limb when initialised across OSNAP East. Similarly, of the 6.7+2.1
Sv of volume transport which remains inside the Lagrangian experiment domain
following 9-years of advection, only ~10.6% originate from the upper limb on
crossing OSNAP East. This quantity may be underestimated, however, given our
use of temporally smoothed monthly mean velocity fields in this study.

The central finding of this study, that the amount of dense water formed along
the path of the SPG is principally determined by changes in the transport of
upper limb waters circulating around the SPG, suggests that large-scale changes in
subpolar overturning must also manifest in the SPG circulation. This underscores
the importance of monitoring the SPG for both decadal and longer-term climate
predictions as previously highlighted by Curry and McCartney (2001), Hawkins
and Sutton (2009), and Bingham et al. (2007). Furthermore, our Lagrangian
analysis suggests that the projected decline of the AMOC over the course of
the 21%century may be closely related to the evolution of the SPG circulation and
its representation in coupled climate models (Hirschi et al., 2020). On the one hand,
coupled climate models show a robust weakening and contraction of the SPG
circulation in response to external anthropogenic forcing (Born & Stocker, 2014;
Sgubin et al., 2017} Swingedouw et al., 2020, 2021), which is entirely consistent
with a reduction in DWF along-stream. However, we also know that the low
horizontal resolution of the ocean components of current generation coupled
climate models favour NADW formation through deep convection in the basin
interior rather than via continuous diapycnal transformation along the encircling

boundary currents (Heuzé, 2017, 2021). Moreover, the large diversity of mean
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ocean states of coupled climate models has been highlighted as a critical source of
uncertainty in both historical and future projections of the AMOC (e.g., Jackson
et al., 2023b; Reintges et al., 2024).

In this Chapter, we have investigated the mechanisms governing DWF along
the path of the SPG by tracking water parcels flowing northward in the NAC until
their southward crossing of the OSNAP West array in the Labrador Sea. We have
shown that neither the diapycnal transformation of water parcels, nor their initial
properties on arrival at OSNAP East, are the rate limiting factor governing DWF
downstream. Instead, the amount of dense water formed along-stream can be
skilfully predicted based solely on the volume transport of upper limb waters
circulating cyclonically around the SPG, which is modulated by surface buoyancy

forcing in the basin interior on decadal timescales.



Lagrangian decomposition of the
meridional heat transport in the
subtropical North Atlantic

We saw in Chapter 4 how variability in subpolar dense water formation is in-
trinsically related to changes in the strength of the SPG circulation. In this
Chapter, we turn our attention to the subtropical North Atlantic, where we use
our Lagrangian overturning framework to diagnose the role of the STG circulation

in the meridional overturning and heat transport recorded at 26.5°N.

5.1 Introduction

Throughout the coming century, the AMOC will play a critical role in shaping
the response of the global climate system to anthropogenic activity through
the redistribution of excess heat, freshwater and carbon. Since 2004, the Rapid
Climate Change-Meridional Overturning Circulation and Heatflux Array (RAPID-
MOCHA, herein referred to as RAPID) trans-basin observing system has made
continuous measurements of the strength of the AMOC and the associated merid-
ional transports of heat and freshwater across 26.5°N (Cunningham et al.,2007).

Here, the subtropical North Atlantic Ocean transports ~1.2 PW of heat northwards
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(Hall & Bryden, 1982} Johns et al., 2011} McCarthy et al.,|2015b), accounting for

30% of the total ocean-atmosphere Meridional Heat Transport (MHT) (Ganachaud
& Wunsch, 2000; Trenberth & Fasullo, 2017).

Traditionally, the total ocean heat transport across 26.5°N has been partitioned
into zonally-averaged vertical and residual horizontal circulation components
(Boning & Herrmann, 1994; Bryan, 1982; Johns et al., 2011), typically referred to as
overturning and gyre heat transports, respectively. However, the degree to which
these 2-dimensional geometric components represent the actual contributions
made by the 3-dimensional flow structures of the AMOC and STG to the total
MHT at 26.5°N has been widely debated (e.g., Johns et al.,[2023b; Talley, 2003). Pre-
vious studies have criticised this interpretation of the horizontal gyre circulation
because the waters flowing northward within the western boundary current of
the STG do not recirculate horizontally along constant depth surfaces, but rather
spiral downwards to form Subtropical Mode Water (STMW) in a shallow local
overturning cell (Berglund et al., 2022; Burkholder & Lozier, 2014} Spall, 1992;
Talley, 2003). According to Talley (2003), this wind-driven STMW cell within the
STG could account for up to 0.4 PW of the total MHT observed at 24°N, much
larger than the traditionally defined horizontal gyre heat transport. In contrast,
the modelling study of Xu et al. (2016) concludes that the STG makes a negligible
contribution to the total heat transport at 26.5°N since the authors argue that the
near-surface waters of the Florida Current participate directly in the basin-scale
AMOC rather than circulating around the STG.

The long-standing uncertainty regarding the relative contributions of the
AMOC and the STG flow structures to the total MHT at 26.5°N ultimately reflects
the subjective nature of approaching this problem within the confines of the
traditional Eulerian framework (Johns et al., 2023b). To overcome this challenge,
in this Chapter, we present the first Lagrangian decomposition of the MHT
and overturning across the RAPID 26.5°N array using water parcel trajectories

evaluated within an eddy-rich ocean sea-ice hindcast simulation.
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The Chapter is organised as follows. We begin by introducing the eddy-

rich ocean sea-ice hindcast simulation, Lagrangian particle tracking experiments
and Eulerian and Lagrangian diagnostics used in this study in Section In
Section we compare the Eulerian meridional overturning and heat transport
simulated by the model to RAPID observations at 26.5°N. We then partition the
time-mean meridional overturning and heat transport at 26.5°N between the
STG and basin-scale overturning circulation in Section Finally, Section
concludes this Chapter with a discussion of our principal findings, including
their wider significance for our understanding of the role of the STG within the

basin-scale overturning circulation.

5.2 Methods
5.2.1 Ocean General Circulation Model

To investigate the meridional overturning and heat transport at 26.5°N, we use
the output from the ORCA0083-N06 ocean sea-ice hindcast, documented in Table
We choose to use a different eddy-rich simulation to Chapter [4 since the mean
velocity and tracer fields output by the ORCA0083-N06 hindcast are available
at 5-day rather than monthly resolution and because this simulation has already
been validated against RAPID observations by Moat et al. (2016). The simulation
uses a global implementation of the Nucleus for European Modelling of the
Ocean (NEMO) ocean circulation model version 3.6 (Madec et al., 2017) coupled
to the thermodynamic Louvain-la-Neuve Ice Model version 2 (LIM2) sea-ice
model (Fichefet & Maqueda, 1999). The ocean component is configured with a
nominal horizontal resolution of 1/12° (equivalent to 8.3 km at 26.5°N) and with 75
unevenly spaced z-partial-step coordinate levels ranging from 1 m to 250 m depth
increments. The hindcast simulation is integrated for the historical period from
1958-2015 using the Drakkar Forcing Set 5.2 (Dussin et al., 2016). Here, we make

use of the 5-day mean velocity and tracer fields output for the period 1980-2015.
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Figure 5.1: (a) Schematic representation of the Lagrangian pathways north of the RAPID
array at 26.5°N. Pathways originating from the English Channel (EC) and the Gibraltar
Strait (GS) are shown in black. (b) Distribution of recirculation times for STG water parcels
returning to 26.5°N within the 25-year maximum advection period. The solid black line
overlaid shows the accumulation of the time-mean volume transport (Sv) of the STG
pathway as a function of water parcel recirculation time.

Throughout this Chapter, we compare the results derived from the ORCA0083-
NO6 simulation to observations made along the RAPID array at 26.5°N for the
overlapping period 2004-2015 (Johns et al., 2023a). To ensure consistency be-

tween model and observational diagnostics, we implement a zero net volume
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transport constraint across 26.5°N, equivalent to that imposed by the RAPID

program (e.g., Kanzow et al., 2010), in all Eulerian meridional overturning and

heat transport calculations.

ID 26.5

3

FC Northward Transport

°: Origins of

~og —

RAPID 26.5°N

STG-Origin  _ 60%
(FC = 26.5°N)

Tropical-Origin

(FCson) 37

Figure 5.2: Schematic representation of the Lagrangian experiment used to determine
the origins of water parcels flowing northward in the Florida Current (FC, indicated by
the black dot along RAPID 26.5°N). Water parcel trajectories, sampling the full-depth
northward transport of the FC, are advected backwards-in-time for a maximum of 25 years
or upon returning to the RAPID 26.5°N array within the Subtropical Gyre (STG-origin,
orange) or transiting to the trans-basin section along 5°N (Tropical North Atlantic-origin,
purple). Note that less than 3% of all water parcels initialised within the FC remain within
the experiment domain following their 25-year maximum advection time (NoExit, green).

5.2.2 Lagrangian Particle Tracking

To determine the contributions of the STG and the basin-scale overturning circula-
tion to the total MHT at 26.5°N, we calculate the Lagrangian trajectories of virtual
water parcels advected by the time-evolving velocity fields of the ORCA0083-N06
hindcast using TRACMASS version 7.1 (Aldama-Campino et al., 2020).

To compare the results of our Lagrangian experiment with observations made
along 26.5°N, we track water parcels flowing southward across the RAPID section
backwards-in-time to determine their origin. In total, we initialise more than
12.3 million water parcels sampling the full-depth southward transport across
26.5°N over 144 months between 2004-2015. At the beginning of each month,

the number of water parcels to be distributed evenly across each grid cell face
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(Nge) is determined using Eq. To ensure that we initialise a sufficiently

large number of water parcels to obtain robust Lagrangian statistics (Jones et al.,
2016), we compare the results of a subset of our primary Lagrangian experiment
(Jan-Dec 2004) to a repeat of this experiment, in which we used a considerably
smaller maximum volume transport of 1 mSv per parcel. We find that the time-
mean MHT and overturning associated with the STG circulation is unchanged by
increasing the number of water parcels initialised along 26.5°N and, hence, the
conclusions of this Chapter are insensitive to the chosen "Lagrangian resolution”
(Doos et al., 2008) of our primary experiment.

Water parcels are advected backwards-in-time using 5-day mean velocity fields
for a maximum of 25 years to trace their origins. Water parcel trajectories are
terminated on reaching this maximum advection time or when they meet any one
of the following criteria (Fig. [5.Tj): (i) returning to the RAPID 26.5°N section, (ii)
reaching the OSNAP array in the SPNA, or (iii) reaching either the Gibraltar Strait
(GS) or English Channel (EC). The overwhelming majority of trajectories initialised
across 26.5°N also originate from 26.5°N (91.3%), indicating a robust recirculation
of waters at this latitude. This large recirculating transport is dominated by short-
lived trajectories capturing eddy recirculations in the ocean interior (197.3 £ 22.0
Sv), whereas only 20.6 £ 3.0 Sv is sourced directly from the Florida Current at
26.5°N. Importantly, Figure shows that the 25-year maximum advection time
is sufficient to fully resolve the STG circulation because the accumulated volume
transport originating from 26.5°N has stabilised within this period.

We perform an additional Lagrangian experiment to determine the origins
of the northward Florida Current transport by tracking trajectories backwards-
in-time from the Florida Straits (see Fig. [5.2). We use the same water parcel
initialisation and advection strategy outlined above for consistency. In this experi-
ment, we terminate water parcel trajectories on crossing one of two geographic
boundaries (5°N or 26.5°N in Fig. or upon reaching the 25-year maximum

advection time (< 3% of the northward Florida Current transport).
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5.2.3 Diagnosing Meridional Overturning and Heat Transport

at 26.5°N

We quantify the strength of the Eulerian overturning at 26.5°N by calculating
meridional overturning stream functions in both depth (¢,) and density (,,)

coordinates as shown in Section
V. (z,t) = /77 /Ie v(x, 2 t) dx d2’ (5.1)

dnloot)= [ [ o 20) de' da, (5.2)
Ty Jz(x,00,t

where v(z, z, t) is the meridional velocity and z(z, 0y, t) is the time-evolving depth
of the isopycnal oy across the trans-basin section between the eastern (z.) and
western (z,,) boundaries. We account for the time-evolving net volume transport
across the section using a spatially uniform compensating meridional velocity
(Kanzow et al., 2010).

The northward MHT across 26.5°N is calculated following Moat et al. (2016)
by integrating the product of the meridional velocity v(z, z,t) and potential

temperature (¢) from the sea surface 7 to the sea floor H(x):

n Te

Qrotal(t) = / poCp V(x, 2, ) O(x, 2,t) do dz (5.3)

—H(z) Jzw
where the product of the seawater density and the specific heat capacity of
seawater is given by p,c, = 4.1x10° J m~2 °C~! following Johns et al. (2011). We
further partition the total MHT across the RAPID section (Q)7,q;) into horizontal

(Qnorz) and vertical (Q,c1) components (Bryden & Imawaki, 2001; Johns et al.,
2011) as introduced in Section [I.4.1}

Quenlt) = [ OH [ pucy (0)46) i - (5.4)
Qhor=(t) = /_OH /;e PoCp V' (2, 2,t) 0'(x, 2,t) dx dz (5.5)

where (v) and (0) represent the zonally averaged velocity and potential temper-
ature profiles (both functions of depth), and v" and ¢’ represent deviations from

these zonally averaged profiles.
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To complement the Eulerian diagnostics outlined above, we additionally

quantify the strength of overturning and MHT across 26.5°N from the Lagrangian
water parcel trajectories initialised between 2004-2015. To determine the vertical
and diapycnal overturning taking place within the STG, we consider only the
subset of water parcels which return to 26.5°N within the 7,,,,, = 25-year maximum
advection period. For each monthly ensemble containing N (¢) water parcels,
which flow northward across 26.5°N at time ¢ — 7,,; (Where 7,,, is the water parcel
termination time) and return southward across the section at the later time ¢, we

calculate partial Lagrangian overturning stream functions following Section 3.2.3}

FZ(Z*7 t) = Z VNorth,z (t - 7—out) - VSouth,z(t) (56)
%
FUQ (O';, t) = Z VNOT‘th,O’g (t - 7—out) - VSouth,ag (t) (57)
09=0Omin

where Vo, and Vo, represent the absolute volume transport distributions of
all recirculating STG water parcels on their northward and southward crossings
of the RAPID 26.5°N.

Since D66s et al. (2008) showed that, provided a sufficiently large number of
water parcels are initialised, the total Lagrangian overturning stream function
will converge towards the time-mean Eulerian stream function, it follows that
the time-mean overturning of the NADW and AABW cells can be estimated by
calculating the residual between the time-mean total Eulerian overturning stream
function and the Lagrangian overturning stream function of the the STG (i.e.,
¥y, — F,,). An important consideration when using Lagrangian water parcel
trajectories to decompose the Eulerian overturning is the choice of time-averaging
window to use when calculating the time-mean Eulerian overturning stream
function (¢,,). Here we seek a time window that optimises the sampling of the
meridional velocity and potential density field along 26.5°N by water parcels
recirculating in the STG. Given that more than 90% of STG water parcels return
to 26.5°N within 4 years of their initialisation (Fig. [5.Ib), we use the time-mean

Eulerian overturning averaged over 2000-2015 in our Lagrangian decomposition.
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We additionally define a Lagrangian measure of the heat transport due to the

N (t) water parcels recirculating within the STG using their potential temperatures
on their northward (Onorh,,) and southward (0seun ) crossings of the RAPID

section at 26.5°N:

QSTG’(t) = pPCp Z Vn (eNorth,n<t - T) - 85’0uth,n<t)) (58)

nenN
where V, is the volume transport conveyed by an individual water parcel with

index n returning to 26.5°N, which is conserved along its entire trajectory.

5.3 Results

5.3.1 Evaluating Eulerian Meridional Overturning and Heat Trans-
port at 26.5°N

We begin by adopting the traditional Eulerian frame of reference to compare the
meridional overturning and heat transport simulated in ORCA0083-N06 to RAPID
observations between 2004-2015. Although there is strong agreement between
the modelled and observed time-mean vertical overturning stream functions at
26.5°N (see Fig. .3), Figure shows that the simulated 15.1 & 2.8 Sv of vertical
overturning is around 2 Sv weaker than observed (17.0 & 3.6 Sv).
Figures[5.4a-b present equivalent decompositions of the Eulerian heat transport
across 26.5°N in both RAPID observations and the ORCAO0083-N06 hindcast.
Concordant with its weaker than observed overturning, the model time-mean
MHT is 0.98 + 0.21 PW compared with 1.2 £ 0.28 PW in observations. The model
does, however, reproduce many features of the overturning and heat transport
variability recorded in observations (Moat et al.,|2016), including the reduction
in overturning between 2009-2010 (McCarthy et al., 2012). Observations show
that both the magnitude and variability of the MHT at 26.5°N is dominated (>
90%) by the vertical component, while < 10% is associated with the horizontal
circulation (Johns et al., 2011; Johns et al., 2023b; McCarthy et al., 2015b). Figure
shows a similar vertical-horizontal partition in ORCAO0083-NO06; the vertical
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(a) Time-mean Vertical Overturning
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Figure 5.3: (a) Model (black) and observed (pink) time-mean (2004-2015) Eulerian vertical
overturning streamfunctions calculated at RAPID 26.5°N. Shading denotes the (monthly)
standard deviation of the modelled and observed time-mean vertical overturning stream
functions. (b) Monthly-mean modelled (black) and observed (pink) maximum Eulerian
vertical overturning at 26.5°N.

cell accounts for 85% (0.84 &+ 0.21 PW), and the horizontal cell for the remaining
15% of the total MHT.

A closer examination of the simulated hydrography along 26.5°N shows that
both the volume transport (31.3 £+ 1.8 Sv) and temperature transport (2.56 +
0.14 PW) of the Florida Current are well represented in the model compared
with observed estimates reported in Meinen et al. (2010) and Johns et al. (2023b).
However, Moat et al. (2016) highlighted the larger than observed southward Mid-
Ocean (WB2 mooring to Africa) heat transport component in ORCA0083-N06 as a
likely source of the model’s underestimation of the observed total MHT. Further
investigation indicates that, in the model, more of the warm and shallow waters
transported northwards in the Florida Current are returned in the upper 100 m of
the Mid-Ocean region along the RAPID array compared with observations (Fig.
). This is in contrast to previous studies, which have attributed the widespread
underestimation of subtropical MHT in numerical models (e.g., Liu et al., 2022)
to the overly diffusive thermocline simulated in z-coordinates (Msadek et al.,
2013 Roberts et al., 2020), which results in a warmer than observed AMOC lower

limb. Notably, there is good agreement between the basin-wide average potential
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Figure 5.4: (a) Total observed MHT (black) at 26.5°N decomposed into a zonally-averaged
vertical cell (Qyert, red) and a residual horizontal cell (Qpor,, blue). (b) As in (a) but
calculated using model Eulerian meridional velocity and potential temperature fields at
26.5°N. The STG heat transport calculated using recirculating trajectories (Q srg, orange)
is plotted according to the month water parcels flow southward across 26.5°N. (c) Model
(black) and observed (pink) time-mean (2004-2015) meridional volume transport per unit
depth (Sv m™!) in the Mid-Ocean region (Bahamas to Africa). (d) Time-mean (2004-2015)
potential temperature profiles (°C) for the entire basin (Straits of Florida to Africa) in the
model (black) and RAPID observations (pink). Note that we use non-linear vertical axes
in (c) and (d) to highlight the upper 500 m.
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temperature profiles simulated in ORCA0083-N06 and observed along the RAPID

array (Fig. 5.4d), with even a slightly sharper main thermocline (between depths
of 400-800m) in the model than in observations.

Since we propose that the excess shallow return flow in the STG accounts for
the model’s underestimation of MHT compared with RAPID observations, we
next consider how this bias might influence the relative contribution of the STG
circulation to total MHT across 26.5°N. By examining the Lagrangian trajectories
sourced from the upper Florida Current, we determine that rapidly recirculated
water parcels return southward in the upper 100 m of the Mid-Ocean region
between 75.5°W and 72°W (Fig. [5.5a) where potential temperatures typically
exceed 23°C. We will later show that STG water parcels flowing southward across
26.5°N in this potential temperature range contribute negligibly to the time-mean
MHT when averaged on longer than seasonal timescales (see Fig. [5.5d). As
such, we do not expect the underestimation of MHT in ORCAO0083-N06 to impact
the relative heat transport contributions of the STG and basin-scale overturning
circulations identified in this study.

Overall, we find sufficient agreement between the structure and variability of
both the vertical overturning and MHT simulated by ORCA0083-N06 and obser-
vations to justify our use of the model to better understand the contributions made

by the STG and basin-scale overturning circulation to the MHT at RAPID 26.5°N.

5.3.2 Lagrangian Decomposition of Meridional Overturning and
Heat Transport at 26.5°N

To complement the traditional Eulerian vertical-horizontal decomposition, we use
our Lagrangian trajectories to quantify the contribution made by water parcels
which recirculate in the STG to the time-mean MHT at 26.5°N. We find that the STG
circulation accounts for 0.36 4 0.09 PW or 37 &= 9% of the total MHT across 26.5°N
in the model (Fig. [5.4b). This implies that the heat transport of the STG is more
than twice that of the horizontal gyre heat transport component and is in closer

agreement with the observed estimate of 0.4 PW at 24°N (Talley, 2003). Figure
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Figure 5.5: (a) Distribution of STG water parcel northward (red contours) and southward
(blue contours) crossings of the RAPID 26.5°N section shown as the velocity of water
parcels in m s~1. Note that the longitude axis is stretched to highlight the Florida Current.
(b) Origins of the Florida Current (FC) northward transport shown as the velocity (m s™!)
of waters parcels sourced from the tropical North Atlantic (5°N) and the STG recirculation
(RAPID 26.5°N). The oy = 25.09 kg m ™3 time-mean isopycnal surface is overlaid. Heat
transport of the STG circulation accumulated as a function of the (c) depth and (d) potential
temperature of recirculating water parcels on their northward (red) and southward (blue)
crossings of 26.5°N. The black dashed line in (c) represents the STG heat transport
accumulated as a function of the absolute depth change between crossings of 26.5°N.
The depth of maximum Eulerian overturning in depth-space, zyroc = 1045 m is indicated
by the grey dashed line in (c). The shaded region in (d) defines STMW (17-19°C) following
Kwon and Riser (2004). (e) Time-mean (2004-2015) vertical overturning stream function
of the STG circulation (F}, black dashed) decomposed according to the depth of water
parcels on their northward crossing of 26.5°N. Water parcels are grouped into discrete
depth layers defined in the lower colorbar. (f) Lagrangian decomposition of the time-mean
(2004-2015) diapycnal overturning stream function at 26.5°N (¢,,, black solid) into a
STG component (Fy,, black dashed), determined from recirculating water parcels, and a
residual NADW component (1/_106 - Fae, pink dashed).
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additionally confirms the assumption of Talley (2003) that the lightest waters

flowing northward in the upper Florida Current (o9 < 25.875) are returned across
26.5°N via the broad southward interior flow (oy < 27.3) between the Bahamas
and Africa. In total, we find that 72% of STG heat transport is sourced from
water parcels flowing northward in the upper 150 m of the Florida Current, which
overwhelmingly originate from the tropical North Atlantic (5°N in Fig. ).
Further, Figure clearly shows that the thermocline waters flowing northward
in the Florida Current are predominantly sourced from the STG along 26.5°N.

Figures [5.5¢c-d show how the time-mean MHT of the STG is accumulated
as a function of the depth and potential temperature of water parcels on their
northward (red) and southward (blue) crossings of the RAPID 26.5°N array. For
example, we produce the red curve in Figure by binning the MHT of all
recirculating water parcels according to their depth on flowing northward across
RAPID 26.5°N before calculating the cumulative sum with increasing depth. We
tind that STG heat transport is dominated by water which participate in a shallow
vertical overturning cell north of 26.5°N (Fig. [5.5¢). More specifically, Figures
5.5c-d show that the entire MHT of the STG can be explained by trajectories
which follow a downwards cooling spiral within the upper 500 m of the AMOC
upper limb (2,0 < 1045 m). Interestingly, although STG heat transport depends
strongly on along-stream diapycnal (diathermal) transformation, STMW formation
can only account for 29% of the total MHT of the STG (17°C < fg4u, < 19°C in
Fig. 5.5d). Diapycnal transformation within the STG instead peaks at lighter
density classes (6 ~ 22.7°C or oy = 25.09 kg m~* in Fig. [5.5f), including Subtropical
Underwater (STUW; O’Connor et al., 2005), which accounts for 47% of the STG
heat transport (6sou, > 19°C in Fig. [5.5d).

A particularly surprising finding is the large 6.7 Sv discrepancy between the
strength of vertical (4.8 Sv in Fig. [5.5e) and diapycnal (11.5 Sv in Fig. [5.5f) overturn-
ing in the STG. Previous studies in the subpolar North Atlantic have interpreted
the similar discrepancy there as evidence for a substantial horizontal circulation

across sloping isopycnals (Zhang & Thomas, 2021). However, Figure reveals
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that here in the subtropical North Atlantic, this discrepancy is, in fact, due to the

underestimation of STG vertical overturning, which results from compensation
between the northward and southward flowing limbs of the downward spiral
when accumulated along constant depth levels. This is analogous to the large,
compensating depth-space transports within the Deacon cell in the Southern Ocean
(Doos & Webb, [1994) and illustrates how the downward spiralling behaviour of
the STG circulation (Berglund et al., 2022) is concealed by the superposition
of many shallow overturning cells in the vertical overturning stream function
(Fig. [5.5¢; Doos et al., [2008).

By subtracting the diapycnal overturning associated with STG water parcels
from the time-mean Eulerian overturning stream functions in Figures and
5.6, we obtain an estimate for the contribution of the NADW cell to the total
overturning in density-space at 26.5°N. The residual diapycnal overturning stream
functions, in combination with Figure (RAPID 26.5°N), confirm the earlier
propositions of Burkholder and Lozier (2014) and Qu et al. (2013) that the mode
waters returned in the southward limb of the shallow STG overturning cell are
the principal source waters for the northward, subsurface limb of the NADW
cell. Meanwhile, the remainder of the NADW cell is sourced directly from denser
waters (0y > 26.5 kg m~?) originating in the tropical North Atlantic, which flow
northward across 26.5°N at depth in the Florida Current (Fig. [5.5b).

5.4 Discussion & Conclusions

In this Chapter, we present the first Lagrangian decomposition of the meridional
overturning and heat transport at 26.5°N using an eddy-rich ocean hindcast. We
show that water parcels circulating around the STG account for 37% (0.36 PW) of
the total MHT across 26.5°N, more than twice that of the classical horizontal gyre
component (15%). This underestimation of STG heat transport is attributable to
the downward spiralling nature of the STG recirculation (Berglund et al., 2022;
Spall, [1992), which imprints onto a shallow vertical overturning cell rather than

the horizontal circulation across 26.5°N.
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Our Lagrangian analysis demonstrates that the MHT of the STG overturning

cell is analogous to a subtropical mode water cascade (Blanke et al., 2002) in which
water parcels arriving in the upper Florida Current are successively transformed
towards intermediate densities via a downwards cooling spiral (Spall, [1992). The
spiral begins with the convective formation and lateral subduction of STUW
varieties (O’Connor et al., 2005; Qu et al., 2016), which account for 47% of STG
heat transport. The subsequent transformation of recirculating STUW into STMW
via intense wintertime cooling along the path of the Gulf Stream (e.g., Joyce
et al., 2013) surprisingly explains less than a third of STG heat transport. The
downwards cooling spiral, which typically spans several decades (Berglund et al.,
2022), concludes when STG water parcels reach the required depth (z > 200 m)
and density (cp > 25.5 kg m~?) to be exported northward in the subsurface limb
of the NADW cell (Fig. [5.5f).

In contrast to the STG overturning cell, the NADW cell spans both subtrop-
ical and subpolar latitudes (Fig. [5.6), because the weaker potential vorticity
gradient across the Gulf Stream at depth permits water parcels to be advected
north-eastward via the subsurface pathways of the NAC (Bower & Lozier, 1994;
Burkholder & Lozier, 2011bj; Gary et al., |2014; Jacobs et al., 2019). The north-
ward subsurface branch of the NADW cell was arguably first identified as a
‘nutrient stream’ from the biogeochemical observations of Pelegri and Csanady
(1991). This nutrient stream plays a fundamental role in maintaining biological
productivity at high latitudes by transporting large concentrations of nutrients
along shoaling isopycnals which outcrop within the eastern SPG (Williams et al.,
2011). There are two important implications of this subsurface subtropical to
surface subpolar connectivity (Burkholder & Lozier, 2014). Firstly, water parcels
flowing northward in the NADW cell experience negligible heat loss prior to
reaching the southern limit of the SPG (~47°N in Fig. [5.6b) and hence the heat
transport divergence between 26.5°N and the inter-gyre boundary is equivalent
to the STG heat transport (0.36 PW). Secondly, no inter-gyre pathway exists for

sea surface temperature anomalies originating in the Gulf Stream to propagate
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advectively towards the eastern SPG (Foukal & Lozier, 2016)). Instead, upper ocean

thermohaline anomalies advected by the large-scale circulation in the SPNA are
likely to originate from variations in the strength of the sub-surface to surface
connectivity between the subtropical and subpolar gyres (e.g., Bryden et al., 2020;
Chatfik et al., [2023; Desbruyeres et al., 2021), which manifest via predominantly
geostrophic changes in MHT convergence (Moat et al.,[2024). This also highlights
the central challenge of inferring large-scale circulation from Eulerian overturning
stream functions since the streamlines presented in Figure misleadingly
suggest a continuous meridional pathway from the lightest to the densest water
masses in the North Atlantic while, in fact, there are two overlapping diapycnal
cells, which are, themselves, the superposition of many smaller overturning cells.

Although the strength of our conclusions is limited by the use of a single eddy-
rich ocean hindcast, we note the strong agreement between our findings and those
of Ferrari and Ferreira (2011), who used model sensitivity experiments to show that
40% of North Atlantic MHT is associated with the wind-driven STG circulation,
whereas the remaining 60% is due to high latitude convection. Moreover, when
our estimate of STG heat transport (37%) is applied to observations along 26.5°N,
this translates to 0.44 PW of the total 1.2 PW due to the STG circulation, which
is in remarkable agreement with the 0.42 PW (35%) estimated by Johns et al.
(2023b) when applying the approach of Talley (2003) to RAPID observations. The
remaining 0.76 PW (63%) of the total observed MHT across 26.5°N is due to the
formation of NADW within the SPG and the Nordic Seas. These two regions
exhibit complex overturning geometries, with a substantial fraction of dense water
formation owed to horizontal circulation across sloping isopycnals (Hirschi et al.,
2020; Xu et al., 2018b; Zhang & Thomas, [2021).

In contrast to the traditional conveyor-belt view of North Atlantic overturning,
our Lagrangian analysis demonstrates that both vertical and horizontal circulation
cells are fundamental components of the AMOC and thus basin-scale overturning
cannot be meaningfully distinguished from the gyre circulations of the North

Atlantic (Fig. [5.6k). A more natural decomposition of the AMOC is between
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the STG and NADW diapycnal overturning cells shown in Figure [5.6a since

these capture the successive transformations required to form dense NADW from
the lightest waters flowing northward in the Florida Current. Extending the
Lagrangian analysis presented here to reveal the phenomenology of overturning
variability within each of these circulation cells and their interconnectivity across
timescales is the subject of future research.

In this Chapter, we have shown that water parcels recirculating in the STG in an
eddy-rich ocean model account for 37% (0.36 PW) of the total MHT across 26.5°N,
more than twice that of the classical horizontal gyre component. This disparity
reflects the fact that the heat transport of the STG is associated with shallow
vertical overturning rather than the horizontal circulation north of 26.5°N. Our
findings indicate that the STG plays a critical role in the basin-scale overturning
circulation since the water parcels preconditioned within the gyre subsequently

feed regions of dense water formation at high-latitudes.
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Conclusions

6.1 Summary

In this thesis, we set out to generate new insights into the nature of the meridional
overturning circulation in the North Atlantic Ocean by introducing a novel
Lagrangian framework to analyse numerical model simulations. Our objectives
were to: quantify the principal pathways and advective timescales of the subpolar
overturning circulation, identify the physical mechanisms responsible for sub-
polar overturning variability on seasonal to multi-decadal timescales, assess the
predictability of dense water formation along the path of the SPG and diagnose
the contribution of the STG circulation to the meridional overturning and heat
transport at 26.5°N.

We began in Chapter[2by exploring how the time-mean strength of the AMOC
in the eastern subpolar North Atlantic is partitioned amongst the individual
circulation pathways of the SPG and the Nordic Seas overflows. To do this, we
evaluated the Lagrangian trajectories of water parcels sampling the full-depth
northward transport across the OSNAP East section in an eddy-permitting ocean
sea-ice hindcast. By calculating the time-mean Lagrangian diapycnal overturning
stream function (Blanke et al.,[1999; Do6s et al., 2008) at OSNAP East, we showed

that dense water formation along the pathways of the eastern SPG accounts for
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55% of the time-mean strength of the eastern subpolar AMOC. We found that water
parcels following the dominant SPG pathway, sourced from the Sub-Arctic Front,
form upper NADW by circulating horizontally across sloping isopycnals in less
than 2 years. Meanwhile, a slower SPG route, entrained by overflow waters south
of the Iceland-Faroes Ridge, was identified as a crucial conduit for subtropical-
origin water masses to penetrate the deep ocean on subdecadal timescales.

On reproducing our findings using time-averaged velocity and tracer fields, we
further showed that the Nordic Seas overflow pathways integrate multiple decades
of water mass transformation before returning southward across the Greenland-
Scotland Ridge. We therefore proposed that the strong disparity between the
typical advective timescales of the SPG (seasonal-interannual) and the Nordic
Seas overflows (multi-decadal) has important implications for the propagation
of density anomalies within the eastern subpolar North Atlantic and hence the
sources of AMOC variability.

In Chapter 3| we extended the Lagrangian overturning framework to explore,
for the first time, the circulation pathways responsible for seasonal diapycnal
overturning variability in the eastern subpolar North Atlantic in both the Eulerian
and Lagrangian frames of reference. Using the Lagrangian trajectories evaluated
in Chapter 2, we showed that the seasonal cycle of Eulerian diapycnal over-
turning at OSNAP East reflects a complex combination of seasonal dense water
formation along the western boundary of the Irminger Sea and the wind-driven
modulation of water parcel recirculation times. In particular, we highlighted
that the seasonal minimum of the Eulerian diapycnal overturning in autumn
results from both enhanced stratification and a greater convergence of southward
transport within the upper East Greenland Current, consistent with a gyre-scale
response to seasonal wind forcing.

To account for the diversity of recirculation times within the eastern subpolar
gyre, we also examined seasonal diapycnal overturning variability from a La-
grangian perspective by quantifying the total dense water formation along water

parcel trajectories. We found that the majority of water parcels, sourced from the
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central and southern branches of the NAC, fail to return to OSNAP East prior
to experiencing wintertime diapycnal transformation into the lower limb, and
thus determine the time-mean strength of the Lagrangian diapycnal overturning
within the eastern subpolar gyre (8.9 £ 2.2 Sv). In contrast, the strong seasonality
of Lagrangian diapycnal overturning is explained by a small collection of upper
limb water parcels, circulating rapidly (< 8.5 months) in the upper Irminger and
Central Iceland Basins, whose along-stream transformation is determined by their
month of arrival flowing northward across OSNAP East.

Looking beyond seasonal timescales, Chapter [4 explored the mechanisms
responsible for interannual to multi-decadal subpolar overturning variability
by taking a Lagrangian perspective to determining how much dense water is
formed as water parcels circulate around the SPG. To do this, we evaluated the
trajectories of water parcels flowing northward across OSNAP East in the NAC
until their final southward crossing of OSNAP West at 53°N in an eddy-rich ocean
model. We showed that neither the transformation of water parcels across density
surfaces, nor their initial properties on arrival into the eastern SPG, are the rate-
limiting factor governing dense water formation. Instead, the amount of dense
water formed along-stream can be skilfully predicted, based solely on the volume
transport of light, upper limb waters arriving at OSNAP East via the branches
of the NAC. More specifically, we found that 66% of upper limb water flowing
northward is transformed into dense NADW on its first circuit around the SPG,
with most of the remainder returning to OSNAP East to be transferred into the
lower limb during subsequent circuits.

Using the simple theoretical model of Wahlin and Johnson (2009), we demon-
strated that the linear relationship between dense water formation and upper limb
volume transport emerges since the SPG boundary current is long enough to be
fully adjusted with respect to temperature, meaning that upper limb buoyancy
anomalies (principally driven by temperature fluctuations) do not feed back onto
the rate of dense water formation and hence the strength of subpolar overturning

downstream. As a consequence, multi-decadal changes in subpolar overturning
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are closely related to the state of the SPG, such that a stronger SPG circulation
results in a greater northward transport of upper limb waters and hence an increase
in NADW formation along-stream.

Finally, in Chapter |5, we shifted our focus to the subtropical North Atlantic,
where continuous measurements of meridional heat and volume transports have
been made along the RAPID-MOCHA observing array at 26.5°N since 2004. Here,
the meridional heat transport has traditionally been partitioned geometrically into
vertical and horizontal circulation cells, which are attributed to the overturning
and STG circulations, respectively. However, the assumption that the STG flows
horizontally along constant depth levels remains widely debated, raising doubts
over the utility of 2-dimensional geometric components to quantify the contribu-
tions made by the AMOC and the STG circulation to the total heat transport
across 26.5°N. Using water parcel trajectories evaluated within an eddy-rich
ocean hindcast, we presented the first Lagrangian decomposition of the time-
mean meridional heat transport and overturning across 26.5°N. We showed that
water parcels recirculating within the STG account for 37% (0.36 PW) of the total
heat transport across 26.5°N, more than twice that of the classical horizontal
gyre component (15%). This is because STG water parcels spiral downwards
across depth levels. Moreover, we argued that the STG heat transport cannot be
meaningfully distinguished from that of the large-scale overturning circulation
since water parcels cooled within the gyre subsequently flow northward in the

subsurface limb of the AMOC to form dense NADW at the subpolar latitudes.

6.2 Overarching Themes & Outstanding Questions

In this penultimate Section, we synthesise the findings of this thesis into four
overarching themes and highlight several outstanding questions presenting op-

portunities for further research.
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6.2.1 Challenges of Diagnosing the Atlantic Meridional Over-
turning Circulation.

Translating the complex, 3-dimensional circulation of the AMOC into a single
diagnostic is a considerable challenge, particularly given that both observations
and numerical models are typically defined in the Eulerian frame of reference.
Since the development of the first ocean general circulation models (e.g., Bryan,
1986; Manabe & Stouffer, 1988), it has been standard practice to zonally integrate
over the many complex flow structures comprising the AMOC by means of the
Eulerian overturning stream function (Buckley & Marshall, 2016). However, this
decision to condense the rich structure of the overturning circulation into a much
simpler 2-dimensional representation comes at a significant cost.

The most notable cost comes from the loss of geographical information inherent
in the construction of the Eulerian overturning stream function. For example, in
Chapter 5, we showed that the streamlines of both vertical and diapycnal Eulerian
overturning stream functions cannot be interpreted as circulation pathways,
given that they suggest a continuous route for light, near-surface subtropical
waters to form NADW at subpolar latitudes while, in-fact, waters must first be
preconditioned via a downward cooling spiral within the STG (Berglund et al.,
2022; Burkholder & Lozier, 2014; Gary et al., 2014). Additionally, when describing
the Eulerian overturning, we should avoid conflating the upper and lower limbs
diagnosed in depth and potential density coordinates (Foukal & Chafik, 2024),
given that the coupling between vertical and diapycnal overturning cells is neither
localised nor instantaneous at subpolar latitudes (Fraser et al., 2024).

A further challenge is how to interpret the extent to which the Eulerian
overturning behaves like the meridionally coherent conveyor belt envisioned
by Broecker (1991) versus a "stochastic collection of regional processes" (Frajka-
Williams et al., 2023). An important innovation in this thesis has been to adopt
a complementary Lagrangian perspective to diagnosing AMOC variability, in
which we preserve the identity of water parcels following the flow. As such, the

Eulerian and Lagrangian overturning diagnosed at a given time ¢ represent two
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fundamentally different quantities. The Eulerian overturning represents the total
northward transport in the upper limb, which is balanced by a compensating
southward return flow in the instantaneous velocity field. Meanwhile, the La-
grangian overturning represents the total transformation along recirculating water
parcel trajectories, which flow northward at some shared time ¢ before returning
southward at a range of later times ¢ + 7,,;.

In spite of their differences, we have seen in Chapters[2]and [5| that the Eulerian
and Lagrangian overturning stream functions converge when averaged over a
sufficiently long timescale. This is because, on timescales typical of the advective
circulation, the net northward transport in the upper limb at a given latitude
must be balanced by the total transformation by air-sea fluxes and mixing along
recirculating water parcel trajectories, north of that latitude. In other words, the
timescale at which the Eulerian and Lagrangian overturning converge represents
the timescale beyond which the AMOC behaves like a conveyor belt, and over-
turning variability can reflect coherent changes in the advective circulation. One
important implication of this, is that the timescale of AMOC coherence is strongly
dependent on the latitude at which the overturning is diagnosed, since this governs
the typical advective timescale of recirculating water parcel trajectories.

On timescales shorter than the typical recirculation timescale, the Eulerian
overturning no longer reflects coherent changes in the advective circulation, but
rather locally and remotely forced imbalances between the inflows and outflows
of light and dense water masses. For example, in a recent study led by Alejandra
Sanchez-Franks, we found that high-frequency variability in the Eulerian diapy-
cnal overturning observed at OSNAP East is closely related to the recirculation
of existing lower limb water within the Irminger Gyre. In particular, we showed
that weak diapycnal overturning results from a strengthening of the northward
branch of the Irminger Gyre, which acts to reduce the net southward flow in
the lower limb (Sanchez-Franks et al., 2024). Interestingly, numerical modelling
studies utilising ensemble approaches have demonstrated that the OSNAP array

is located close to a local maximum in the chaotic (initial-condition dependent)
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variability of the AMOC on sub-annual timescales (Germe et al., 2022; Hirschi
et al., 2013), suggesting that observed high-frequency overturning variability may
be much more stochastic than previously thought.

One approach to better understand the large, often compensating Eulerian
overturning variability recorded on monthly to interannual timescales would be to
identify the contributions of individual circulation pathways to the instantaneous
northward and southward transports of the upper and lower limbs. Future studies
could draw inspiration from the work of Desbruyeres et al. (2013), who combined
partial Lagrangian overturning stream functions calculated from forward and
backward trajectories to investigate how decadal variability in the upper limb
transport arriving into the eastern SPG is related to changes in the contributions
of subpolar and subtropical-origin waters. It would be informative to extend
this methodology to explore how seasonal to multi-decadal Eulerian overturning
variability recorded along the OSNAP array is partitioned between the circulation

pathways of the SPG and the Nordic Seas overflows.

6.2.2 Importance of Overturning Geometry

Throughout this thesis, we have seen that the complex geometry of the North
Atlantic Ocean circulation plays a fundamental role in shaping the strength
and variability of the overturning circulation captured in both the Eulerian and
Lagrangian frames of reference.

From a Lagrangian perspective, we have shown that, since temperature and
salinity adjust to air-sea fluxes and mixing on different length (time) scales (Wah-
lin & Johnson, 2009), the propagation of buoyancy anomalies and hence the
magnitude of dense water formation is closely related to the length and time
scales of advection along a given circulation pathway. In the subpolar North
Atlantic, we have seen that the boundary currents of the SPG and the Nordic Seas
are long enough to be fully adjusted with respect to temperature, since there is
sufficient time for temperature anomalies to be damped by air-sea heat fluxes

downstream. However, neither boundary current is long enough to be fully
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adjusted with respect to salinity, meaning that salinity anomalies can persist to
influence dense water formation downstream. This is consistent with observations,
which suggest that salinity anomalies can propagate advectively around the SPG
and the Nordic Seas (Belkin, 2004; Bil6 et al., 2022; Holliday et al., 2020), whereas
temperature anomalies tend to be quickly damped by surface heat loss (Fan et al.,
2023). By allowing for the persistence of salinity anomalies, the geometry of the
subpolar overturning circulation is also directly implicated in the existence of
the salt advection feedback (Rahmstorf,|[1996; Stommel, 1961), which would not
exist if the boundary currents of the subpolar North Atlantic were fully adjusted
with respect to salinity.

The positioning of ocean observing systems relative to the local geometry
of overturning also constrains the AMOC variability captured in the Eulerian
frame of reference. For example, Fu et al. (2023) highlighted that the greater
length of the OSNAP East array alongside its almost zonal orientation means
that seasonal meridional Ekman transports have a much larger influence on
seasonal overturning variability recorded at the section compared with that
across OSNAP West. The proximity of ocean observing arrays to regions of
dense water formation is also an important constraint on estimates of seasonal
Eulerian overturning variability since this determines the export timescales of
newly ventilated water masses (Fu et al., 2023; Holte & Straneo, 2017} Le Bras et al.,
2020). However, in an upcoming study led by Gwyn Evans, we use the water
mass transformation framework to challenge this proposition, demonstrating that,
whilst the seasonal cycle of surface buoyancy-driven transformation is largely
compensated by changes in the volume of dense water masses, overturning
seasonality reflects local seasonal variations in the observed velocity and density
fields along the OSNAP array:.

A broader implication of the complex geometry of the North Atlantic circu-
lation is that zonally-integrated decompositions of Eulerian heat and freshwater
transports (e.g., Jones et al., 2024) cannot accurately reflect the contributions made

by components of the large-scale circulation. This was clearly demonstrated in
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Chapter 5, where we showed that the long-standing, geometric decomposition of
the meridional heat transport at 26.5°N into a zonally-averaged vertical cell and
residual horizontal cell does not meaningfully distinguish between the overturning
and gyre circulations in the subtropical North Atlantic.

The typical approach of separating Eulerian property transports into horizontal
and vertical components also extends far beyond the subtropics. For example, the
vertical component of freshwater transport (F,,) in the South Atlantic is widely
considered to be an indicator of overturning stability (e.g., de Vries & Weber, 2005;
Rahmstorf, 1996; Weber & Drijthout, 2007), where a negative F,, is indicative of a
bistable AMOC. Previous studies have questioned the validity of the F,, criterion
(Buckley & Marshall, 2016; Gent, 2018), highlighting that changes in the horizontal
component of freshwater transport, attributed to the wind-driven gyre circulation,
often equal, if not exceed, that of the vertical component in hosing experiments
(Mecking et al.,2016; Van Westen et al.,2024). However, we would further question
whether identifying long-term trends in a diagnostic derived from simple box
models (see review by Weijer et al.,[2019) can tell us anything meaningful about
the future stability of the AMOC, given the complex and interwoven nature of the
gyre and overturning circulations highlighted throughout this thesis.

The geometry of the overturning circulation is arguably most complex at
subpolar latitudes, where, in Chapter 4, we showed that the SPG circulation
projects strongly onto the diapycnal overturning cell at eddy-rich resolution. A
particularly intriguing question emerging from this thesis is: to what extent does
this alignment between the SPG and diapycnal overturning circulations depend on
numerical model resolution? Previous studies suggest that subpolar overturning
geometry changes markedly from eddy-parameterised (~1°) to eddy-rich (~1/12°)
resolution (e.g., Hirschi et al., [2020). In particular, a greater fraction of vertical
overturning takes place at subpolar latitudes in eddy-parameterised compared
with eddy-rich simulations (Marsh et al., 2009; Treguier et al., [2006), consistent
with their dominant mode of dense water formation via unrealistically deep

convective mixing (Heuzé, 2017, 2021). In contrast, at eddy-rich resolution, a
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substantial fraction of NADW formation occurs via the horizontal component
of the SPG circulation across sloping isopycnals (Marsh et al., 2009; Xu et al.,
2018b; Zhang & Thomas, 2021). In the future, it would prove fruitful to use
the Lagrangian overturning framework developed in this thesis to undertake
a comprehensive model inter-comparison exercise to better quantify how the
pathways and advective timescales of the overturning circulation differ from

eddy-parameterised to eddy-rich resolution.

6.2.3 Unresolved Scales in the North Atlantic Overturning Cir-
culation.

One of the reasons that the geometry of overturning varies so greatly across
OGCMs is that the AMOC is the net result of integrating ocean processes ranging
from the submesoscale to the basin-scale (Jackson et al., 2023b). As a result, a
consistent theme throughout this thesis has been the importance of unresolved
scales in shaping the North Atlantic overturning circulation viewed from the
Lagrangian frame of reference.

Within each Chapter, we have seen that one of the inevitable limitations of the
Lagrangian overturning framework is its reliance on the fidelity of the model
velocity and tracer fields used to generate water parcel trajectories. We can
therefore distinguish between two major sources of error impacting Lagrangian
overturning analyses. The first source of error results from the method used to
evaluate water parcel trajectories (methodological error). Meanwhile, the second
source of error results from the inability of OGCMs to perfectly represent the
dynamics and flow structures of the real ocean (model error).

The primary source of methodological error impacting the Lagrangian over-
turning analyses presented in this thesis is the time-averaging period at which the
model velocity and tracer fields are archived (Blanke et al., 2012). Even in the ide-
alised case of having a perfect OGCM, the Lagrangian trajectories generated would
be strongly dependent on the frequency at which we archive the mean model

velocity and tracer fields, given that this would omit any variability occurring
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on timescales shorter than the chosen time-averaging period (MacGilchrist et al.,
2020). Interestingly, previous studies suggest that the water parcel transit times
and inter-connectivity between large-scale flow structures may be highly sensitive
to the choice of time-averaging period (Blanke et al., 2012; Roach & Speer, 2019),
with coarser time-averages found to produce slower and less chaotic trajectories.
Even in the absence of methodological errors resulting from Lagrangian particle
tracking, many features of the flow field would still not be captured by water
parcel trajectories because they are not resolved by our chosen OGCM. The ocean
hindcasts used throughout this thesis fall within the eddy-permitting to eddy-rich
regime of OGCMs, meaning that their horizontal resolution is adequate to fully
resolve mesoscale features on the order of the first baroclinic deformation radius
in the subtropics, but not in weakly stratified subpolar latitudes (Hallberg, 2013).
As a result, mesoscale and submesoscale features are not globally resolved in
eddy-permitting to eddy-rich models and, hence, are not explicitly captured in the
velocity fields used to evaluate water parcel trajectories. However, the effects of
unresolved turbulent mixing are implicitly included in the tracer fields sampled
by water parcels through sub-grid scale diffusion (Chenillat et al., 2015).
Recent studies have found a significant improvement in the representation
of many of the major flow structures comprising the AMOC upon reaching
submesoscale-resolving resolution (~1.5 km at mid-latitudes) (e.g., Chassignet
& Xu, 2017} Lévy et al., 2010; Pennelly & Myers, 2020; Talandier et al., 2014).
Here, we would like to briefly highlight three important advances especially

relevant to the findings of this thesis.

6.2.3.1 Gulf Stream Dynamics

In the subtropical North Atlantic, Chassignet and Xu (2017) and Chassignet et al.
(2020) showed that the eastward penetration of both the Gulf Stream and its
associated eddy kinetic energy is dramatically improved compared with observa-
tions in a submesoscale-resolving configuration of HYCOM with high-resolution

bathymetry. It would be interesting to establish if this improved representation of
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Gulf Stream dynamics would also address the underestimation of the meridional
heat transport at 26.5°N (see Chapter [5) commonly encountered at eddy-rich
resolution and below. Furthermore, it would be intriguing to assess how, if at
all, explicitly resolving submesoscale features impacts the subtropical to subpolar
connectivity of the northward branch of the NADW cell, given that increasing
horizontal resolution has not previously been found to improve the overly-zonal
representation of the NAC at the North West Corner (Chassignet & Xu, 2021}
Jackson et al., 2023b)).

6.2.3.2 Boundary-Interior Exchange

In the subpolar North Atlantic, submesoscale-resolving simulations have also
been shown to dramatically improve the representation of deep convection by
enhancing the eddy-driven exchange between the SPG interior and encircling
boundary currents (Li et al., 2023; Pennelly & Myers, 2022; Tagklis et al., 2020).
This is because submesoscale instabilities play a fundamental role in modulating
the stratification and convective mixing within both the basin interior (Lilly et al.,
1999, 2003) and western boundary currents (Goldsworth et al., 2024; Le Bras
et al., 2022). Recently, Tagklis et al. (2020) showed that the greater eddy-induced
buoyancy flux into the central Labrador Sea at submesoscale-resolving resolution
results in a significant reduction in the convective volume of LSW compared with
eddy-permitting simulations owing to the more realistic restratification of the
interior (Clément et al., 2023 Frajka-Williams et al., 2014).

Interestingly, although the dynamics of boundary-interior exchange have pre-
viously been explored using Lagrangian trajectories in the Labrador Sea (Georgiou
et al., 2020, 2021), few studies have explored how such exchanges might also
modulate convective activity in the eastern SPG. Thus, in an upcoming study
led by Nora Fried, we are investigating the role of the Irminger Current in
restratifying the Irminger Sea interior using Lagrangian trajectories evaluated
within a ~2 km resolution regional simulation of the MITgem (Almansi et al., 2017,

2019). Our preliminary results suggest that up to 30% of the relatively warm and
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saline waters flowing northward in the Irminger Current enter regions of deep
convection during their recirculation and, hence, actively contribute to seasonal

restratification in the Irminger Sea interior.

6.2.3.3 Nordic Seas Overflows

It is also important to emphasise that increasing horizontal resolution alone does
not yield universal bias reductions in the representation of the North Atlantic
overturning circulation (Chassignet et al., 2020; Jackson et al., 2023b)). For example,
to faithfully simulate the overflows of lower NADW sourced from the Nordic Seas,
we must also resolve dynamical processes occurring on vertical length scales on
the order tens of metres or less (Girton & Sanford, 2003; Riemenschneider & Legg,
2007). Given that hydrostatic, z—coordinate models cannot resolve such small
vertical scales, the sinking of dense overflow waters is synonymous with spurious
diapycnal mixing, which results in the unrealistic dilution of the overflows via
turbulent entrainment downstream (Roberts et al., 1996; Wang et al., 2015; Winton
et al., [1998). We saw the consequences of this in Chapter 2, where the excessive
diapycnal mixing south of the Greenland-Scotland Ridge at eddy-permitting
resolution produced overflow water trajectories which were far too light and
shallow compared with observations, consistent with previous Lagrangian anal-
yses (Frohle et al., 2022; MacGilchrist et al., 2020). Encouragingly, when hybrid
vertical coordinates (e.g., Bruciaferri et al., 2024; Xu et al., 2010) or explicit overflow
parameterisations have been implemented in OGCMs (e.g., Danabasoglu et al.,
2010; Yeager & Danabasoglu, 2012), overflow waters are much better preserved
downstream, yielding a deeper penetration depth of lower NADW.

Although there have been a large number of Lagrangian studies investigating
the sources of the Nordic Seas overflows (e.g., Chafik et al., 2020; Saberi et al.,
2020; Ypma et al.,2019), the challenges outlined above have meant that very few
Lagrangian analyses have focused on the downstream evolution of the overflows
south of the Greenland-Scotland Ridge (Koszalka et al., 2013). However, owing

to the adoption of the AGRIF two-way grid refinement software (Debreu et al.,
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2008), OGCMs are now able to embed eddy-resolving nests in the vicinity of
the Greenland-Scotland Ridge within existing global simulations (e.g., Colombo
et al., [2020), yielding a much more realistic overflow dilution and downstream
properties, even in z—coordinate models. Inspired by the previous work of Ypma
et al. (2016), future studies could utilise such simulations to extend Lagrangian
analyses beyond kinematics by considering how potential vorticity evolves along
overflow water trajectories. This focus on overflow dynamics is particularly
motivated by the recent study of Fraser et al. (2024), who highlight the importance
of relative vorticity advection for the sinking of overflow waters and, hence, for

establishing the strength of vertical overturning in the subpolar North Atlantic.

6.2.4 Connectivity of the North Atlantic Overturning Circulation.

We have seen throughout this thesis that the Lagrangian overturning framework
is a valuable addition to existing Eulerian measures of the overturning circulation,
owing to its unique ability to connect water mass transformation integrated at the
basin scale to individual circulation pathways. As a result, we can unambiguously
interpret variations in the strength of Lagrangian overturning at a given latitude in
terms of three successive phases, which together constitute the overturning circu-
lation (Fig. [6.1). In the North Atlantic, the overturning circulation begins with the
northward flow of light upper limb waters from subtropical to subpolar latitudes
(import phase). This is followed by the transformation phase, in which water is
transferred from the upper to the lower limb by diapycnal transformation due to
air-sea fluxes and mixing in the SPG and the Nordic Seas. Finally, the overturning
circulation concludes when dense water masses are exported southwards in the
lower limb from subpolar to subtropical latitudes (export phase). Thus, given that
the upper and lower limbs must be connected across latitudes and interconnected
through dense water formation to produce a closed overturning cell, changes in
meridional connectivity and water mass transformation are synonymous with

overturning variability in the Lagrangian frame of reference.
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Upper Limb l ¢

Lower Limb

Figure 6.1: Schematic depicting the three phases constituting the Lagrangian / advective
diapycnal overturning circulation north of a given latitude in the North Atlantic. The
import phase represents the northward flow of light waters in the upper limb. The
transformation phase represents the diapycnal transformation of waters from the upper to
the lower limb at subpolar latitudes. Lagrangian overturning concludes with the export
phase, in which dense waters are returned southward to the chosen latitude in the lower
limb.

The first way to generate Lagrangian overturning variability is through changes
in the amount of light upper limb waters imported into regions of dense water
formation at subpolar latitudes. Since we demonstrated in Chapter 5 that upper
limb waters arriving in the eastern SPG must first be preconditioned within
the STG (Berglund et al., Burkholder & Lozier, 2014), any change in the
interconnectivity of the STG and SPG circulations could conceivably project onto
Lagrangian overturning variability. The importance of gyre dynamics in modu-
lating low-frequency Lagrangian overturning variability was also highlighted in
Chapter [ where we showed that dense water formation localised in the interior
of the Labrador and Irminger Seas acts as a remote control on the import of
upper limb waters arriving into the eastern SPG via the branches of the NAC.
The observational studies of Curry and McCartney and Kieke et al.
further support this result, revealing that episodes of reduced LSW formation
during negative phases of the NAO are associated with a weak baroclinic inter-gyre
transport index, which closely reflects the strength of the NAC in the eastern SPG
(Desbruyeres et al.,[2013). In contrast, NAC transport is strengthened following
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sustained positive phases of the NAO (Desbruyeéres et al., 2013; Mercier et al., 2024;
Wett et al., 2023), resulting in the greater penetration of subtropical-origin waters
into the eastern SPG (Desbruyeres et al., 2019; Jacobs et al., 2019).

In addition to variations in the import of upper limb waters to regions of dense
water formation, changes in the efficiency of diapycnal transformation from the
upper to the lower limb can also drive Lagrangian overturning variability. For
example, we have seen that the likelihood of being transferred into the lower limb
strongly depends on where upper limb waters arrive into the eastern SPG. Thus,
a positive overturning anomaly could also be generated by redistributing upper
limb waters in favour of a more efficient overturning pathway. The redistribution
of upper limb waters has previously been documented in the numerical modelling
study of Desbruyeres et al. (2013), who found that a stronger upper limb transport
arriving into the eastern SPG generally coincides with a greater northward inflow
into the Iceland Basin and a weaker inflow into the Rockall Trough.

The final way to generate Lagrangian overturning variability is through changes
in the rate by which dense NADW formed at subpolar latitudes is exported to
the subtropics. This can be achieved by increasing the fraction of dense water
formation occurring within the western boundary currents of the Labrador and
Irminger Seas, given that this upper NADW is rapidly exported towards the
inter-gyre boundary in less than a year (Deshayes et al., 2007; Le Bras et al.,[2020).
In contrast, since the majority of newly ventilated NADW in the SPG interior is
recirculated within the basin (Lavender et al., 2005; Rhein et al., 2002; Sy et al.,
1997) on decadal timescales (Zou & Lozier, 2016), an enhanced rate of interior
dense water formation is most likely to manifest in local changes in the volume
of NADW rather than its export (Mauritzen & Hakkinen, 1999).

To date, almost all Lagrangian studies exploring the subpolar to subtropical
connectivity of the lower limb have focused on describing the time-mean pathways
and advective timescales of NADW exported in the DWBC (Gary et al., 2011}
Lozier et al., 2013; Petit et al., 2023a). However, very few studies have explored the

extent to which the connectivity of the lower limb is modulated by the strength
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of subpolar dense water formation versus a purely stochastic phenomenon (Zou
& Lozier, 2016). In an ongoing study led by Olivia Atkins, we are exploring this
question in detail by analysing the Lagrangian trajectories of lower limb waters
transiting from OSNAP West to the RAPID array at 26.5°N in the ORCA0083-
GOB8p7 hindcast documented in Chapter ] Our preliminary findings suggest
that during episodes of intense deep convection associated with strong positive
phases of the NAO, there is an intensification of the Labrador Current at depth
which favours the direct export of NADW towards the subtropics rather than
via recirculation pathways within the SPG.

The connectivity of the North Atlantic overturning circulation will also play a
fundamental role in shaping the projected future decline of the AMOC over the
course of the 21%century. Traditionally, both theoretical and numerical modelling
studies have attributed the projected AMOC weakening in response to anthro-
pogenic forcing to the reduction in NADW formation (transformation phase) as a
result of the large-scale warming and freshening of the subpolar North Atlantic
(Levang & Schmitt, 2020; Rahmstorf, [1999; Wood et al., [1999). However, this
long-standing paradigm, that future AMOC weakening is synonymous with the
cessation of high-latitude deep convection (Brodeau & Koenigk, 2016; Cheng et al.,
2013; Sévellec et al., 2017; Stouffer et al., 2006), has recently been challenged
by Madan et al. (2024), who argue that Arctic-origin freshwater first acts to
reduce the geostrophic transport of upper limb waters into the eastern SPG
(import phase) by decreasing the density gradient across the NAC. A future
study could seek to reconcile these two competing hypotheses by investigating the
role that subtropical to subpolar connectivity in the upper limb plays in driving
future AMOC weakening from a Lagrangian perspective. This could be achieved
by evaluating the backwards-in-time trajectories of the full-depth northward
transport arriving in the eastern SPG in a CMIP6 (Eyring et al., 2016) coupled
climate model simulation forced using a Shared Socio-Economic Pathway scenario
(O'Neill et al.,2014). In addition to quantifying how the throughput of subtropical
water into the eastern SPG is related to the projected AMOC and MHT decline
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in the coming century, such an experiment would also allow us to establish the
direction of causality between future changes in subpolar dense water formation

and the meridional connectivity of the upper limb in the North Atlantic.

6.3 Concluding remarks

We began this thesis by highlighting in Chapter (1| the formidable challenge
posed by defining a diagnostic measure of the AMOC that accurately reflects
the 3-dimensional time-varying phenomenon of overturning. In truth, physical
oceanographers have long evaded this challenge by simply reconceiving the
AMOC to be synonymous with the zonally integrated diagnostics used to measure
it rather than the physical phenomenon it represents. As a result, the behaviour
of the overturning circulation diagnosed in observations and numerical models
depends strongly on how, where and for how long we measure it. To progress,
we should focus on better understanding the dynamics of the individual flow
structures comprising the AMOC (e.g., western boundary currents) rather than
attempting to over-interpret their zonal integral (Wunsch & Heimbach, 2013).
A broader challenge facing the AMOC community is how we should synthesise
the increasingly disconnected literature in order to better identify emerging
questions and avoid excessive replication of existing results. Recent reviews
have done an outstanding job of highlighting the major contributions of theory
(e.g., Johnson et al., 2019), observations (e.g., Frajka-Williams et al., 2023; Frajka-
Williams et al., 2019) and numerical models (e.g., Buckley & Marshall, 2016} Hirschi
et al., 2020) to our understanding of the structure and variability of the overturning
circulation, but this could be greatly facilitated by encouraging standard practices
when communicating new findings. At a minimum, paleoclimate, process-based
and future climate focused AMOC studies should clearly communicate (i) the
latitude at which they calculate their chosen overturning diagnostic, (ii) the
vertical coordinate system used to calculate the overturning stream function,
and (iii) include the timeseries of the isosurface corresponding to the maximum

overturning strength. Better still, studies should present the full overturning
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stream function in the form of a timeseries plot, especially when diagnosing the
AMOC in tracer coordinates in the context of future climate change. Moving
forward, it would also be valuable for the AMOC community to progress beyond
referring to "overturning" in isolation, given that this could equally describe the
shallow-to-deep or light-to-dense conversion of water masses. In the absence of a
universally accepted definition of the AMOC as proposed by Foukal and Chafik
(2024), we should at least distinguish between vertical, diapycnal, diahaline and
diathermal varieties of overturning variability.

From an observational perspective, there is little doubt that AMOC monitoring
should continue throughout the coming decades (Frajka-Williams et al., 2023),
but the fundamental question is how and where should this take place? Over the
past 20-years, since the first deployment of the RAPID array at 26.5°N, we have
seen a proliferation of continuous ocean observing arrays throughout the Atlantic
Ocean, yet its remains unclear if we are any better placed to detect long-term
changes in the state of the AMOC. One of the fundamental lessons of the OSNAP
era has been that the regions responsible for establishing the mean strength of the
overturning circulation need not coincide with those responsible for driving its
variability (Li et al.,2021a} Lozier et al., 2019), especially on decadal timescales and
longer (Boning et al., 2023; Yeager et al., 2021). Hence, given the growing concern
regarding the long-term sustainability of continuous AMOC observing-systems,
oceanographers must prioritise which of our existing observations are best placed
to identify externally-forced trends in the AMOC over the course of the 21%'century.
In the long-term, observing precursor quantities of low-frequency overturning
variability, such as Labrador Sea subsurface density (Ortega et al., 2017, 2021)
or inter-gyre transport indices (Curry & McCartney, 2001), may prove to be a
more effective means of diagnosing future AMOC weakening than attempting
to monitor the state of the circulation itself.

From an ocean modelling perspective, the faithful simulation of the AMOC
continues to present a number of significant challenges, many of which cannot

be overcome by simply pursuing ever-increasing horizontal resolution (Jackson
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et al., 2023b). Furthermore, these challenges have been exacerbated by the grow-
ing disparity between the eddy-rich OGCMs used in process-based analyses
(Chassignet et al., 2020), and operational forecasting (e.g., Verezemskaya et al.,
2021) and the predominantly eddy-parameterised ocean components of CMIP-
class coupled climate models (Griffies et al., 2016). Given the unfeasibly high
computational costs required to reach submesoscale-resolving coupled climate
model simulations, an achievable compromise would be to implement hybrid
vertical coordinate systems (Bruciaferri et al., 2024) and substantially increase
horizontal resolution (Ringler et al., 2013) in limited geographical regions (e.g.,
the region south of the Greenland-Scotland Ridge).

Overall, balancing the long-standing pursuit of a more complete understanding
of overturning dynamics with the urgent need to deliver robust projections of the
future state of our climate will be the defining challenge for the AMOC community

in the decades to come.



Appendices

203



Supplementary Figures for Chapter 3

204



A. Supplementary Figures for Chapter 3 205

= =
o] O
A L

=
~
L

MOC (Sv)

-
S

=
w
L

1.6+

1.4+

MOC (Sv)
=
N}

1.0+

0.8

(a) Seasonality of maximum Eulerian overturning

=
o
L

jary
w
L

MOC
MOC - Vet
Jan  Feb  Mar  Apr May Jun  Jul  Aug Sep Oct Nov  Dec
Time (month)
(b) Difference in seasonality of maximum Eulerian overturning
= MOC - (MOC - V)
Jan  Feb  Mar Apr May Jun  Jul  Aug Sep  Oct Nov  Dec

Time (month)

Figure A.1: Eulerian overturning variability at the model-defined OSNAP East section
excluding the net throughflow to the Arctic. (a) Mean seasonal cycles of the maximum of
the Eulerian overturning computed from monthly composites including (orange shading)
and excluding (pink shading) the net throughflow across the OSNAP East section. Shading
represents 1 standard error of the monthly estimates (i.e., monthly standard deviation
divided by \/n where n is the number of independent samples - equivalent to the number
of years in this case). (b) Difference between the mean seasonal cycles of the maximum of
the Eulerian overturning computed from monthly composites including and excluding
the net throughflow across the OSNAP East section. Shading represents +1 standard error
of the monthly estimates.
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Figure A.2: Lagrangian overturning variability in the eastern SPG at the model-defined
OSNAP East section excluding vertical convective mixing along water parcel trajectories
in the surface mixed layer. (a) Monthly maximum Lagrangian diapycnal overturning with
(black line) and without (green line) vertical convective mixing in the surface mixed layer
between 1996-2008. (b) Mean seasonal cycles of the maximum Lagrangian overturning
within the eastern SPG calculated from monthly composites with (grey shading) and
without (green shading) vertical convective mixing in the surface mixed layer. Shading
represents 1 standard error of the monthly estimates (i.e., monthly standard deviation
divided by \/n where n is the number of independent samples - equivalent to the number

of years in this case).
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