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Summary

The Atlantic Meridional Overturning Circulation (AMOC) quantifies the strength of the
northward surface transports and southward deeper transports in the Atlantic Ocean. In
particular, as warm surface waters flow northward in the Atlantic they gradually cool on
they journey releasing heat to the atmosphere. Then, in the subpolar and polar regions
these surface waters become dense enough to sink forming cold deep waters, which re-
turn southward through the Atlantic Ocean. This oceanic circulation pattern is of high
importance for the Earth’s climate since it is the main distributor of heat, biogeochemical
tracers and water masses globally. For decades, both the ocean and climate communi-
ties have focused on understanding the dynamics that shape the AMOC strength and
most importantly its variability. Although, a lot of progress has been made towards this
goal, it is still unclear how the AMOC will respond in a changing climate.

Observational and numerical modelling studies are focusing on regions within the
Atlantic Ocean that are known to play an important role in shaping the AMOC dynamics.
Marginal seas are considered to be such key regions. There the deep waters are formed
and then are transported to the global ocean. Although deep water formation regions are
located in the interior of the marginal seas it is known that they are not associated with
net vertical motions. Instead, several studies suggest that the net downwelling occurs
along the perimeter of the marginal seas and that the ocean eddies play an important
role in regulating this process. The Labrador Sea, which is located between the west
coast of Greenland and the Labrador Peninsula, is known to be one of these key regions
in the subpolar North Atlantic. It is characterized by a rich activity of different scale vor-
tices (eddies) that act as a bridge between the boundary current system that encircles
the basin and its interior. Therefore, a daunting challenge in physical oceanography is to
understand how the ocean eddies interact with the large-scale circulation that sets the
strength of the AMOC. This thesis aims to provide a better understanding of the role of
the interactions between the boundary current and the interior of the Labrador Sea on its
dynamics. It employs a combination of an idealized model, a realistic model and obser-
vational data to probe the connection between the key physical processes that shape the
Labrador Sea dynamics. Furthermore, it examines to what extent changes in the surface
heat fluxes can affect these connections and thus the Labrador Sea dynamics.

Over the last decades, there has been significant progress in the numerical modelling
of the ocean. Unfortunately, resolving oceanic eddies in global, long simulations is still
a challenge for the numerical modelling community. This is due to the fact that a suffi-
cient horizontal resolution is required to resolve such processes, which results in com-
putationally expensive simulations. Idealized configurations of numerical models allow
the use of high horizontal resolution and facilitate the investigation of certain physical
processes. In this thesis, an idealized eddy-resolving model is employed to examine the
interplay between the ocean eddies, the deep water formation process and the down-
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x Summary

welling in the Labrador Sea. The results highlight the necessity of properly resolving the
eddy activity in the Labrador Sea in order to represent the downwelling and overturning
in the North Atlantic Ocean, and also to predict its response to changing environmental
conditions.

There is a limited understanding of how the locally formed water mass leaves the in-
terior of the Labrador Sea. An additional objective of this thesis is to investigate the path-
ways and the transformation of the water masses in a reference frame that moves along
with the flow. This is done by using a Lagrangian particle tracking tool which is initialized
by the three-dimensional velocity fields from both idealized and realistic ocean models.
In particular, numerical particles are released within the boundary current at the exit of
the Labrador Sea and are traced backwards in time. The results presented in this thesis
reveal that prior to exiting the domain the water masses follow either a fast, direct route
within the boundary current or a slow, indirect route that involves boundary current-
interior exchanges. These exchanges are regulated by the presence of mesoscale eddies.
Additional analyses of Argo float trajectories confirm the existence of these routes. More-
over, it is shown that the water mass transformation along these routes differs. Denser
waters are formed in the interior of the basin and follow the indirect route to exit the
basin. Instead, lighter waters are formed within or close to the boundary current and fol-
low the direct route to leave the basin. This means that boundary-interior exchanges are
important for the pathways and the properties of the water masses that exit the Labrador
Sea. This underlines the necessity of resolving the mesoscale features required to cap-
ture the interior-boundary current exchange in order to correctly represent the export of
the newly-formed water masses.

In a changing climate, to accurately make future climate projections, it is necessary
to improve our knowledge on how the ocean affects the climate and vice versa. In this
thesis, the response of the dynamics of a marginal sea subjected to surface heat loss,
such as the Labrador Sea, to changes in the atmospheric forcing is investigated. The
results show that complex interactions between the boundary current and interior are
established via the eddy activity, and in concert determine the downwelling in the basin
as well as the process of deep water formation. Furthermore, the results reveal that in
a colder (warmer) regime the strength of the upstream pathways of the water masses
exiting the Labrador Sea is affected in a non-linear way and also the transformation of
these water masses results in denser (lighter) water masses. The latter, yields a shift of
the local overturning maximum in density space towards a higher (lower) density layer.

Taken together, this dissertation emphasizes the importance of the interaction be-
tween the boundary current and the interior of the Labrador Sea for the dynamics of
the basin. In particular, it highlights the crucial role of the eddies for the transformation
and export of deep waters and the associated timescales from the basin to the global
ocean. Furthermore, the results presented in this thesis show that the response of the
Labrador Sea dynamics to changes in the atmospheric forcing is indirect mainly due to
the presence of the rich eddy activity in the basin. Therefore, it is essential to improve
our understanding of the boundary current-interior interaction in the marginal seas of
the North Atlantic to reduce uncertainty in the estimates of the AMOC and thus, future
climate predictions.



Samenvatting1

In de Atlantische Oceaan stromen de ondiepe watermassa’s noordwaarts en de die-
per gelegen watermassa’s zuidwaarts. Als de warme ondiepe watermassa’s noordwaarts
stromen, geven ze warmte af aan de atmosfeer. Hierdoor koelen ze af en daardoor neemt
hun dichtheid toe. De dichtheid van deze afgekoelde watermassa’s is in de (sub)polaire
regio’s hoog genoeg om de koude diepe watermassa’s te vormen die op diepte terugstro-
men in zuidwaartse richting. Deze circulatie is van groot belang voor het klimaat, omdat
het de verspreiding van warmte, biochemische tracers en watermassa’s in de oceaan be-
paald.

De AMOC (‘Atlantic Meridional Overturning Circulation’) is een graadmeter voor de
sterkte van deze grootschalige circulatie. Omdat variaties in de grootte van de AMOC
direct gevolgen hebben voor het klimaat, hebben oceaan- en klimaatwetenschappers in
de afgelopen decennia geprobeerd om de dynamica en de tijdsvariaties van AMOC te
begrijpen. Ondanks dat er op dit gebied al veel vooruitgang is geboekt, is het nog niet
bekend hoe de AMOC zal veranderen door klimaatverandering.

Een cruciaal onderdeel van deze circulatie is de connectie tussen de noordwaarts
stromende ondiepe en de zuidwaarts stromende diepe watermassa’s. Deze diepe wa-
termassa’s ontstaan in verschillende randzeeën van de Atlantische Oceaan. Onderzoek
heeft aangetoond dat de eigenschappen van deze diepe watermassa’s ver van de kust
bepaald worden, maar dat het verticale transport dicht bij de kust plaatsvindt.

De Labradorzee is zo’n randzee. De Labradorzee ligt in de Noord Atlantische Oce-
aan tussen Groenland en het Canadese schiereiland Labrador. Deze zee heeft een breed
scala aan oceaanwervels. Omdat de oceaanwervels de sterkte van het verticale trans-
port ben̈vloeden, is het onduidelijk hoe de dynamica in de Labradorzee de sterkte van
AMOC ben̈vloedt. In dit proefschrift wordt gekeken naar de invloed van oceaanwer-
vels op de interactie tussen de stromingen langs de kust en de aflandige gebieden in de
Labradorzee. Hiervoor worden plaatselijke metingen en modellen met versimpelde en
realistische configuraties gebruikt.

De versimpelde configuratie van de Labradorzee wordt gebruikt om te kijken hoe
verschillende processen de dynamica ben̈vloeden. In deze configuratie kan, in tegen-
stelling tot lange simulaties in mondiale modellen, een hoge resolutie gebruikt worden.
Met deze hoge resolutie kunnen oceaanwervels worden gemodelleerd, en kan dus de
wisselwerking tussen de wervels, het ontstaan van diepe watermassa’s en het verticale
transport in de Labradorzee onderzocht worden. De resultaten tonen aan dat de oce-
aanwervels noodzakelijk zijn voor de totstandkoming van het verticale transport. Deze
wervels zijn daarom nodig om accurate voorspellingen te doen van de grootschalige cir-
culatie in de Noord-Atlantische Oceaan.

translated in Dutch by Carine van der Boog
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xii Samenvatting

Een combinatie van versimpelde en realistische configuraties wordt gebruikt om te
onderzoeken hoe de nieuwgevormde diepe watermassa’s hun ontstaansregio in de La-
bradorzee verlaten. Hiervoor wordt een methode gebruikt waarin het referentiekader
met de stroming meebeweegt. Dit referentiekader wordt gem̈plementeerd met daar-
toe ontwikkelde Lagrangiaanse deeltjesvolger die gebruik maakt van driedimensionale
snelheidsvelden. Het voordeel hiervan is dat daardoor tegelijkertijd veranderingen in de
eigenschappen van deze watermassa’s kan worden onderzocht.

In beide configuraties worden numerieke waterdeeltjes losgelaten in de uitstroom
van de Labradorzee en vervolgens terug in de tijd gevolgd. De resultaten laten zien dat,
voordat de watermassa’s de Labradorzee uitstromen, deze een directe of indirecte route
volgen. De directe route is relatief snel en volgt de krachtige stromingen langs de kust.
In de indirecte route is er een uitwisseling met aflandige gebieden. Deze uitwisseling
wordt gereguleerd door oceaanwervels. De aanwezigheid van deze routes is bevestigd
met behulp van plaatselijke metingen van Argo boeien.

Daarnaast geven de resultaten van de Lagrangiaanse deeltjesvolger en van deze Argo-
boeien aan dat eigenschappen van watermassa’s veranderen langs hun pad. De deeltjes
die de indirecte route volgen hebben gemiddeld een hogere dichtheid als ze de Labra-
dorzee uitstromen. Dit komt omdat deze deeltjes een uitwisseling hebben met de af-
landige gebieden waar de diepe watermassa’s met een hoge dichtheid worden gevormd.
De deeltjes die de directe route volgen hebben gemiddeld een relatief lage dichtheid.
Deze dichtheid komt overeen met de dichtheid van de watermassa’s die ontstaan in de
krachtige stroming langs de kust.

Omdat de directe en indirecte route verschillende watermassa’s in de uitstroom re-
presenteren, is het belangrijk om uitwisseling tussen het water dichtbij en ver van de
kust te begrijpen. Deze uitwisseling bepaald namelijk de verhouding van het aantal deel-
tjes die de directe of indirecte route nemen. Deze uitwisseling vindt plaats op de meso-
schaal. Daarom is het noodzakelijk om deze processen, waaronder de oceaanwervels,
te modelleren. Op die manier kan de uitstroom van watermassa’s uit de Labradorzee
correct weergegeven worden.

Het ontstaan van watermassa’s en de sterkte van het verticale transport in de Labra-
dorzee wordt ben̈vloed door de temperatuur van de atmosfeer. In dit proefschrift wordt
dit verband verder onderzocht met een model met een versimpelde configuratie. De re-
sultaten tonen aan dat een koelere (warmere) atmosfeer resulteert in watermassa’s met
een hogere (lagere) dichtheid. Deze dichtheidsverschillen worden onder andere veroor-
zaakt doordat de temperatuur van atmosfeer de sterkte van de stromingen reguleert.
Deze dichtheidsverschillen veroorzaken, op hun beurt, een verschuiving van het maxi-
male verticale transport naar watermassa’s met hogere (lagere) dichtheiden.

Samengevat benadrukt dit proefschrift het belang van de wisselwerking tussen de
kuststroming en de aflandige gebieden in de Labradorzee. Er is aangetoond dat de oce-
aanwervels een cruciale rol middels hun invloed op het ontstaan, de transformatie en de
tijdsvariabiliteit van de watermassa’s. Daarnaast tonen de resultaten in dit proefschrift
aan dat atmosfeer de dynamica van de Labradorzee ook indirect ben̈vloed via de oce-
aanwervels. Daarom is het belangrijk om deze wisselwerking nog beter te begrijpen. Op
die manier kunnen onzekerheden die geassocieerd worden met voorspellingen van de
AMOC worden gereduceerd.



Chapter 1

Introduction

Give it a whirl 1

Sivert Høyem

1.1. The Atlantic Meridional Overturning Circulation
The exploration of the ocean began when people living in coastal areas wanted to use its
resources and to explore the unknown. This takes us back thousands of years, to around
7000 B.C, where evidence shows the extensive seafaring and sailing of great distances
carried out by civilizations such as the Polynesians, Greeks and Egyptians. Today, know-
ing that the ocean controls the Earth’s climate, the exploration of the ocean is motivated
by the need to understand its dynamics and to predict the impacts of its variability in a
changing climate.

One of the most important systems in the ocean is the Atlantic Meridional Overturn-
ing Circulation (or AMOC, Johnson et al., 2019). It quantifies the strength of the north-
ward surface transports and southward deeper transports in the Atlantic Ocean. Warm
surface waters flow northward along vast distances in the Atlantic (Figure 1.1). This cur-
rent flow gradually cools on its journey northward releasing heat to the atmosphere. In
the subpolar and polar regions the surface waters become dense enough to sink forming
cold deep waters, which return southward through the Atlantic Ocean. The northward
transport of heat due to the AMOC is responsible for a relatively warm climate in the
Northern Hemisphere compared to that of the Southern Hemisphere (Buckley and Mar-
shall, 2016). Moreover, the AMOC is one of the key processes controlling the uptake and
distribution of biogeochemical tracers (i.e., CO2) that are important for the climate sys-
tem (Fontela et al., 2016).

Because of its role for climate, the AMOC is a focus, in both atmospheric and oceano-
graphic communities, for understanding present and future climate change. The AMOC
is frequently schematized as a conveyor belt (Figure 1.1) implying a laminar and coher-
ent ocean transport. However, observing systems that have been deployed throughout
the Atlantic Ocean, such as the RAPID array at 26.5 oN (Smeed et al., 2018), have revo-
lutionized understanding of AMOC variability and have clearly indicated that in reality

1https://www.youtube.com/watch?v=4IUR7agj6Mg
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2 Chapter 1. Introduction

Figure 1.1: Schematic of the Atlantic Meridional Overturning Circulation (AMOC); relatively warm waters (red)
flow northwards in the upper layers of the Atlantic Ocean while colder water (blue) returns southwards in
deeper layers. Figure is adapted from Marotzke (2012).

an undisturbed representation of the AMOC as seen in Figure 1.1 is not possible. For ex-
ample, the existence of the mesoscale ocean variability affects the pathways of both the
surface and deep currents that constitute the AMOC and thus, is not compatible with
a laminar view (Buckley and Marshall, 2016, and references therein). Therefore, to de-
termine the strength, structure, and variability of the AMOC a combination of complex
physical processes needs to be considered (McCarthy et al., 2020).

Traditionally, the strength of the AMOC is estimated in depth coordinates to empha-
size the vertical transport of water masses. It is commonly defined in depth space as the
total northward transport in the upper 1000 m or so of the water column (Wunsch and
Heimbach, 2006; Cunningham et al., 2007). Therefore, AMOC in depth space tends to
emphasize sinking (i.e., vertical mass flux). An alternative representation of the AMOC is
in density space which emphasizes the transformation of lighter to denser water masses
(e.g., Xu et al., 2016; Brüggemann and Katsman, 2019). Deep ocean convection is the
process that describes how the surface waters become denser and mix vertically with
the deeper layers (Marshall and Schott, 1999). There are few regions in the ocean where
deep convection occurs. Observations in the marginal seas of the North Atlantic (i.e. the
Labrador, the Irminger and the Nordic Seas) reveal convected waters in layers deeper
than 1500 m (e.g., Dickson et al., 1996; Lazier et al., 2002; Pickart et al., 2002; Våge et al.,
2011a; de Jong et al., 2012; Eldevik et al., 2009). Therefore, to emphasize the transforma-
tion of lighter to denser water masses a more appropriate estimate of the AMOC strength
at high latitudes is in density coordinates (Zhang, 2010; Xu et al., 2016; Li et al., 2017; Des-
bruyères et al., 2019; Lozier et al., 2019).



1.2. The role of the Labrador Sea for the AMOC

1

3

The AMOC strength reported in several studies ranges between 16 to 18 Sv (1 Sv = 106

m3 s−1, Sarafanov et al., 2012; McCarthy et al., 2015). The timeseries between 2004-2012
at the RAPID array (at 26.5 oN) indicated a decline of the AMOC strength of about 0.54
Sv y−1 (Smeed et al., 2014). Although, the updated timeseries up to 2018 display an in-
creasing tendency of the AMOC starting from 2009, this increase has yet low statistical
significance (Moat et al., 2020). Furthermore, over the course of the twenty-first cen-
tury, climate models predict a possible weakening of the AMOC’s strength rather than
an abrupt transition or shut down (IPCC, 2014). Since the AMOC is a key component of
the global climate system, a weakening of its strength could lead to abrupt changes in
the Earth’s climate (Srokosz et al., 2012). For instance, a weakening AMOC could cause
a cooling over the subpolar North Atlantic (e.g., Drijfhout et al., 2012) and in general the
northern hemisphere, an increase of the North Atlantic storms and large changes in pre-
cipitation in the tropics (Jackson et al., 2015).

Several studies have suggested a strong connection between the AMOC variability
and the process of deep convection in the North Atlantic (Eden and Willebrand, 2001;
Rahmstorf et al., 2005; Biastoch et al., 2008). However, recent observational studies have
cast doubts on the importance of deep water formation in the Labrador Sea for the
AMOC. In particular, measurements along an array across the subpolar North Atlantic
(placed north of 52oN) within the Overturning in the Subpolar North Atlantic Program
(Lozier et al., 2017) indicated that the contribution of the Labrador Sea to the overturn-
ing is very small compared to the eastern part of the subpolar North Atlantic (Lozier
et al., 2019; Zou et al., 2020). In this view, the observational study of Chafik and Rossby
(2019) suggested that the transformation of water masses in the Nordic Seas regulates
the AMOC strength rather the one in the Labrador Sea. However, the Labrador Sea re-
mains a key region in the North Atlantic. It is one of the rare locations where dense waters
that contribute to the lower limb of the AMOC are formed (e.g., Johnson et al., 2019). In
addition, the equatorward transport of dense waters that formed elsewhere in the North
Atlantic is mainly achieved through the Labrador Sea (Lozier et al., 2013; Bower et al.,
2019). In terms of climate, it is thus important to fully understand the processes that
govern the AMOC and its response to projected changes in the formation and spreading
of deep water masses.

1.2. The role of the Labrador Sea for the AMOC
The prevailing circulation pattern of the Labrador Sea together with the extreme heat
loss that the basin experiences create favorable conditions for the production of dense
water masses in the Labrador Sea (Marshall and Schott, 1999). In this section, the general
circulation of the Labrador Sea is first introduced, followed by the description of the
process of deep convection that occurs in the interior of the basin. Furthermore, the
observed variability of the properties of deep convection is discussed in this section.
Last, this section provides details on the mechanism behind a resulting overturning cell
in a marginal sea subject to strong heat loss, such as the Labrador Sea.
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1.2.1. General circulation in the Labrador Sea

The Labrador Sea, located between the west coast of Greenland and the Labrador Penin-
sula, is a marginal sea of the subpolar North Atlantic. Its circulation can be generally
described by a strong boundary current system and a relatively quiescent flow in the
interior of the basin (Figure 1.2, Lavender et al., 2000).

East of Greenland the warm, salty Irminger Current (IC) flows alongside the cold,
fresh East Greenland Current (EGC). At the southern tip of Greenland the EGC and the
IC continue as the West Greenland Current (WGC) flowing on the continental shelf (Gas-
card and Clarke, 1983; Fratantoni and Pickart, 2007). More accurately, the ECG and IC
are thought to continue as the WGC in the Labrador Sea because they have compara-
ble velocities (Pickart et al., 2005), but the differences in their thermohaline properties
mentioned above still hold. At the northern edge of the Labrador Sea the WGC separates
into a part that continues northward to Davis Strait (Curry et al., 2014) and a part that
flows westward and joins the cold, fresh outflow from Davis Strait forming the Labrador
Current (LC, Lazier and Wright, 1993).

Figure 1.2: Map of the subpolar North Atlantic compiled from ETOPO1 data (Amante and Eakins, 2009). A
schematic of the circulation is shown; EGC and WGC: East and West Greenland Currents, respectively. LC:
Labrador Current, IC: Irminger Current, NAC: North Atlantic Current, DSOW: Denmark Strait Overflow Water,
ISOW: Iceland Scotland Overflow Water and DWBC: Deep Western Boundary Current.

Below the WGC and the LC, the Deep Western Boundary Current (DWBC) transports
both dense waters formed in the subpolar North Atlantic and overflow waters from the
Nordic Seas. These overflow waters enter the subpolar North Atlantic by crossing either
the Denmark Strait (Denmark Strait Overflow Water, DSOW; Jochumsen et al., 2017) or
the Faroe-Bank Channel (Iceland Scotland Overflow Water, ISOW; Hansen et al., 2016).

1.2.2. Deep convection

Every winter, cold outbreaks from the Canadian Arctic create very large heat losses over
the ice-free waters of the Labrador Sea (Cuny et al., 2005). The prevailing anti-clockwise
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(cyclonic) circulation pattern in the Labrador Sea (Figure 1.2) has a preconditioning ef-
fect on the occurrence of deep convections in the basin. Under these circumstances,
isopycnals dome upwards in the interior of the basin, which in turn exposes weakly
stratified water from the interior to strong surface heat fluxes, reducing the stratifica-
tion of the water column through vertical mixing (Marshall and Schott, 1999). These
heat fluxes together with the prevailing circulation pattern in the basin foster deep con-
vection events and with them the formation of the Labrador Sea Water (LSW). This wa-
ter mass contains high concentrations of oxygen and other climatically important trace
gases from the ocean surface (Rhein et al., 2017). The ventilation of the LSW is the
process that describes the transport of these surface signals into the Labrador Sea inte-
rior, which subsequently they spread into the intermediate to deep layers of the Atlantic
Ocean. This water mass can be ventilated when the wintertime convection reaches suffi-
ciently deep (Brandt et al., 2007). Furthermore, LSW is very important since is the upper
constituent of the lower branch of the AMOC (e.g., Rhein et al., 2017).

A diagnostic that is commonly used to study the properties of deep convection is
the mixed layer depth (MLD, Figure 1.3). It is usually defined using a density difference
criterion: the depth at which the density is ρ =0.01 kg m−3 higher than the surface value
(e.g., Courtois et al., 2017). In the winters of 2014 and 2015, an extended phase of strong
surface heat loss resulted in MLD in 2015 beyond 2100 m (Figure 1.3 and Yashayaev and
Loder, 2017; Piron et al., 2017). Such intensity of convection had not been observed since
the beginning of 1990 (Yashayaev and Loder, 2017).

Additionally, Figure 1.3 indicates that the winter MLD in the Labrador Sea is subject
to considerable interranual variability since both the depth and the horizontal expansion
of the convection region differ from winter to winter. Estimates of maximum MLD in
the Labrador Sea for the period 1993-2009 derived from moorings, ship-based measure-
ments and autonomous profiling floats are summarized in the study of Gelderloos et al.
(2013). Their literature review illustrated that the deep convection cycle in the Labrador
Sea exhibits considerable interannual variability. This variability is regularly correlated
with the strength of the wintertime surface heat loss (Pickart et al., 2002). In the case of
subsequent cold winters, the restratification of the basin cannot be fully achieved since
the strength of the deep convection is larger, allowing the basin to remember previous
winters. However, the response of the deep convection to atmospheric forcing is not
straightforward. Observations reveal a rapid warming of intermediate layers after deep
convection events that cannot be explained from the surface warming alone (Lilly et al.,
1999), but also requires a contribution from lateral buoyancy fluxes. In particular, several
studies suggested that changes in the boundary currents, and thus in the lateral fluxes,
can also regulate the variability of the properties of deep convection on interannual time
scales (Straneo et al., 2013; Rykova et al., 2015). Therefore, in terms of climate, it is of
fundamental importance to understand the mechanisms responsible for the variability
of deep convection in the Labrador Sea.

1.2.3. Overturning in the Labrador Sea

The prevailing circulation of the Labrador Sea is considered to be a vital mechanism
for its dynamics (Spall and Pickart, 2001). The boundary current system in a marginal
sea subject to intense heat loss (such as the Labrador Sea), becomes more dense in the
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Figure 1.3: Mean March mixed layer depth in the subpolar North Atlantic in (a) 2014, (b) 2015, (c) 2016
and (d) 2017. Black contours denote maximum mixed layer deeper than 1000 m. Data is obtained from
the global ocean 1/12o physics analysis and forecast product from the EU Copernicus Marine Services
(https://marine.copernicus.eu).

downstream direction (Spall, 2004; Straneo, 2006a). This densification of the boundary
current is achieved by the strong surface heat loss and also by the lateral heat fluxes
(Spall and Pickart, 2001; Spall, 2004; Straneo, 2006a; Brüggemann and Katsman, 2019,
chapter 2). An important concept of the general circulation in the Labrador Sea rele-
vant to climate is the overturning circulation, which results from this densification of
the boundary current.

The overturning reflects the amount of water that exits the basin at a different depth
than at which it entered due to the densification of the boundary current (Straneo, 2006a).
The theory behind the mechanism of the overturning in a convective marginal sea re-
quires that the boundary current system complies with the thermal wind balance (Spall,
2004). The thermal wind balance, under the geostrophic and hydrostatic balance, is
given by equation 1.1 in vector form:

f
∂~u

∂z
= g

ρo
×Oh ρ (1.1)

where f is the Coriolis parameter, ~u is the horizontal flow component, g is the gravita-

tional acceleration, Oh is the horizontal gradient operator (i.e., Ohρ = ∂ρ
∂x î + ∂ρ

∂y ĵ ) and ρ
is the density.

In a marginal sea that is characterized by a buoyant boundary current and a denser
interior, the densification of the boundary current results in a reduction of the horizon-
tal density difference between the boundary current and the interior in its downstream
direction. The thermal wind balance yields that the vertical shear of the velocity of the
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boundary current also reduces, since equation 1.1 simply states that wherever there are
horizontal density gradients, the horizontal flow must change with depth. As shown in
the idealized studies of Spall and Pickart (2001), Spall (2004) and Straneo (2006a), an im-
mediate consequence of this relation is that the upper part of the boundary current slows
down in downstream direction, while the lower part speeds up. This process causes the
boundary current to become more barotropic as it encircles the basin (Spall and Pickart,
2001; Straneo, 2006a), reflecting a reduction of transport in the upper part of the bound-
ary current and an increase of transport in its lower part. That is, an overturning occurs
somewhere in the basin.

Observational data support the view of an overturning cell in the Labrador Sea. Pickart
and Spall (2007) reported an overturning estimate for the Labrador Sea of 2 Sv using a
composite of hydrographic sections in the Labrador Sea over the period of 1990-1997.
More recently, the continuous measurements along an array across the Labrador Sea
(placed north of 52oN) within the Overturning in the Subpolar North Atlantic Program
(OSNAP West, Lozier et al., 2017) provided an overturning estimate in density space of
3.3 Sv from data gathered between August 2014 and April 2016 (Zou et al., 2020). These
estimates are in line with the theoretical estimate of the overturning derived in the study
of Spall and Pickart (2001).

The recent idealized numerical study of Brüggemann and Katsman (2019) raised
questions on how these changes in boundary current transport arise. The two-layer con-
ceptual model of Straneo (2006a) suggests that there is a mass transfer from the upper
part of the boundary current towards its lower part. This implies that there is a diapy-
cnal mass flux, thus water mass transformation, within the stratified boundary current
itself. However, idealized and realistic model simulations show that strong net down-
ward motions do occur near the boundary (Spall, 2004; Katsman et al., 2018; Sayol et al.,
2019). In particular, these studies found that that these downward motions peak well
below the mixed layer, where diapycnal processes are known to be small. The highly
idealized study of Brüggemann and Katsman (2019) clearly shows that diapycnal down-
welling into the densest isopycnal layers only occurs in the interior and indicates that
exchanges between the boundary current and the interior play an important role for the
local overturning.

1.3. Boundary current-interior interaction
It becomes apparent from the discussion in the previous sections that the interaction
between the boundary current and the interior of the Labrador Sea is an essential com-
ponent of the dynamics of the basin. This section elaborates the importance of this inter-
action on the key processes that occur in a marginal sea, such as the Labrador Sea that
is characterized by a buoyant boundary current and a denser interior and is subjected
to strong surface heat loss (Figure 1.4). In particular, this section introduces how this
interaction may have an impact on the restratification of the basin after deep convec-
tion events due to the heat loss to the atmosphere and also on determining the location
where the downwelling occurs in the basin.
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Figure 1.4: A schematic illustrating the key circulation features in a convective marginal sea subjected to sur-
face heat loss (adapted from Johnson et al., 2019): (a) buoyant inflowing boundary current, (b) buoyancy loss
to the atmosphere, (c) convective plumes, (d) buoyant eddies shed from the boundary current, (e) denser out-
flowing boundary current and (f) downwelling along the topography.

1.3.1. Restratification after deep convection

The heat that is lost to the atmosphere during winter in the Labrador Sea needs to be
replaced, because otherwise the water column will continue to get colder. However, it is
known from long-term measurements that this is not happening and that the warming
during summer is not sufficient since the solar radiation cannot reach deeper layers.
As mentioned in section 1.2.2, the rapid warming of the interior of the Labrador Sea
after deep convection events can be only explained by the combination of the surface
warming after the wintertime and lateral heat fluxes (Lilly et al., 1999). These lateral heat
fluxes can be achieved by the advection of water masses from the buoyant boundary
current system into the interior of the basin (e.g., Prater, 2002; Lilly et al., 2003), driven
by the abundant eddy activity observed in the Labrador Sea (Figure 1.5).

There is rich literature (e.g., Prater, 2002; Eden and Böning, 2002; Lilly et al., 2003;
Katsman et al., 2004; Bracco et al., 2008; Chanut et al., 2008; Gelderloos et al., 2011;
Kawasaki and Hasumi, 2014; Rieck et al., 2019) on the role of the eddy activity in the
Labrador Sea for the process of restratification. The eddy field in the Labrador Sea is
characterized by vortices ranging from small-scale to mesoscale. A great example of the
strong eddy activity that is found in the Labrador Sea can be seen in Figure 1.5. The
swirls of color visible in the waters delineate eddies which have diameters ranging from
a couple of kilometers to a couple of hundred kilometers.

Three types of eddy have been identified in the Labrador Sea (Gelderloos et al., 2011;
Rieck et al., 2019, and references therein): Irminger Rings (IR), convective eddies (CE),
and boundary current eddies (BCE). Around the convection region a rim current de-
velops and by the process of baroclinic instability sheds the small-scale CE (Jones and
Marshall, 1997). The formation of the BCE is by the process of baroclinic instability dis-
tributed around the basin. In particular, BCE’s are generated due to the density differ-
ences between the fresh and cold WGC encircling the Labrador Sea and the interior. The
diameter of both the CE and BCE ranges between 10-30 km.
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Figure 1.5: Eddy activity in the Labrador Sea as seen in mapped satellite ocean color data. The ocean color
is given by the spectral distribution of reflected sunlight and can be used to infer the biological activity that
grows in the surface waters. This image was downloaded from https://oceancolor.gsfc.nasa.gov/ and
created by the Visible Infrared Imaging Radiometer Suite (VIIRS) onboard the Suomi National Polar-orbiting
Partnership (SNPP) satellite platform on June 23, 2016.

The Irminger Rings (IR) are large eddies with a warm, saline core topped by a colder
and relatively fresh near-surface layer (Hátún et al., 2007; de Jong et al., 2014). IRs are
shed from the boundary current along the west coast of Greenland where the topogra-
phy is steep. It is the combination of instability due to the local bathymetry and the
baroclinicity of the boundary current that leads to their formation (Eden and Böning,
2002; Katsman et al., 2004; Bracco et al., 2008). These eddies have a diameter of about 60
km and they carry buoyant water from the boundary current. Although IRs are formed
away from the Labrador Sea interior, they are able to transport buoyant water to the con-
vected area because they are very energetic (Lilly et al., 2003).

The presence of eddies in the Labrador Sea can restratify the interior of the basin by
transporting buoyant water from the boundary current toward the interior (Figure 1.4).
The relative importance of the different eddy types for the process of restratification in
the Labrador Sea is yet unclear since it depends on their lifespan, vertical extent and
how far they can propagate from their formation region towards the interior of the basin.
However, it is clear that eddies play a key role in the exchange of heat fluxes between the
boundary current and the convective region and thus for the dynamics of the Labrador
Sea.

1.3.2. Deep convection versus downwelling

The general idea of the deep convection is that the dense waters are produced in the
interior of the marginal seas, where the stratification is weak and the surface waters are
exposed to strong heat losses (Marshall and Schott, 1999). Deep convection is character-
ized by a downward motion within very localized convective plumes which is compen-

https://oceancolor.gsfc.nasa.gov/
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sated by upward motion surrounding the plumes (Figure 1.4). Therefore, the net vertical
motion over deep convection areas is relatively small (Send and Marshall, 1995).

The study of Spall and Pickart (2001) aimed to have a better understanding of where
the waters formed by deep convection sink and what the physical processes are that con-
trol this location. They found by using a simple theoretical estimate that a widespread
downwelling in a marginal sea at high latitudes would have to be balanced by an unre-
alistically large horizontal circulation. Instead, they suggested that the downwelling of
water can occur in the boundary current system along the perimeter of the marginal seas
where the dynamical constraints do not hold (Figure 1.4). This implies that the connec-
tion between the convective region and the surrounding circulation must also be taken
into account.

A few years later, Spall (2004) and Straneo (2006a), using idealized models, examined
the interplay of the convective region with the surrounding circulation in a marginal
sea. The aim of these studies was to understand how the dense water is removed from
the convection region and how the annual mean heat losses to the atmosphere are com-
pensated. Spall (2004) found that significant downwelling can occur at the topographic
boundaries. Straneo (2006a) showed also that downwelling occurs in the boundary cur-
rent as a result of mass conservation, while remaining in geostrophic balance. Both stud-
ies found that a cyclonic boundary current balances the heat loss in the interior by ad-
vecting buoyant water towards the interior, where the convection occurs, and draining
the dense water out. This heat transfer between the boundary current and the interior
is assumed to be mainly driven by eddies that are generated from instabilities of the
boundary current.

The fact that there is a strong signal of downwelling motion in a narrow region close
to the boundary has been shown in numerous idealized regional model studies (e.g.,
Pedlosky and Spall, 2005; Spall, 2004, 2010, 2011) and in laboratory experiments (Cenedese,
2012). In addition, most recent global ocean model studies (Katsman et al., 2018; Wald-
man et al., 2018; Sayol et al., 2019) have also shown that net downwelling occurs in a
narrow region near the topographic boundaries. In particular, Katsman et al. (2018)
demonstrated that this downward motion in the Labrador Sea is not uniformly spread
along the boundaries but has a stronger signal in the areas where the mesoscale eddy
activity is enhanced.

Furthermore, Brüggemann and Katsman (2019) building on the existing studies re-
garding the downwelling in depth space (i.e., mass transport from a shallower to greater
depth layer; Spall, 2004, 2010) and in density space (i.e., mass transport from a lighter
to denser isopycnal layer; Brandt et al., 2007; Xu et al., 2018) emphasized the important
distinction between these two processes. Note that the downwelling in density space is
associated with water mass transformation since there is a transport from an isopycnal
layer to another and it is also referred as diapycnal downwelling. Brüggemann and Kats-
man (2019) concluded that while there is a strong near-boundary downwelling signal in
depth space, there is no substantial downwelling in density space in this region. On the
contrary, they showed that the diapycnal downwelling mainly occurs in the interior of
the marginal sea and along the boundary current but at a different location where there
is strong downwelling in depth space.
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1.4. Research objectives
As outlined in the previous sections, climate models predict that the AMOC will slow over
the next centuries. What hinders the complete understanding of the processes that gov-
ern the AMOC and its response to projected climate changes, is a better understanding
of the various physical processes that compose the North Atlantic circulation. A number
of idealized studies (Spall, 2004; Katsman et al., 2004; Straneo, 2006a; Gelderloos et al.,
2011; Brüggemann and Katsman, 2019) suggest that the presence of mesoscale eddies
is crucial in determining the deep convection, downwelling and the characteristics of
the circulation in marginal seas subjected to strong surface heat loss. So far, the climate
models that are used to make the AMOC projections and show a significant decline over
the 21st century, have a resolution on the order of 1o (∼100 km) and hence are not able to
appropriately resolve the mesoscale eddies. In the absence of these eddies, climate mod-
els may misrepresent the deep convection properties and the surface fluxes, adding an
uncertainty on the AMOC projections using those models (Randall et al., 2007). In addi-
tion, the quantitative impacts of the eddies on the local downwelling and their interplay
with the interior is still an open question. Although idealized eddy-resolving models pro-
vide helpful qualitative insights on this interplay, to address this question eddy resolving
realistic models are more appropriate.

A question that arises from the previous section is whether the strong downwelling
signal in the Labrador Sea is associated with dense water masses that either formed in
the boundary current itself in this region or elsewhere in the basin. Although, the ideal-
ized study of Brüggemann and Katsman (2019) clearly indicated that the location where
these waters are formed differs from the location where the strong downwelling occurs
(section 1.3.2), it is yet unclear how these locations are connected. To address this ques-
tion in detail a better understanding of the pathways that the LSW follows from its for-
mation region to the global ocean is needed. While there are several studies that suggest
possible export routes of the LSW (e.g., Talley and McCartney, 1982; Lavender et al., 2000;
Straneo et al., 2003; Brandt et al., 2007; Palter et al., 2008; Bower et al., 2009; Rhein et al.,
2015; Feucher et al., 2019), the various pathways and the associated timescales are yet to
be clarified.

Monitoring the AMOC at a specific latitude as the RAPID array (at 26 oN, Smeed et al.,
2018) has resulted in reliable estimates for its current strength at this latitude. How-
ever, at this latitude, it is difficult to investigate the connection between the processes
involved in the deep water formation and the AMOC variability. Observations of the
AMOC in the subpolar North Atlantic along the OSNAP array (north of 52 oN, Lozier
et al., 2017) aim to improve our understanding on buoyancy-forced AMOC variations.
Recent studies based on observations obtained from the OSNAP array suggested a mini-
mal contribution of the Labrador Sea to the AMOC strength (Lozier et al., 2019; Zou et al.,
2020). Yet it is unclear what the time frame of these observations should be to accurately
make assumptions on possible connections. Furthermore, as discussed in the previous
sections, boundary current-interior exchanges in the Labrador Sea might obscure the
connection between the deep water formation and AMOC variability in short-term ob-
servations such as the OSNAP array.
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In this thesis, a combination of numerical modelling techniques and observational
data is used to provide new insights on the relationship between the formation, export
and associated timescales of deep water masses, and the variability therein. In partic-
ular, this thesis aims for a better understanding on the role of the boundary current-
interior exchange on the processes that are crucial to determine the AMOC strength and
its variability. Hence, this thesis is centered around the following question:

What role does the interaction between the boundary current and the
interior of the Labrador Sea play for its dynamics?

1.5. Thesis outline
This section provides an outline of the remaining chapters of this thesis (chapter 2-
chapter 6). Each chapter deals with the research question that formulated in the pre-
vious section.

Chapter 2 explores the influence of the eddies on deep convection properties in the
basin. In addition, chapter 2 identifies the regions where the net downwelling of waters
occurs and to advance our understanding of the physics that govern these processes.
The analysis performed in chapter 2 is based on a high-resolution idealized numeri-
cal model for the Labrador Sea. Idealized regional models have been identified as ap-
propriate tools to represent the processes that occur in the marginal seas in a realistic
way (Spall, 2004, 2010, 2011; Katsman et al., 2004; Straneo, 2006a; Gelderloos et al., 2011;
Våge et al., 2011b). Moreover, chapter 2 deals with the response of deep convection and
downwelling to changes in the surface heat fluxes. Although the main method followed
in chapter 2 uses an Eulerian framework, an attempt to track where the newly-formed
dense water goes after leaving its formation region is also presented in chapter 2. To do
so, a passive tracer is initialized within the area of deep convection and the areas with
high concentration of this tracer are identified.

Chapter 2 and also the study of Brüggemann and Katsman (2019) indicate that the
convected water is transported from the interior of the basin towards the boundary and
in particular the regions where the eddy activity is enhanced. Strongly motivated by this
result, a Lagrangian analysis is performed in chapter 3. This analysis investigates the
origin and transformation of different water masses found within the boundary current
at the exit of the Labrador Sea and assesses the role of the prominent eddy field for ex-
porting these water masses. The Lagrangian analysis followed in chapter 3 is based on
analyzing the trajectories of numerical particles that are advected using the output from
the idealized model applied in chapter 2. In particular, the idealized model study in a La-
grangian framework that is followed in chapter 3 provides helpful insights on the nature
of the interior-boundary current exchange and its role for the LSW export.

The approach and analyses followed in chapter 4, strongly build on the qualitative in-
sights gained in chapter 3. Chapter 4 delves deeper into the possible export pathways of
the water masses exiting the Labrador Sea using both observational data and the output
of a realistic global ocean model. The trajectories of available Argo floats that drift within
the Labrador Sea are analyzed to identify pathways and associated timescales of deeper
water masses within the Labrador Sea from an observational point of view. The use of
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output from a realistic simulation introduces among others more realistic atmospheric
forcing and bathymetry, the effects of salinity, potential connections between the sub-
basins of the subpolar North Atlantic and the presence of overflow waters. These aspects
were not included in the idealized model used in chapter 2 and chapter 3. Thus, the
methodology followed in this chapter allows a more realistic and quantitative character-
ization of the transports and water mass transformation along different pathways.

Chapter 5 contains a sensitivity study of the pathways that water masses follow prior
to exiting the Labrador Sea with respect to variations in the surface heat loss. The re-
sponse of the deep convection to changes in the surface heat fluxes that has been an-
alyzed in chapter 2 already suggested a rather complicated connection between dense
water formation, eddies and surface forcing. Chapter 5 investigates how the export of
the convected water and the associated timescales are affected by the changes in the
surface heat flux. The methodology followed in this chapter combines the output of the
idealized sensitivity simulations performed in chapter 2 with a Lagrangian tracking tool.
Knowledge on the response of the pathways of the convected water in a changing climate
is important to direct further observational and modelling efforts.

Chapter 6 presents the conclusions of this thesis, reflecting about the role of the
boundary current-interior exchange on the dynamics of the Labrador Sea along with
potential directions for future research.





Chapter 2

On the interplay between downwelling, deep convection
and mesoscale eddies in the Labrador Sea

In this study, an idealized eddy-resolving model is employed to examine the interplay be-
tween the downwelling, ocean convection and mesoscale eddies in the Labrador Sea and
the spreading of dense water masses. The model output demonstrates a good agreement
with observations with regard to the eddy field and convection characteristics. It also dis-
plays a basin mean net downwelling of 3.0 Sv. Our analysis confirms that the downwelling
occurs near the west Greenland coast and that the eddies spawned from the boundary cur-
rent play a major role in controlling the dynamics of the downwelling. The magnitude of
the downwelling is positively correlated to the magnitude of the applied surface heat loss.
However, we argue that this connection is indirect: the heat fluxes affect the convection
properties as well as the eddy field, while the latter governs the Eulerian downwelling.
With a passive tracer analysis we show that dense water is transported from the interior
towards the boundary, predominantly towards the Labrador coast in shallow layers and
towards the Greenland coast in deeper layers. The latter transport is steered by the presence
of the eddy field. The outcome that the characteristics of the downwelling in a marginal
sea like the Labrador Sea depend crucially on the properties of the eddy field emphasizes
that it is essential to resolve the eddies to properly represent the downwelling and overturn-
ing in the North Atlantic Ocean, and its response to changing environmental conditions.

This chapter has been published in Ocean Modelling 135. (2019) 56-70.
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2.1. Introduction
The Atlantic Meridional Overturning Circulation (AMOC) quantifies the zonally inte-
grated meridional volume transport of water masses in the Atlantic Ocean. A prominent
feature of the AMOC is an overturning cell where roughly 18 Sv (1 Sv = 106 m3 s−1, Cun-
ningham et al. 2007; Kanzow et al. 2007; Johns et al. 2011) of water flows northward above
1000 m, accompanied by a southward return flow at depth. As the surface waters flow
northward through the Atlantic Ocean, they become dense enough to sink before they
return southward at depth.

This lower limb of the AMOC contains water masses that can be traced back to spe-
cific deep ocean convection sites (Marshall and Schott, 1999). There are few regions in
the world oceans where deep convection occurs, and numerous studies have revealed
that the most important ones are in the marginal seas of the North Atlantic (Dickson
et al., 1996; Lazier et al., 2002; Pickart et al., 2002; Eldevik et al., 2009; Våge et al., 2011a;
de Jong et al., 2012; de Jong and de Steur, 2016b; de Jong et al., 2018).

Through the process of deep convection, dense waters are produced in the interior of
the marginal seas, where the stratification is weak and the surface waters are exposed to
strong heat losses (Marshall and Schott, 1999). While convection involves strong vertical
transports of heat and salt, the interior of these marginal seas is known for a negligible
amount of net downwelling. In particular, by applying the thermodynamic balance and
vorticity balance to an idealized setting, Spall and Pickart (2001) pointed out that in a
geostrophic regime, widespread downwelling in the interior of a marginal sea at high lat-
itudes is unlikely, as it would have to be balanced by an unrealistically strong horizontal
circulation. Instead, substantial downwelling of waters may occur along the perimeter
of the marginal seas where the geostrophic dynamical constraints do not hold.

Using an idealized model, Spall (2004) demonstrated that significant downwelling
indeed only occurs at the topographic slopes of a marginal sea subject to buoyancy loss.
This downward motion yields an ageostrophic vorticity balance in which the vertical
stretching term and lateral diffusion term near the boundary dominate (Spall, 2010).
Straneo (2006a) considered the downwelling near the boundary from a different per-
spective, by developing an analytical two-layer model. In this study, a convective basin
is represented by two regions; the interior, where dense water formation occurs due to
surface buoyancy loss, and a buoyant boundary current that flows around the perime-
ter of the marginal sea. It is assumed that instabilities provide the lateral advection of
buoyancy from the cyclonic boundary current towards the interior required to balance
the atmospheric buoyancy loss over the interior. This alongstream buoyancy loss of the
boundary current reduces the density difference between the boundary current and the
interior along the perimeter of the marginal sea. As a consequence, the thermal wind
shear of the boundary current decreases in downstream direction, and continuity then
demands the water to downwell at the coast (see also Katsman et al. (2018) and refer-
ences therein).

Spall and Pickart (2001) argue that the magnitude of the buoyancy loss of the bound-
ary current determines the amount of downwelling that occurs near the boundary. While
the surface buoyancy loss contributes to this buoyancy loss, it is assumed to be mainly
driven by eddies generated by instabilities of the boundary current (Spall, 2004; Straneo,
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2006a).
Eddies shed from the boundary current also play an important role for the cycle of

ocean convection and restratification. Deep convection occurs during wintertime in
the southwest Labrador Sea (Clarke and Gascard, 1983; Lavender et al., 2000; Pickart
et al., 2002; Våge et al., 2008). The dense water that is formed during the convection
events, Labrador Sea Water (LSW), strongly contributes to the structure of the North At-
lantic Deep Water, which in turn is a crucial component of the AMOC (Lazier et al., 2002;
Yashayaev et al., 2007; Pickart and Spall, 2007; Lozier, 2012). Several studies show that
the thermohaline characteristics of LSW are influenced not only by external parameters
like the surface heat fluxes, but also by the baroclinic structure of the boundary current
that enters the Labrador Sea (Spall, 2004; Straneo, 2006b), known as the West Greenland
Current (WGC), and its interannual variability (Rykova et al., 2015).

In the Labrador Sea heat is carried from the WGC into the interior by Irminger Rings
(IRs): large mesoscale eddies that are formed off the west coast of Greenland in a region
characterized by a steep topographic slope (Lilly et al., 2003; Katsman et al., 2004; Bracco
et al., 2008; Gelderloos et al., 2011). It has been recognised that the IRs strongly con-
tribute to compensating the annual mean heat loss to the atmosphere that occurs in the
Labrador Sea (Katsman et al., 2004; Hátún et al., 2007; Kawasaki and Hasumi, 2014).

From the above, it is clear that eddies are of immense significance for the down-
welling as well as for the convection and the heat budget in the Labrador Sea. The dy-
namics of the downwelling and how it is related to the observed export of dense water
masses is a topic of ongoing research, as the quantitative effects of the interplay between
downwelling, eddies and convection are far from clear. For example, in a basin subject
to buoyancy loss, one expects that an increase of the heat loss will result in denser and
most likely deeper mixed layers. At first glance, this will increase the horizontal density
gradients within the basin, strengthen the baroclinic instability of the boundary current
and hence intensify the eddy field and the strength of the downwelling. This suggests
a positive feedback of the increased eddy fluxes on the downwelling. However, the en-
hanced efficiency of eddies to restratify the interior after convection may provide a neg-
ative feedback on the convection and it is not clear a priori what the net effect will be.

Moreover, observations show that convected waters that originate from the Labrador
Sea contribute to the lower limb of the AMOC (Rhein et al., 2002; Bower et al., 2009). This
suggests that there has to be a connection between the convective regions (where these
dense waters are formed) and the surrounding circulation near the boundary (where
waters can sink) that has not been fully explored. Eddies provide a possible natural con-
nection between these two regions.

The aim of this chapter is to assess the quantitative impacts of the eddy field on the
downwelling in the Labrador Sea and its interaction with deep convection. We seek to
gain more insight in the dynamics that control the downwelling in a convective marginal
sea and its response to changing forcing conditions. Towards this goal, we use a highly
idealized configuration of a high-resolution regional model in order to isolate specific
processes and connect the outcomes with theory. In particular, we diagnose how the
eddy field influences the downwelling by exchanging heat between a warm boundary
current and a cold interior basin subject to convection. We compare our results to previ-
ous theories of downwelling dynamics. In addition, we use a passive tracer study to shed
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light into the pathways of the dense water masses and especially focus on the role of the
eddies in determining these pathways. Finally, by using two sensitivity studies reflecting
a milder and colder winter climate state, we test the sensitivity of the downwelling and
the export of dense waters with regard to varying surface forcing.

The chapter is organized as follows: the model setup and the simulations performed
are described in section 2.2. The representation of deep convection and the character-
istics of the downwelling are described in section 2.3. The response of the deep con-
vection and the time mean downwelling to changes in the surface forcing is presented
in section 2.4, followed by a discussion in section 2.5. The conclusions of this work are
presented in section 2.6.

2.2. Model setup

2.2.1. Model domain and parameters

The numerical simulations performed in this study are carried out using the MIT general
circulation model (Marshall et al., 1997) in an idealized configuration for the Labrador
Sea. MITgcm solves the hydrostatic primitive equations of motion on a fixed Cartesian,
staggered C-grid in the horizontal. The configuration of the model is an improved ver-
sion of the one used in the idealized studies of Katsman et al. (2004) and Gelderloos et al.
(2011), which now incorporates seasonal variations of both the surface forcing and the
boundary current and enhanced vertical resolution.

The model domain is 1575 km in the meridional direction and 1215 km in the zonal
direction. It has a horizontal resolution of 3.75 km in x and y direction (Figure 2.1a),
which is below the internal Rossby radius of deformation for the first baroclinic mode
in the Labrador Sea (∼7.5 km, Gascard and Clarke 1983). The model has 40 levels in the
vertical with a resolution of 20 m in the upper layers up to 200 m near the bottom. The
maximum depth is 3000 m and a continental slope is present along the northern and
western boundaries (Figure 2.1a). Following Katsman et al. (2004) and Gelderloos et al.
(2011), we apply a narrowing of the topography to mimic the observed steepening of the
slope along the west coast of Greenland, which is crucial for the shedding of the IRs from
the boundary current (Figure 2.1a, Bracco et al. 2008). The continental shelves are not
included. There are two open boundaries (each roughly 100 km wide), one in the east
and one in the southwest, where the prescribed boundary current enters and exits the
domain. All the other boundaries are closed (Figure 2.1a).

Subgrid-scale mixing is parameterized using Laplacian viscosity and diffusivity in the
vertical direction and biharmonic viscosity and diffusivity in the horizontal direction.
The horizontal and vertical eddy viscosity are Ah = 0.25 ×109 m4 s−1 and Av = 1.0 ×10−5

m2 s−1 respectively, while the horizontal diffusion coefficient is Kh = 0.125×109 m4 s−1.
The vertical diffusion coefficient is described by a horizontally constant profile which
decays exponentially with depth as Kv(z) = Kb +K0 ×e(−z/zb), where Kb = 10−5 m2 s−1, K0

=10−3m2 s−1 and zb = 100 m. Temperature is advected with a quasi-second order Adams-
Bashforth scheme. In case of statically unstable conditions, convection is parameterized
through enhanced vertical diffusivity (Kv = 10 m2 s−1). A linear bottom drag with coef-
ficient 2×10−4 m s−1 is applied.
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(a) (c)(b)

IR

Figure 2.1: (a) Snapshot of the sea surface temperature (SST) for the reference simulation (referred to in the text
as REF). Black contours outline the bathymetry, the contour interval is 500 m starting from the isobath of 500
m. The grey arrows represent the inflow/outflow, where the boundaries are open (xinflow =1215 km, yinflow=
978.75-1083.75 km and xoutflow= 611.25-708.75 km, youtflow = 3.75 km) (b) Section across the inflow region
(at x = 1215 km) showing the annual mean temperature (Tin, in ◦C) and meridional velocity (Uin, in m s−1,
black contours). (c) Zonal section of an example Irminger Ring in the REF simulation by means of temperature
(shading, in ◦C) and meridional velocity (black contours, in m s−1). This Irminger Ring is visible in the SST
snapshot in the basin interior (x=443-525 km and y=1012.5 km) in (a).

Following Katsman et al. (2004), the model is initialized with a spatially uniform
stratification, ρref(z), representative of the stratification in the western Labrador Sea in
late summer along the WOCE AR7W section. Only temperature variations are consid-
ered in the model, so this stratification is represented by a vertical gradient in tem-
perature, Tref(z), calculated from ρref(z) using a linear equation of state: ρref(z) = ρ0

[1−α (T −Tr e f (z))], where ρ0 = 1028 kg m−3 and α the thermal expansion coefficient
(α= 1.7×10−4 ◦C−1).

The effects of salinity are not incorporated in the model. In reality, salinity does affect
the properties of deep convection in the Labrador Sea, as the IRs shed from the bound-
ary current carry cold, fresh shelf waters at their core (e.g., Lilly and Rhines, 2002; de
Jong et al., 2016). As shown in for example Straneo (2006b) and Gelderloos et al. (2012),
the contribution of this lateral fresh water flux to the buoyancy of the Labrador Sea in-
terior impacts the convection depth, and large salinity anomalies may in fact be partly
responsible for observed episodes when deep convection shut down (Belkin et al., 1998;
Dickson et al., 1988). However, since we focus here on the underlying dynamics that
control the downwelling and its response to changing forcing conditions, the effects of
salinity are omitted in the model for simplicity.

2.2.2. Model forcing

At the eastern open boundary, an inflow representing the WGC is specified by a merid-
ional temperature field Tin(y,z) and a westward flow Uin(y,z) in geostrophic balance with
this prescribed temperature (Katsman et al., 2004). Although the WGC consist of cold,
fresh Arctic-origin waters and warm, salty waters from the Irminger Current (Fratan-
toni and Pickart, 2007) we only incorporate in the model density variations associated
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with the latter part. The cool, fresh surface waters are omitted, since they are found on
the continental shelf, which is not included in our idealized bathymetry (Figure 2.1a).
The time-mean structure of this warm boundary current is shown in Figure 2.1b. The
boundary current follows the topography and flows cyclonically around the basin. The
seasonal variability of the WGC seen in observations (Kulan and Myers, 2009; Rykova
et al., 2015) is represented in the model by adding a sinusoidal seasonally varying term
to the inflow conditions based on these observations (∆Umax = 0.4 cm s−1 that peaks in
September and attains its minimum in March). At the southern open boundary an Or-
lanski radiation condition (Orlanski, 1976) for momentum and tracers is applied.

At the surface, only a temporally and spatially varying surface heat flux is applied,
which is an idealized version of the climatology of WHOI OAFlux project (Yu et al., 2008).
The strongest heat loss occurs on the northwestern side of the basin (Figure 2.2), and
its amplitude decays linearly away from this heat loss maximum (white marker in Fig-
ure 2.2b). The net annual heat loss over the entire model domain of the reference sim-
ulation (hereinafter REF) is -18 W m−2. The time dependence of the amplitude of the
surface heat fluxes (Figure 2.2c) is also based on the observations, ranging from -320
W m−2 (January) to 140 W m−2 (July) at the location of the heat loss maximum.

(a)

(c)

(b)
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Figure 2.2: (a) 1983-2009 mean of heat flux from the climatology of WHOI OAFlux project (Yu et al., 2008). (b)
Annual mean surface heat flux applied to the model. Q< 0 means cooling of the sea surface, Q in W m−2. (c)
Seasonal cycle of the amplitude of the heat flux at the location where the amplitude is maximum (white marker
in b, solid lines) and the mean over the basin (dashed lines) for the three different simulations (black: REF, red:
WARM and blue: COLD).
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One of the main objectives of this study is to investigate how changes in the surface
heat fluxes influence the evolution of convection, eddy activity and the magnitude of
the downwelling. For this reason, we perform sensitivity studies, in which we change
the atmospheric cooling in wintertime by 50% with respect to the reference simulation
(Figure 2.2c). The net annual heat loss over the entire model domain for these simula-
tions with a colder and warmer wintertime regime (hereinafter COLD and WARM) is -25
and -12 W m−2 respectively or a 33% increase (28% decrease) in heat loss with respect to
REF. In agreement with Gelderloos et al. (2012) and Moore et al. (2012), the mean win-
ter heat loss (December-February, at the location of the heat loss maximum) is between
-170 to -250 W m−2 in these simulations.

2.2.3. Model simulations

All the simulations are performed for a period of 20 years in which each model year is
defined as 12 months with 30 days each for simplicity. The 2-day snapshots and the
monthly means of all diagnostics are stored. For our analysis, we use the snapshots from
the last five years of the simulations phase (i.e. model years 16 to 20).

Earlier studies have identified three types of eddies that may play a role for the dy-
namics of the Labrador Sea (Chanut et al., 2008; Gelderloos et al., 2011): the large Irminger
Rings (IR) shed near the west coast of Greenland, convective eddies (CE) and boundary
current eddies (BCE) that arise on fronts surrounding the convection region in winter
and on the front between the boundary current and the interior, respectively. The latter
two typically have a scale on the order of the Rossby deformation radius, and are much
smaller than the IRs. At a resolution of 3.75 km we barely resolve these mesoscale CE and
BCE. However, the IR are well represented in our model simulations.

A snapshot of the sea surface temperature for REF (Figure 2.1a) illustrates that in the
idealized model, warm core IRs are formed at the west coast of Greenland, where the
slope is steep. A cross section of a representative IR is shown in Figure 2.1c. The maxi-
mum velocity in the IR ranges between 0.5 and 0.8 m s−1 and the radius is approximately
30 km. This is in line with the observational studies of Lilly et al. (2003) and de Jong et al.
(2014) who find maximum velocities between 0.3 to 0.8 m s−1 and diameters of 30-60
km. The temperature anomaly at the core of the modelled IR (representative of its buoy-
ancy anomaly; recall that salinity effects are omitted) reaches at 1500 m. Moreover, the
average temperature between 200 and 1000 m is 4.25 oC, which is in good agreement
with the observed vertical structure of IRs as characterized by de Jong et al. (2014).

Figure 2.3a shows the timeseries of the basin-mean temperature for the simulations.
The impact of the seasonal cycle of the applied surface heat flux is evident. For all the
simulations, after ∼ 10-15 years of integration the basin-mean temperature reaches a
quasi-equilibrium. In this model, such an equilibrium can only be reached if the lat-
eral advection of heat efficiently balances the heat that is lost to the atmosphere. A heat
budget analysis indicates that this idealized model can reproduce the balance between
the lateral heat advection and the surface heat flux (Figure 2.3b and 2.3c), as proposed
by Straneo (2006a) and Spall (2012). Although the mean heat advection and the eddy
heat advection mostly cancel each other (Figure 2.3d and Figure 2.3e), the eddy heat
advection dominates in the interior while the heat advection by the mean flow domi-
nates within the boundary current. The eddy heat advection clearly shows the expected
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transport from the boundary to the interior (Figure 2.3d). The negative contribution of
the mean heat advection in the northern part of the domain may seem puzzling at first.
However, similar negative contributions are seen in the model studies by Saenko et al.
(2014) and de Jong et al. (2016). We assume that this is a consequence of the fact that
most eddies are anticyclones, and that they tend to follow a preferred path from east to
west. As a result, the mean heat advection term contains a mean contribution of this
“train of buoyant eddies”. Once the eddies have detached from the boundary current,
they move westward and cool along their path, which corresponds to a negative contri-
bution to the mean heat advection. As a consequence, the eddies are responsible for an
interior warming and the mean flow is responsible for a warming along the boundary.
Both are necessary to balance the heat loss that occurs over the interior as well as over
the boundary current. In addition, a cross section of the eddy heat advection over the
interior confirms that the eddies transport a significant amount of heat into the interior
at depths down to 500m (Figure 2.3f).

From the above and earlier studies with a similar version of the model (Gelderloos
et al., 2011) it is evident that with this set of parameters the model is able to resolve
the main characteristics of the eddy field, and to capture the properties of the mesoscale
eddies (in particular the IRs). Although with the horizontal resolution of 3.75 km the sub-
mesoscale eddies are not fully resolved in our model, we consider it appropriate for this
study since we focus on the dynamics of the downwelling in the presence of mesoscale
eddies.
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Figure 2.3: (a) Timeseries of the basin-mean temperature of all simulations. (b-e) Depth-integrated terms of
heat budget (in W m−2) for the REF simulation (average over years 16-20): (b) surface heat flux (Q), (c) total
heat advection (sum of mean and eddy component), (d) mean heat advection, ∇· (UT), and (e) eddy heat

advection, ∇· (U′T′). Overbars denote the five year means, primes the anomalies with this respect to this mean
and U = (u,v,w) is the velocity vector. In (d) and (e) the black contours outline the bathymetry, the contour
interval is 500 m starting from the 500 m isobath. (f) Eddy heat advection (in W m−2) over the section indicated
by the black dashed line in (e).
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2.3. Deep convection and downwelling in the basin
First, we examine the location and the size of the deep convection area and its connec-
tion to the properties of the eddy field for the reference simulation. We also investigate
the characteristics of the downwelling, which is expected to peak in regions of high eddy
activity, as discussed in section 2.1.

2.3.1. Properties of the mixed layer depth and eddy field

We calculate the mixed layer depth (MLD), following Katsman et al. (2004), as the depth
at which the temperature is 0.025 ◦C lower than the surface temperature (equivalent to
a change in density of 5×10−3 kg m−3). The black contours in Figure 2.4a show the win-
ter (February-March, FM) mean patterns of the mixed layer depth (MLD) averaged over
the last 5 years of the reference simulation (REF). The deepest convection is found in the
southwestern part of the Labrador Sea, reaching depths of 1700 m. Note that the deepest
mixed layers are not located where the maximum heat loss is applied (blue contours in
Figure 2.4a). A mean hydrographic section across the domain in late spring (May, Fig-
ure 2.4b) shows that in this idealized model the convected water is found between the
isopycnals ofσ= ρ−1000 = 28.32−28.40 kg m−3. In addition, the surface layer is getting
warmer at this time suggesting the beginning of the restratification phase as seen in ob-
servations (Lilly et al., 1999; Pickart and Spall, 2007). Overall, in REF the location and the
depth of the convection area agree well with observations (Lavender et al., 2000; Pickart
et al., 2002; Våge et al., 2009; Yashayaev and Loder, 2009) and complex high-resolution
model simulations (Böning et al., 2016), certainly considering the idealizations applied
in the model.

(a) (b)

-0.1  0.1

Figure 2.4: (a) Mean eddy kinetic energy (EKE in cm2 s−2, shading) superimposed on the contours of the winter
mixed layer depth (MLD in m, contour interval is 500 m) for REF. Blue contours denote the annual mean
surface heat fluxes in W m−2 that have been applied to the simulation (contour interval is 10 W m−2). (b)
Late spring (May) mean temperature (shading, in ◦C) and density σ= ρ−1000 (in kg m−3; contour interval is
0.05 kg m−3) over a section indicated by the red line in the inset figure, for REF. The section is plotted against
distance from the west coast (km). Positive (negative) velocity contours are shown in black solid (dashed) lines
(contour interval is 0.1 cm s−1). The vertical red line indicates the limits of the boundary current based on the
barotropic streamfunction. Values are averaged over years 16-20.
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In REF, IRs propagate from their formation site near the coast towards the interior,
as is shown in Figure 2.5a by means of the relative vorticity at the surface. Their signal
is weaker but still evident in deeper layers (Figure 2.5b-d). This is in agreement with the
example cross-section of an IR (Figure 2.1c), which displays a vertical extent of 1000-1500
m. The IRs carry buoyant water from the boundary current into the interior Labrador Sea
and they effectively limit the extent of convection. To illustrate the extent of the impact of

the IRs, we use the surface eddy kinetic energy, defined as EKE = 1
2 (u′ 2 +v′ 2), where the

overbar indicates the time averaged values of the five years considered and the primes
are the deviations from the 5-year mean fields (shading in Figure 2.4a). The EKE has
a maximum of 625 cm2 s−2 near the West Greenland continental slope and fades away
offshore in a tongue-like shape. Its magnitude and pattern are in quantitative agreement
with studies that derive EKE from altimetry (Prater, 2002; Lilly et al., 2003; Brandt et al.,
2004; Zhang and Yan, 2018). Enhanced EKE is also observed along the Labrador coast
with maximum values of 200 cm2 s−2, which is also associated with local instability of
the boundary current (Brandt et al., 2004).

It is noteworthy that this highly idealized configuration is able to produce a realis-
tic surface EKE and mixed layer, with regard to depth, location and extent (Figure 2.4a).
These mixed layer properties are not prescribed, in contrast to the study by Gelderloos
et al. (2011), in which a convective patch was artificially created in the domain in a sim-
ilar configuration of the model. Together with Figure 2.3, this indicates that the current
model setup captures the physical processes that are essential to the cycle of convection
and restratification in the Labrador Sea, and hence is suited for this type of process study.

2.3.2. Vertical velocities and downwelling

To analyze the downwelling in the basin, we first calculate the time-mean vertical veloc-
ity integrated over the total domain and within four areas (Figure 2.6a). Each of these ar-
eas is characterized by different dynamics: area 1 is the region where the IRs are formed,
area 2 is the region where the strongest heat loss is applied, area 3 is the region in the
southwest part of the domain where the second EKE maximum is found (Figure 2.4a)
and area 4 defines the interior, where the bottom is flat. In particular, the distinction
between the interior and the boundary current areas is based on a cutoff value for depth
(i.e. 2900m). The western edge of area 1 is defined to be well downstream of the EKE
maximum.

It appears that in this idealized model an overturning is present. The net vertical
transport over the total domain is downward (black line in Figure 2.6b). It amounts to
3.0 Sv and peaks at a depth of 1000 m.

The horizontal distribution of the time-mean vertical velocities at this depth of max-
imum downward transport (i.e. 1000 m) in REF (Figure 2.6c) shows two regions of strong
vertical velocities along the lateral boundaries: one close to the steepening of the slope
at the northeastern part of the domain and one close to the Labrador coast. This finding
that high values of vertical velocity occur in a narrow area close to the lateral bound-
aries, in particular in areas characterized by elevated surface EKE (Figure 2.4a), is in line
with results from several idealized model studies (Spall and Pickart, 2001; Spall, 2004,
2010; Pedlosky and Spall, 2005) and global model studies (Luo et al., 2014; Katsman
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(a) (b)

(d)(c)

Figure 2.5: Snapshot of the relative vorticity (ζ= ∂v
∂x − ∂u

∂y , in 10−6 s−1) for REF at the beginning of year 18 of the

simulation at a depth of (a) 10.0 m, (b) 1037.5 m, (c) 1875.0 m and (d) 2900.0 m.

et al., 2018; Sayol et al., 2019). The outcome that the west coast of Greenland (area 1)
and the Labrador coast (area 3) are identified as regions of enhanced downwelling again
highlights the importance of the eddies for the dynamics of the Labrador Sea (see Fig-
ure 2.4a).

Figure 2.6b, which shows the vertical transport as a function of depth integrated over
the full domain and the four areas, confirms that indeed the net downward transport
seen in the model takes place in areas 1 and 3. The downwelling peaks in area 1 at
a depth of 1000 m (green line in Figure 2.6b) and amounts to 3.4 Sv, while in area 3 it
amounts to 1.0 Sv at a depth of 1525 m. The areas 2 and 4 are characterized by a small
net upwelling despite the fact that these two areas are subjected to the strongest surface
heat loss. Focusing on the formation area of the IRs, we next analyze the vertical velocity
over a cross section in area 1 (Figure 2.6d). It is evident from this figure that the mean
vertical transports in the interior are very low (at a distance greater than 60 km from the
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coast). Similarly to Spall (2004), the downwelling is concentrated close to the boundary,
while there is an upwelling region farther offshore. This cell-like structure is what is ex-
pected from boundary layer dynamics (Pedlosky and Spall, 2005). Overall, as shown in
Figure 2.6b, the net transport in this area is downward.
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Figure 2.6: (a) Definition of four areas (see text for detailed description). The total area of our interest is defined
by the dashed line. (b) Vertical transport in depth space over the total domain and for the four areas (color-
coded according to the map in (a)) for the REF simulation. (c-d) Vertical velocity at (c) 1000 m depth and (d)
over a section across the boundary current near Greenland, indicated by the red line in the inset figure. The
section is plotted against distance from the coast (km). Values are averaged over years 16-20.

2.3.3. Spreading of dense waters

A counterintuitive aspect that stands out from this analysis is the fact that the strongest
downward motions occur at the lateral boundaries: a region associated with relatively
buoyant waters rather than dense waters, while at the same time it is clear from obser-
vations that dense, convected waters contribute to the overturning circulation (Rhein
et al., 2002; Bower et al., 2009).

To investigate the spreading of the dense waters, we released a passive tracer at the
core of the convection area. The tracer is initialized with a value of 1 in a cylinder of a
radius 190 km and from the surface to a depth of 1575 m (inset in Figure 2.7a) at the be-
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ginning of year 16. The maximum depth for the initialization of the tracer corresponds
well to the depth of the winter (February-March) mixed layer of the modelled year 16. It
is monitored for a period of five years. After one year, the tracer is found in deeper layers
in the section across the domain (Figure 2.7a). During winter, the tracer is brought to
deeper layers by convection, but by the end of the year its concentration is still bounded
by the isopycnals of the convected water (i.e. σ= 28.32−28.40 kg m−3, Figure 2.4b). The
tracer is directly advected into the boundary current at the western side of the basin (Fig-
ure 2.7b-f), similarly to the export route suggested by Brandt et al. (2007). However, this
export route mainly occurs at shallower depths (z < 1575m), while in deeper layers the
tracer also moves towards areas 1 and 2 (Figure 2.7d-h). (More details on the evolution of
the concentration of the passive tracer can be found in the movie in the supplementary
material in Georgiou et al., 2019). This tracer advection is clearly steered by the eddy
field. Once the tracer reaches area 1, which has been characterized as downwelling re-
gion, it can be advected by the mean boundary current and exported out of the Labrador
Sea following the boundary current (Straneo et al., 2003).

This view is supported by the time evolution of the vertical distribution of the tracer
averaged over the four areas that is shown in Figure 2.8. The tracer reaches area 1 after
4 months and only at depths larger than 500 m (Figure 2.8a). It peaks after 13 months
at a depth of 1675 m and then reduces gradually over time. Although the tracer is partly
initialized in area 2 (Figure 2.8b), its concentration peaks after 14 months and at a depth
of 1412.5 m. This provides an indication that the tracer that reaches area 1 at depth is
then advected by the mean boundary current towards area 2, and thereby contributes in
the increase of the tracer concentration in area 2. Notably, the tracer peaks at shallower
depths in area 2 than in area 1. This suggests that it follows the isopycnals, which are
rising along the boundary (Figure 2.4b and Figure 2.7a). In area 3, the amount of tracer
decreases from the start and hardly penetrates deeper than the initialization depth (Fig-
ure 2.8c). This is in line with the view that the tracer in area 3 is predominantly directly
exported by the boundary current (Figure 2.7c-d). Lastly, in area 4 the amount of tracer
reduces slowly over time (Figure 2.8d).

Figure 2.5 shows that the signal of the eddies extends to large depths, in line with the
observational study by Lilly and Rhines (2002). A feature that stands out in Figure 2.7b-h
is a small area (centered at x = 425 km and y = 865 km) with a peak tracer concentration
that extends down to 2000m, which is tracer trapped in the core of an IR. This feature
should not be mistaken for an indication that westward travelling IRs capture the dense
waters. This specific IR was present in the region where the tracer was initialized, and
hence the tracer was added to its core. The tracer subsequently remains captured in the
eddy (see movie in the supplementary material in Georgiou et al., 2019). Nevertheless,
the eddies do seem to indirectly govern the tracer advection. The tracer transport to-
wards the boundary occurs because of the strong shear that is present in the velocity
field around the eddies, and is strongest close to the region where the eddies are shed.
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Figure 2.7: (a) Cross section of the vertical distribution of the passive tracer at the end of year 16 for REF, at
the section indicated by the red line in the inset figure, together with the isopycnal surfaces (in kg m−3, black
contours). The passive tracer is released at the beginning of year 16 over a cylinder that coincides with the
convection area (dashed lines and inset figure). (b-h) Snapshots of the concentration of the passive tracer 5
months after its release at a depth of (b) 10.0 m, (c) 575.0 m, (d) 962.5 m, (e) 1337.5 m, (f) 1575.0 m and (h)
1987.5 m. Black dashed lines denote the areas defined in Figure 2.6a.
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(a) (b)

(c) (d)

Figure 2.8: Time evolution of the total amount of passive tracer in depth, integrated over (a) area 1, (b) area 2,
(c) area 3 and (d) area 4 for REF. The black dashed line denotes the initial maximum depth of the tracer. The
areas are defined in Figure 2.6a.
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2.4. Sensitivity to winter time surface heat loss
In this section, we assess the response of the eddies, convection and downwelling in
two sensitivity simulations, in which the surface forcing is modified (see section 2.2.2
for details). Although the lateral eddy heat flux still balances the surface heat loss when
the surface heat flux is changed in simulations COLD and WARM, as indicated by the
regular seasonal cycle in the basin mean temperature (Figure 2.3), it is expected that the
properties of both the MLD and the EKE change. First, we focus on the response of the
convection and the eddy field in both simulations. Next, we assess the impact of the
changes in the surface forcing on the downwelling and the spreading of dense waters.

2.4.1. Response of convection and the eddy field

Under the scenario of a stronger winter surface heat flux (COLD), one expects that the
winter mixed layer deepens, that the convection region becomes wider, and that denser
waters are produced. In addition, one also expects that as the temperature gradient be-
tween the interior and the boundary current increases due to stronger surface cooling,
the eddy activity is enhanced (Saenko et al., 2014; de Jong et al., 2016). Figure 2.9a and
Figure 2.9c illustrate that when the surface heat loss is increased, EKE is indeed more
intense near the Greenland coast with a maximum of 750 cm2 s−2, and the MLD be-
comes deeper, reaching depths of 2100 m. In WARM, the EKE is weaker (maximum value
575 cm2 s−2, Figure 2.9b and Figure 2.9d) and the reduced surface heat loss results in a
much shallower mixed layer, reaching depths of 960 m, and a narrower convective area.
The model displays an asymmetric response of the MLD to changes in the heat flux: the
same percentage change in the applied surface forcing results in changes of +25% (Fig-
ure 2.9c) and -45% (Figure 2.9d) in the maximum depth of the winter mixed layer. This
asymmetry can be partly attributed to the stratification, which increases at larger depths,
and partly to the changes in the baroclinicity of the boundary current and the associated
eddy activity as is discussed in the next paragraph.

Figure 2.10 shows the eddy advection of heat for the three simulations. The eddy
component of the advective heat flux is negative for the boundary current, while it is
positive for the interior, once more confirming that the eddies extract heat from the
boundary current and transport it towards the convection region. Also, the mean ad-
vection of heat in COLD and WARM changes (not shown). As for REF (Figure 2.3b-e), it
almost cancels the eddy advection. The total heat advection balances the applied surface
heat loss, confirming that an equilibrium is reached. Strong eddy heat fluxes originate
from the regions with enhanced values of EKE that have been discussed in section 2.3
(i.e. along the Labrador coast and in particular at the steep West Greenland continental
slope). In COLD, not only the eddy activity is stronger than in the REF case (Figure 2.9c)
but also the eddy advection of heat from the boundary current into the interior is en-
hanced (Figure 2.10a). Thus, as the surface cooling is stronger, the restratification of the
water column after convection also intensifies, counteracting the deepening of the con-
vection induced by the increased surface heat loss. However, this negative feedback is
apparently weaker than the direct impact of the increased surface heat loss on the con-
vection depth, as the MLD deepens. In WARM, the surface heat loss is smaller, but the
eddy heat advection into the interior weakens as well (Figure 2.10c). The eddy heat ad-
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(a) (b)

(c) (d)

Figure 2.9: (a)-(b) Wintertime (February-March) MLD and EKE, as in Figure 2.4, but for the simulations (a)
COLD and (b) WARM. (c)-(d) Anomalies from REF simulation of MLD (in m, contours) and EKE (in cm2 s−2,
shading) for COLD and WARM, respectively. For comparison, the 500 m contour of the MLD for REF is shown
in red in (a) and (b).

vection averaged over the interior (area 4, Figure 2.6a) amounts to 24 W m−2, 28 W m−2

and 46 W m−2 for WARM, REF and COLD respectively. This confirms that changes in
the eddy heat advection into the interior are not simply proportional to the changes in
the applied heat loss and that the surface heat fluxes and lateral eddy fluxes combined
regulate the properties of the convection.

So clearly, along the entire West Greenland continental slope both the EKE and the
eddy component of the advective heat flux are affected by the changes in the wintertime
heat loss (Figure 2.9c-d and Figure 2.10). It is likely that this change in the eddy field will
affect the dynamics of the downwelling and therefore its magnitude as well.
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(a) (b) (c)

Figure 2.10: Depth integrated eddy advection of heat (in W m−2) for (a) WARM, (b) REF and (c) COLD. Note
that panel (b) is the same as Figure 2.3e and shown again here for easy comparison.

2.4.2. Response of the downwelling

Spall and Pickart (2001) and Straneo (2006a) state that the magnitude of the downwelling
is controlled by the densification of the boundary current, suggesting that the magnitude
of the downwelling will increase when the surface heat loss is stronger. Moreover, as
shown in section 2.4, also the lateral eddy heat fluxes from the boundary current to the
interior increase (Figure 2.10), which is expected to further increase the downwelling. To
assess how changes in the surface heat fluxes regulate the magnitude of the downwelling
in the Labrador Sea, we also analyze the vertical velocities of the simulations COLD and
WARM.

Figure 2.11a shows that the time-mean vertical velocity integrated over the total do-
main is proportional to the applied surface heat loss. In response to an increase (de-
crease) of the winter heat loss by 50% compared to REF, the maximum basin-integrated
downwelling increases (decreases) by 21% (-26%) or in terms of transport by +0.6 Sv (-0.8
Sv). In section 2.4, it has been shown that changes in surface heat losses influence the
eddy field in the basin and this is now reflected in the magnitude of the downwelling.
The downwelling in area 1 is the major contributor of the total downwelling in the basin.
In COLD (WARM), the surface EKE at the west Greenland continental slope (area 1) be-
comes stronger (weaker) (Figure 2.9c-d) and the heat loss of the boundary current in-
creases (decreases) (Figure 2.10a and Figure 2.10c) resulting in an increase (decrease) of
the vertical transport in this region of +6% (-18%).

Next, we investigate whether the changes in the magnitude of the downwelling (Fig-
ure 2.11a) are related to changes in the properties of the boundary current in all simula-
tions. Figure 2.11b and Figure 2.11c show the difference between the velocity (δV = Voutflow

- Vinflow) and the density (δρ = ρoutflow −ρinflow), respectively, at the outflow and inflow
for the three simulations. In all simulations the outflow gets more barotropic. There is
a slight tendency for this barotropization to increase as the applied surface heat loss is
stronger. The density difference between the outflow and the inflow (Figure 2.11c) shows
that the upper layer of the boundary current becomes denser along the basin perimeter
and that this density change increases with increasing heat loss. This can be attributed
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to both the surface forcing and lateral eddy heat advection of the boundary current (Fig-
ure 2.10). In REF, the density of the waters at the outflow is slightly larger than at the
inflow in the lower part of the boundary current (z>400 m). In COLD, this difference is
larger and the opposite holds for WARM. This is in line with the view emerging from Fig-
ure 2.7 that convected waters are entrained in the boundary current. The properties of
the convected waters are in turn affected by the applied heat loss (i.e. denser in COLD
than in WARM).
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Figure 2.11: (a) Vertical transport integrated horizontally over the whole domain for all the simulations. (b-
c) Difference of the mean (b) velocity (δV = Voutflow - Vinflow), positive denotes an increase in the boundary
current velocity and (c) density (δρ = ρoutflow −ρinflow) of the boundary current between the eastern (close to
the outflow region) and western (close to the inflow region) side of the cross section shown in the inset figure
of Figure 2.4b. All values are averages over the 5 years considered.

2.4.3. Response of the spreading of dense waters

Also in WARM and COLD we performed a tracer experiment to investigate the spread-
ing of water masses that originate from the convection region. The tracer is initialized
as described in section 2.3. Qualitatively, the behavior of the tracer in both WARM and
COLD is the same as in REF, with a shallower pathway directly into the boundary cur-
rent at the western side of the domain, and part of a deeper pathway towards Greenland
(area 1). In all four areas, the depth at which the maximum tracer concentration oc-
curs increases as the surface heat loss gets stronger and vice versa when the heat loss
is reduced, and this is apparently affected by the convection depth. In particular, the
concentration peaks at a depth of 1800 m and 1260 m for COLD and WARM in area 1, re-
spectively (Figure 2.12). Surprisingly, the amount of tracer peaks earlier (after 7 months)
in both WARM and COLD (Figure 2.12a and Figure 2.12b, respectively) than in REF in-
duced by more vigorous eddy field. We observe similar behavior in area 2 and area 3 (not
shown). The earlier peak in the concentration of the tracer in COLD may be related to
the faster export of the convected waters than in REF. The finding that the timescale of
this transport from interior towards the boundary does not display a simple relation to
the heat loss emphasizes once more that complex interactions exist between convection
and the eddy field.
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(a) (b)

Figure 2.12: Difference in the time evolution of the total amount of tracer integrated over area 1 as a function
of depth for (a) WARM, (b) COLD, with respect to the REF simulation shown in Figure 2.8a. The black dashed
line denotes the initial maximum depth of the tracer.

2.5. Discussion
In the previous section, we showed that substantial downwelling is predominantly ap-
pearing in areas with strong eddy activity and the magnitude of the downwelling in
these eddy-rich areas is positively correlated with the magnitude of the surface heat flux.
This link between the wintertime cooling and the overturning in the North Atlantic has
been pointed out in many numerical and observational studies (e.g. Biastoch et al., 2008;
Curry et al., 1998), but here we demonstrate that this link is indirect (Figure 2.13).

As shown in this chapter, both the convection and the eddy field are affected by the
changes in the surface forcing. In response to a stronger (weaker) surface winter heat
loss, convection is stronger and the temperature gradient between the interior and the
boundary current increases (decreases). This directly impacts the eddy field; as the tem-
perature gradient increases, the baroclinicity of the boundary current increases, and the
boundary current becomes more unstable.

While the generation of the eddies is known to be governed by local processes, their
impacts are not restricted to their generation region since they propagate away towards
the interior (Figure 2.4). As a result, the associated eddy heat transport from the bound-
ary current towards the interior strengthens (Figure 2.9, Figure 2.10). This increases the
heat loss of the boundary current, which in turn governs the magnitude of the down-
welling (Spall and Pickart, 2001; Straneo, 2006a; Katsman et al., 2018), and at the same
time provides a negative feedback on the convection depth. These idealized simulations
thus highlight that complex interactions between the boundary current and interior are
established via the eddy activity, and in concert determine the downwelling in the basin
as well as the characteristics of convection.

In this chapter we focused on the Eulerian downwelling in depth space. This quantity
is frequently used to describe the meridional overturning circulation, e.g. in the RAPID
array (McCarthy et al., 2015), and in this regard it is of importance to understand the
underlying physics and its sensitivity to changing surface forcing conditions. The view
on the overturning based on this Eulerian downwelling differs from the view based on
downwelling in density space (e.g. Mercier et al., 2015; Xu et al., 2016, 2018), which is a
quantity that accounts for diapycnal processes and in particular dense water formation.
While a full analysis of the watermass transformation in the basin is outside the scope of
this study, we can estimate the overturning in our model using the theoretical framework
outlined in Straneo (2006a).
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Figure 2.13: Schematic showing the indirect link between convection and downwelling strength. The hori-
zontal density gradient between the interior and the boundary current (red arrow) set by convection (blue
cylinder) affects the instability of the boundary current. The eddy field and the buoyancy loss of the boundary
current along the west Greenland coast govern the dynamics of the downwelling in this region.

In Figure 2.4b one can clearly see a temperature difference between the eastern and
western side of the displayed cross-section, which reflects the fact that the boundary cur-
rent loses heat along its path. That is, the isotherms (or isopycnals) rise along the path
of the boundary current between the eastern and western side of the domain. The as-
sociated reduction of the density gradient between the boundary and the interior yields
a decrease of the baroclinic flow and, assuming no mass transport in cross-shore di-
rection, a downward diapycnal transport in the boundary current (see Straneo (2006a)
figure 1).

An analysis of the changes in the boundary current between the inflow and the out-
flow region in our model simulations reveals that in all three simulations the outflow
indeed gets more barotropic: the transport in the upper 1000m reduces, and the trans-
port below that increases (Figure 2.11b-c).

According to the two-layer model proposed by Straneo (2006a), the magnitude of the
overturning wo, i.e. the transport associated with diapycnal mass fluxes from the light to
the dense layer in the boundary current, can be estimated from (Eq.17 in Straneo 2006a):

wo = L
∫ P

0
h2
∂V2

∂l
dl (2.1)

where L is the width of the boundary current, V2 the velocity of the dense lower layer,
P the total perimeter of the domain and l the along-boundary coordinate. To assess wo

from our model simulations, we choose theσ= 28.32 kg m−3, isopycnal as the boundary
between the light and dense layer (Figure 2.4b). We define the width of the boundary
current by the location of the 18 Sv streamline of the barotropic streamfunction (vertical
red line in Figure 2.4b), which yields L = 66 km. When we average the velocity of the
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dense layer at inflow and outflow across the boundary current, an increase of ∆V2 =
+0.04 m s−1 in the velocity of the denser part of the water column is found. According
to Eq. 2.1, this yields an overturning of wo = 2.7 Sv, which is slightly smaller than the
Eulerian downwelling calculated directly from the vertical velocity field in our model
(i.e. 3.0 Sv).

The result that the changing properties of the boundary current yield an overturning
does not necessarily imply that all diapycnal mixing (i.e. transformation of watermasses)
also takes place within the boundary, as it has been assumed in Straneo (2006a). Our
tracer analysis shows that dense waters in the interior of the Labrador Sea are directly
entrained in the boundary current at shallower depths at the western side of the basin.
In deeper layers, the tracer moves towards the downwelling region near Greenland (Fig-
ure 2.7d-h), and is then entrained in the boundary current. Thereby, the assumption that
the eddy activity only yields a lateral buoyancy transport and no mass transport, applied
in the model by Straneo (2006a), may not be correct. The pathways and the timescales
by which this transport of dense waters towards the boundary occurs are complex and
will be addressed in more detail in a follow up study focusing on the differences and
connections between the Eulerian downwelling and downwelling in density space.

2.6. Summary and conclusions
In this chapter we explore how changes in the surface heat fluxes affect the magnitude of
the downwelling, the evolution of deep ocean convection in the Labrador Sea and their
interplay through the eddy activity. The motivation of this study stems from the need to
improve our understanding of the location where the downwelling takes place at high
latitudes and its response to changes in the forcing conditions in light of a changing
climate.

Under the simplifications of an idealized model for the Labrador Sea region, our
analysis once more emphasizes that the presence of the IRs is crucial to balance the
heat loss over the basin (Figure 2.3) and to represent the restratification of the interior
of the Labrador Sea (Katsman et al., 2004; Hátún et al., 2007; Gelderloos et al., 2011; de
Jong et al., 2016; Kawasaki and Hasumi, 2014; Saenko et al., 2014). In addition, this study
once more underlines that with a proper representation of the mesoscale activity in the
Labrador Sea the model can reproduce the winter mixed layer depths and in particular
the location of deep convection (Figure 2.4a) seen in observations (Pickart et al., 2002;
Våge et al., 2009).

The model results show a total Eulerian downwelling in the basin of 3.0 Sv at a depth
of 1000 m. Spall and Pickart (2001) estimated the magnitude of the net downward trans-
port in the Labrador Sea, based on observations of the alongshore density variations, to
be roughly of 1.0 Sv in the basin. In their recent study, Holte and Straneo (2017) used
horizontal velocity sections based on Argo floats to investigate the overturning in the
Labrador Sea and its variability and found a mean overturning of 0.9± 0.5 Sv. The to-
tal net downwelling in our idealized model is in the same order of magnitude as these
observation-based estimates, albeit stronger. However, in both studies, the downwelling
is deduced from the large-scale hydrography rather than observed directly and also the
number of available observations is limited.
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The downwelling is concentrated along the lateral boundaries and not where the
heat loss is strongest or where convection is deepest. Moreover, our analysis shows that
this near-boundary vertical transport is not uniform: the area where the IRs are formed
contributes by far the most to the total downwelling (almost 4.0 Sv of downward trans-
port). In addition, it has been shown that the time- and basin- mean downwelling is
proportional to the applied surface heat loss, while the downwelling near the Greenland
coast (area 1) displays a non-linear response to the change in heat loss.

This study emphasizes that a proper representation of the eddy field in models is
one of the key elements for representing the interplay between the downwelling and
convection in marginal seas at high latitudes, and their responses to changing forcing
conditions. The outcome that eddies are a crucial element in the chain of events, de-
termining changes in downwelling in the North Atlantic Ocean and hence changes in
the strength of the AMOC, obviously raises the question if climate-change scenarios for
AMOC changes based on coarse, non-eddy resolving climate models can properly rep-
resent the physical processes at hand. A first study that addresses this subject (Katsman
et al., 2018) showed that while also in complex models the downwelling occurs near the
boundary, the processes thought to govern the downwelling are not well represented in
the coarse ocean model that was studied. An obvious next step is to carefully evaluate
the response of the downwelling to changing forcing conditions in such coarse resolu-
tion climate models.



Chapter 3

Pathways of the water masses exiting the Labrador Sea:
the importance of boundary-interior exchanges

The water masses exiting the Labrador Sea, and in particular the dense water mass formed
by convection (i.e. Labrador Sea Water, LSW), are important components of the Atlantic
Meridional Overturning Circulation (AMOC). Several studies have questioned the connec-
tion of the LSW production to the AMOC variability. This is partly due to the limited un-
derstanding of how this locally formed water mass leaves the interior of the Labrador Sea.
In this study, the pathways and the timescales of the water masses exiting the Labrador Sea
via the boundary current are investigated by Lagrangian particle tracking. This method
is applied to the output of a strongly-eddying idealized model that is capable of repre-
senting the essential physical processes involved in the cycle of convection and restrati-
fication in the Labrador Sea. The Lagrangian trajectories reveal that prior to exiting the
domain the water masses follow either a fast route within the boundary current or a slower
route that involves boundary current-interior exchanges. The densest water masses exit-
ing the Labrador Sea stem from this slow route, where particles experience strong water
mass transformation while in the interior. In contrast, the particles that follow the fast
route experience water mass transformation in the boundary current at the western side
of the domain only, yielding a lighter product. Although both routes carry roughly the
same transport, we show that 60% of the overturning in density space is associated with
the volume transport carried by particles that follow the slow route. This study further
highlights that the export of dense water masses, which is governed by the eddy activity
in the basin, yields export timescales that are usually longer than a year. This underlines
the necessity of resolving the mesoscale features required to capture the interior-boundary
current exchange in order to correctly represent the export of the LSW.

This chapter has been published in Ocean Modelling (2020).
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3.1. Introduction
The Atlantic Meridional Overturning Circulation (AMOC) describes the conversion of
lighter, shallow Atlantic water masses flowing northward into denser, deep water masses
flowing southward, involving diabatic processes like deep convection in the marginal
seas of the North Atlantic. The strength of the AMOC is commonly estimated as the
total northward transport in the upper 1000m or so of the water column and can be ei-
ther viewed in depth space, emphasizing the vertical transport (Wunsch and Heimbach,
2006; Cunningham et al., 2007) or in density space emphasizing the transformation of
lighter to denser water masses (e.g., Xu et al., 2016; Li et al., 2017; Desbruyères et al.,
2019; Lozier et al., 2019; Brüggemann and Katsman, 2019). Climate model studies sug-
gest a substantial weakening of the AMOC over the 21st century (Collins et al., 2013;
Weijer et al., 2019), with the potential to affect the global climate. Therefore, over the last
decade, there has been an increased effort to understand the drivers of AMOC variability
(e.g., Johnson et al., 2019; Lozier et al., 2019).

One of these potential drivers is the process of deep convection in the Labrador
Sea, resulting in the production of Labrador Sea Water (LSW); one of the water masses
that contribute to the lower limb of the AMOC (e.g., Rhein et al., 2017). While earlier
modelling studies have suggested a close connection between the LSW production and
AMOC variability (Biastoch et al., 2008; Zhang, 2010; Yeager and Danabasoglu, 2014), up-
to-date observations at the RAPID 26oN (Smeed et al., 2018) and OSNAP (Lozier et al.,
2019) arrays and recent numerical studies (Zou and Lozier, 2016; Li and Lozier, 2018;
Georgiou et al., 2019) have cast doubts on this, suggesting a rather complex connection
between the two. Moreover, the recent study of Lozier et al. (2019) suggests that the vari-
ability of the overturning is dominated by the water mass transformation taking place in
the eastern half of subpolar gyre rather than in the Labrador Sea.

The recent debate on the importance of the LSW for AMOC variability is partly the re-
sult of limited understanding on how this water mass leaves the interior of the Labrador
Sea, in particular about its export routes and the associated timescales. Several studies
showed that newly-formed LSW is rapidly exported by spreading laterally and entraining
in the Deep Western Boundary Current (DWBC) near the Labrador coast (e.g., Talley and
McCartney, 1982; Brandt et al., 2007; Feucher et al., 2019). Moreover, a mid-depth recir-
culation of the LSW within the subpolar gyre has been reported in a number of studies
(e.g., Lavender et al., 2000; Pickart et al., 2003; Stramma et al., 2004; Bower et al., 2009;
Holliday et al., 2009; Lozier et al., 2013). Last, a slower export route has been suggested in
the studies of Straneo et al. (2003) and Palter et al. (2008). In particular, they identify the
existence of a pathway which transports convected water from the interior towards the
West coast of Greenland. These multiple export routes of LSW, of which the relative im-
portance is still unclear, might result in a complex relation between the LSW formation
and its export timescales, and the AMOC variability.

The recent highly idealized numerical study of a convective marginal sea by Brügge-
mann and Katsman (2019) clearly highlights the important role of the exchange of waters
between the interior and the boundary current, which in turn is governed by the eddy
activity, for the export pathways of convected water and the associated timescales. Their
results indicated that the densest water masses are formed in the interior and are later-
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ally steered towards the region of high eddy activity and then entrained in the boundary
current, thus following an indirect route to leave the marginal sea. In addition, they
showed that a lighter product of convection within the boundary current itself is directly
and rapidly exported via that boundary current. The underlying idea of an eddy-induced
entrainment of LSW in the boundary current was pointed out by Khatiwala and Visbeck
(2000). However, they linked this entrainment to the summertime restratification pro-
cess and the associated horizontal density gradients. That is, they assumed no spatial
variations and by linking it to the restratification implied that this only occurs in sum-
mer. In contrast, both Brüggemann and Katsman (2019) and chapter 2, show that there
is a preferred region for the re-entrainment, which coincides with the region where the
eddy activity peaks. However, both studies conclude this based on an analysis of passive
tracers, which does not allow the investigation of the pathways and transformation of
water masses, which in the end determine the LSW export.

The direct and indirect export routes of the convected water recently identified in
idealized models (chapter 2 and in Brüggemann and Katsman, 2019) are in line with the
indications of such routes from observations (e.g., Palter et al., 2008; Bower et al., 2009).
However, due to the limited number of observations, the relative importance of a direct
export route on the Labrador side of the basin and an indirect route via the Greenland
coast is yet unclear.

In this study, we analyze the origin and transformation of different water masses
found within the boundary current at the exit of the Labrador Sea. We use a Lagrangian
approach applied to the output from the idealized model used in chapter 2, which al-
lows us to elucidate the complex structure of the flow (Bower et al., 2019). From this we
distinguish different pathways, identify where water mass transformation occurs and
assess what role the prominent eddy field plays for exporting these water masses. This
idealized model study provides helpful insights on the nature of the interior-boundary
current exchange and its role for the LSW export. The results can guide the analyses of
observations and more realistic model simulations, thus improving our overall under-
standing of the AMOC.

The structure of this chapter is as follows. The model setup and the Lagrangian ap-
proach are described in section 3.2. First, the pathways that the water masses follow
before exiting the Labrador Sea are analyzed in section 3.3. Next, we explore the impor-
tance of each pathway for the net overturning in depth and density space (section 3.4)
and the location where the water masses subduct (section 3.5). In section 3.6, we focus
on the lateral exchange between the boundary current and the interior by identifying
the locations where this exchange occurs and how it affects the properties of the wa-
ter masses exiting the Labrador Sea. The associated export timescales are addressed in
section 3.7, followed by a discussion and conclusions in section 3.8.

3.2. Numerical model and methods

3.2.1. Model configuration and flow characteristics

The numerical simulation analyzed in this study is carried out using a hydrostatic con-
figuration of the MITgcm (Marshall et al., 1997). The model configuration captures the
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key features of the circulation in the Labrador Sea, like the annual cycle of the convec-
tion and restratification and the properties of the mesoscale eddy field. This model and
its results have been previously used in section 2.2 and we refer the reader to this chap-
ter for a more detailed description of the model setup. A short description of the model
setup and the main flow characteristics are presented in the following paragraphs.

The model has a horizontal resolution of 3.75 km and 40 levels in the vertical with a
resolution of 20 m in the upper layers up to 200 m at a maximum depth of 3000 m. The
model domain has two open boundaries (each roughly 100 km wide), one in the north-
east and one in the southwest, where a boundary current enters and exits the domain.
All other boundaries are closed (Figure 3.1). At the northeastern open boundary, a warm
boundary current is specified by a meridional temperature field Tin(y,z) and a west-
ward flow Uin(y,z) in geostrophic balance with this prescribed temperature distribu-
tion. A sinusoidal seasonally varying term is added to the inflow conditions to mimic the
observed seasonal variability of the West Greenland Current (∆Umax = 0.4 m s−1, with
maximum and minimum in September and March respectively, Kulan and Myers 2009;
Rykova et al. 2015). Note that total outflow transport is prescribed, but the properties
of the boundary current at the outflow are determined by the internal model dynam-
ics. Following the topography, this boundary current flows cyclonically around the basin
(Figure 3.1a). At the northwestern side, a narrowing of the topography is present (grey
contours in Figure 3.1a) as observed near the west coast of Greenland. This steepening
leads to an increased instability of the boundary current and mostly warm anticyclonic
eddies are shed, with similar characteristics as the Irminger Rings (IRs) as shown in Kats-
man et al. (2004), Gelderloos et al. (2011) and chapter 2. At the surface, a temporally
and spatially varying surface heat flux is applied resulting in a net annual heat loss of 18
W m−2 over the entire model domain (blue contours in Figure 3.1b).

A linear equation of state is used, with temperature as the only active tracer. Note that
the effects of salinity are not incorporated in the model although in reality the lateral
fresh water flux carried by the IRs (e.g., de Jong et al., 2016) influences the properties
of convection (e.g., Gelderloos et al., 2012). In this study our focus is on the dynamics
that control the interior-boundary current exchange in the Labrador Sea, and hence the
effects of salinity are omitted in the model for simplicity.

As a result of the applied surface heat loss (blue contours in Figure 3.1b) the model
displays deep convection in the interior. The winter mean mixed layer reaches a depth
of 1700 m (Figure 3.1b). As shown in chapter 2, the deepest mixed layers are located
away from areas with strong eddy activity (red contours in Figure 3.1b) albeit slightly
closer to the maximum of buoyancy loss than observed. In the regions of strong eddy
activity the associated eddy heat transport from the boundary current towards the inte-
rior is stronger and the water column is too stratified to sustain deep convection. In the
model we do not consider the shelf and overflow waters or the effects of wind (Gelder-
loos et al., 2011), and prescribe a transport at the inflow (19.7 Sv) that is weaker than
estimates over the full depth (40-50 Sv, Pickart et al., 2002; Fischer et al., 2004). The max-
imum barotropic streamfunction is about 27 Sv (Figure 3.1c) due to some recirculation
in the basin. In this study, we use the three dimensional velocity field from the last six
years of the reference simulation (i.e. model years 15-20) described in chapter 2 to track
Lagrangian particles.
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Figure 3.1: (a) Snapshot of the sea surface temperature (SST) in mid-March of model year 16. (b) Winter
(February-March) mixed layer depth (MLD in m, shading), eddy kinetic energy (EKE, red contours, contour
interval is 200 cm2 s−2) and annual mean surface heat flux (contours in blue, contour interval is 10 W m−2).
(c) Mean barotropic streamfunction (Ψb , contour interval is 4 Sv). All model data are from the reference sim-
ulation described in chapter 2; values in (b) and (c) are averaged over years 16-20. In all figures, black dashed
line indicates the 18 Sv contour line ofΨb and grey contours outline the bathymetry (contour interval is 500 m
starting from the isobath of 500 m).

3.2.2. Lagrangian particle tracking

The offline Lagrangian tool Connectivity Modeling System (CMS, Paris et al., 2013) is
used to investigate the possible pathways of the waters exiting the model domain and
water mass transformation that occurs along these pathways. To this end, numerical
particles are released at the outflow region in the south (the only export route of the
convected water mass out of the domain). The particles are advected backward in time
using a timestep of 1 hour within the 2-day snapshots of the three dimensional velocity
fields of the simulation described in the previous section. The movement of the numeri-
cal particles is parameterized as described by Paris et al. (2013): a Runge-Kutta 4th order
stepping in time and a tricubic spatial interpolation are used to determine the location of
the particles; no additional horizontal diffusivity is applied. To account for the increased
vertical diffusion during the process of convection, particles that are located within the
mixed layer are moved randomly in the vertical within the mixed layer with a maximum
velocity of w=10 cm s−1 (van Sebille et al., 2013).
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Particles are released at the outflow (y=3.75 km, red line in Figure 3.2a) every 2 days
over a period of one year with a particle resolution of 1 km in the zonal direction and
50 m vertically and are traced backward in time. Doing so, we track 217349 Lagrangian
particles over a period of 6 years. Since we are interested in distinguishing the pathways
of the water masses in terms of volume transport, a volume transport is assigned to each
particle upon release and it is conserved along the trajectory (van Sebille et al., 2018).
This is determined by multiplying the meridional velocity by the area of the grid cell in
which the particle is released (Döös, 1995; Ypma et al., 2019). Although the particles were
released at the outflow and tracked backwards, we will mostly refer to their trajectories
forward in time.

3.3. Upstream pathways of the water masses exiting the LS
In this study, we explore the origin of the waters found in the boundary current at the
outflow of the Labrador Sea. In particular, we investigate the role of exchange water be-
tween the boundary current and the interior. To this end, we define a particle as being
in the interior when it is offshore of the 18 Sv contour line of the 5-year mean barotropic
streamfunction (Ψb , black dashed line in Figure 3.1 and Figure 3.2a). To filter out possi-
ble short and fast excursions of particles into the interior and back, we also require that
the particle stays offshore of this streamline for more than 20 days. The results of the
analyses presented in this study are not very sensitive to the exact choice made for dis-
tinguishing the boundary current from the interior: the presented results are consistent
for different choices ofΨb or using an isobath.

Within the 6 year advection time, 90% of the particles (i.e. 195528 particles) reach
the eastern open boundary (inflow). Since these particles travel from the inflow towards
the outflow we will refer to them as wholeLoop particles. The 10% of the particles that
remain in the basin during the 6 year simulation are referred to as interiorLong particles.

A particle density plot (Figure 3.2a) highlights the paths that the wholeLoop and in-
teriorLong particles are prone to follow. It is constructed by regridding the position of
each particle at every timestep on an x-y grid with a resolution of 3.75 km. This parti-
cle density is calculated as described in Ypma et al. (2019); at each location (in the new
grid) the transport assigned to each particle is divided by the total transport carried by
the particles. In the interior, the particle density is enhanced at the northwestern side of
the basin (close to the topographic narrowing, Figure 3.2a). This indicates that a signif-
icant number of particles enter the interior of the basin there, suggesting a connection
with the eddy activity found at this location (Figure 3.1b). However, such a possible con-
nection is masked by the fact that the highest particle density occurs along the bound-
ary current, which suggests that the particles are found somewhere within the bound-
ary current during their lifetime. We therefore subdivide the wholeLoop particles in two
groups: particles that cross the 18 Sv contour line ofΨb into the interior at some location
(hereinafter, interiorShort particles) and particles that never cross the 18 Sv contour line
and thus never leave the boundary current (hereinafter, withinBC particles). It appears
that of all the wholeLoop particles, 60% falls into the interiorShort category and 40% in
the withinBC category (Figure 3.3). The volume transport carried by the wi thi nBC , in-
teriorShort and interiorLong particles amounts to 6.8 Sv, 8.4 Sv and 2.0 Sv, respectively
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(Figure 3.3). Note that at the eastern side of the domain (x>800 km and y<1000 km) the
particle density is low (< 1%, Figure 3.2a). This reflects the weak circulation in this part of
the domain (Figure 3.1c). This is a consequence of the closed southeastern boundary of
the idealized model. The bathymetry forces the boundary current to follow the northern
and western side of the domain.

Figure 3.2: (a) Density of the position of particles released at y= 3.75 km (red line). The black dashed line
shows the 18 Sv barotropic streamfunction (Ψb ) which is used to distinguish the boundary current from the
interior. (b) Example trajectories of a particle following the boundary current (withinBC, black line), a particle
crossing into the interior (interiorShort, red line) and a particle that does not leave the basin during the 6-
year simulation (interiorLong, blue line). The purple (yellow) star indicates the location where the example
interiorShort particle crosses the 18 Sv barotropic streamfunction (dashed line) for the first (last) time. Green
circles indicate the location of the particles at the end of the backward advection time (i.e. at t = 6 years).

All particles
217349 (17.2 Sv)

wholeLoop
195528 (15.2 Sv)

withinBC
76861 (6.8 Sv)

interiorShort
118667 (8.4 Sv)

interiorLong
21821 (2 Sv)

∼90%

∼40%

∼60%

∼10%

Figure 3.3: Schematic showing the number, percentage and associated volume transport of particles that fall
into various categories; wholeLoop particles travel from the inflow towards the outflow, interiorShort particles
cross the 18 Sv contour line of Ψb into the interior and back, withinBC particles never leave the boundary
current. Last, interiorLong particles remain in the basin during the 6 year simulation. Examples of pathway for
withinBC, interiorShort and interiorLong are shown in Figure 3.2b.

By construction, the withinBC particles (black line in Figure 3.2b) are always onshore
of the 18 Sv contour line of Ψb . The interiorShort particles (red line in Figure 3.2b) also
travel from the inflow to the outflow but along their path, they enter the interior (purple
star in Figure 3.2b) and re-enter the boundary current (yellow star in Figure 3.2b) before
exiting the domain. Last, the interiorLong particles recirculate in the interior of the basin
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for more than 6 years (blue line in Figure 3.2b).
Most of the withinBC particles reside close to the lateral boundaries at both the in-

flow and the outflow (black contours in Figure 3.4). The particles that enter the interior
and leave the domain within the simulated advection time (interiorShort, red contours
in Figure 3.4) originate farther offshore (y = 1020-1060 km) than the withinBC particles
(y = 1040-1080 km, Figure 3.4b). Since they are at the flank of the boundary current at the
inflow (Figure 3.4b), they can more easily leave the boundary current and enter the inte-
rior. Similarly, when they re-enter the boundary current, they are found on its offshore
flank (Figure 3.4a), but deeper in the water column. Last, the interiorLong particles are
found in the deepest part of the boundary current (blue contours in Figure 3.4a). Appar-
ently, they represent the densest water masses exiting the domain.

Figure 3.4: Section across (a) the outflow (at y= 3.75 km) and (b) the inflow (at x= 1215 km) showing the number
of Lagrangian particles that follow the three pathways: withinBC (black contours), interiorShort (red contours)
and interiorLong (blue contours) together with the 5 year mean velocity of the simulation (shading). The con-
tour interval is 100 particles.

3.4. Overturning in depth and density space
The particles that represent the three pathways of the water masses prior to exiting the
Labrador Sea display a depth change (Figure 3.4), which is a reflection of overturning
in depth space in the basin. Moreover, using the same model setup, it is shown from
an Eulerian perspective that the boundary current gets denser along its path through
the Labrador Sea, yielding a net overturning in density space (section 2.5). In this sec-
tion, we analyze this overturning both in depth and density space from a Lagrangian
perspective and investigate the relative contribution of the different pathways to this net
overturning.

3.4.1. Transport changes between the inflow and outflow in depth space

Since each of the particles represents a particular transport of water masses (section 3.2.2),
we can convert the depth changes of particles between inflow (green bars) and outflow
(orange bars) to the associated volume transport (Figure 3.5). Three vertical layers are
defined to facilitate discussion; 0-500 m, 500-1500 m and 1500-3000 m ( black horizontal
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lines in Figure 3.5a-c). At the inflow, almost all transport carried by either the withinBC
or the interiorShort particles, is found shallower than 1500 m (6.8 Sv and 8.2 Sv respec-
tively). This view changes at the outflow of the domain: the volume transport in the
deepest layer (1500 - 3000 m) increases by 1.3 Sv for the withinBC and by 2.0 Sv for the
interiorShort particles. In addition, the presence of the interiorLong particles at the out-
flow becomes apparent in this depth layer as a volume transport of 1.8 Sv (90% of the
total transport these particles represent).

Figure 3.5: Volume transport (in Sv) at the inflow (green bars) and outflow (orange bars) binned every 50 m in
depth space for the particle categories (a) withinBC, (b) interiorShort and (c) interiorLong. Black horizontal
lines distinguish (a-c) three depth layers (0-500 m, 500-1500 m and 1500-3000 m); the values in green (orange)
represent the total transport in each layer at the inflow (outflow).

3.4.2. Transport changes between the inflow and outflow in density space

Similarly, we can explore the water mass transformation that occurs between inflow and
outflow from a Lagrangian perspective. Since the density in the model is associated only
with temperature variations (section 3.2.1), we examine the temperature changes be-
tween inflow and outflow for each pathway. At the inflow, most of the withinBC particles
carry warm water masses (green bars in Figure 3.6a). A shift in transport of warmer to
colder water masses between inflow and outflow reveals that water mass transformation
occurs within the boundary current. Since the interiorShort particles originate farther
offshore in the boundary current (Figure 3.4b), they are characterized by lower temper-
atures at the inflow (green bars in Figure 3.6b). Also for this category, the transport in
colder layers increases towards the outflow indicating that the particles experience wa-
ter mass transformation along their path. Last, the interiorLong particles represent the
coldest water masses at the outflow (Figure 3.6c).



3

48 Chapter 3. Pathways of the water masses exiting the Labrador Sea

To quantify the water mass transformation in density space, the total volume trans-
port at the inflow (outflow) is summarized in Figure 3.6 for three water mass defini-
tions: surface waters (T > 3.5 oC), intermediate waters (3.2 <TÉ 3.5 oC) and deep waters
(T É 3.2 oC). Note that T=3.2-3.5oC is the temperature range corresponding to the con-
vected water mass (section 2.3.1). The transport change between inflow and outflow in
temperature space through the 3.5 oC isotherm derived from the particles amounts to
(1.3+1.1)-0.2 = 2.2 Sv for withinBC (Figure 3.6a) and to (3.6+2.0)-(2.1+0.3) = 3.2 Sv for in-
teriorShort (Figure 3.6b). Furthermore, the transport of water masses below 3.5 oC at the
outflow is substantially higher for both the interiorShort and interiorLong particles (7.6
Sv combined, Figure 3.6b-c) than for the withinBC (2.4 Sv, Figure 3.6a).

Figure 3.6: Volume transport (in Sv) at the inflow (green bars) and outflow (orange bars) binned every 0.1 o C
in temperature space for the particle categories (a) withinBC, (b) interiorShort and (c) interiorLong. Black
horizontal lines distinguish three water mass definitions: surface waters (T > 3.5 oC), intermediate waters
(3.2 < T É 3.5 oC) and deep waters (T É 3.2 oC); the values in green (orange) represent the total transport for
each water mass at the inflow (outflow). Note that the intermediate waters correspond to the temperature
range of the convected water mass (section 2.3.1).

3.4.3. Overturning from the Eulerian and the Lagrangian perspective

Based on Figure 3.5 and Figure 3.6, we can estimate the overturning in both depth and
density space and compare this to the overturning calculated from the Eulerian veloci-
ties. The Eulerian overturning in depth space is defined as the difference in time-mean
transport between the inflow and the outflow in model year 15, integrated over the same
depth bins (depth space) or temperature bins (density space). Next, we calculate the La-
grangian overturning for each pathway, by taking the difference between the summed
volume transport carried by all particles in a certain depth or density bin at the outflow
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and at the inflow. This is done for all three particle categories. Since the interiorLong
particles never reach the inflow, the total mean Lagrangian overturning estimate is based
solely on the transports carried by the withinBC and interiorShort particles. We do not
expect the Eulerian and Lagrangian overturning estimates to match exactly as we lack in-
formation on the overturning associated with the interiorLong particles since we cannot
follow them backwards in time towards the inflow.

However, the overturning derived from the particles largely agrees with the overturn-
ing obtained from the time mean Eulerian flow (compare the purple and green lines in
Figure 3.7), which suggests that we can use the overturning split in pathways to get an
impression of the importance of each route. In depth space, the maximum Eulerian (La-
grangian) overturning occurs at 1000 m depth and amounts to -3.8 (-4.1) Sv (Figure 3.7b).
Both withinBC and interiorShort particles contribute equally to the Lagrangian over-
turning in depth space. In addition, the presence of the interiorLong particles at the
outflow becomes apparent in depths greater than 1000 m.

In density space, the overturning in both the Eulerian and Lagrangian view, peaks
at a temperature of 3.5 oC and amounts to -3.4 and -5.4 Sv, respectively (Figure 3.7d).
When the contributions of the transport carried by each pathway to the net overturning
in density space are considered, it appears that 60% of the maximum overturning (at T
= 3.5 oC) can be attributed to the interiorShort particles and 40% to the withinBC parti-
cles. In contrast, the secondary peak of -4.1 Sv in the total Lagrangian overturning at T
= 4.5 oC is mainly due to the withinBC particles. This confirms that the transformation
of the withinBC particles results in relatively lighter water masses than the interiorShort
particles. Notably, at this temperature, the Eulerian overturning is negligible. That is, the
Eulerian transport of waters of this temperature at the inflow and outflow is the same,
while the Lagrangian analysis reveals an increase in transport of this water mass. This
implies that an inflow of waters of this temperature exists, which does not reach the
outflow within six years and is thus not captured by the Lagrangian backtracking cal-
culation. The temperature of this water mass corresponds to that of boundary current
waters at 500-1000 m depth (see Figure 2.1b in chapter 2). We speculate that this water
mass is also transported offshore from the boundary current to the interior, but has a
residence time longer than the six-year duration of the Lagrangian calculation.
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Figure 3.7: Change of the volume transport (in Sv) between the outflow and inflow binned every (a) 50 m in
depth and (c) 0.1 o C in temperature space for the annual mean Eulerian values (green line, mean over year
15; the particle release year), for the withinBC (black line), interiorShort (red line) particles and their sum
(Lagrangian mean, purple line). Accumulated transport in (b) depth (shallow to deep) and (d) temperature
(high to low) space. Also shown is the volume transport of the interiorLong particles at the outflow (blue dashed
line).

3.5. Subduction
As shown in Figure 3.7, both the withinBC and the interiorShort particles experience
water mass transformation. Here, we identify the location where these water masses last
change their properties by means of the local subduction rate. Following the analysis of
Brandt et al. (2007) we define subduction as the process of a particle leaving the mixed
layer. It is calculated from the trajectories of the withinBC and interiorShort particles as
the sum of all transport values assigned to the particles subducted within a certain grid
box. The subduction velocity (Figure 3.8) is calculated by dividing this subduction rate
of each gridbox by its area. The magnitude of the subduction velocity is similar to the
subduction velocities reported by Brandt et al. (2007) with elevated values in the west.

The calculation of the subduction rate is performed separately for the withinBC (Fig-
ure 3.8a) and interiorShort particles (Figure 3.8b). The main difference between the two
is the location of the peak values: subduction of waters exiting the domain along the
withinBC route mainly occurs in the western part of the Labrador Sea. This is likely
associated with convection that occurs within the boundary current due to the surface
buoyancy forcing. The total subduction of the withinBC particles amounts to 1.9 Sv. In
contrast, large subduction velocities of the particles following the interiorShort route are
found in the west, close to the edge of the boundary current. The total subduction for
the interiorShort amounts to 3.7 Sv, of which 76% occurs in the interior (i.e. offshore of
the 18 Sv contour line of Ψb). The remaining 24% subducts within the boundary cur-
rent, after re-entering, which indicates a pathway of transformed water masses within
the boundary current (Brandt et al., 2007) similar to the withinBC particles. Our study
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Figure 3.8: Mean subduction velocity for (a) withinBC and (b) interiorShort particles. The black dashed line
shows the 18 Sv barotropic streamfunction that is used to separate the particle pathways. Also included are the
boxes in purple (box 1) and orange (box 2) indicating the regions of high subduction velocity that are used in
the analysis in section 3.6.

reveals that most of the interiorShort particles leave the mixed layer in the interior be-
fore they re-entrain into the boundary current and exit the domain (Figure 3.8b). In the
following section we will show that the properties of the particles depend on the location
where they subduct within the interior (i.e., box 1 and box 2 in Figure 3.8b).

3.6. Lateral exchange and water mass transformation
To explore the lateral exchange between the boundary current and the interior and water
mass transformation in the interior, we next focus on the locations where the interior-
Short particles enter and leave the interior of the domain. We define the first (last) cross-
ing of a particle as the location at which it crosses the 18 Sv contour line of the barotropic
streamfunction (Ψb) for the first (last) time after entering the domain (purple and yellow
stars in the example trajectory shown in Figure 3.2b).

An example trajectory shows that this particle enters the basin at the eastern open
boundary at a depth of 100 m (Figure 3.9c); its temperature at the inflow (green square
in Figure 3.9a) is Tinflow = 4.7 oC. It follows the boundary current until it crosses into the
interior (purple star and vertical line in Figure 3.9a and b, respectively). While in the inte-
rior, the particle recirculates and shows a large drop in temperature (Figure 3.9b) when it
is in the mixed layer (grey shaded area in Figure 3.9b-c). There, it reaches a temperature
corresponding to that of the convected water (T ∼ 3.2 oC,Figure 3.9b). Once the parti-
cle is subducted (Figure 3.9c), it stays below the mixed layer in the subsequent winters
and no further temperature change occurs (Figure 3.9b). The largest change in depth
of the particle (blue line in Figure 3.9c) takes place between locations 5 and 6, when
the particle leaves the mixed layer, without any water mass transformation. This means
that the particle moves adiabatically along an isopycnal (isotherm) to deeper layers. For
most of its advection time, the particle’s path is steered by eddies that are present in the
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interior (Figure 3.9a). After being in the interior for more than 4 years, the particle re-
enters the boundary current (yellow star and vertical line in Figure 3.9a-b) and it does so
along this 3.2 oC isotherm. After its re-entry, the particle slightly rises in the water col-
umn (Figure 3.9c) because the isotherms rise as the boundary current loses heat in the
downstream direction (Straneo, 2006a; Georgiou et al., 2019; Brüggemann and Katsman,
2019). Although it takes almost 6 years for this particle to travel from inflow to outflow,
only nine months pass between the moment it re-enters the boundary current until it
exits the Labrador Sea.

Figure 3.9: (a) Example trajectory of an interiorShort particle. The particle’s depth at each location is shown in
color. Purple (yellow) star denotes the location of the first (last) crossing between boundary current and inte-
rior. Numbers correspond to time intervals of 100 days. (b-c) Time evolution of the particle’s (b) temperature,
(c) depth (blue line) and mixed layer depth at the particle’s location (red line). Numbers on the top axis corre-
spond to the location of the particle on the map in (a). The dashed horizontal lines in (b) show the temperature
range of the product of convection in this idealized model (i.e. T = 3.2−3.5 oC) and the purple (yellow) vertical
line denotes the moment of the first (last) crossing.

Next, we consider the lateral exchange between the boundary current and interior
for all interiorShort and interiorLong particles. Most particles first cross into the inte-
rior at a distance between 380-850 km from the inflow (red dashed line, Figure 3.10a).
This peak in first crossings is found upstream of the peak in EKE along the boundary
(∼700 km downstream from the inflow, blue shading in Figure 3.10a) associated with the
eddy activity near the topographic narrowing (Figure 3.1c). This is in agreement with the
study of Schulze Chretien and Frajka-Williams (2018), who used Lagrangian trajectories
to track the surface freshwater in the Labrador Sea and found that most of the freshwater
leaves the shelf in the same area. This indicates that the topography plays a significant
role in determining the interior-boundary current exchange: the enhanced EKE, due to
enhanced eddy activity along the topographic narrowing (Figure 3.1c and Figure 3.10a)
facilitates exchanges between the boundary current and the interior.

Most of the interiorShort particles also re-enter the boundary current in the area
where EKE is enhanced (500-1000 km from the inflow, Figure 3.10a); a secondary peak of
last crossings is seen farther downstream coinciding with a secondary peak in EKE (dis-
tance ∼2500 km). Similarly, the last crossings of the interiorLong particles (blue line in
Figure 3.10a) are also mostly found at the region of high EKE.
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The average temperature of the particles entering the interior within 1000 km down-
stream of the inflow is 3.9 oC (dashed line in Figure 3.10b). Notably, when they re-
enter the boundary current, the particles are on average 0.2 oC colder (solid line). This
corroborates that water mass transformation occurs during their time in the interior.
At distances greater than 1500 km downstream of the inflow (i.e. the western side of
the domain) the exchange occurs almost at the same temperature. This indicates that
the boundary current-interior exchange at this part of the domain does not consider-
ably affect the properties of the water masses. It is noteworthy that the interiorLong
particles have a mean temperature of 3 oC or lower when they leave the interior (Fig-
ure 3.10c), confirming once more that these particles represent the densest water mass
in this model of the Labrador Sea.

Figure 3.10: (a) Number of particles and (b) mean temperature of particles at the first (dashed line) and last
(solid line) crossings for the interiorShort particles. (c) As in (b) but for the interiorLong particles. Values are
binned over segments of 50 km in alongshore direction (see inset, red squares mark distances every 500 km).
The blue shaded area in (a) shows the EKE as a function of distance from the inflow. The error bars in (b-c)
represent the 95% confidence interval of the mean values.

To explore this connection in more detail, we now focus on the export routes of the
water masses that have been subducted in the interior. We define two areas which rep-
resent regions of high subduction velocity (Figure 3.8b) in box 1 and box 2, similarly to
Brandt et al. (2007), and analyze only the behavior of the particles that subduct in these
two boxes. So, the particles used for this analysis represent a fraction of the interiorShort
particles (i.e. 20% of the particles, which represent 1.6 Sv or 43% of the total subduction
in the interior). These boxes are placed in regions characterized by different dynamics:
box 1 is located where the deepest mixed layers are found (Figure 3.1b), while box 2 is
placed near the Labrador coast where, accordingly to previous studies (e.g., Brandt et al.,
2007), the newly-formed LSW is rapidly exported. It appears that the majority of the par-
ticles that subduct within box 1 (Figure 3.11a) move towards the high EKE area near the
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Greenland coast (distance = 400-800 km) and re-enter the boundary current there before
exiting the domain (purple line in Figure 3.11c). In contrast, a large fraction of particles
that subduct within box 2 (Figure 3.11b) are directly entrained in the boundary current
in the west (between 1600-2100 km, orange line in Figure 3.11c). However, the num-
ber of particles subducted in box 2 is smaller than the number that subducts in box 1
(i.e. 5643 particles difference that amounts to 0.5 Sv in terms of volume transport). This
again explains the importance of the indirect export route via the West Greenland coast.

It is clear that the particles that subduct in box 1 and re-enter the boundary current
where EKE peaks (distance between 400-1000 km) show a larger temperature change
than the ones that subduct in box 2: they experience a mean cooling of∆Tbox1(400−1000 km)=-
0.5 oC in contrast to∆Tbox2(400−1000 km) =−0.2 oC (Figure 3.11d). This is due to the fact that
the water masses subducted in these two boxes originate from different regions (Fig-
ure 3.1b). In box 1, the mixed layer is deeper and temperatures are lower than in box
2. Essentially, Figure 3.10b and Figure 3.11d support the view that most of the interior-
Short particles are transformed during their time in the interior. Moreover, depending
on where water mass transformation occurs the particles tend to follow a different path
and hence it is expected that they will display different residence times.
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(a) (b)

(c)

(d)

Figure 3.11: Example trajectories from the location where the particles subduct in (a) box 1 (purple rectangle)
and (b) box 2 (orange rectangle) to the outflow. (c) Number of particles that cross the 18Sv contour for the last
time and (d) mean temperature change (at the location of the last crossing) between the last and first crossing
(∆T = Tlast −Tfirst) as a function of distance from the inflow for the particles that subduct within box 1 (purple
line) and box 2 (orange line). Values in (d) are binned over segments of 50 km in alongshore direction at the
location of last crossing. The shaded area in (c) shows the EKE as a function of distance from the inflow (see
inset, red squares mark distances every 500 km).
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3.7. Residence time and export timescale
In this section, the residence time and export timescale of the particles are studied for
each pathway. First, we investigate the residence time of the particles, defined as the
time it takes a particle to travel from the inflow to the outflow. We focus on the wholeLoop
particles, i.e. withinBC and interiorShort (Figure 3.3), which all leave the basin within
6 years. It is clear that 90% of the withinBC particles leave the basin within one year
(black bars in Figure 3.12a); their maximum residence time is less than 2 years (black
line in Figure 3.12b). This highlights the existence of a fast route of water masses that
enter the Labrador Sea and travel within the boundary current. As expected based on
Figure 3.9b, the interiorShort particles display much longer residence times of up to 6
years (Figure 3.12a-b). However, 60% of the particles still leave the basin within 2 years
(red line in Figure 3.12b).

Figure 3.12: (a) Volume transport and (b) cumulative volume transport of the withinBC (black bars/lines) and
interiorShort (red bars/lines) particles, both as a function to their residence time (binned every 50 days) within
the model domain.

Next, we investigate if there is any connection between the properties of the water
masses that exit the domain and their residence time in the basin by displaying the tem-
perature of the particles at the outflow as a function of their residence time (Figure 3.13).
From this, it is evident that most of the withinBC particles (i.e. 60% of the particles, Fig-
ure 3.13a) that leave the domain within one year correspond to lighter water masses
(T> 3.8 oC). The residence time of the particles that exit the domain with temperatures
lower than 3.8 oC is slightly longer but restricted to a maximum of 2 years. Here, the
impact of the surface heat loss along the boundary in determining the properties of the
local water mass is visible: the particles with T< 3.8 oC likely represent water masses
formed during convection within the boundary current (Figure 3.8a). Note that these
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particles are found deeper in the boundary current where its speed is weaker (Figure 3.4),
thus explaining their longer residence time. For the interiorShort particles the picture is
different; 74% of the particles exits the domain with temperatures below 3.8 oC (Fig-
ure 3.13b). Remarkably, the interiorShort particles that leave the basin within one year
are particles that stay in the interior shortly and are warmer (i.e. T̄residence<1year= 4 oC).
That is, the water masses that stay in the interior longer get denser (i.e. T̄residence>1year=
3.6 oC).

Besides the residence time, we also calculated the export timescale, defined as the
time it takes a particle to reach the outflow after it has subducted. As expected, the ex-
port time for the withinBC particles is very short: for 95% of the particles it is less than
half a year. The export time of the interiorShort particles ranges from 4 days to 5.5 years.
It appears that the water masses that are subducted within box 1 generally take more
than one year before they exit the Labrador Sea; only 35% of the total transport carried by
these particles is exported within one year. This is explained by the fact that the majority
of these particles first moves towards the high EKE area near the Greenland coast before
they re-enter the boundary current and reach the outflow (Figure 3.11a). In contrast, the
interiorShort particles that subduct in box 2 and are entrained into the boundary cur-
rent in the west (Figure 3.11b) exit the domain much quicker; 80% of the total transport
carried by these particles is exported out of the Labrador Sea within 150 days.
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Figure 3.13: Density distribution (in terms of volume transport) of the particle temperature at the outflow
compared to the particle residence time for the particles that reach the outflow (wholeLoop) while (a) staying
within the boundary current (withinBC particles) and (b) passing through the interior (interiorShort particles).
The particle density is shown per∆T = 0.1 o C and∆t = 50 days interval. The black dashed horizontal line shows
the 3.8 o C isotherm.

3.8. Discussion and conclusions
In this study, the upstream pathways of the water masses exiting the Labrador Sea have
been investigated from a Lagrangian perspective, with a focus on the exchange between
the boundary current and the interior and the water mass transformation that occurs
within the domain. To this end, the output of a regional idealized model is used. This
model is known to capture the mesoscale eddy activity in the Labrador Sea, which is
most prominent at the West Greenland coast (section 2.3.1). The use of such an idealized
model facilitates the exploration of the dynamics of this exchange between the boundary
current and the interior and its role for LSW export. In this study, we extend the more
generic study of a highly idealized marginal sea by Brüggemann and Katsman (2019), by
quantifying the role of the interior-boundary exchanges in setting the properties and the
associated timescales of the water masses exiting the marginal sea in more detail.

By assessing the processes from a Lagrangian viewpoint, we show that water masses
follow either a direct route within the boundary current (withinBC particles) or an in-
direct route that involves boundary current-interior exchanges (interiorShort and inte-
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riorLong particles) from the inflow region south of Greenland to the outflow region on
the Labrador side (Figure 3.2b) that carry roughly the same transport. The distribution
of the particles at the inflow and outflow (Figure 3.4) shows that their position at the in-
flow determines their pathway and location at the outflow. Essentially, the particles that
follow the boundary current (withinBC) are found in the core of the boundary current
with rather high velocities, while particles that pass through the interior (interiorShort)
are found on its outer flank. That is, our results indicate that the fate of water masses
is already determined upstream. This suggests that processes in the Irminger Basin and
Nordic Seas impact the water mass transformation in the Labrador Sea.

Building on the generic idea proposed by Brüggemann and Katsman (2019) on the
existence of a fast and a slow route for dense water masses that exit the Labrador Sea,
the Lagrangian analysis presented in this study allows us to quantify the transports as-
sociated with those two pathways. The depth change of the particles between the inflow
and outflow reveals that the total volume transport between 1500 - 3000 m increases by
1.3 Sv for the withinBC particles and by 2.0 Sv for the interiorShort particles (Figure 3.5).
In density space (which in this idealized model is represented by temperature only), the
Lagrangian trajectories also show a substantial transport change between the inflow and
outflow through the 3.5 oC isotherm which amounts to 2.2 Sv and 3.2 Sv for the withinBC
and interiorShort particles, respectively (Figure 3.6). The maximum overturning derived
from the Eulerian quantities amounts to -3.8 Sv at 1000 m (depth space, Figure 3.7b) and
-3.4 Sv at 3.5 oC (density space, Figure 3.7d). The Lagrangian particles capture the net
Eulerian overturning observed in this model both in depth and density space well (Fig-
ure 3.7), considering the fact that not all the particle trajectories cover the entire path
between in- and outflow. The relative importance of the different pathways on the over-
turning becomes apparent in density space; 60% of the maximum overturning is related
to the transport carried by the interiorShort particles and only 40% by the withinBC par-
ticles (Figure 3.7c-d). However, there is also a significant signal in the overturning in
lighter layers, which is only related to the relatively slow moving fraction of the with-
inBC particles. In short, the volume transport of the densest water masses is primarily
carried by particles that have resided in the interior (i.e. interiorShort and interiorLong
particles), while the particles that follow the fast route (i.e. withinBC) mainly transform
in lighter water masses.

The characteristics of water mass transformation also differ for the fast and slow
pathways. The withinBC particles mainly subduct on the southwest side of the Labrador
Sea (Figure 3.8a). This location is downstream of the region where strong surface heat
loss has reduced the stratification of the boundary current, allowing the water masses to
be transformed into denser water masses. In contrast, the interiorShort particles gener-
ally enter the interior at the Greenland side (Figure 3.10a), experience water mass trans-
formation in the interior at the convection region (Figure 3.8b and Figure 3.10b), before
re-entering the boundary current (Figure 3.10). The latter occurs predominantly on the
Greenland side and to a lesser extent on the Labrador side (Figure 3.10a), depending on
the location where the particle last leaves the mixed layer (Figure 3.11). This two-way
exchange (first and last crossings) at the western coast of Greenland has been also iden-
tified in the recent study of Pennelly et al. (2019). However, our study highlights that
the export of the water masses that have been transformed into denser water masses in
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the interior occurs laterally, as they are advected towards the region of high EKE on the
Greenland side by eddy stirring.

The exchange between the boundary current and the interior has a direct impact on
the timescales of the export of the water masses (Figure 3.13): 90% of the volume trans-
port carried by the withinBC particles exits the basin within one year, while only 30% of
the transport associated with the interiorShort particles exits within that time frame. In
observations (Bower et al., 2009) and models (Brandt et al., 2007; Feucher et al., 2019)
the newly formed LSW is exported within one year. Our Lagrangian analysis supports
the idea of previous observational studies that the quickly exported LSW is likely formed
within or close to the boundary current (Pickart et al., 2002; Cuny et al., 2005). Most of the
interiorLong particles also re-enter the boundary current at the region of high EKE (Fig-
ure 3.10c). However, due to topographic constraints the lateral, along isopycnal trans-
port towards the boundary current at the high EKE region cannot as easily take place for
the denser interiorLong as for the lighter interiorShort particles. This results in a longer
residence of the interiorLong particles within the interior. Essentially, the fact that the
densest water masses, which are represented by the interiorLong particles, take more
than six years to fully pass through the Labrador Sea, confirms that cold signals that are
exported from the Labrador Sea do not need to correspond to recent convective events,
as suggested by Cuny et al. (2005). Thus, our results suggest that the observed year-to-
year correspondence between the properties of the water masses found in the interior
of the Labrador Sea and in the Labrador Current (e.g., Rhein et al., 2015; Yashayaev and
Loder, 2017; Holte and Straneo, 2017; Le Bras et al., 2017) reflect variations of the fast
export route of LSW formed close to or within the boundary current.

Our Lagrangian results clearly extend the tracer analysis performed in chapter 2 and
Brüggemann and Katsman (2019), as these studies mostly provided a qualitative de-
scription of the connection between strong eddy activity and convection areas. The La-
grangian analysis using particles instead of a passive tracer allows for conditional analy-
sis (see van Sebille et al., 2018) and provides a quantification of the relative importance of
each pathway to water mass transformation and to the overturning in depth and density
space.

In our study, the limited model domain does not allow the investigation of the ex-
port route towards the Irminger Sea discussed in section 3.1 (e.g., Lavender et al., 2000;
Pickart et al., 2003). Therefore, our results may overestimate the transport of the LSW
towards the West Greenland coast. Another aspect that can not be covered in our ide-
alized model simulation but deserves attention is the suggestion by Lozier et al. (2013)
that the overflow waters entering the subpolar gyre from the Nordic Seas also follow inte-
rior pathways that substantially lead to their equatorward export through the Labrador
Sea. We expect a minimal transformation of the overflow waters within the Labrador
Sea since they fill the deeper layers of the basin. However, the presence of the over-
flow waters may affect the LSW pathways. Nevertheless, the conclusion that an eddy
driven transport of dense water towards the boundary exists and that it affects the ex-
port timescales of LSW is expected to hold. Analyses with a more realistic high-resolution
model are needed to explore this in more detail.

One of the main findings of this chapter is that there is a fast, direct route for rela-
tively lighter water masses compared to the slower, indirect route that the denser water
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masses follow to exit the Labrador Sea. In this model, both routes carry roughly the same
transport, but the indirect route is steered by the eddy activity near the Greenland coast.
That is, a preferable region for lateral spreading of LSW and entrainment in the bound-
ary current is identified. Therefore, the view of a homogeneous lateral spreading and
entrainment of the LSW into the boundary current is not valid in our model, and this
is consistent with the studies of Bower et al. (2009, 2011) and Gary et al. (2012). Impor-
tantly, the fact that the densest water masses found in this study take more than six years
to exit the Labrador Sea might obscure the link between the LSW formation and AMOC
variability in observations such as the OSNAP array (Holliday et al., 2018; Lozier et al.,
2019).

The result that the interior-boundary current exchange is important for the LSW ex-
port and hence contributes to the AMOC variability, suggests that additional observa-
tions aimed at capturing these mechanisms are needed. It also raises the question how
well LSW export processes, their variability and their relation to AMOC variability are
represented in climate models, which lack the resolution to resolve the mesoscale fea-
tures required to capture this interior-boundary current exchange.





Chapter 4

Direct and indirect pathways of convected water masses
and their impacts on the overturning dynamics of the
Labrador Sea

The dense waters formed by wintertime convection in the Labrador Sea play a key role in
setting the properties of the deep Atlantic Ocean. To understand how variability in their
production might affect the Atlantic Meridional Overturning Circulation (AMOC) vari-
ability, it is essential to determine pathways and associated timescales of their export. In
this study, we analyze the trajectories of Argo floats and of Lagrangian particles launched
at 53oN in the boundary current and traced backwards in time in a high-resolution model,
to identify and quantify the importance of upstream pathways. We find that 85% of the
transport carried by the particles at 53oN originates from Cape Farewell, and it is split
between a direct route that follows the boundary current and an indirect route involv-
ing boundary-interior exchanges. Although both routes contribute roughly equally to the
maximum overturning, the indirect route governs its signal in denser layers. This indirect
route has two branches: part of the convected water is exported rapidly on the Labrador
side of the basin, and part follows a longer route towards Greenland and is then carried
with the boundary current. Export timescales of these two branches typically differ by
2.5 years. This study thus shows that boundary-interior exchanges are important for the
pathways and the properties of water masses arriving at 53oN. It reveals a complex three-
dimensional view of the convected water export, with implications for the arrival time of
signals of variability therein at 53oN and thus for our understanding of the AMOC.

This chapter has been published in Journal of Geophysical Research: Oceans (2021).
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4.1. Introduction
The subpolar North Atlantic (SPNA) is a region of high importance for the global climate
(e.g., Schott and Brandt, 2007; Buckley and Marshall, 2016; Lozier et al., 2019) and in
particular for the Atlantic Meridional Overturning Circulation (AMOC). There, the con-
version of the relatively warm and salty waters flowing northward in the North Atlantic
Current (NAC, upper AMOC limb) to cold and slightly fresher North Atlantic Deep Water
(NADW, lower AMOC limb) takes place. The NADW is a combination of the Labrador
Sea Water (LSW) and the dense overflow waters originating from the Nordic Seas (Talley
et al., 2011). During wintertime, the heat loss from the ocean to the atmosphere together
with the weak stratification below the mixed layer facilitates the process of convection at
certain locations in the SPNA. Traditionally, the LSW was considered the product of deep
convection that takes place in the central Labrador Sea (Talley and McCartney, 1982;
Marshall and Schott, 1999). However, more recent studies revealed that deep convection
also occurs in the southern Irminger Sea and that this results in a water mass with similar
properties to LSW (Pickart et al., 2003; Våge et al., 2008; de Jong et al., 2012; Piron et al.,
2016; Le Bras et al., 2020).

Previous numerical model studies suggested a strong connection between LSW pro-
duction and AMOC variability (e.g., Kuhlbrodt et al., 2007; Biastoch et al., 2008; Rahm-
storf et al., 2015). However, recent observational studies have cast doubts on the im-
portance of LSW production for the AMOC and pointed out a stronger connection with
water mass transformation in the eastern part of the SPNA instead (Li and Lozier, 2018;
Lozier et al., 2019; Zou et al., 2020). Consequently, the connection between the LSW pro-
duction and the variability of the AMOC is under renewed debate.

One of the key elements in understanding a potential connection between LSW for-
mation and the AMOC is to clarify the relative importance of all possible export pathways
of LSW and the associated timescales. Although the processes that govern the conver-
sion of lighter to denser water masses and the locations where this occurs have been ex-
tensively researched in numerical and observational studies (e.g., Marshall and Schott,
1999; Spall and Pickart, 2001; Pickart and Spall, 2007; Våge et al., 2008), the processes
that govern the export routes of dense water masses are less well understood.

LSW pathways are the subject of numerous observational and numerical studies
(e.g., Talley and McCartney, 1982; Straneo et al., 2003; Palter et al., 2008; Bower et al.,
2009; Brandt et al., 2007; Rhein et al., 2017) and the fact that multiple pathways have been
identified illustrates the complex nature of the LSW spreading. The LSW mainly follows
the Deep Western Boundary Current (DWBC) and spreads equatorward along the west-
ern boundary of the North Atlantic (Talley and McCartney, 1982; Stramma et al., 2004;
Le Bras et al., 2017; Handmann et al., 2018). In the Newfoundland Basin, the presence
of significant exchange between the DWBC and the interior causes the DWBC to bifur-
cate from its equatorward flow, thus resulting in interior pathways of LSW in the SPNA
(e.g., Bower et al., 2009; Spence et al., 2012; Solodoch et al., 2020). The main pathways
that newly-formed LSW follows prior to entering the DWBC have also been identified.
Within the Labrador Sea itself, LSW may be rapidly exported by spreading laterally near
the Labrador coast, directly formed in the boundary current as a result of convection
within the boundary current itself (e.g., Brandt et al., 2007), or first travel from the in-
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terior towards the west coast of Greenland and then follow the boundary current (e.g.,
Palter et al., 2008; Georgiou et al., 2020). Moreover, the LSW may travel northeastward
towards the Irminger Sea (e.g., Pickart et al., 2003; Bower et al., 2009), possibly carried by
mid-depth recirculation cells (e.g., Lavender et al., 2000).

However, the processes that govern the transport along these various export routes
of dense water masses formed in the Labrador Sea have yet to be clarified; in particular,
quantification of the magnitude of the transports, the typical water mass properties and
travel times associated with each pathway is still lacking. It is expected that the arrival
of a LSW signal at the locations of the OSNAP array (north of 52oN; Lozier et al., 2019)
and RAPID-MOCHA array (at 26.5oN; Smeed et al., 2018) will differ depending on the
pathway that LSW follows. The idealized study presented in chapter 3 indicates that
this is indeed the case, but the idealizations did not allow for a reliable quantification of
timescales. This complexity clearly makes it difficult to capture a potential link between
formation rates of dense waters and AMOC variability further downstream.

In this study, we analyze the upstream pathways of all water masses exiting the La-
brador Sea at 53oN revealed by Lagrangian particle tracking, using the model output
from a state-of-the-art global ocean-sea ice model. Our approach and analyses strongly
build on the highly idealized model study presented in chapter 3 in which qualitative
insights were gained. The use of output from a realistic simulation introduces among
others more realistic atmospheric forcing, more realistic bathymetry, the effects of salin-
ity, potential connections between the sub-basins of the SPNA and the presence of over-
flow waters and allows us to characterize the transports and water mass transformation
along pathways quantitatively. In addition, we analyze the trajectories of available Argo
floats to identify pathways and associated time scales of deeper water masses within the
Labrador Sea from observations.

The Argo float data, the global ocean-sea ice model simulation and the Lagrangian
particle tracking approach are introduced in section 4.2. The upstream pathways of the
water masses found at 53oN from the Argo float trajectories and the trajectories from the
high-resolution model are analyzed in section 4.3. The subduction location of the parti-
cles, the properties they consequently acquire and the pathways that follow after being
subducted are explored in section 4.4. In section 4.4, we also investigate the relative
importance of each pathway on the overturning in the Labrador Sea. Furthermore, the
travel times of particles along the various pathways are addressed in section 4.5. Finally,
a discussion on the three dimensional view of the export of convected waters is provided
in section 4.6, followed by the summary and conclusions of our results (section 4.7).

4.2. Data and Methods
To establish the possible upstream pathways for LSW within the subpolar gyre we first
use the trajectories derived from available Argo floats (section 4.2.1). The limited num-
ber and lifetime of the Argo floats prohibits the quantification of transports along each
of these pathways. In addition, their isobaric drift does not allow the investigation of
the water mass transformation occurring along the various pathways or the vertical dis-
placement of the water masses. Therefore, a Lagrangian study using the output of a re-
alistic global ocean model is performed. The model data and the Lagrangian approach



4

66 Chapter 4. Direct and indirect pathways and their impacts on the dynamics of the LS

are introduced in section 4.2.2 and section 4.2.3.

4.2.1. Argo float data

The data used in this study are obtained from the International Argo Program (down-
loaded on May 15, 2020 from https://coriolis.eu.org, Argo, 2020). The floats are designed
to drift at approximate pressures of 1000 db, 1500 db or 2000 db for 10 days. Then, each
float descends to 2000 db and then collects profiles of the water column as it rises to the
surface where it remains only shortly to communicate with the Argos satellite system
(Roemmich et al., 2009). Once the float has transmitted its data it descends again to its
designated drifting depth. The Argo float then repeats this cycle, usually with a 10-day
period. We select only those floats that at some moment are found in the subpolar gyre
and exit the Labrador Sea via the boundary current at 53oN and onshore of the 3000 m
isobath. This procedures selects 97 floats; all trajectories are mapped in Figure 4.1 and
are analyzed further in section 4.3.1.

Figure 4.1: Trajectories of 97 Argo floats that drift in the subpolar gyre and exit the Labrador Sea via the bound-
ary current (onshore of the 3000 m isobath at 53o N, black dotted line). The 3000 m isobath is highlighted (white
contour, bathymetry data from ETOPO1(Amante and Eakins, 2009)).

4.2.2. Ocean circulation model: MOM

We use the output data from the Modular Ocean Model global ocean-sea ice model
(MOM), to advect the Lagrangian particles. For a more detailed description of its con-
figuration we refer to Spence et al. (2017). MOM uses a tripolar B-grid with a horizontal
resolution of 0.1o (which corresponds to ∼ 5.5 km at 60oN) and 50 vertical layers with
a resolution of 5 m at the surface up to 200 m near the bottom. The model is forced
with 6-hourly COREv2-NYF (Griffies et al., 2009; Large and Yeager, 2009) atmospheric
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forcing and the associated bulk formulations, in particular the Normal Year Forcing de-
rived from the interannual varying atmospheric state from 1958 to 2000. Moreover, the
model is coupled to the GFDL Sea Ice Simulator model, which allows the sea ice to freely
evolve. In addition, a restoring condition with a timescale of 60 days is applied to the
surface salinity.

Vertical mixing (and in particular the process of convection) is parameterized by the
KPP parameterization (Large et al., 1994), while biharmonic viscosity and diffusion are
applied in the horizontal. The ratio of the baroclinic radius of deformation to a model’s
grid spacing is commonly used as a measure for the ability of the model to resolve the
mesoscale activity (Hallberg, 2013). Within the subpolar North Atlantic the Rossby radius
is ∼ 10 km (Smith et al., 2000; Funk et al., 2009), thus the horizontal resolution of MOM
is only partly eddy-resolving in this region.

Ypma et al. (2019) found that this MOM simulation generally shows a good agree-
ment with the observed hydrography in the Nordic Seas. Here, we shortly discuss the
hydrography, the mixed layer depth and eddy kinetic energy in the subpolar North At-
lantic Ocean derived from the annual mean 3D velocity, potential temperature and salin-
ity fields. The analysis is performed on model data obtained following a 70-year-long
control state simulation in this high resolution.

Following Talley and McCartney (1982), we define LSW as the water mass for which
the potential vorticity (PV) is PV<4 x10−12 m−1 s−1, which in this MOM simulation cor-
responds to the density range σ=27.75- 27.83 kg m−3. The overflow water is defined as
σ>27.83 kg m−3 (Figure 4.2b-c). The densities of LSW and overflow waters thus display
a small positive bias compared to densities typically assigned to LSW (σ=27.70- 27.80 kg
m−3) and overflow water (σ >27.80 kg m−3) in observational studies (e.g., Holliday et al.,
2018). Such small biases in the simulated hydrography of the Labrador Sea in the MOM
simulation are comparable to what is seen in other high-resolution model studies (e.g.,
Zou and Lozier, 2016). In the presented analysis, we identify LSW based on this model-
based density range deduced from the model.

To characterize the main currents in the SPNA we first calculate the depth-integrated
transports, and next assess the cumulative transport from the Labrador coast towards
Scotland. We use the local minima and maxima of this cumulative transport to define
the horizontal extent of each current (marked by orange vertical lines in Figure 4.2d).
The corresponding transport for each major current obtained in this way (Table 4.1)
compares well to the observed values (Holliday et al., 2018). Moreover, we calculated
the overturning in density space as from the MOM data along the approximate OSNAP
section, following the methodology described in Zou et al. (2020) (Figure 4.2e). The mod-
elled overturning strength compares well to the observed values, both over the full sec-
tion and along the OSNAP-WEST and OSNAP-EAST sections (Table 4.2).

The location and depth of convection is analyzed from the winter (January-March,
JFM) mean mixed layer depth (MLDJFM), defined from a density difference criterion: an
increase of ∆σ=0.01 kg m−3 with respect to the surface value (Brandt et al., 2007; Paquin
et al., 2016; MacGilchrist et al., 2020). In MOM, convection reaches a depth of 1400 m
in the central Labrador Sea (Figure 4.3a). The largest values are found in the southwest,
away from the locations where the heat loss (black contour in Figure 4.3a) and mesoscale
eddy activity (shading in Figure 4.3b) peak. Overall, the location and the depth of the
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Table 4.1: Mean transport (in Sv) along the OSNAP array (orange line in Figure 4.2a) estimated from the data
obtained in June-July 2014/ May-August 2016 Holliday et al. (2018) and MOM at each section defined by the
vertical lines in Figure 4.2d. All values are in Sv (1 Sv = 106 m3 s−1).

section observations MOM

Labrador Current -41.8/-30.8 -31.0
Labrador Sea interior 1.9/5.7 0.8
West Greenland Current 38.4/23.5 21.2
East Greenland Current -27.0/-23.5 -31.3
Irminger Current 13.6/12.0 23.2
West Iceland Basin -16.0/-10.8 -7.3
Central Iceland Basin 12.7/17.8 8.1
East Iceland Basin 8.7/8.1 12.1
Rockall Trough 8.7/-2.8 6.0

Table 4.2: Maximum of the annual mean overturning in density space across the full OSNAP section, OSNAP-
WEST and OSNAP-EAST (in Sv) and potential density values at which this occurs. Values reported from obser-
vations along the OSNAP array from Lozier et al. (2019) are provided for comparison.

section MOM observations
(Sv) (kg m−3) (Sv) (kg m−3)

OSNAP array 16.2 27.50 14.9 27.66
OSNAP-EAST 15.7 27.50 15.6 27.53

OSNAP-WEST 3.2 27.66 3.3 27.70

convection region in the Labrador Sea agree well with observations (Pickart et al., 2002;
Våge et al., 2009). The surface eddy kinetic energy (EKE, Figure 4.3b) displays maximum
values near the West Greenland continental slope and reduces offshore in a tongue-like
pattern similarly to studies that derive EKE from altimetry (e.g., Prater, 2002; Lilly et al.,
2003).

To summarize, the hydrography and currents simulated in MOM represent the ob-
servations well, which makes it a suitable tool for our study. In particular, the represen-
tation of the deep convection, the properties of the water masses and the key features of
the eddy field are in good agreement with observations.

4.2.3. Lagrangian particle tracking

To investigate the possible upstream pathways and the origins of the water masses that
exit the Labrador Sea via the western boundary current, numerical particles are released
along a zonal transect at 53oN extending from the coast until the 3000 m isobath (dot-
ted line in Figure 4.5) and advected backwards in time using the Connectivity Modeling
System (CMS, Paris et al., 2013). We selected to release the Lagrangian particles at 53oN
because it is a location that is commonly thought of as the exit of the Labrador Sea, but
also because it is a region where continuous measurements of the DWBC take place (e.g.,
Fischer et al., 2010). In addition, releasing particles south of 53oN (around Flemish Cap)
would need a longer simulation time to account for the interior pathways discussed in
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Figure 4.3: (a) Mean winter mixed layer depth (shading) superimposed on the contour of the -500 W m−2

mean heat flux and (b) mean eddy kinetic energy (EKE, cm2 s−2) in the subpolar North Atlantic. Grey contours
outline the bathymetry, the contour interval is 500 m starting from the isobath of 500 m.

section 4.1 (Bower et al., 2009; Spence et al., 2012; Solodoch et al., 2020). The particles
are advected for six years using the 5-day mean 3D velocity field of MOM. Since a nor-
mal year-forcing is applied to MOM, year-to-year variability in velocities is expected to
be small. Therefore, we use only one year of model data that is representative of its Eu-
lerian mean state and repeat this as input for CMS for simplicity.

The particles are released at a resolution of 0.1o in longitude and 50 m in the vertical,
only when the meridional velocity is southward at these locations. A volume transport is
assigned to each particle, defined by multiplying the meridional velocity in the grid box
in which the particle is released by the area of the grid box (Döös, 1995). The transport
carried by each particle remains constant throughout its trajectory (van Sebille et al.,
2018). Particles are released daily, for a period of one year. All transport calculations are
done by adding the volume transport carried by all particles divided by the number of
release days. In total, 839002 particles are launched, representing a total annual mean
transport of 25.3 Sv.

The particles are advected with a timestep of 1 hour within the 3D velocity field of
MOM. CMS uses a tricubic interpolation and a 4th order Runge Kutta stepping scheme
to calculate the new position of each particle in space and time respectively. The vertical
movements associated with the process of convection are parameterized in CMS: when
particles are in the mixed layer a random contribution is added to the vertical velocity
with a maximum speed of |w|=10 cm s−1 (van Sebille et al., 2013; Ypma et al., 2019) to
mimic the strong non-hydrostatic vertical motions associated with small-scale convec-
tive plumes (Marshall and Schott, 1999).

4.3. Pathways upstream of 53oN

We first analyze the pathways of water masses found in the boundary current at 53oN,
both from the float data (section 4.3.1) and from the Lagrangian analysis (section 4.3.2).
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4.3.1. Pathways from Argo float data

The float trajectories clearly reveal pathways involving exchanges between the bound-
ary current and the interior of the Labrador Sea (Figure 4.1). To distinguish if a float is in
the interior or in the boundary current, we use the 3000 m isobath. To filter out possible
short excursions of floats into the interior, we require that a float is found in the inte-
rior for more than 10 subsequent cycles (see section 4.2.1) to be labelled as being in the
interior. We find 32 floats that continuously drift within the boundary current (ARGO-
BC, Figure 4.4a) and 65 floats that are in the interior at some time before they exit the
Labrador Sea with a southward direction at 53oN (ARGO-interior, Figure 4.4b). It appears
that some of these ARGO-interior floats travel directly from the interior to the Labrador
Current on the western side of the basin while others follow more complex pathways:
they first travel towards the West Greenland coast and then follow the boundary current
to exit the basin. To be able to separate the floats based on these two types of pathways,
we define a boundary in the northeast of the basin (black line in Figure 4.4c), placed
such that it crosses the region of enhanced EKE known from altimetry data (e.g., Lilly
et al., 2003). ARGO-interior floats that reach a position north of this line, i.e. those floats
that approach the West Greenland coast after residing in the Labrador Sea interior, are
categorized as ARGO-WG (purple trajectories in Figure 4.4c); the others, which head for
the Labrador Current, are labelled ARGO-LC (yellow trajectories in Figure 4.4c). Based
on this definition, the 65 ARGO-interior floats can be separated in 16 ARGO-LC floats
and 49 ARGO-WG floats. Example trajectories of five ARGO-LC and ARGO-WG floats are
shown in Figure 4.4(d-e).

The behavior of the ARGO-WG floats supports the view presented in chapter 3 that
substantial exchange exists between the boundary current and the interior, and in par-
ticular in the eddy-rich region adjacent to the West Greenland coast. In chapter 3, it was
shown that the water masses that have been transformed in the interior of the Labrador
Sea are transported towards the region of high EKE on the Greenland side by eddy stir-
ring and are then entrained in the boundary current, thus following an indirect route to
leave the basin. Although the trajectories of the Argo floats may be affected by the sur-
face currents during the brief period they spend at the surface, it is striking to see that
many floats move from the interior towards the boundary along this same indirect route.
If their trajectory is mainly governed by flows at their parking depths, which coincides
with a depth typical for LSW in the interior (e.g., Bower et al., 2019), this suggests that this
indirect LSW export route exists in reality. Moreover, the irregularity of the trajectories
in Figure 4.4c corroborates the view that the presence of the local eddy field steers the
pathway of LSW towards the West Greenland coast (Brüggemann and Katsman, 2019;
Georgiou et al., 2019, 2020).

4.3.2. Pathways in MOM

Tracing the Lagrangian particles backwards in time allows us to identify the origin of the
water masses found in the boundary current at 53oN from the model perspective, and
to investigate the main pathways they follow prior to reaching that latitude. A map of
the particle probability (Figure 4.5a) reveals these preferred routes. To construct such a
map, following Ypma et al. (2019), we first regrid every particle’s positions on a regular
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Figure 4.4: Example trajectories of floats that (a) drift within the boundary current (ARGO-BC, always onshore
of the 3000 m isobath, 32 floats), (b) enter the interior of the Labrador Sea (ARGO-interior, 65 floats). (c) Subset
of the float trajectories in (b), distinguishing between floats that are laterally advected directly from the interior
to exit the Labrador Sea (ARGO-LC, trajectories in yellow, 16 floats) or reveal an exchange between the interior
and the boundary current near the West Greenland coast (ARGO-WG, trajectories in purple, 49 floats). Example
trajectories of five (d) ARGO-LC and (e) ARGO-WG floats. Each float number is indicated in the legend. Black
(red) marker indicates the starting (ending) location of each float. The line used to separate the ARGO-WG and
ARGO-LC floats is shown in black in (c-e). The 3000 m isobath is highlighted (white contour, bathymetry data
from ETOPO1(Amante and Eakins, 2009)).

0.1ox0.1o grid and sum the transport carried through each of these grid boxes, by the
particles. Next, this accumulated transport per grid box is divided by the total transport
carried by all particles combined (in this case 25.3 Sv, see section 4.2.3).

Figure 4.5a shows that particles seeded at 53oN follow pathways within the boundary
current system in the SPNA but also follow pathways through the central Labrador Sea.
Moreover, the enhanced particle probability in the vicinity of the west coast of Green-
land where the EKE peaks (black contours in Figure 4.5a) suggests that the local eddy
activity plays an important role for directing these pathways between the boundary cur-
rent and the central Labrador Sea (hereinafter, central-LS), which is in agreement with
the idealized model study presented in chapter 3.

To assess whether similar processes are acting in a realistic model and to quantify
the relative importance of the pathways along the perimeter and through the basin in-
terior, we follow a similar approach as in section 3.3 and separate particle pathways by
determining if they remain in the boundary current or enter the central-LS.

Within the 6 year advection time, 85% of the particles seeded at 53oN (i.e. 727066
particles) are traced backward in time to 44oW near Cape Farewell (CF, dotted black line
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in Figure 4.5). We subdivide these particles further depending on whether they enter the
central-LS between these two sections or not. We define a particle as in the central-LS
when it is at least 50 km offshore of the smoothed 3000 m isobath (dark grey contour in
Figure 4.5b) for more than 20 days, to filter out possible short and fast excursions of par-
ticles into the central-LS and back. This results in the definition of three categories (now
considering forward in time): particles that enter the Labrador Sea at 44oW offshore of
the 3000 m isobath (hereinafter, subpolar particles, green trajectory in Figure 4.5b), and
particles that enter the Labrador Sea at 44oW onshore of the 3000 m isobath and either
cross this isobath into the central-LS at some location (interiorShort particles, red exam-
ple trajectory) or never leave the boundary current (withinBC particles, black example
trajectory).

Not all the particles launched at 53oN reach 44oW when traced backwards in time.
It appears that 10% of the particles do enter the central-LS but remain west of CF dur-
ing the entire 6 year simulation. These particles are referred to as interiorLong particles
(blue example trajectory in Figure 4.5b). The remaining 5% of the particles originate
north of 65oN (Davis Strait) and are referred to as Davis particles (magenta example tra-
jectory in Figure 4.5b). The transport carried by the subpolar, interiorShort, withinBC,
interiorLong and Davis particles amounts to 1.9 Sv, 11.2 Sv, 10.4 Sv, 0.9 Sv and 0.9 Sv,
respectively.

Clearly, the withinBC and interiorShort particles represent the dominant upstream
pathways since together they account for 85% of the total transport arriving at 53oN (22.6
Sv) and this transport is divided roughly equally over these two pathways. We therefore
focus on these two particle categories in the remainder of the paper, where we study the
transformation of the water masses along these two pathways and their importance for
the overturning in the Labrador Sea.
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Figure 4.5: (a) Particle probability map (shading) highlighting the main pathways of waters upstream of the
release location (dotted black line at 53o N). Black contours indicate the annual mean EKE (contour interval is
200 cm2 s−2, starting from the contour line of 200 cm2 s−2). (b) Five example trajectories of particles catego-
rized and color-coded depending on their pathways; subpolar particle (green trajectory), interiorShort particle
(red trajectory), withinBC particle (black trajectory), interiorLong particle (blue trajectory) and Davis particle
(magenta trajectory). The section at 44o W (Cape Farewell, CF) and the 3000m isobath (dark grey contour)
are used to separate the particles (see text for details on the procedure). Numbers in the legend indicate the
percentage of the total transport carried by each pathway.

4.4. Water mass transformation in the Labrador Sea
To investigate where in the Labrador Sea the water masses traced by the withinBC and
interiorShort particles change their thermohaline properties, we identify where these
particles subduct from the mixed layer, and compare their T-S properties. Moreover,
we investigate the overturning resulting from the water mass transformation occurring
along these two pathways (section 4.4.1). Furthermore, we track the pathways that the
interiorShort particles follow after subduction and explore their final properties at 53oN
(section 4.4.2).
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4.4.1. Subduction of water masses and resulting overturning

We calculate the local subduction velocity as the sum of the transports of all particles
that subduct within a certain grid box divided by its area, again using a regular 0.1ox0.1o

grid (Brandt et al., 2007; Georgiou et al., 2020). The subduction velocity for the withinBC
particles (Figure 4.6a) peaks in the western part of the Labrador Sea. This subduction re-
gion was also identified in Brandt et al. (2007), Palter et al. (2008), Georgiou et al. (2020)
and MacGilchrist et al. (2020) and reflects convection that takes place in the boundary
current itself. In addition, enhanced subduction velocities are found in a narrow strip
along Cape Farewell. The total subduction rate of the withinBC particles in the Labrador
Sea amounts to 2.4 Sv. For the interiorShort particles, high subduction velocities are
found mainly in the central-LS and in the southwest of the basin (Figure 4.6b). The to-
tal subduction of the interiorShort particles amounts to 6.4 Sv of which 4.8 Sv occurs
in the central-LS (i.e., offshore of the grey contour line in Figure 4.6b) and 1.6 Sv in the
boundary current. Thus, in our analysis, 46% of the total subduction in the Labrador Sea
occurs along the boundary current and 54% in the interior of the basin. In a recent study,
MacGilchrist et al. (2020) performed a Lagrangian analysis of the subduction of NADW
only, by tracking its pathways backwards from the deep North Atlantic. They also note
a prominent role for subduction in the boundary current. According to this study, 60%
of the total NADW ventilation results from subduction within the boundary current and
about 25% from subduction in the interior of the Labrador Sea. It is yet unclear how to
interpret this difference, as the applied model, the particle seeding strategy and water
masses analyzed all differ from our analysis. The fact that most of the interiorShort par-
ticles subduct in the central-LS and then re-enter the boundary current prior to exiting
the basin corroborates the importance of exchanges between the boundary current and
the central-LS in regulating the properties of the water masses arriving at 53oN.

Figure 4.6c-d, T-S diagrams of particle probability showing the temperature and salin-
ity for the withinBC and interiorShort particles, show that the subduction location of the
particles and their final properties at 53oN are linked. The thermohaline properties of
the withinBC and interiorShort particles that subduct in the Labrador Sea clearly differ;
withinBC particles are relatively light, with densities σ53o N =27.55- 27.79 kg m−3 (Fig-
ure 4.6c), while interiorShort particles are denser with σ53o N =27.62- 27.83 kg m−3 (Fig-
ure 4.6d). Notably, withinBC particles that subduct near Cape Farewell (delineated by
the dashed contour in Figure 4.6c) are lighter (σ=27.55- 27.63 kg m−3) than particles that
subduct elsewhere in the boundary current (σ= 27.63- 27.79 kg m−3). This is in agree-
ment with the idealized studies by Spall (2004), Straneo (2006c) and Brüggemann and
Katsman (2019) that all showed that the boundary current gets denser in downstream
direction due to buoyancy loss that it experiences.

For the interiorShort particles, two clear peaks can be distinguished in the T-S di-
agram. Particles that subduct within the boundary current in the southwest (encom-
passed by the dashed contour in Figure 4.6d) are lighter than particles that subduct in
the central-LS (solid contour in Figure 4.6d), with densities σ53o N =27.60-27.80 kg m−3

and σ53o N =27.73-27.83 kg m−3, respectively. This is a result of the stronger buoyancy
loss over the central-LS, yielding a denser product of convection.

Both the subducted withinBC and interiorShort consist of water masses with densi-
ties within the density range of the LSW in this model (thick black lines in Figure 4.6c-d).
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However, we found that less than 5% of the total subduction of the withinBC particles is
associated with the LSW density range compared to 43% of the total subduction of the
interiorShort particles. That is, our results indicate that the transformation of the with-
inBC particles, which only follow the boundary current, results into relatively lighter wa-
ter masses than the transformation of the interiorShort particles. Note that the subduc-
tion of the interiorShort particles may occur both in the central-LS and in the boundary
current.

Figure 4.6: (a-b) Mean subduction velocity for (a) withinBC and (b) interiorShort particles. The 3000 m isobath
used to distinguish the boundary current from the central-LS is indicated by the dark grey contour line. (c-
d) T-S diagram of the thermohaline properties of the (c) withinBC and (d) interiorShort particles at 53o N in
terms of particle probability. The latter is calculated as the sum of the transports associated with all particles
in a certain ∆T -∆S bin divided by the total transport carried by the associated pathway (Ypma et al., 2019).
The black dotted lines outline the isopycnals (in kg m−3); thick black lines indicate the LSW density range
in MOM. The black dashed contour in (c) encompasses 70% of the withinBC particles that subduct south of
Greenland; the blue dashed (solid) contour in (d) encompasses 70% of the interiorShort particles that subduct
in the boundary current (central-LS).

To investigate the relative importance of the regions where the particles are trans-
formed for the overturning in the Labrador Sea, we evaluated the overturning in the
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Labrador Sea resulting from this water mass transformation solely based on the trans-
ports carried by the withinBC and interiorShort particles. We assess the overturning
between the cross-sections at 53oN and 44oW (particle release location and CF section;
dotted lines in Figure 4.5a). The Eulerian overturning (green line in Figure 4.7) is calcu-
lated by first taking the difference in annual mean transport and then take the running
integral over the vertical, in potential density anomaly (hereinafter, density), temper-
ature and salinity bins. The Lagrangian overturning is calculated similarly, only now
we take the differences between the summed volume transport carried by the withinBC
(black lines in Figure 4.7) and interiorShort particles (red lines), respectively. We also
add an estimate for the total Lagrangian overturning (purple lines in Figure 4.7), which is
simply based on the summed transports carried by the withinBC and interiorShort par-
ticles. This is not expected to match the Eulerian overturning, as contributions from the
subpolar, interiorLong and Davis particles cannot be computed. The overturning based
on these two classes of particles peaks at σ=27.60 kg m−3 and amounts to 4.3 Sv (purple
line in Figure 4.7a). In temperature and salinity space we find a maximum overturning
of 9.1 Sv and 9.7 Sv at 4.2 oC and 34.94 psu, respectively (Figure 4.7b-c and Table 4.3),
indicating that substantial density compensation occurs (Zou et al., 2020).

Figure 4.7: Absolute accumulated change of the volume transport (in Sv) between the sections at 53o N and
44o W (release location and CF section, dotted lines in Figure 4.5a) binned every (a) 0.01 kg m−3 in density, (b)
0.1 o C in temperature and (c) 0.01 psu in salinity space for the annual mean Eulerian values (green line, mean
over the particle release year), for the withinBC (black line) and interiorShort (red) particles and for their sum
(Lagrangian mean, purple). Grey horizontal lines in (a) indicate the LSW density range in MOM.

The withinBC and interiorShort pathways contribute roughly equally to the net La-
grangian overturning in the Labrador Sea. The maximum overturning resulting from the
withinBC particles (black lines in Figure 4.7) occurs at a lighter density (higher tempera-
ture) than the overturning resulting from the interiorShort particles (red lines) atσ=27.60
kg m−3 and σ= 27.65 kg m−3 (4.4 and 3.7 oC), respectively. Interestingly, the overturning
associated with the interiorShort particles shows significant contributions in the den-
sity range σ=27.75-27.82 kg m−3, which is within the signature of the LSW in this model
(section 4.2.2); the overturning associated with the withinBC particles is negligible at
this density range. This once more confirms that the denser water masses are formed
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Table 4.3: Maximum overturning transport in the Labrador Sea (in Sv) and property values at which this oc-
curs, in density, temperature and salinity space. Values obtained in this study are given based on the Eulerian
and Lagrangian analysis, the latter split by the two main pathways (i.e., withinBC and interiorShort). Values
reported from observations in Zou et al. (2020) are provided for comparison.

density space temperature space salinity space
(Sv) (kg m−3) (Sv) (oC) (Sv) (psu)

Eulerian 3.1 27.66 13.1 4.3 15.1 34.94
Lagrangian 4.3 27.60 9.1 4.2 9.7 34.94

withinBC 2.3 27.60 5.7 4.4 4.5 34.94
interiorShort 2.3 27.65 4.2 3.7 5.2 34.94

Zou et al. (2020) 3.3 27.70 13.9 3.7 11.4 34.90

in the central-LS, whereas convection along the boundary current results in lighter wa-
ter masses. The fact that the signal of the various direct and indirect pathways of water
masses is evident in the overturning signal within different density classes emphasizes
the complex nature of processes regulating the overturning in the Labrador Sea.

4.4.2. Pathways and final properties of convected water masses

The T-S diagrams in Figure 4.6c-d reveal that the densest water masses that exit the
Labrador Sea at 53oN are associated with the interiorShort particles that subduct in the
central-LS. So, we now further investigate the pathways and properties of this subset of
interiorShort particles, which represent 4.8 Sv (75%) of the 6.4 Sv of subduction that takes
place in the Labrador Sea. Visual inspection of their trajectories reveal two preferred
routes from their subduction location to 53oN: particles tend to either travel towards the
west coast of Greenland or towards the Labrador side of the basin before re-entering the
boundary current. This is in agreement with the idealized study of Brüggemann and
Katsman (2019) and the results discussed in chapter 2 that both showed by using pas-
sive tracers that the densest water masses formed in the interior of the basin are steered
towards the topographic narrowing aided by the velocity shear induced by the presence
of the eddy field. In particular, Brüggemann and Katsman (2019) showed that convected
waters formed in the basin interior move along isopycnals from the convection region
towards the boundary current in the east, and mainly towards the topographic narrow-
ing. This process can be thought of as a stochastic path of particles influenced by the
eddies: in regions where a lot of eddies are present, the particles are steered in all direc-
tions. When a particle then enters a region of low eddy activity, it will move much slower
and might be considered ’stuck’ in such a relatively quiet region. However, if a particle
remains in the region of high EKE, the eddies can advect them further, in any direction.
Following these arguments, the particles will be distributed everywhere within the high
EKE region and will eventually also reach the West Greenland coast. That is, the lim-
ited extent of the EKE field yields a particle pathway mimicking a random walk with a
preferred direction.

Therefore, we further separate the subset of interiorShort particles based on their
proximity to the high EKE region near Greenland (Figure 4.8a-b). Analogous to the anal-
ysis of the Argo floats presented in section 4.3.1, we define a boundary in the northeast
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(black line in Figure 4.8a-b), placed such that EKE<200 cm2 s−2 southwest of it. Particles
that at some time cross this line from southwest to northeast are classified as following
the West Greenland (WG) path; all other particles are considered to follow the LC-path.
It appears that most newly-formed dense water leaves the central-LS following the direct
Labrador Current (LC) path (3.0 Sv; 60% of the total transport of this subset of particles),
but that the indirect WG-path also contributes significantly (1.8 Sv; 40%).

Example trajectories for these two pathways are shown in Figure 4.8a-b, traveling
from their subduction location (magenta dots) to 53oN. To better visualize preferred
routes Figure 4.8c-d shows maps of the particle probability for these two pathways (maps
are constructed as in Figure 4.5a). For the WG-path (Figure 4.8c), the particle probabil-
ity is significantly high at the west coast of Greenland and is co-located with the region
of enhanced EKE (black contours), indicating that the WG-path is regulated by the local
eddy activity since eddies are needed to steer the dense waters into the boundary cur-
rent (Brüggemann and Katsman, 2019). Particles that follow the WG-path are steered
towards Greenland and then flow cyclonically around the basin to 53oN, yielding a peak
in particle probability at the Labrador side (Figure 4.8c). The particle probability for
the LC-path (Figure 4.8d) outlines the direct export route of newly-formed water masses
from the central-LS to the boundary current at the Labrador side (Brandt et al., 2007;
Palter et al., 2008; Georgiou et al., 2020).

To investigate the water mass properties of this subset of the interiorShort particles
that subduct in the central-LS when exiting the Labrador Sea, we analyze their transport
per density bin at 53oN (Figure 4.9a-b). For the WG- and LC-paths, the maximum trans-
port at 53oN is found at a density range of σ=27.81- 27.82 kg m−3, which corresponds to
the denser limit of the LSW density range in this model (see section 4.2.2). Interestingly,
30% of the transport carried by the WG-path particles is found within this LSW den-
sity range compared to 15% of the transport carried by the LC-path particles. Clearly,
relatively light waters are carried mostly along the LC-path. This corroborates that the
denser water masses formed in the central-LS most likely follow the indirect route de-
scribed by the WG-path. The vertical distribution of the particle transport when they
reach 53oN (Figure 4.9c) also reflects that the WG-path carries the denser water masses,
since these particles are found deeper in the water column than the particles that follow
the LC-path (Figure 4.9c).

In summary, we have shown in this section that water mass transformation occurs
along each of the main pathways (i.e. withinBC and interiorShort), resulting in water
masses with different thermohaline properties. As the pathways that waters follow after
subduction are linked to different density classes, clearly this regulates the overturning
in the Labrador Sea. Moreover, an export pathway of LSW exists, that approaches the
West Greenland coast, like the pathway found in chapter 3 (Figure 3.11). The transport
carried via this WG-path is about half of that carried along the LC-path, thus implying
that the presence of eddies plays a crucial role in shaping the pathways of the convected
water (Brüggemann and Katsman, 2019).
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Figure 4.8: (a-b) Example trajectories for the subset of interiorShort particles that subduct in the central-LS,
from their subduction location (magenta dots) to 53o N and (c-d) associated particle probability map. The set
of particles is split by evaluating if they (a,c) travel towards the west coast of Greenland (WG-path) by crossing
the black line in (a-b) or (b,d) travel towards the Labrador coast (LC-path). Northeast of the black line in (a-b)
the EKE is higher than 200 cm2 s−2; black contours in (c-d) indicate the annual mean EKE (contour interval
is 200 cm2 s−2, starting from the contour line of 200 cm2 s−2). Also shown in (c-d) is the percentage of the
volume transport carried by the WG-LC paths with respect to the total carried by this subset of the interiorShort
particles.
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Figure 4.9: (a-b) Volume transport at 53o N carried by the particles that subducted in the central-LS and then
travel towards (a) the vicinity of the west coast of Greenland (WG-path) and (b) the Labrador side (LC-path)
binned by 0.01 kg m−3 in density space. Black dashed horizontal lines in (a-b) indicate the LSW density range
in MOM. (c) Cross section of the vertical distribution of the volume transport associated with the two pathways
at 53o N (black line in the inset): WG-path (purple contours) and LC-path (yellow contours) together with the
annual mean velocity of the simulation (shading). Purple (yellow) contours encompass 60% of the WG-path
(LC-path) particles. The dashed contours outline the isopycnals (in kg m−3).
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4.5. Timescales associated with the pathways
It is expected that the various pathways that particles follow prior to exiting the Labrador
Sea at 53oN affect the associated timescales: the residence time of water masses in the
Labrador Sea and the time from subduction to arrival at 53oN.

First, we focus on their residence time in the Labrador Sea: the time it takes for a
particle to travel from Cape Farewell (CF, dotted line in Figure 4.5b) to 53oN, and how
this depends on a particle’s density at 53oN which in turn reflects the water mass trans-
formation it experienced in the basin (section 4.4).

The withinBC particles are characterized by a short residence time (Figure 4.10a);
almost all particles reach 53oN in less than two years. From these particles, the ones
that represent lighter water masses (density range of σ53o N = 27.60-27.70 kg m−3) arrive
53oN within 5-8 months; their transport amounts to 3.9 Sv. The withinBC particles with
σ53o N > 27.75 kg m−3, which represent a smaller transport (2.1 Sv), display longer resi-
dence times between 6 months and 2 years. The interiorShort particles associated with
relatively light water masses (i.e. density range σ53o N =27.65-27.75 kg m−3) are relatively
fast, with a residence time of less than a year (Figure 4.10b) and their transport amounts
to 3.2 Sv. However, the majority of the interiorShort particles (7.3 Sv) have longer resi-
dence times, up to the 6 years maximum advection time (Figure 4.10b). They are associ-
ated with the LSW density range in MOM (i.e., σ=27.75-27.83 kg m−3). This confirms the
findings from the idealized study presented in chapter 3, that the densest water masses
formed in the interior of the Labrador Sea stay in the basin longer.

We also estimate the residence time of the Argo floats (section 4.2.1 and section 4.3.1)
for comparison. Since their starting locations differ, we now define the residence time
as the time it takes to travel from the location where they are first found in the Labrador
Sea until they reach 53oN. As for the particles, we distinguish the floats that travel in the
boundary current the entire time (ARGO-BC floats, n=32, see Figure 4.4a) from those that
at some moment are located in the central-LS (ARGO-interior floats, n=65). It is clear
from Figure 4.10c that the ARGO-BC floats (dashed black line) reach 53oN faster than
the ARGO-interior floats (dashed red line): 90% of the ARGO-BC floats arrives within 1
year; for the ARGO-interior floats this takes 3.5 years. The estimated residence times for
the floats correspond well to the results obtained from the Lagrangian particles: 90% of
the transport carried by the withinBC and interiorShort particles reaches 53oN within
1.5 and 3 years, respectively (black and red solid lines in Figure 4.10c). The results are in
agreement with the timescales reported in observational (Palter et al., 2008) and mod-
elling (Brandt et al., 2007) studies.

Next, we investigate the impacts of the pathways (and hence of the boundary-interior
exchange) for the export timescales of the particles that subduct in the central-LS, dis-
tinguishing the WG- and LC-paths as in section 4.4. The export timescale is defined as
the time it takes a particle to travel from its final subduction location to 53oN. It is found
that the water masses that follow the LC-path (i.e. towards the Labrador side) are rapidly
exported from the Labrador Sea; 90% of the transport carried by the LC-path is exported
within 15 months (not shown). This is in agreement with previous studies that showed
that the newly formed LSW is rapidly exported from the interior of the basin by being
entrained in the boundary current (e.g., Brandt et al., 2007; Georgiou et al., 2020). Not
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Figure 4.10: Volume transport carried by the particles as a function of residence time and density at 53o N
(σ53o N in kg m−3) for the (a) withinBC and (b) interiorShort particles. The volume transport is binned in ∆σ=
0.01 kg m−3 and ∆t = 25 day intervals. (c) Normalized cumulative volume transport of the withinBC (black
line) and interiorShort (red line) particles and normalized cumulative number of Argo floats that either travel
within the boundary current (ARGO-BC, black dashed line) or are found in the central-LS at some moment
(ARGO-interior, red dashed line), as a function of residence time. Grey horizontal line in (c) indicates the 90%
limit. Float trajectories for ARGO-BC and ARGO-interior are shown in Figure 4.4a and b, respectively.

surprisingly, the export timescales of water masses that follow the indirect WG-path are
much longer; 90% of the transport carried by the WG-path is exported within 4 years (not
shown).

The finding that the transport of convected water from the interior towards the west
coast of Greenland takes almost 2.5 years longer than the direct transport on the Labrador
side, combined with the fact that different water masses are formed along these path-
ways, has important implications for the variability in transport of these water masses to
be expected downstream in response to variations in LSW formation rates.

4.6. A three-dimensional view on the export of convected
waters

In this study, we showed that the different pathways that water masses in the Labrador
Sea follow prior to reaching at 53oN (Figure 4.5b) have a direct impact on the water mass
properties with which they arrive there and on their residence time in the basin, and
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hence on the Labrador Sea overturning dynamics.
The analysis of the pathways of the water masses that are transformed in the central-

LS (i.e. the WG-LC- paths, section section 4.4.2), clearly shows that the local eddy activ-
ity regulates their fate in the Labrador Sea (Figure 4.8 and Figure 4.9). The denser water
masses formed in the central-LS tend to follow either a direct route towards the Labrador
side (LC-path) or a more complex pathway that seems to be steered by the eddy activ-
ity near the west coast of Greenland (WG-path). In the idealized model simulation of
Brüggemann and Katsman (2019), the dense water masses that have been formed by
convection in the interior are laterally transported towards the boundary current along
isopycnals. To investigate if this is also the case in this realistic model, we analyze the
re-entry of the particles in the boundary current after subduction in the central-LS. To
this end, we investigate where the particles cross the 3000 m isobath for the last time
(our definition of re-entry of the boundary current) and with what density (σcrossing),
and compare this to the local annual mean density of the boundary current, σ̄3000m (Fig-
ure 4.11).

It appears that most WG-path particles re-enter the boundary current at a distance
between 800-1100 km downstream from 44oW (purple shading in Figure 4.11a), which
coincides with the region of enhanced EKE. This entrainment occurs between 2100-2800
m depth where the annual mean density of the boundary current is σ̄3000m >27.82 kg
m−3 (contours). In contrast, the majority of the LC-path particles re-enter the boundary
current at 2000-2150 km downstream from 44oW (Figure 4.11c) and at shallower depths
(500-2000 m). At this depth and location, the boundary current has a mean density
σ̄3000m = 27.70- 27.82 kg m−3.

The density of the particles that re-enter the boundary current by crossing the 3000
m isobath (σcrossing) is highly correlated to the mean density of the boundary current
(σ̄3000m) at the location of the crossing (Figure 4.11b,d). This supports the view that
the entrainment of convected waters in the boundary current occurs along isopycnals
(Brüggemann and Katsman, 2019). It also implies that this entrainment can only take
place where the density and depth of the convected water mass match the local prop-
erties of the boundary current, which adds a potentially strong constraint on this pro-
cess. This view is in agreement with the result that convected water of varying density
is entrained in the boundary current at the Labrador side (LC-path, Figure 4.9b), while
only the densest convected waters re-enter the boundary current along the WG-path
(Figure 4.9a). Near the Greenland coast, the stronger stratification resulting from the ad-
vection of buoyant water from the boundary current by the eddies effectively blocks the
re-entry of lighter convected waters (σ ' 27.70-27.75 kg m−3) there. At the topographic
narrowing, the isopycnals are strongly tilted downward in the direction of the coast.
This induces an along-isopycnal transport of the densest water masses from the inte-
rior towards the boundary current in deeper layers (Brüggemann and Katsman, 2019).
As a consequence, at 53oN, the denser water masses that follow the WG-path are found
deeper in the water column than those that follow the LC-path (Figure 4.9c) since they
follow different isopycnals in the boundary current (Figure 4.11a).

To visualize this difference between this lateral, along isopycnal transport for the di-
rect and indirect pathways schematically, we use two particles that follow the LC-path
and the WG-path (Figure 4.12). Both particles are subducted in the central-LS (magenta
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Figure 4.11: (a,c) Normalized number of particles that cross the 3000 m isobath and re-enter the boundary
current as a function of distance downstream of Cape Farewell and depth, for (a) the WG-path (purple shad-
ing) and (c) the LC-path (yellow shading). Particles are binned over segments of 30 m in depth and 50 km in
alongshore direction, starting from 44o W (see inset in (a), black squares mark distances of 200 km). Note that
the horizontal axis is flipped. The black contours outline the annual mean density of the boundary current as
a function (σ̄3000m , in kg m−3) of the alongshore coordinate. Grey dashed contours denote the region near the
West Greenland coast where EKE>200 cm2 s−2. (b,d) Scatter plot of the density of particles when they cross
the 3000 m isobath (σcrossing, in kg m−3) versus the annual mean density of the boundary current σ̄3000m at
this location, for particles that follow (b) the WG-path and (d) the LC-path in terms of number of particle. The
latter is calculated as the sum of particles in a certain ∆σ-∆σ bin (∆σ = 0.01 kg m−3).

markers in Figure 4.12). It is clear that the particle that follows the LC-path (yellow line in
Figure 4.12) is directly entrained in the boundary current at the Labrador side at a depth
of 1620 m, and follows the boundary current to 53oN. Along this part of its trajectory,
it rises to a depth of 1300 m. In contrast, the particle the follows the WG-path (purple
line in Figure 4.12) moves towards the west coast of Greenland, right underneath the re-
gion of enhanced EKE (red shading) and is entrained in the boundary current at a depth
of 2050 m. Once in the boundary current (dotted purple line), the particle is carried to
53oN at a depth of 2000 m.
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Figure 4.12: Example of two particles that after their subduction location (magenta markers) follow either the
LC-path (yellow line) or the WG-path (purple line) to reach 53o N in (a) plane and (b) 3-D view. Dashed lines in
(a) show the trajectories of the particles before they subduct. Dotted lines in (a-b) show the trajectories once
these particles re-enter the boundary current. The release location at 53o N is indicated in the black line in
(a) and shaded area in (b). The central-LS as defined in this study is highlighted by the thick black line in the
interior of the Labrador Sea. Enhanced values of the annual mean EKE are shown in (a) at the surface (black
contours, contour interval is 200 cm2 s−2, starting from the contour line of 200 cm2 s−2) and in (b) over the
vertical (red shading). Bathymetry data are obtained from ETOPO1 Amante and Eakins (2009).

4.7. Summary and conclusions

In this study, we use Lagrangian particles launched at 53oN and traced backwards in
time using the output of an ocean eddy-permitting model (MOM) to investigate the up-
stream pathways of the water masses that exit the Labrador Sea. The motivation of this
study stems from the need to improve our understanding on the export routes of the
water masses that constitute the lower limb of the AMOC. In particular, building on the
insights gained from the idealized Lagrangian study presented in chapter 3, we explore
the relative importance of the different pathways that water masses follow prior to ex-
iting the Labrador Sea at 53oN by investigating the water mass transformation along
these pathways, the impact on the overturning in the basin, and the residence and ex-
port timescales associated with the pathways in this more realistic ocean model.

We show that in this model simulation, 85% of the total transport carried by the
launched particles follow either the boundary current (withinBC particles) or a more
complex route that involves boundary current-interior exchanges (interiorShort parti-
cles) from Cape Farewell (southern tip of Greenland) to 53oN within a 6 year period (Fig-
ure 4.5). The transformation of the water masses differs along these routes, which leads
to differences in their final properties; lighter water masses are formed within the bound-
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ary current (withinBC particles), while denser water masses are formed in the central-LS
(interiorShort particles). This is reflected in the relative importance of these pathways for
the overturning in density space; the overturning found at densities higher than 27.66 kg
m−3 is mainly attributed to the interiorShort particles (Figure 4.7a). Only in lighter layers
the impact of the transformation of the withinBC particles is important. Thus, we con-
clude that the indirect route which is regulated by boundary current-interior exchanges
is important for the representation of the overturning in denser layers.

With regard to volume transport, our results indicate that the contribution of bound-
ary current subduction is as important as that of subduction in the interior of the Labrador
Sea (section 4.4.1). This is in line with other studies who found that the boundary cur-
rent subduction plays a key role (Brandt et al., 2007; MacGilchrist et al., 2020) for the
ventilation of the water masses in the Labrador Sea. However, our Lagrangian analysis
shows that interiorShort particles which are subducted close to or within the boundary
current can still take a long route through the interior of the Labrador Sea before they
finally exit. Thus, care needs to be taken whether particles which are subducted close
or within the boundary current are really confined to the boundary current until they
exit the Labrador Sea. Moreover, the water masses transformed in the interior are usu-
ally denser than those transformed over the boundary current (Figure 4.6c-d). Thus, the
densest water masses formed in the Labrador Sea typically take a longer and more com-
plex route compared to the water masses transformed in the boundary current.

Our investigation of the residence time of the major pathways (i.e. withinBC and
interiorShort particles) shows that lighter water masses formed close to or within the
boundary current are exported faster than the denser water masses formed in the central-
LS (Figure 4.10), in line with the more qualitative results obtained from the idealized
studies of Brüggemann and Katsman (2019) and chapter 3: 90% of the volume trans-
port carried by the withinBC and interiorShort particles reaches 53oN within 1.5 and 3
years, respectively (Figure 4.10c). In particular, we show that the denser water masses
formed in the central-LS first follow an eddy-driven path towards the West Greenland
coast (WG-path, Figure 4.8a) and re-enter in the boundary current there before reaching
53oN. Therefore, these water masses travel longer distances than the ones that formed
within the boundary current itself (withinBC particles) or the lighter water masses that
formed in the central-LS and are rapidly exported at the Labrador side (LC-path). Last,
we showed that the entrainment of convected water mass can only take place where its
density and depth match the local properties of the boundary current, which adds a po-
tentially strong constraint on this process (Figure 4.11 and Figure 4.12).

One of the limitations of the Lagrangian analysis in the idealized study presented in
chapter 3 was the lack of a possible connection between the Labrador and the Irminger
Sea, as the model domain was limited to the Labrador Sea only. Interestingly, in this
study an indication of a connection between the two basins appears; Figure 4.8(a,c)
shows that some particles that follow the WG-path move towards Greenland and travel
farther east than 44oW before they reach 53oN. This would be in agreement with a path-
way along the mid-depth recirculation cells found in the SPNA (e.g., Lavender et al., 2000;
Bower et al., 2009; Lozier, 2012; Rhein et al., 2015), where newly-formed LSW flows to-
wards the eastern SPNA (Figure 4.8c). In our Lagrangian set-up, the transport carried
by these particles only amounts to 0.2 Sv. From this low number one cannot conclude
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that this potential pathway between the Labrador and Irminger Seas is not relevant, as
the strategy we chose for seeding the Lagrangian particles is not suited to address this
question. To investigate this pathway explicitly, a different strategy for the deployment
of the particles is required.

Furthermore, we find in agreement with recent studies (Lozier et al., 2019; Zou et al.,
2020) that the overturning in density space is stronger in the eastern part of the North
Atlantic compared to the Labrador Sea (see Figure 4.2e). It is important to note that
the main findings in these observational studies, namely a weak overturning in density
space in the Labrador Sea due to the near-compensation of the overturning in tempera-
ture and salinity space, only document the net result of the events that take place in the
region. Our study reveals the richness of processes and pathways that give rise to this
observed net overturning, characterized by a complex interplay between the convective
interior, the boundary current and the eddy field. Using a model forced by Normal Year
Forcing simplifies the analysis of the Lagrangian particles but prevents us from analyz-
ing any impacts of the known large interannual variability in the surface forcing (Moore
et al., 2012). Therefore, it is by no means clear yet how sensitive the water mass trans-
formation processes and pathways are to, for example, changes in the surface forcing,
and at what timescales a potential response to such changes would become apparent
as a signal in the net overturning strength. Hence, an obvious next step is to investigate
the response of pathways and water mass transformation to anomalies in forcing condi-
tions, by carefully initializing and tracing Lagrangian particles released in different years,
using interannually varying velocity fields rather than looping over a one-year dataset as
is done here.

The relatively long time it takes for interiorShort particles to complete the indirect
route to 53oN compared to the direct route followed by the withinBC particles, and the
outcome that for interiorShort particles the export timescales depend on pathway and
location of re-entry of the boundary current (Figure 4.10) indicates that care should be
taken when attempting to directly relate variability in LSW production to LSW propa-
gation to the subtropics and thus to AMOC variability. This study reveals a complex
three-dimensional view of the LSW export and shows that the interior-boundary cur-
rent exchanges are crucial for the LSW pathways and export timescales. Better under-
standing of the processes that control the transports along these various pathways and
the variability therein is needed to fully understand the connections between the pro-
cesses occurring in the Labrador Sea and AMOC variability. According to our study, these
pathways are strongly governed by the combination of the density and depth of LSW in
the interior and the density structure of the boundary current system along the basin’s
perimeter.



Chapter 5

Sensitivity of the upstream pathways of the waters exiting
the Labrador Sea to changes in the surface heat flux

The sensitivity of the upstream pathways and the transformation of the water masses exit-
ing the Labrador Sea to changes in the surface heat fluxes are investigated in an idealized
model. We performed Lagrangian analyses by using the output of two sensitivity simula-
tions (scenarios) where the winter surface heat loss is increased or decreased by 50% from
the one applied to the reference simulation. For the sensitivity to surface heat fluxes, we
find that, in a colder (warmer) regime the product of convection is denser (lighter) and
this has a direct impact on the density where the maximum overturning is found in the
Labrador Sea in each scenario. Moreover, the overturning is reduced by 40% (15%) with
respect to the reference simulation under the scenario of weaker (stronger) winter surface
heat loss. The analysis of the eddy-driven transport of convected waters from the inte-
rior towards the boundary current on the west coast of Greenland, shows that in a colder
(warmer) regime this transport is stronger (weaker). This indicates that the densest waters
formed in the interior of the Labrador Sea tend to follow a longer route towards Greenland
before exiting the basin, which has potential implications for the arrival time of signals
of variability therein farther downstream. The results presented in this chapter highlight
that in a changing climate, the division of the preferred pathways is affected since these
pathways are related to the density of the product of convection and the strength of the
boundary-interior exchange in the Labrador Sea. Thus, it is important to advance our
knowledge on the mechanism behind the boundary-interior exchange to fully understand
the link between the production of dense water in the Labrador Sea and the variations in
the local overturning.

89
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5.1. Introduction
The product of deep convection, Labrador Sea Water (LSW), is the upper component of
the North Atlantic Deep Water (NADW), which in turn constitutes the lower limb of the
Atlantic Meridional Overturning Circulation (AMOC, e.g., Rhein et al., 2015). Historically,
studies on climate variability suggested a strong dependence between this overturning
strength and changes in deep water formation in the Labrador Sea (Biastoch et al., 2008;
Zhang, 2010; Yeager and Danabasoglu, 2014). Recent studies revisited the relative impor-
tance of the Labrador Sea for the variability of the AMOC. Observational studies indicate
that the water mass transformation in the Nordic Seas and northeastern subpolar gyre
display a dominant role for the AMOC variability (Lozier et al., 2019; Chafik and Rossby,
2019; Zou et al., 2020). However, MacGilchrist et al. (2020) performed a Lagrangian anal-
ysis of the subduction of NADW in an eddy-permitting numerical simulation and indi-
cated a dominant role of the Labrador Sea for the ventilation of this water mass. The
results discussed in chapter 3 and chapter 4 also highlight a complicated connection be-
tween the deep water formation and the overturning in the Labrador Sea. One of the
main findings in these chapters was that the densest water masses take more than six
years to exit the Labrador Sea, and that this may obscure a strong link between the LSW
formation and AMOC variability in observations. The complex relation between the vari-
ability of the LSW formation and the AMOC variability might result from the complex
nature of the spreading of LSW from its formation location.

Possible export routes of LSW have been reported (e.g., Palter et al., 2008; Bower et al.,
2019), but their relative importance for its export timescales and for the AMOC variability
is still unclear. Moreover, it is shown in this thesis that the routes that the newly formed
LSW follows can either be direct or indirect (chapter 3). The direct export route of newly-
formed LSW is associated with the lateral advection of LSW from the interior of the basin
towards the Labrador side where it can be entrained in the Deep Western Boundary Cur-
rent (DWBC, path 1 in Figure 5.1) and rapidly flow southwards (e.g., Talley and McCart-
ney, 1982; Brandt et al., 2007; Feucher et al., 2019). Another direct export route (path 2
in Figure 5.1) is related to the formation of the LSW within the boundary current itself
(Cuny et al., 2005; Brandt et al., 2007, chapter 3 and chapter 4). Moreover, an indirect
route of LSW that involves boundary current-interior exchanges is reported in several
studies (Straneo et al., 2003; Palter et al., 2008; Brüggemann and Katsman, 2019, chap-
ter 2). These studies have shown that convected water is transported from the interior
towards the west coast of Greenland, in particular in the region where the eddy activity
peaks, and is then entrained in the boundary current (path 3 in Figure 5.1). Last, within
the subpolar gyre, the mid-depth recirculation of the LSW indicates an indirect export
route (path 4 in Figure 5.1) of this water mass towards the Irminger Sea (e.g., Lavender
et al., 2000; Pickart et al., 2003; Stramma et al., 2004; Bower et al., 2009; Holliday et al.,
2009; Lozier et al., 2013).

The Lagrangian analysis performed in chapter 3 by using the output of an idealized
model indicated that an eddy-driven transport of dense water towards the boundary ex-
ists and that its presence affects the export timescales of LSW (Figure 3.2b, Figure 3.13).
This was confirmed in the Lagrangian analysis performed in an eddy-permitting global
ocean model in chapter 4 (Figure 4.5b, Figure 4.10). The results presented in these chap-
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Figure 5.1: Schematic of the pathways of the LSW (based on Palter et al., 2008; Rhein et al., 2017; Georgiou et al.,
2020): (1) direct entrainment of the LSW in the boundary current, (2) LSW formation within the boundary
current itself, (3) eddy-driven LSW transport from the interior towards the west coast of Greenland and (4)
mid-depth recirculation of the LSW towards the Irminger Sea. Shaded areas indicate the location of convection
regions in the Labrador Sea. Dashed grey contours outline the bathymetry (contour interval is 1000 m starting
from the isobath of 1000 m). Bathymetry data from ETOPO1 (Amante and Eakins, 2009).

ters suggest that the link between the LSW formation and AMOC variability might be
difficult to capture in short-term observations such as the OSNAP array (Holliday et al.,
2018; Lozier et al., 2019) since the densest water masses tend to follow the indirect route
(path 3 in Figure 5.1), resulting in longer timescales to exit the Labrador Sea (section 3.7
and section 4.5). The latter suggests that the boundary current system, its stability, and
most importantly the boundary-interior exchanges play an important role for the Labra-
dor Sea dynamics.

The boundary current system encircling the Labrador Sea carries buoyant waters in
its upper layer while at depth denser waters and overflow waters from the Nordic Seas
are found (e.g., Holliday et al., 2007). The Labrador Current and West Greenland Cur-
rent carry fresh waters from the Artic and runoff from the Greenland ice shelf flowing
along the shelf and shelf break (Clarke and Gascard, 1983; Dickson et al., 2007; Yashayaev
and Clarke, 2008). Moreover, the warm and salty Irminger Water flows cyclonically at
mid-depths along the continental slope (Cuny et al., 2002; Myers et al., 2007). A topo-
graphic narrowing at the west coast of Greenland makes the boundary current unstable
and large, warm anticyclonic eddies known as Irminger Rings (IRs) are shed (e.g., Lilly
et al., 2003; Katsman et al., 2004, Figure 2.1c). These eddies are known to advect buoyant
water from the boundary into the interior (Figure 2.5), playing an important role in re-
stratifying the water column in the interior of the Labrador Sea after convection events
during winter (Gelderloos et al., 2011; de Jong et al., 2016). It is the lateral exchange be-
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tween the boundary current and the interior together with the surface fluxes that sustain
a balance of the heat and salt budget in the Labrador Sea (section 2.2.3, Lilly et al., 2003;
de Jong et al., 2016).

Under a scenario of global warming it is important to understand how the ocean
circulation will respond. The response of the Labrador Sea to changes in climate has
been investigated in many studies (e.g., Böning et al., 2016; Jones et al., 2018; Garcia-
Quintana et al., 2019). For instance, a decrease of the winter heat loss from the ocean
to the atmosphere in the Labrador Sea could lead to a stronger stratification in the in-
terior, which in turn would make conditions less favorable for deep convection to occur
(Marshall and Schott, 1999). This is a qualitative view on the implications of a changing
climate, taking into account the complex relation between the intra-basin processes and
the AMOC variability. The results presented in chapter 3 and chapter 4 reveal a complex
three-dimensional view of the LSW export from the interior, rather than a homogeneous
lateral spreading and entrainment of the LSW into the boundary current (Khatiwala and
Visbeck, 2000; Bower et al., 2009, 2011; Gary et al., 2012). In particular, it was shown that
the latter is strongly governed by the combination of the LSW density and depth that it
acquires after its formation in the interior, and also on the boundary current stratifica-
tion along the basin’s perimeter (Figure 4.11). In a changing climate, it remains unclear
to which degree these scenarios might alter the properties of the LSW, its export routes
and the associated timescales, and therefore the AMOC strength.

The aim of this study is to assess the response of the pathways that the water masses
follow prior to exiting the Labrador Sea to changes in the surface heat flux. Towards this
goal, two sensitivity Lagrangian simulations are performed in an idealized model for the
Labrador Sea. The use of an idealized configuration of a high-resolution regional model
helps to isolate specific processes and provides helpful insights in to the nature of the
changes in each of the sensitivity simulations. In particular, we use two sensitivity sim-
ulations reflecting a milder and colder winter climate state (chapter 2). In the course of
this chapter, we investigate the response of the pathways found in chapter 3 and chap-
ter 4, the water mass transformation, the net overturning and the boundary-interior ex-
change to changing forcing conditions.

This chapter is organized as follows: the sensitivity simulations and a description of
the Lagrangian approach are introduced in section 5.2. The resulting convection and
eddy field in the sensitivity simulations is then compared to the one found in the ref-
erence simulation (section 5.3). Next, we explore the response of the pathways (sec-
tion 5.4), the water mass transformation (section 5.5), the net overturning (section 5.6)
and the boundary-interior exchange (section 5.7) to changes in the winter surface heat
loss. Last, section 5.8 covers the discussion and conclusions.

5.2. Data and Methods
The model configuration used in this chapter is the same as described in section 2.2;
an idealized configuration of the MITgcm (Marshall et al., 1997) for the Labrador Sea. To
investigate the sensitivity of the pathways found in the idealized model in chapter 3 (Fig-
ure 3.2b), which were confirmed to exist also in the Lagrangian analysis using the out-
put data from a realistic ocean model (MOM, chapter 4), we now perform a Lagrangian
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analysis using the output data also from the two sensitivity simulations described in sec-
tion 2.2.2. In particular, we use the data of the COLD and WARM simulations in which
the winter surface heat loss is increased and decreased by 50% respectively with respect
to the one applied in REF (Figure 5.2). Note that in these simulations the effects of salin-
ity are not incorporated and that a linear equation of state is used taking into account
only temperature variations for simplicity.

Figure 5.2: Annual mean surface heat flux applied to the model in (a) COLD, (b) REF and (c) WARM simulation
(see section 2.2.2 for details on the simulations). Q< 0 indicates cooling of the sea surface (Q in W m−2). Thin
black contours outline the bathymetry, the contour interval is 500 m starting from the isobath of 500 m. The
thick black dashed line shows the 18 Sv barotropic streamfunction (Ψb ) in each simulation which is used to
distinguish the boundary current and the interior of the basin (see also section 3.2.1 and section 3.3).

The offline Lagrangian tool Connectivity Modeling System (CMS, Paris et al., 2013) is
used to trace the pathways of the water masses by means of Lagrangian particles. In par-
ticular, we use the three dimensional velocity field from the last six years of the sensitivity
simulations (i.e. model years 15-20) to track the Lagrangian particles. The release pro-
cedure of the particles is the same as in REF (section 3.2.2). Particles are released at the
outflow (red lines in Figure 5.2) with a particle resolution of 1 km in the zonal direction
and 50 m in the vertical direction. The particles are released every 2 days over a period of
one year and are traced backwards in time for 6 years only when the meridional velocity
at the outflow is negative (southward). Upon release, a volume transport is assigned to
each particle by multiplying the meridional velocity by the area of the grid cell in which
the particle is released (Döös, 1995; Ypma et al., 2019). This transport is conserved along
the trajectory (van Sebille et al., 2018).

5.3. Response of Labrador Sea dynamics
Before analyzing the trajectories of the particles, we revisit the resulting properties of
convection and eddy field in the simulations where the surface heat flux is changed (i.e.
COLD and WARM) as investigated in section 2.4. Furthermore, we investigate whether
these changes affect the thermohaline properties of the product of convection and also
the strength of the boundary current.
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As shown in section 2.4, both the convection and the eddy field are affected by the
changes in the surface forcing (Figure 2.9). However, the response of the MLD is not pro-
portional to changes in the heat flux as shown in chapter 2. Although the applied surface
forcing has been changed in COLD and WARM by the same percentage (by ±50% with re-
spect to the reference simulation), it results in changes of +25% (Figure 2.9a,c) and -45%
(Figure 2.9b,d) in the maximum depth of the winter mixed layer. This asymmetry can
be partly attributed to the stratification, which increases at larger depths, and partly to
the changes in the baroclinicity of the boundary current and the associated lateral eddy
heat fluxes. As shown in section 2.4, the increase (decrease) in the eddy heat advection
into the interior are not simply proportional to the increase (decrease) in the applied
heat loss in COLD (WARM) either. It is the combination of surface heat fluxes and lateral
eddy fluxes that regulates the properties of the convection.

Under the scenario of a stronger (weaker) surface winter heat loss, the winter mixed
layer deepens (shallows) and the convection region becomes wider (narrower), while the
density gradient between the interior and the boundary current increases (decreases).
The increase (decrease) in the horizontal density gradient in COLD (WARM) results in
a faster (slower) boundary current than in REF (Figure 5.3). In this idealized model,
the mean alongshore speed of the boundary current increases by 20% in COLD and de-
creases by 10% in WARM with respect to REF.

Figure 5.3: Anomaly from REF simulation of the 5-year mean speed (∆U, in m s−1) of the boundary current
for (a) COLD and (b) WARM as a function of distance from the inflow and depth. Black squares in the inset
figures mark distances every 500 km. Values are horizontally averaged over the width of the boundary current
(onshore ofΨb =18 Sv, see red line in insets). Note that within the first 500 km (grey shaded area) the boundary
current might experiences some spurious changes due to the open boundary conditions.

To identify the properties of the convected water (characterized as being weakly strat-
ified in the vertical) in each simulation, we use the threshold of small potential vorticity
(PV) following Talley and McCartney (1982). The potential vorticity is defined as PV=
−( f /ρ)(∂ρ/∂z); where f is the Coriolis parameter and ρ the density, where in our simula-
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tions density is associated with temperature variations only. In particular, we define the
isopycnals that bound the convected water as those with PV<4·10−12 (m s)−1. A mean hy-
drographic section across the model domain in late spring (May, Figure 5.4b) shows that
in the REF simulation the convected water is found between the isopycnals ofσ=ρ-1000=
28.32–28.40 kg m−3. In COLD the product of convection resulting from the stronger sur-
face winter heat loss is denser than in REF and is found between σ= 28.36–28.42 kg m−3

(Figure 5.4a). As expected, the opposite holds for the WARM simulation since the weaker
winter heat loss yields a lighter product of convection with σ= 28.30–28.38 kg m−3 (Fig-
ure 5.4c).

Figure 5.4: Late spring (May) mean PV (shading, in (m s)−1) over a section indicated by the red line in the inset
figure in (a), for (a) COLD, (b) REF and (c) WARM. White lines denote the 4·10−12 (m s)−1 contour of the PV.
Black dashed contours denote the density range of the convected water (σ=ρ-1000, in kg m−3). Values are
averaged over years 16-20. The section is plotted against the distance from the west coast (km).

In chapter 3 and chapter 4 it was shown that there is an eddy-driven transport of
the convected water towards the boundary and that its entrainment strongly depends
on the local properties of the boundary current and of the convected waters themselves.
Therefore, it is likely that the above-mentioned changes in the eddy field, thus the lateral
eddy fluxes (Figure 2.10), the properties of the boundary current (Figure 5.3) as well as
the properties of convection (Figure 5.4) will affect the pathways that the water masses
follow prior to exiting the domain; the more and more eddies detach from the boundary
current the more transport of convected water is expected towards the boundary cur-
rent. However, this is only valid when the properties of the convected water match that
of the boundary current at the location of entrainment.

5.4. Response of the upstream pathways of the water masses
Next we investigate how changes in the applied surface heat flux affect the pathways of
the water masses prior to exiting the model domain. To do so, Lagrangian analyses are
performed by using the output data from the COLD and WARM simulations (section 5.2)
and are compared to the findings of the Lagrangian analysis in REF (chapter 3).

Particle density maps highlight the preferred paths of the particles in each simula-
tion (Figure 5.5). These maps are constructed by, for each grid cell, summing the volume
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transport assigned to each particle that passes through this grid cell along its trajectory,
and dividing this by the total transport carried by the particles (Ypma et al., 2019). In
all the simulations, the highest particle density occurs along the boundary current (dark
shading in Figure 5.5), which indicates that most of the particles are found somewhere
within the boundary current during their lifetime. Enhanced values of the particle den-
sity are found also in the interior at the northwestern side of the basin, along the west
coast of Greenland, in all the simulations. This reveals that the boundary current-interior
exchange highlighted in chapter 3 for the REF simulation, is also present in COLD and
WARM simulations (Figure 5.5). However, the density plot for the COLD simulation (Fig-
ure 5.5a) suggests that in this case this exchange is weaker than in the rest of the simu-
lations. This is surprising at first glance since one would expect the deflection of more
particles from the boundary current towards the interior as a result of the increase of
the EKE in COLD along the Greenland coast compared to REF (Figure 2.9c). A possible
explanation of this discrepancy is that in COLD the resulting lateral eddy heat flux peaks
farther north than in REF (Figure 2.10a-b) suggesting that the eddies move towards the
interior slightly differently in these two simulations.

Figure 5.5: Particle density map of particles released at the outflow (at y= 3.75 km, red line) and traced back-
wards in time for (a) COLD, (b) REF and (c) WARM. The black dashed line shows the 18 Sv barotropic stream-
function (Ψb ) which is used to distinguish the boundary current from the interior for each simulation. Also
shown in (b) are example trajectories of a particle following the boundary current (withinBC, black line), a par-
ticle crossing into the interior (interiorShort, red line) and a particle that does not leave the basin during the
6-year simulation (interiorLong, blue line). The purple (yellow) star indicates the location where the example
interiorShort particle crosses the 18 Sv barotropic streamfunction (dashed line) for the first (last) time. Green
circles indicate the location of the particles at the end of the backward advection time (i.e. at t = 6 years). The
percentage of the total volume transport carried by each pathway is given in the legend of each panel.

The classification of the particles advected in the Lagrangian analysis for each sim-
ulation is done by following the procedure discussed in section 3.3; we define a particle
as being in the interior when it is offshore of the 18 Sv contour line of the 5-year mean
barotropic streamfunction in each simulation (Ψb , black dashed line in Figure 5.5). Note
that in each simulation the location of this contour line ofΨb differs as the speed of the
boundary current changes (Figure 5.3). As in section 3.3, the wholeLoop particles (i.e.,
particles that within 6 years of backwards advection reach the inflow) are subdivided in
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two categories: particles that cross the contour line ofΨb into the interior at some loca-
tion (hereinafter, interiorShort particles, red trajectory in Figure 5.5b) and particles that
never cross this contour line and thus never leave the boundary current (hereinafter,
withinBC particles, black trajectory in Figure 5.5b). Recall that the particles that are still
in the domain at the end of the 6 year simulation are referred to as interiorLong particles
(blue trajectory in Figure 5.5b).

It appears that the division of particles over these three categories does not display
a linear response to changes in the wintertime heat loss over the Labrador Sea (see leg-
end in Figure 5.5). In both COLD and WARM the volume transport carried by the with-
inBC particles increases by ∼10% compared to REF, while the volume transport associ-
ated with the interiorShort particles reduces by 10%. This indicates that the boundary-
interior exchange is less prominent in both COLD and WARM than in REF. The reduction
of the number of interiorShort particles, and thus of the boundary-interior exchange
in WARM was expected since the EKE is also weaker (Figure 2.9d). In COLD, both the
EKE and the lateral eddy heat fluxes increase in comparison to REF (Figure 2.9c and Fig-
ure 2.10a) and hence one would also expect an increase in the fraction of interiorShort
particles compared to REF. As previously discussed, it is possible that the combined ef-
fect of a faster current (Figure 5.3a) and a more northward propagation of the eddies in
COLD (Figure 2.10a) compared to REF, creates a constraint for the particles to leave the
boundary current.

Furthermore, the volume transport associated with the interiorLong particles in-
creases by 5% in COLD and decreases by 2% in WARM compared to REF. That means
that under the scenario of a stronger surface winter heat loss in COLD, more particles
are ’trapped’ in the interior of the basin within 6 years of advection period and the oppo-
site holds in WARM.

5.5. Response of the water mass transformation
In section 3.5 we identified the locations where the water masses last change their prop-
erties by means of the local subduction rate. Here, we investigate the response of the
subduction rate and of the pathways that the particles follow after their subduction to
changes in the surface heat flux and how their properties are affected.

The results discussed in section 3.5 for the REF simulation already revealed that the
subduction of waters exiting the domain along the withinBC route mainly occurs in the
western part of the Labrador Sea (Figure 5.6b), while large subduction velocities of the
particles following the interiorShort route are found in the west, close to the edge of the
boundary current (Figure 5.6d). For the REF simulation, the total subduction amounts
to 1.9 Sv and 3.7 Sv for the withinBC and interiorShort particles, respectively, highlight-
ing the importance of water mass transformation in the interior (Figure 5.7b). Qualita-
tively, the same view emerges from the two sensitivity simulations (COLD and WARM,
Figure 5.6 and Figure 5.7a,c).

Similarly to REF, the subduction of the withinBC particles in the COLD and WARM
simulations occurs in the western part of the Labrador Sea (Figure 5.6b-c). Figure 5.6(d,f),
shows that the subduction velocities of the interiorShort particles are higher closer to the
region where the heat loss is maximum in the interior and also in the boundary region
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on the Labrador side (Figure 5.6d-f).
Marshall et al. (1993) suggested that changes in the mixed layer depths and surface

buoyancy fluxes directly affect the subduction rate. Based on the changes in the surface
forcing only, one would expect that the subduction rate will increase (decrease) in COLD
(WARM). Indeed, in WARM the total subduction of withinBC and interiorShort particles
is reduced by ∼20% compared to the REF in response to the weaker winter surface heat
loss applied in this simulation (Figure 5.7b-c). However, also in COLD the total subduc-
tion of withinBC and interiorShort particles is 20% and 14% lower than in REF, respec-
tively (Figure 5.7a-b). The reduction in the subduction rate associated to the withinBC
particles can be attributed to the fact that the boundary current in COLD is faster than
in REF (Figure 5.3a). Therefore, the residence time of these particles in the mean flow is
shorter and any water mass transformation due to direct surface heat loss might be less
(Ypma et al., 2020a). A possible explanation for the reduction in the subduction rate as-
sociated to the interiorShort particles in COLD could be that the amount of interiorShort
particles is less than in REF. Thus, a one-to-one comparison of the subduction rate in
the three simulations is not straightforward. However, it is clear that the subduction rate
does not simply scale with the changes to the applied heat flux.

Figure 5.6: Subduction velocity for withinBC (upper panels) and interiorShort particles (lower panels) in (a,d)
COLD, (b,e) REF and (c,f) WARM. The black dashed line shows the 18 Sv barotropic streamfunction that is used
to separate the particle pathways in each simulation. Blue contours in the lower panels indicate the annual
mean surface heat flux in each simulation (in W m−2, the contour interval is 20 W m−2 starting from -40 W
m−2); negative values indicate cooling of the sea surface. Black contours encompass 60% of the maximum
winter MLD.
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Figure 5.7: Subduction rate (in Sv) as obtained from the withinBC (black) and interiorShort (red) particles in
(a) COLD, (b) REF and (c) WARM simulation. Note that the subduction rate for the interiorShort particles is
split in the subduction rate for the particles that subduct within the boundary (green, onshore of Ψb = 18 Sv)
and in the interior of the basin (blue, offshore ofΨb = 18 Sv).

It was also shown in the Lagrangian analysis in the realistic MOM model (section 4.4.2)
that after subduction particles tend to either travel towards the west coast of Greenland
or towards the Labrador side of the basin before re-entering the boundary current (i.e.,
WG-path and LC-path, Figure 4.8). Here, we investigate how the changes in the sur-
face forcing conditions affect these two pathways by following a similar procedure as in
section 4.4; in each simulation we split the interiorShort particles that subduct in the in-
terior of the basin based on their proximity to the high EKE region near Greenland. To
this end, we define a boundary in the northeast (blue line in Figure 5.8a), placed such
that EKE<200 cm2 s−2 southwest of it. Particles that at some time after subduction cross
this line from southwest to northeast are classified as following the WG-path; all other
particles are considered to follow the LC-path.

To visualize the preferred routes, Figure 5.8a-b shows maps of the particle density
of these two pathways for REF. The density maps for COLD and WARM display a simi-
lar pattern. Therefore only the particle density maps for the REF simulation are shown
for simplicity. For the WG-path, the particle density is significantly higher at the west
coast of Greenland and is co-located with the region of enhanced EKE (black contours
in Figure 5.8a). This indicates that, as in the realistic MOM model (chapter 4), this path
is regulated by the local eddy activity. Moreover, the LC-path (Figure 5.8b) confirms the
existence of the direct export route of newly-formed water masses from the interior of
the Labrador Sea to the boundary current at the Labrador side in the idealized model
(see section 4.4). In REF, the volume transport of the interiorShort particles that subduct
in the interior of the basin amounts to 2.8 Sv (blue in Figure 5.7b). It is found that 60% of
the transport carried by these particles follows the indirect WG-path (1.7 Sv), while the
remaining 40% (1.1 Sv) follows the direct LC-path to exit the domain (Figure 5.8c).

The distribution of transport over these two routes that the newly-formed waters fol-
low to leave the interior of the basin differs in the sensitivity simulations (Figure 5.8c).
In a colder regime (COLD simulation), 80% of the volume transport of the particles that
subduct in the interior of the basin follow the WG-path and only 20% follow the direct
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LC-path. As shown in chapter 2, the region where the eddies are shed is characterized
by a strong shear in the velocity field around the eddies (Figure 2.5), which in turn steers
the convected water towards the West Greenland coast (Figure 2.7). Since the eddy ac-
tivity is stronger in COLD than in REF (Figure 2.9c) at this region, an enhanced offshore
movement of eddies may foster more dense waters to entrain into the boundary current.
Therefore, the particles in COLD tend to follow the WG-path rather than the direct LC-
path after they subduct. In contrast, in a warmer regime (WARM simulation) the weak-
ening of the EKE (Figure 2.9d) results in a reduction of the advection of the convected
water towards the west coast of Greenland; in this simulation, 46% of the total transport
of the interiorShort particles that subduct in the interior follows the indirect WG-path
(0.9 Sv) and 54% (1.0 Sv) follows the direct LC-path (Figure 5.8c).

Figure 5.8: (a-b) Particle density map of particles that subduct in the interior of the basin from their subduction
location to the outflow in the REF simulation. The set of particles is split by evaluating if they (a) travel towards
the west coast of Greenland (WG-path) by crossing the blue line in (a) from southwest to northeast or (b) travel
towards the Labrador coast (LC-path). Northeast of the blue line in (a) the EKE is higher than 200 cm2 s−2;
black contours in (a) indicate the annual mean EKE (contour interval is 200 cm2 s−2, starting from the contour
line of 200 cm2 s−2). (c) Volume transport carried by the particles following the WG-path (purple bars) and
LC-path (orange bars) in COLD, REF and WARM.

It has been shown in chapter 4, by using a realistic model (i.e., MOM) that the sub-
duction of the withinBC along the boundary current results in lighter waters than the
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subduction of the particles in the interior (Figure 4.6), and that the majority of densest
waters formed in the interior follow the WG-path. Here, we firstly investigate whether
this view also holds for the REF simulation in this idealized model and secondly whether
it is affected by changes in the surface forcing. To do so, we analyze the volume transport
at the outflow of the domain carried by the withinBC particles that subduct along the
boundary current (Figure 5.9a) and by the interiorShort particles that subduct in the in-
terior of the basin and then follow the WG-path (Figure 5.9b) or the LC-path (Figure 5.9c).
The transports are binned by 0.02 kg m−3 in density space.

It is evident that the transformation of the withinBC particles that occurs within the
boundary current mainly results in a lighter product (Figure 5.9a) than that of the parti-
cles that subduct in the interior of the basin (Figure 5.9b-c) for all three simulations. In
REF the maximum of the volume transport carried by the subducted withinBC particles
is found at a density of σ=28.20 kg m−3 (black bars in Figure 5.9a). The volume transport
of the particles that subduct in the interior of the basin and then follow either the WG-
path or the LC-path to leave the domain is found to peak at a density of σ=28.36 kg m−3

(black bars in Figure 5.9b) and ofσ=28.34 kg m−3 (black bars in Figure 5.9c), respectively.
Although the bulk of the particles that follow both the WG-path and LC-path is associ-
ated with dense waters (σ>28.28 kg m−3) exiting the basin, the LC-path is the preferred
route mainly for lighter waters (σ<28.38 kg m−3) that are formed in the interior of the
basin.

Under the scenario of a stronger (weaker) surface winter heat loss in COLD (WARM),
the maximum of the volume transport carried by the subducted withinBC particles is
found at a density of σ=28.26 kg m−3 (σ=28.18 kg m−3, see blue and red bars in Fig-
ure 5.9a) which is at a denser (lighter) density class than in REF. Notably, the volume
transport carried by this subset of particles in REF and COLD displays a secondary max-
imum at a higher density (i.e., σ=28.36 kg m−3 and σ=28.42 kg m−3, respectively). The
fact that there is no significant transport at higher densities in WARM, suggests that the
applied surface forcing in this simulation does not favor the formation of denser waters
within the boundary current. Particles that subduct in the interior and follow the WG-
path or the LC-path display a similar behavior to the response of the withinBC particles
to changes in the surface forcing. In a colder (warmer) regime the majority of the par-
ticles that follow these two paths is found at a denser (lighter) density class than in REF
(see blue and red bars in Figure 5.9b-c). In particular the maximum volume transport
carried by these particles is found at a density class of σ=28.40 kg m−3 and σ=28.32 kg
m−3 in COLD and WARM, respectively.

From the above, we can conclude that the transformation both in the boundary cur-
rent and in the interior is affected by the stronger winter heat loss, since it results in
denser waters in COLD than in REF, whereas the opposite holds in WARM. This is in line
with expectations, since as shown in section 5.3 a stronger (weaker) winter heat loss in
COLD (WARM) results in enhanced (reduced) buoyancy loss over the basin which in turn
leads to the production of denser (lighter) water masses in the Labrador Sea (Figure 5.4).
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Figure 5.9: Volume transport at the outflow of the domain binned by 0.02 kg m−3 in density space split in trans-
port carried by (a) the withinBC particles that subduct along the boundary current and (b-c) the interiorShort
particles that subducted in the interior of the basin and then travel towards (b) the vicinity of the west coast of
Greenland (WG-path) and (c) the Labrador side (LC-path) in the three simulations REF (black), COLD (blue)
and WARM (red). Note the different scale for the volume transport on the horizontal axis of each panel.

5.6. Response of the local overturning
In section 3.4, it has been shown that the relative importance of the different pathways
for the overturning becomes apparent in density space; in REF, 60% of the maximum
overturning is related to the transport carried by the interiorShort particles and only 40%
by the withinBC particles (Figure 3.7d). Building on this view, we investigate how the
relative contribution of the different pathways to this net overturning is affected under
the scenario of changes in the surface winter heat loss (COLD and WARM).

To this end, for each simulation, we calculate the Lagrangian overturning in density
space for each pathway, by taking the difference between the summed volume transport
carried by all particles in a certain density bin at the inflow and at the outflow. The cumu-
lative transport as a function of density (from top to bottom) are shown in Figure 5.10a.
Note that the outcomes for REF are already shown in Figure 3.7d and that in this sec-
tion we repeat the procedure for COLD and WARM as well. As discussed in section 3.4,
only the transports carried by the withinBC and interiorShort particles can be taken into
account for the total mean Lagrangian overturning estimate.

For REF the maximum overturning in density space obtained in this way is found
at σ =28.32 kg m−3 and amounts to 5.5 Sv (black line in Figure 5.10a). Moreover, a sec-
ondary peak of 4.1 Sv in the total Lagrangian overturning at σ = 28.16 kg m−3 is present,
which, as shown in section 3.4, can be attributed to the transformation of the withinBC
particles (see section 3.4.3). Under the scenario of a stronger or weaker surface winter
heat loss in COLD and WARM respectively, the overturning signal is reduced by 15% and
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40%, respectively from the calculation for REF and amounts to 4.8 Sv and 3.4 Sv, respec-
tively (blue and red lines in Figure 5.10a). This reveals that the overturning in density
space displays a non-linear response to the applied surface heat loss in contrast with the
view which emerged from section 2.4.2 for the overturning in depth space (Figure 2.11a).
However, the maximum of the overturning in COLD is found in denser layers than in REF
(at a density of σ =28.36 kg m−3), while in WARM it is found in lighter layers (at σ =28.26
kg m−3). This is not surprising since the water mass transformation in COLD (WARM)
results in denser (lighter) water masses than in REF (Figure 5.9a): with a stronger heat
loss, the overturning in density space peaks in a heavier density class.

Figure 5.10: (a) Cumulative total overturning in density space for REF (black lines), COLD (blue lines) and
WARM (red lines). Note that this is estimated from the particle transports and not the Eulerian velocity fields.
(b-d) Overturning in density space for (b) COLD, (c) REF and (d) WARM split between the contributions from
the withinBC (black lines), interiorShort (red lines) particles and their sum (Lagrangian mean, purple line). The
percentage of the withinBC and interiorShort particles that describes the maximum total overturning estimate
is indicated in the legend of each panel. Black dashed lines in (b-d) denote the density range of convected water
for each simulation.

When the contribution of the transport carried by each pathway to the net overturn-
ing in density space is considered, it was shown in section 3.4 that in the REF simula-
tion 60% of the maximum overturning (at σ = 28.32 kg m−3) can be attributed to the
interiorShort particles and 40% to the withinBC particles (Figure 5.10c). It appears that
the changes in the surface forcing (COLD and WARM) affect the relative importance of
the different pathways on the overturning. In COLD, the maximum overturning (at σ =
28.36 kg m−3) is still by 55% associated with the interiorShort particles and by 45% with
the withinBC particles (Figure 5.10b). It is evident that in a colder regime, the transfor-
mation of the withinBC results in denser water masses than in REF as the stratification
along the boundary current is weaker due to the stronger heat loss, leading to a denser
product during convection events (Figure 5.4b). Therefore, in COLD there is not a clear
secondary peak in the total overturning at lighter density class (Figure 5.10b) as seen
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in REF. In WARM, the view is different; only 40% of the maximum overturning (at σ =
28.26 kg m−3, Figure 5.10d) can be attributed to the interiorShort particles and 60% to
the withinBC particles. Moreover, a secondary peak of 0.9 Sv in the total overturning at
σ = 28.00 kg m−3 (Figure 5.10c) is again associated to the transformation of the withinBC
particles.

Taken together, when a stronger (weaker) surface winter heat loss is applied over
the basin, the maximum signal of the overturning occurs at a denser (lighter) layer than
the one found in a normal winter state of the Labrador Sea (Figure 5.10a). However,
the strength of the maximum signal of the overturning is weaker in both the COLD and
WARM scenarios compared to REF. Essentially, in WARM the 50% reduction in the win-
ter surface heat loss which limits the depth of convection (Figure 2.9b,d), also increases
the restratification process after convection events. This process restricts the production
of denser water mass during convection as in REF and COLD and in turn the contribu-
tion of the interiorShort particles to the net overturning is reduced compared to REF.
In COLD, it is as yet unclear how to interpret the weakening of the overturning strength
with respect to REF. As in WARM, the contribution of the interiorShort particles to the
net overturning is also reduced in COLD compared to REF. A possible explanation for
this change could be the response of the lateral boundary-interior exchange to changes
in the surface forcing and this is discussed in the following section.

5.7. Response of the lateral boundary-interior exchange
To explore the response of the lateral exchange between the boundary current and the
interior discussed in section 3.6 and section 4.6 to changes in surface heat flux, we next
investigate the locations where the interiorShort particles enter and leave the interior of
the domain and the properties of the particles at these locations. The first (last) cross-
ing of a particle is defined as the location where it crosses the 18 Sv contour line of the
barotropic streamfunction (Ψb) for the first (last) time after entering the domain (see
purple and yellow stars in the example trajectory shown in Figure 5.5b) in the sensitivity
simulations and we compare the results to the associated findings for REF (section 3.6).

In REF, the peak in first crossings (black dashed line in Figure 5.11a-b) that is found
upstream of the peak in EKE along the boundary (black thin line Figure 5.11a-b) is as-
sociated with the eddy activity in this region (see more details in section 3.6). This also
holds for COLD and WARM (compare dashed and thin lines in Figure 5.11a-b). However,
the total number of first crossings in COLD and WARM is reduced by 50% and 35% re-
spectively compared to REF. This shows that the lateral exchange between the boundary
current and the interior is weaker in the colder and in the warmer regime (COLD and
WARM, respectively). The reduction in the number of first crossings in COLD is possibly
related to the fact that in the colder regime, the density gradient between the bound-
ary current and the interior increases and this results in a faster boundary current (Fig-
ure 5.3a). Apparently, the particles tend to follow the fast mean flow within the boundary
current rather than detach and enter into the interior. The reduction in the number of
first crossings in WARM can be attributed to the weakening of EKE near the West Green-
land coast (thin red line in Figure 5.11b) which is expected to limit the boundary-interior
exchanges.
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The location where most of the interiorShort particles in REF re-enter the boundary
current (black solid line in Figure 5.11a-b) coincides with the region of enhanced EKE
(thin black line in Figure 5.11a-b and Figure 3.10a). Similarly, the last crossings of the in-
teriorLong particles are mostly found at the region of high EKE (Figure 3.10a). The view
that both the interiorShort and interiorLong particles after their excursion in the inte-
rior re-enter the boundary current at the region of high EKE still holds in COLD (blue
solid line in Figure 5.11a) and WARM (red solid line in Figure 5.11b). This suggests that
the enhanced EKE facilitates exchanges from the interior towards the boundary current
no matter the changes in the applied forcing in the model. In turn, this confirms that
the spreading of dense waters formed in the interior towards the boundary coast near
the west coast of Greenland is mainly driven by the eddy field that is present there (sec-
tion 3.6 and section 4.6).

Figure 5.11: Number of particles at the first (dashed line) and last (solid lines) crossings for the interiorShort
particles for (a) COLD (blue lines) and (b) WARM (red lines) together with the values for REF (black lines in
each panel). Values are binned over segments of 50 km in alongshore direction (see inset, red circles mark
distances every 500 km). Thin lines show the EKE as a function of distance from the inflow.

An interesting finding of the Lagrangian analysis in the realistic model (section 4.6)
was that the entrainment of convected water can only take place where its density and
depth match the local properties of the boundary current (Figure 4.11). Here, we ex-
plore if this is also evident in the idealized model. Furthermore, since the density of the
convected waters changes with varying the surface heat flux and the density structure
of the boundary current changes as well (Figure 5.4), we investigate how this affects the
re-entry of these dense waters in the boundary current. To do so, we analyze the re-entry
of the interiorShort particles in the boundary current after subduction in the interior of
the basin (i.e. the WG-LC- paths). In particular, we investigate where (considering depth
and alongshore direction) these particles cross theΨb for the last time (our definition of
re-entry of the boundary current) in the three idealized simulations.

It appears that in all three simulations (REF, COLD and WARM) most WG-path par-
ticles (purple shading in Figure 5.12a,c,e) re-enter the boundary current at the region of
enhanced EKE (grey vertical lines in Figure 5.12a,c,e). In particular, for REF this entrain-
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Figure 5.12: Normalized number of particles that cross the 18 Sv barotropic streamfunction and re-enter the
boundary current as a function of distance downstream of the inflow and depth, for (left panels) the WG-path
(purple shading) and (right panels) the LC-path (yellow shading) for (a-b) COLD, (c-d) REF and (e-f) WARM.
Particles are binned over segments of 30 m in depth and 50 km in alongshore direction, starting from the inflow
(see inset in (a, c and e), black squares mark distances of 200 km). Note that the horizontal axis is flipped. The
black contours outline the 5-year mean density of the boundary current as a function (σ̄Ψb

, in kg m−3) of the
alongshore coordinate. Grey vertical lines denote the region near the West Greenland coast where EKE>200
cm2 s−2. Inset in (a, c and e) shows the 5-year mean EKE in each simulation (shading, in cm2 s−2).

ment occurs between 800-1800 m depth where the annual mean density of the bound-
ary current is σ̄Ψb >28.30 kg m−3 (Figure 5.12c). Under a colder regime, this entrainment
extends to deeper (800-2500 m) and denser (σ̄Ψb >28.32 kg m−3) layers (contours in Fig-
ure 5.12a) than in REF. The opposite holds for WARM, in which the entrainment peaks in
shallower (500-1500 m) and lighter (σ̄Ψb <28.32 kg m−3) layers (Figure 5.12e) compared
to REF. In contrast, Figure 5.12(b,d,f) shows that in all three simulations the majority of
the LC-path particles re-enter the boundary current at a distance more than 1000 km
downstream from the inflow ( Figure 5.12b,d,f) and at shallower (z<1200 m), and thus
lighter layers than the WG-path particles. Note that in all three simulations (REF, COLD
and WARM) the particles that follow the LC-path re-enter the boundary current in a sim-
ilar density layer (Figure 5.12(b,d,f)).

Interestingly, the density of the particles that re-enter the boundary current by cross-
ing the 18 Sv barotropic streamfunction (σcrossing) is highly correlated to the mean den-
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sity of the boundary current (σ̄Ψb ) at the location of the crossing in REF (shading in Fig-
ure 5.13). This is in line with the finding in section 4.6 that the entrainment of convected
water may be established only when its density and depth match the local properties
of the boundary current. Furthermore, in all three simulations, convected water with
of varying density is entrained at the Labrador side (LC-path), while only the densest
waters formed in the interior re-enter the boundary current by following the WG-path.
Last, in line with expectations the convected waters that re-enter the boundary current
at the West Greenland coast (WG-path) are denser (lighter) in COLD (WARM) compared
to REF (compare contours in Figure 5.13).

Figure 5.13: Scatter plot of the density of particles when they cross the 18 Sv barotropic streamfunction
(σcrossing, in kg m−3) versus the 5-year mean density of the boundary current (i.e., σ̄Ψb

) at this location, for
particles that follow (a) the WG-path and (b) the LC-path in terms of number of particle. The latter is calculated
as the sum of particles in a certain ∆σ-∆σ bin (∆σ = 0.01 kg m−3). Note that the shading corresponds to the
values for REF and the contours encompass 40% of particles in REF (in black), COLD (in blue) and WARM (in
red).

5.8. Discussion and conclusions
In this chapter, we have investigated the sensitivity of the upstream pathways of the wa-
ter masses exiting the Labrador Sea to changes in the surface heat fluxes. In particu-
lar, we have explored the response of the pathways found in chapter 3, the water mass
transformation, the net overturning and the boundary-interior exchange to changes in
the surface winter heat loss. To this end, we performed Lagrangian analyses by using the
output of the two sensitivity simulations (COLD and WARM) introduced in section 2.2.2.
The results are compared to the REF simulation (chapter 3).

The direct impact of changes in the forcing conditions was evident in the properties
of both the convection and the eddy field in the Labrador Sea (Figure 2.9). In a colder
(warmer) regime the applied surface heat loss not only increases (decreases) the depth
of convection, but also sharpens the horizontal density gradient between the bound-
ary current and the interior. The latter, under the geostrophic assumption, results in
faster (slower) rim current (Spall and Pickart, 2001) in the COLD (WARM) simulation
(Figure 5.3) and also in the increase (decrease) of the EKE in the basin and in particular
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near the west coast of Greenland (Figure 2.9c-d). Moreover, the product of convection
is denser (lighter) in COLD (WARM) than in REF (Figure 5.4). This is in agreement with
observational studies that reported the formation of denser LSW during severe winters
with stronger heat loss over the Labrador Sea (e.g., Yashayaev and Loder, 2009, 2017).

The Lagrangian analyses of the sensitivity simulations had shown that, similar to the
REF simulation, the water masses follow either the direct route within the boundary cur-
rent (withinBC particles) or the indirect route (interiorShort and interiorLong particles)
from the inflow region south of Greenland to the outflow region on the Labrador side
(Figure 5.5b). The particle density plots indicated that the boundary current-interior
exchange is present in the sensitivity simulations (COLD and WARM) as in the REF sim-
ulation (Figure 5.5). This exchange was found to be weaker in the COLD simulation than
in the other two simulations, suggesting that under a colder regime less particles leave
the boundary current and make an excursion into the interior of the basin as deduced
from the smaller fraction of the interiorShort particles in COLD (Figure 5.5a). However,
the volume transport carried by the interiorLong particles, which represent the densest
water masses in this model (Figure 3.6c), is increased by 5% in COLD with respect to REF.
Apparently, in a colder regime the product of convection in the Labrador Sea is denser
than the one formed during a normal winter (Figure 5.4) and it remains in the basin for
longer time.

In the idealized study of Spall (2004) and the observational study of Pickart and Spall
(2007) it has been shown that in the Labrador Sea a transport imbalance along a section
across the basin yields an overturning in density space in the basin. Moreover, they in-
dicated that water mass transformation occurs both in the interior and in the boundary
current itself. A remaining question in these studies was to distinguish the contribution
of the water that gets transformed in the boundary current versus the interior. It has
been shown in chapter 3 that the water mass transformation mainly occurs in the inte-
rior of the basin. The results presented in this chapter highlight that the characteristics
of water mass transformation in the sensitivity simulations (COLD and WARM) differ
from the REF simulation (Figure 5.6). In particular, the volume transport of the with-
inBC particles that subduct within the boundary current and the interiorShort particles
that subduct in the interior of the basin is reduced by ∼20-40% in COLD and WARM with
respect to the REF simulation (Figure 5.7). Further analysis of the pathways of the water
masses that are transformed in the interior of the Labrador Sea (i.e., WG- and LC-paths)
clearly shows that the increase (decrease) in the local eddy activity in COLD (WARM) re-
sults in a stronger (weaker) transport of the denser water masses towards the west coast
of Greenland (WG-path, Figure 5.8c) compared to their direct export via the LC-path at
the Labrador side. Moreover, it is evident that the water masses that follow the WG-path
carry the densest product of convection events that occur in the interior of the basin
(Figure 5.9) and that their density range is higher (lower) in COLD (WARM) than in REF.
This confirms the results found in chapter 3 and chapter 4 that the water masses that
have been transformed into denser water masses in the interior are steered by the eddies
towards the boundary current along isopycnals at the high EKE region (Figure 5.12a,c,e
and Figure 5.13a).

Interestingly, when the winter surface heat loss is by 50% increased (COLD) or re-
duced (WARM) the properties of convection in the interior are drastically affected and



5.8. Discussion and conclusions

5

109

this in turn affects the net overturning in the basin in density space (Spall and Pickart,
2001; Straneo, 2006a). The overturning in density space is reduced by 15% and 40% with
respect to the REF in COLD and WARM, respectively and also its maximum is found in
higher and lower density Figure 5.10a). The latter can be explained by the fact that the
product of convection is denser (lighter) in COLD (WARM) than in the REF simulation
(Figure 5.4) and therefore the maximum overturning occurs in a different density class.
This is in agreement with Holte and Straneo (2017) who suggested that the difference in
the density where the maximum overturning estimate is found in the 1990s and 2000s re-
flects the density changes in the Labrador Sea due to changes in the surface heat fluxes.
Moreover, Li and Lozier (2018) showed that the formation of LSW is strongly correlated to
the magnitude of the surface heat fluxes over the Labrador Sea. However, it is yet unclear
why the strength of the overturning in the basin is weaker in both the colder and warmer
winter state scenario than in a normal winter state of the Labrador Sea. Note that the
contribution of the interiorLong particles is not included in the overturning calculations
(section 5.6) since they remain in the basin within the six years of the advection period.
Thus, to answer this question explicitly, an advection period of the particles longer than
the six years used here is required to reduce the number of the interiorLong particles and
thus to obtain a complete estimate of the local overturning in the Labrador Sea.

Our results indicate that the changes in the surface heat flux applied in the model
(COLD and WARM) also affect the relative importance of the different pathways on the
overturning in density space. Under the scenario of a stronger (weaker) surface winter
heat loss, the transformation of the withinBC results into denser (lighter) water masses
than in REF, increasing (decreasing) their contribution to the overall overturning (Fig-
ure 5.10b,d). However, it is clear that similarly to the REF simulation the volume trans-
port of the densest water masses is primarily carried by particles that have resided in
the interior (i.e. interiorShort particles), while the particles that follow the fast route
(i.e. withinBC) mainly transform into lighter water masses in both the sensitivity simu-
lations.

The direct impact of the exchange between the boundary current and the interior
on the residence time of the water masses in the Labrador Sea as seen in chapter 3 is
also evident in both the sensitivity experiments (not shown). As found in REF, within
one year 90% of the volume transport carried by the withinBC particles exits the basin,
while only 30% of the transport associated with the interiorShort particles exits within
that time frame in both COLD and WARM. That is, our analysis does not reveal strong
evidence that the residence timescales associated with these two pathways are affected
by the changes in the surface heat loss (not shown). However, when the basin experi-
enced stronger (weaker) winter heat losses in the COLD (WARM) simulation the volume
transport of the interiorLong particles increases (decreases). Note that these particles
represent the densest water masses found in this model that take more than six years to
exit the Labrador Sea. Thus, our results suggest that the replenishment of a lighter prod-
uct of convection is faster than of a denser product during severe winters. This would
yield a delayed arrival of the LSW at the sites where observational studies dedicated to
studying the AMOC and its variability such as the OSNAP array (Holliday et al., 2018;
Lozier et al., 2019) are focused on.
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Although the sensitivity simulations presented in this chapter are idealized, our study
can be considered as an oceanic paradigm in which the surface heat fluxes over the
Labrador Sea adapt to a changing climate scenario. Overall, in this study we showed how
the surface heat fluxes in the Labrador Sea impact the properties of convection and the
eddy field in the basin. In turn, these changes affect the strength of the pathways that
the water masses follow prior to exiting the basin and thus their transformation rates,
which in turn alters the local overturning. Our sensitivity simulations underline the im-
portance of the interior-boundary current exchange that regulates the LSW export and
hence impacts to the AMOC variability. Therefore, this study suggests that a full un-
derstanding of the link between the LSW production and the AMOC variability requires
longer oceanic observational data than the short period of OSNAP array (Holliday et al.,
2018; Lozier et al., 2019). In this view, modelling efforts should be able to resolve the
mesoscale features required to capture the interior-boundary current exchange.



Chapter 6

Conclusions and recommendations

This thesis has provided helpful insights on the physical processes involved in the for-
mation, export and variability of the deep water in the Labrador Sea and thus in the
dynamics of AMOC. Previous chapters highlighted the importance of the interactions
between the boundary current and the interior of the Labrador Sea for these processes.
Moreover, these processes were found to be sensitive to the atmospheric forcing. The
methodology followed in this thesis involves analyzing data from an idealized regional
model, a global ocean model, available observations and a Lagrangian tracking tool. The
analysis based on the idealized regional model facilitated the investigation of certain
physical processes and the acquisition of a qualitative view on the interior-boundary
current exchange. The Lagrangian analyses applied in this thesis provided more quan-
titative understanding of this exchange, while the data from observations confirmed its
existence. Consequently, the diversity of methods used throughout this thesis facilitates
an efficient approach to delve deeper into the dynamics of the Labrador Sea. This fi-
nal chapter provides a summary of the conclusions obtained through this thesis (sec-
tion 6.1). Additionally recommendations for future research following from these results
are also discussed (section 6.2).

6.1. Conclusions
The recent studies using data from the OSNAP array (Lozier et al., 2019; Zou et al., 2020)
and mentioned in the previous chapters (chapter 3 and chapter 4), suggest that the deep
water formation that occurs in the Labrador Sea and variability therein contributes min-
imally to the AMOC variability. The work presented in this thesis has shown that the
overturning in the Labrador Sea is the result of a complex interplay between the con-
vective interior, the boundary current and the eddy field. This interplay involves various
export routes of the deep water formed in the interior, which are characterized by differ-
ent timescales. The lack of information on these mechanisms in the observational efforts
that only document the net result of the events that take place in the region (since they
only capture changes that occur between the southern Labrador and the southwestern
tip of Greenland) may obscure the actual role of the processes occurring in the Labrador
Sea for the AMOC dynamics. This follows from the overall conclusions obtained from the
combined work of this thesis which highlight the crucial role of the exchanges between
the boundary current and the interior of the Labrador Sea:
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1 - The properties of convection also affect the eddy field, which in turn regulates the
downwelling strength. Chapter 2 has shown that the connection between the process of
convection and the magnitude of downwelling within the Labrador Sea is not straight-
forward. It has been shown that the horizontal density gradients set by the convection
in the interior of the basin affect the stability of the boundary current (section 2.4.1). In
turn, this has a direct influence on the eddy field in the basin (Figure 2.9). Thus, it is ex-
pected that the offshore vorticity fluxes associated with the eddy field will change (Spall,
2010; Brüggemann et al., 2017). Eventually, it is this chain of events (Figure 2.13) that
regulates the magnitude of the downwelling (Spall, 2004). These conclusions are based
on the analysis of the output of an idealized model that is able to represent the key dy-
namics of the Labrador Sea and resolves the mesoscale activity of the basin (Figure 2.1,
Figure 3.1). Undoubtedly, chapter 2 emphasizes that a good representation of the eddy
field in numerical models is one of the key elements required for the correct represen-
tation of the interplay between the process of deep convection and the downwelling in
marginal seas at high latitudes.

2 - The densest water masses formed in the interior follow an indirect, relatively slow
route prior to exiting the Labrador Sea that involves boundary-interior exchange.
Based on the Lagrangian analyses introduced in chapter 3 and chapter 4 it has been re-
vealed that prior to exiting the Labrador Sea via the boundary current, the water masses
follow a fast (i.e., export timescales less than 2 years), direct route or a slower (i.e., ex-
port timescales more than 3 years), indirect route (Figure 3.13, Figure 4.10). In line
with other studies who found that the transformation along the boundary current plays
a key role for the ventilation of the water masses in the Labrador Sea (Brandt et al.,
2007; MacGilchrist et al., 2020), the results in section 3.5 and section 4.4.1 indicated that
the contribution of boundary current subduction rate is as important as that of sub-
duction rate in the interior of the Labrador Sea. However, it has been shown that the
characteristics of water mass transformation differ for the direct and indirect pathways
(section 3.4.2, section 4.4.1); the water masses transformed in the interior are typically
denser than those transformed within the boundary current (Figure 4.6c-d).

Additionally, the analysis of the trajectories of Argo floats and numerical particles in
both the idealized and realistic model presented in chapter 3 and chapter 4 reveals that
the indirect route is regulated by the boundary current-interior exchanges, which occur
more predominantly along the West Greenland coast. The lateral, along-isopycnal trans-
port of convected water towards the boundary current in this region can only take place
where its density and depth match the local properties of the boundary current. This
adds a potentially strong constraint on this process (Figure 4.11 and Figure 4.12). More-
over, it has been shown that particularly the denser water masses formed in the interior
of the basin first follow an eddy-driven path towards the West Greenland coast and re-
enter the boundary current there before exiting the Labrador Sea at 53 oN (section 4.4.2).
This circulation pattern implies longer travel distances and thus longer export timescales
for the dense water masses in contrast to the rapid export of lighter water masses via the
direct route. Hence, it is important that these boundary current-interior exchanges are
considered when investigating possible connections between the processes occurring in
the Labrador Sea and AMOC variability.
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3 - The boundary-current interior exchange regulates the overturning in the Labrador
Sea in denser layers. Based on the Lagrangian analysis performed by using the output of
both the idealized (chapter 3) and realistic (chapter 4) model, the local overturning can
be computed (Figure 3.7, Figure 4.7). These estimates compare well with the magnitude
of the overturning that is found in both observational and numerical modelling stud-
ies (Table 4.3, Spall and Pickart, 2001; Lozier et al., 2019; Zou et al., 2020; MacGilchrist
et al., 2020). The estimates of the overturning in density space in a Lagrangian view can
shed light on the relative importance of the different pathways. It has been shown that
60% of the maximum overturning in density space can be attributed to the water mass
transformation along the indirect route and 40% along the direct route (Figure 3.7d).
Moreover, the results presented in chapter 3 and chapter 4 revealed that the signal of
the overturning in lighter layers is mainly related to water masses that are formed along
the boundary current, but more importantly, that the signal in denser layers is primarily
controlled by the water masses that are formed in the interior of the basin and follow the
indirect route to exit the basin (section 3.4.3, section 4.4.1). Hence, it is clear that the
indirect route, which is regulated by boundary current-interior exchanges, is crucial for
the representation of the overturning in denser layers.

Essentially, the importance of the indirect route for the overturning estimates to-
gether with the multi-year timescales that characterize this route, imply that a year-to-
year correspondence between the properties of the denser water masses formed in the
interior of the Labrador Sea (in line with Cuny et al., 2005) and in measurements of vari-
ations in the overturning strength at the southwestern part of the basin as collected by
the OSNAP array (Lozier et al., 2017) is not to be expected.

4 - The response of the Labrador Sea dynamics to changes in surface forcing is char-
acterized as a non-linear process. The sensitivity analyses discussed in chapter 2 and
chapter 5 have shown that both the properties of the convection and the eddy field are
influenced when the surface forcing changes. Chapter 2 has demonstrated that under
a colder (warmer) regime the wintertime mixed layer becomes deeper (shallower, Fig-
ure 2.9a-b), but these changes are not proportional to the variation in the applied surface
heat flux. The associated increase/decrease in the temperature gradient between the in-
terior of the Labrador Sea and the adjacent boundary current leads to an enhanced (re-
duced) mesoscale activity in the basin (Figure 2.9c-d). However, the fact that the changes
in the eddy heat advection into the interior are not simply proportional to the changes
in the applied heat loss (Figure 2.10) emphasizes that the properties of the convection
are regulated by the combined effect of the surface heat flux and lateral eddy flux.

Additionally, the Lagrangian analysis performed in chapter 5 has shown that both
the transport carried by each pathway that the water masses follow prior to exiting the
basin and their transformation rates are altered by the changes in the surface forcing
(Figure 5.5, Figure 5.7). As a consequence, the overturning in the Labrador Sea and
the relative importance of the different pathways are both affected (section 5.6); when a
stronger (weaker) surface winter heat loss is introduced, the water mass transformation
that takes place both in the interior of the basin and along the boundary current results
in denser (lighter) water masses (Figure 5.9). As a direct impact, the maximum signal of
the overturning occurs at a denser (lighter) layer than the one found in a normal winter
state of the Labrador Sea (Figure 5.10a). Interestingly, in both colder and warmer winter
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state scenarios the strength of the overturning in the basin is weaker than in a normal
winter state of the Labrador Sea (Figure 5.10a). Although, there is no clear explanation
on why this happens, it highlights the complexity of the dynamics that are involved in
determining the strength of the overturning in the Labrador Sea.

The along-isopycnal, lateral transport of the newly-formed waters from the interior
towards the boundary current that occurs when the depth and density of these waters
match the local properties of the boundary current (Figure 4.11 and Figure 4.12) is also
affected by the changes in the surface forcing. It has been shown that under a colder
regime, denser water masses are formed in the interior of the basin and that their en-
trainment in the boundary current, which is controlled by the combination of their den-
sity and the boundary current stratification, occurs in denser layers (Figure 5.12, Fig-
ure 5.13). Moreover, the transport carried by the particles that represent the densest
water masses found in this model (i.e. interiorLong particles), which take more than six
years to exit the Labrador Sea, is increased compared to the reference simulation (Fig-
ure 5.5), and the opposite holds under a warmer regime. These two findings suggest
that the additional constraint for the entrainment of convected water in the boundary
current results in a delayed arrival of the densest water masses at the sites where the
AMOC variability is observed (such as the OSNAP array Holliday et al., 2018; Lozier et al.,
2019) compared to the lighter water masses. In summary, this thesis highlighted that in
a changing climate, the non-linear response of the Labrador Sea dynamics to changes
in surface forcing is an additional factor of complexity in understanding the AMOC vari-
ability.

6.2. Recommendations
The current debate on the importance of the west and east North Atlantic Ocean for the
AMOC introduced by the recent observations along the OSNAP array (Lozier et al., 2019;
Zou et al., 2020) has uncovered that the underlying physical processes that determine the
AMOC strength and variability are still not fully understood. It is clear from this thesis
that the boundary current-interior exchange is a key process that deserves more atten-
tion when monitoring the AMOC variability. Moreover, the methodology and the results
presented in this thesis suggest that the Lagrangian methods applied in an idealized and
a realistic model are powerful tools to improve our understanding on the interplay be-
tween the interior and the boundary current system of a convective marginal sea. The
following recommendations for future research are based on the thesis findings.

Additional sensitivity simulations using idealized models have the potential to drive
in better directions towards the improvement of climate models. For instance, by modi-
fying the idealized model introduced in chapter 2, future scenarios of increased input of
freshwater fluxes in the Labrador Sea can be investigated. In this way, more insight can
be gained on the role of the freshwater fluxes on the deep convection, downwelling and
the boundary-interior exchange in the Labrador Sea and thus on the AMOC variability.
The implementation of a higher resolution in climate models would be a step towards
resolving important processes such as the boundary-interior exchange. Although such
an implementation is currently not feasible due to the high computational cost that is
required, the insights from idealized studies can be taken into account in order to yield
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more adequate parameterizations associated with the processes mentioned above (i.e.
mixing and diffusion schemes).

At high latitudes, the buoyancy and wind forcing display a strong seasonality. Recent
studies have shown that the overturning in the Labrador Sea also has a large seasonal-
ity (Holte and Straneo, 2017; Sayol et al., 2019). This suggests that observational studies
aiming at estimating the mean local overturning require prolonged data time series to be
able to accurately draw conclusions. However, it remains unclear whether the season-
ality of the overturning results from the seasonality of the surface forcing or a seasonal-
ity that the boundary current-interior exchange might display. Thus, further investiga-
tion on the seasonal cycle of the latter exchange could help in explaining the seasonality
in the overturning. A Lagrangian analysis using the output of a high-resolution ocean
model with interannual varying atmospheric forcing could be a suitable strategy to as-
sess this question.

The eddy-driven, along-isopycnal export of dense waters from the interior of the
Labrador Sea that was discussed in this thesis (chapter 2-chapter 5) is also a possible
mechanism for the export of the dense waters formed in other convective marginal seas
such as the Irminger Sea (Le Bras et al., 2020) and the Nordic Seas (Ypma et al., 2020b).
For instance, several studies have shown that deep convection also occurs in the Irminger
Sea under favorable conditions (Pickart et al., 2003; de Jong, 2010; de Jong et al., 2012,
2018; Våge et al., 2011a). Limited literature on the eddy activity in the Irminger Sea sug-
gests that the eddies found in that region originate from both sides of the basin and that
although they have smaller size than in the Labrador Sea they are more abundant (Fan
et al., 2013). Therefore, modelling studies similar to the one followed in chapter 4 would
be suitable to investigate the role of the boundary current-interior exchange for the dy-
namics of other convective marginal seas.

As a final remark, it is worth mentioning that maintaining the current observational
efforts in the North Atlantic is of crucial importance. Up-to-date data from the existing
arrays (i.e., RAPID and OSNAP) have revealed new aspects of the processes involved in
the AMOC and have challenged the numerical modelling community to evaluate and
advance their methods by focusing on understanding the new insights gained by these
observations. Undoubtedly, history has proven that even with a simple bucket, mea-
surements of the water column can change and improve our understanding of the global
ocean circulation (Lozier, 2015).
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