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Abstract

Denmark Strait Overflow Water (DSOW) forms a major component of the deep limb of the Atlantic
Meridional Overturning Circulation (AMOC). This study investigates the main pathways along which
DSOW spreads through the subpolar North Atlantic (SPNA) and how its temperature, salinity and den-
sity evolve along these routes. We used a Lagrangian particle-tracking approach based on velocity
and tracer fields from the Global Ocean Physics Analysis and Forecast system provided by Coperni-
cus Marine Service. Particles were released at the Denmark Strait sill and tracked for three years. We
found that DSOW spreads throughout the SPNA via pathways where particles stay in the boundary
current and pathways where particles follow both the boundary current and enter an interior. The high-
est percentage of particles (72.4%) travels via only the boundary current; of the interiors, the Labrador
Sea interior is most frequently entered (23.0%), while exchanges with the Irminger Sea (4.4%) interior
is smaller. The fraction of particles entering an interior is highest in winter (36%), consistent with en-
hanced density gradients and eddy activity. Along its pathways, DSOW warms and becomes more
saline through mixing with ambient waters. Particles that stay in the boundary currents experience the
largest changes in temperature (+14◦ C), salinity (+2.5 g/kg) and density (-1.2 kg/m3, while particles
that enter an interior experience smaller changes (temperature +9◦ C, salinity +0.5 g/kg and density
-0.7 kg/m3). Particles that travel via both the boundary current and enter an interior also experience
the largest changes in density in the boundary current. These findings suggest that most transport and
transformation of DSOW occurs within the boundary current, while exchange with the interior plays a
smaller role.
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1
Introduction

The world’s oceans are in constant motion and are connected to each other via the thermohaline circu-
lation, also known as the global ocean conveyor belt, and schematised in Figure 1.1. This circulation
consists of wind-driven currents at the surface and currents in the deep ocean driven by density dif-
ferences (NOAA, 2024). The density of seawater depends on both temperature (thermo) and salinity
(haline). This relation is non-linear as temperature and salinity have different effects on density for dif-
ferent values; in regions roughly warmer than 4 ◦C the temperature is most important for determining
the density structure, while in regions colder than 4 ◦C the salinity sets the density structure (McDougall
& Barker, 2011).

Figure 1.1: A simplified illustration of the overturning circulation of the global ocean. Throughout the Atlantic Ocean, the
circulation carries warm waters (red arrows) northward near the surface and cold deep waters (blue arrows) southward. Copied

from NASA Jet Propulsion Laboratory (2010).

The Atlantic Meridional Overturning Circulation (AMOC) is a major ocean circulation and part of the
thermohaline circulation. Warm surface waters from the equator flow northward along vast distances
in the Atlantic. The AMOC in the subtropical North Atlantic at 26◦ N accounts for 70% of the net
poleward heat flux carried by the global oceans (Lavin et al., 1998; Johns et al., 2011) and 25% of the
total poleward heat flux carried by both the ocean and the atmosphere at this latitude (Ganachaud and
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1.1. Drivers of Ocean Circulation 2

Wunsch, 2003; Trenberth et al., 2001). The current 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 both in density-space and in depth. It forms cold and dense deep waters, which return southward
through the Atlantic Ocean. The northward transport of heat due to the AMOC is responsible for the
relatively mild climate in (Western) Europe (Buckley and Marshall, 2016; Georgiou et al., 2021).

1.1. Drivers of Ocean Circulation
This northward surface transport is driven by differences in density of seawater between the (sub)tropical
and the polar region and is controlled by two mechanisms, one temperature-driven and the other one
salinity-driven (Stommel, 1958, Stommel, 1961). The dominantmechanism is currently the temperature-
driven one; the waters at the equator are warm and buoyant, while the waters at the poles are cold
and dense. The second mechanism is salinity-driven; in the subtropics there is more evaporation than
precipitation which makes the seawater saline and dense. At the poles there is freshwater input from
precipitation and ice melt that makes the seawater fresher and more buoyant (Stommel, 1961; Weijer
et al., 2019; Rahmstorf, 2024). To understand how this forms a circulation some background theory is
needed.

The Earth is unequally heated by the sun; the equator warms more than the polar regions. Warm
air at the equator rises, cools and descent to the surface in the subtropics, a phenomenon known as
Hadley circulation or the Hadley cell described by Hadley (1735). Earths rotation and the resulting
easterly trade winds blowing between the equator and 30◦and westerlies between 30◦ and 60◦ are
key components in creating ocean gyres (Woods Hole Oceanographic Institution, n.d.; NASA Ocean
Motion, n.d.). The following theory will be explained for the northern hemisphere; for the southern
hemisphere the same principles apply but in the opposite direction. The winds set the upper layer of
the ocean into motion in the direction of the wind due to friction. The water is deflected by the Coriolis
force to the right resulting in convergence of water around the subtropics. This transport of surface
water by wind is known as Ekman transport and was first described by Vagn Walfrid Ekman (1905).
This creates a local maximum in sea surface height (SSH) that is about 1 m higher than the global
mean sea level (Woods Hole Oceanographic Institution, n.d.; NASA Ocean Motion, n.d.). The pull of
gravity creates a pressure gradient force (PGF) that pulls water down hill which is deflected to the right
by Coriolis. Since the elevation in SSH is very small compared to the scale of the ocean basin (order
1000’s of km) the PGF is very small and balanced by the Coriolis force which is known as geostrophic
balance. The resulting geostrophic flow is clockwise along the isobars. In the North Atlantic Ocean;
this creates the subtropical gyre (STG) centred around 30◦ N.

At mid latitudes something similar is happening and the subpolar gyre (SPG), centred around 60◦ N, is
formed. Mid latitude westerlies and polar easterlies result in a diverging Ekman transport and a local
minimum in SSH. The PGF points inward and is balanced again by Coriolis so that a counter-clockwise
rotation forms. The gyres can be compared to high and low pressure systems in the atmosphere, where
the STG is a region of high pressure and the SPG a region of low pressure. Exchange between the
two gyres can take place at the south of the SPG and the north of the STG where the gyres meet and
both flow to the east. This can happen via eddies and cross isobaric components of the flow due to
friction from wind or topography. In the case of a cross isobaric component this would be from STG
(high pressure) to SPG (low pressure), analogous to flow in the atmosphere.

The anti-cyclonic motion of the STG and the cyclonic motion of the SPG together with downwelling of
cold dense water in subpolar regions makes the AMOC to be temperature driven with surface currents
to the north and deep currents to the south. If the influence of temperature decreases and the influence
of salinity increases this will have effects on the circulation. Freshwater inflow from precipitation and ice
melt make the polar waters less dense. In the subtropics on the other hand, there is more evaporation
than precipitation making water more saline and dense. This would result in less downwelling at the
poles and more downwelling in the subtropics, which opposes the temperature-driven circulation and
can result in a weaker northward transport or in extreme cases a southward surface transport if it were
dominant.
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1.2. Area of Interest: Seas, Topographic Features and Currents
The area of interest of this thesis is the subpolar North Atlantic (SPNA), which is bounded by Scotland,
the Faroe Islands, Iceland, Greenland and the Labrador Coast (Canada). The area is characterised by
three basins: the Iceland Basin, the Irminger Sea and the Labrador Sea. Figure 1.2 is a schematic of
the SPNA and adjacent seas showing topographic features and the main currents. Other topographic
features of interest in this thesis are the Rockall Trough to the north-west of Great Britain and Ireland,
the Reykjanes Ridge (RR) separating the Iceland Basin and Irminger Sea, the Greenland-Scotland
Ridge (GSR) separating the SPNA from the Nordic Seas north of Iceland, Denmark Strait (DS) between
Greenland and Iceland, Davis Strait between Canada and Greenland and the Grand Banks to the south-
east of Newfoundland.

Main currents are shown in Figure 1.2 and will be named if they reappear later in our study. Red/or-
ange/yellow arrows denote currents associated with poleward heat and salt transport while blue arrows
denote currents associated with transport of Arctic-origin waters into the North Atlantic. The SPG is
outlined by the red shading. The circulation in the SPNA can generally be described by a strong cy-
clonic boundary current and a relatively quiescent flow in the interior of the basin (Lavender et al.,
2000). Around 45◦ N the North Atlantic Current (NAC) forms the boundary between the SPG and
the STG. It brings warm and salty water from the tropics and subtropics from west to east across the
North Atlantic towards Europe, forming the upper branch of the AMOC (Higginson et al., 2011; Klein
and Siedler, 1989). West of the European continental shelf, the NAC splits into three banches; one
southward branch as part of the STG and two northward branches. One branch goes via the Rockall
Trough and crosses the GSR into the Nordic Seas. The second branch flows towards the Iceland Basin
where it splits again in two parts. One branch flowing over the GSR to the Nordic Seas and one branch
that flows around the Iceland Basin. This second branch becomes the Irminger Current (IC), which
crosses the RR, flows north along the west side of the RR and around the Irminger Sea (Bower et al.,
2019). A small part of the IC crosses the GSR and continues to the Nordic Seas as the North Icelandic
Irminger Current (NIIC). At the East coast of Greenland, the IC is accompanied by the cold and fresh
East Greenland Current (EGC) flowing along the shelf break of the East Greenland shelf (Pickart et al.,
2005). Not shown in Figure 1.2 is the East Greenland Coastal Current (EGCC) that flows on the East
Greenland shelf between DS and Cape Farewell (CF), the most southern tip of Greenland, and has
very low salinity (Bacon, 2002). At CF the currents continue along the west coast of Greenland. As the
EGC and IC have comparable velocities, the currents are thought to continue as the West Greenland
Current (WGC) on the continental shelf (Pickart et al., 2005; Gascard and Clarke, 1983; Fratantoni and
Pickart, 2007). The differences in thermohaline properties between the currents remain with the cold
fresh Arctic-origin water sitting above the warmer more saline Atlantic-origin water (Yashayaev, 2007).
Upon reaching the northern part of the Labrador Sea, the WGC splits in a part that continues to flow
north through Davis Strait (Curry et al., 2014) and a part that flows around the Labrador Sea. It is joined
by cold and fresh outflow from Davis Strait and together they form the Labrador Current (LC) (Lazier &
Wright, 1993). At the Grand Banks the LC splits in one southward branch along the continental shelf
and one part that bends east into the NAC.

Also shown in Figure 1.2 but not directly relevant to this study are the Hudson Strait, Baffin Bay, Baffin
Island Current (BIF), Eastern Icelandic Current (EIC), Greenland Sea, Norwegian Sea, Iceland Sea
and North Sea.
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Figure 1.2: Schematic of the main currents in the SPNA and adjacent seas. Red/orange/yellow arrows denote currents
associated with poleward heat and salt transport while blue arrows denote currents associated with transport of Arctic-origin
waters into the North Atlantic. BIC, Baffin Island Current; EGC, East Greenland Current; EIC, Eastern Icelandic Current; IC,
Irminger Current; LC, Labrador Current; NAC, North Atlantic Current; NIC, North Icelandic Irminger Current; NWC, Norwegian

Current; WGC, West Greenland Current. The outline of the subpolar gyre (SPG) is shown as red contour. Gray shading
denotes bathymetry. Adapted from Tesdal and Haine (2020).

1.3. Sources and Export of Deep Water
Water in the boundary current cools as it travels downstream by releasing heat to the atmosphere. It
also freshens by fresh water fluxes of precipitation and inflow of meltwater. Also in the interiors of
the Irminger Sea and Labrador Sea strong winter cooling takes place which enables deep convection.
Buoyant surface layers loose heat and get denser. If the surface layers become denser than the lower
layers, the water column gets unstable, vertical mixing takes place and dense deep water is formed.
These waters are exported from the SPNA via interior pathways and by the boundary current via bound-
ary current-interior exchange (Lozier, 2023 and references there in; Brüggemann and Katsman, 2019;
Georgiou et al., 2021; Le Bras et al., 2020).

In addition to these locally formed deep waters, a second—source of deep water is formed in the Nordic
Seas and enters the region across the Greenland–Scotland Ridge as overflow water. Iceland–Scotland
OverflowWater (ISOW) enters the SPNA through the Faroe–Bank Channel (Hansen et al., 2016), while
Denmark Strait Overflow Water (DSOW) crosses the ridge via the Denmark Strait (Jochumsen et al.,
2017).

The overflow waters formed in the Nordic Seas are a second source of deep water that enters the SPNA
by crossing the GSR as visualised in Figure 1.3. Iceland Scotland Overflow Water (ISOW) enters the
SPNA via the Faroe-Bank Channel (Hansen et al., 2016) and Denmark Strait Overflow Water (DSOW)
enters the SPNA via the Denmark Strait (Jochumsen et al., 2017). These dense deep waters merge
together in the Irminger Sea and form the main contributor to the deep southward limb of the AMOC
(Xu et al., 2010; Lozier et al., 2022; Pratt and Whitehead, 2008; Østerhus et al., 2019). This deep water
is exported from the SPNA via the Deep Western Boundary Current (DWBC) (flowing below the WGC
and LC in Figure 1.3), as well as via the interior (Lozier et al., 2022; Bower et al., 2009).



1.4. Restratification of the Interior 5

Figure 1.3: View of the subpolar North Atlantic with a schematic of the circulation compiled from ETOPO1 data (Amante &
Eakins, 2009). It shows surface currents as well as the deep ISOW, DSOW and DWBC. NAC: North Atlantic Current, IC:

Irminger Current, EGC and WGC: East and West Greenland Current, LC: Labrador Current, DSOW: Denmark Strait Overflow
Water, ISOW: Iceland Scotland Overflow Water and DWBC: Deep Western Boundary Current. Schematic copied from

Georgiou (2021).

1.4. Restratification of the Interior
Eddies play an important role in establishing boundary current-interior exchange for both exporting
deep water from the interior to the boundary current as well as for restratification of the interiors of
both the Irminger Sea and the Labrador Sea. Eddies in the Irminger Sea result mainly from baroclinic
instabilities in the boundary current, have an average radius of 6 km and maximum velocity of 0.1 m
s-1 (Fan et al., 2013). They are warm core eddies, indicating that they originate from the IC (Sterl & de
Jong, 2022) and transport warm and saline water into the Irminger Sea interior. They peak in summer
and help to restore the heat lost during winter (Fan et al., 2013). At the surface there is fresh water
inflow due to water being driven off the Greenland shelf during strong wind events (Duyck et al., 2022).

In the Labrador Sea there are three types of eddies originating from both baroclinic and barotropic insta-
bilities (Lilly et al., 2003; Katsman et al., 2004; Gelderloos et al., 2011; Rieck et al., 2019). Convective
eddies and boundary current eddies develop from baroclinic instabilities in the boundary current and
are the most important for boundary current-interior exchange according to Rieck et al. (2019). Their
average radius ranges between 5 and 18 km with maximum velocity of 0.1 – 0.3 m s-1 (Katsman et al.,
2004; Rieck et al., 2019). A third type of eddies are the Irminger Rings (IRs). They have an average
radius between 15 and 30 km and maximum velocity of 0.3 – 0.8 m s-1 (Katsman et al., 2004; Gelder-
loos et al., 2011). The eddies have a warm and saline core topped by a colder and fresher core at the
surface which is related to the structure of the WGC (Hátún et al., 2007; de Jong et al., 2014). IRs form
from barotropic instabilities in the WGC as it encounters a steepening in the topographic slope. Accord-
ing to Katsman et al. (2004) and Gelderloos et al. (2011) IRs have the largest contribution in boundary
current-interior exchange. All three types of eddies peak in winter and replenish heat (Katsman et al.,
2004; Rieck et al., 2019)



1.5. Denmark Strait and its Overflow 6

1.5. Denmark Strait and its Overflow
Denmark Strait (DS) is the strait between Greenland and Iceland and part of the GSR, which separates
the Nordic Seas from the SPNA. DS has a shallow sill with a maximum depth of 650 m and the part that
is deeper than 350 m is only about 60 km wide (Whitehead, 1989b; Østerhus et al., 2019). When water
flows across this sill, the flow is hydraulically controlled and is referred to as the Denmark Strait Overflow
(DSO).The transport and velocity of the overflow are determined by the upstream density difference
and the height of the sill. According to the Bernoulli Principle the pressure at the sill reduces, the flow
accelerates and it reaches a critical state, characterised by a Froude number of 1. The Froude number
is defined as: Fr = U√

g′H
= 1, where U is the flow velocity, H the layer thickness, and g′ the reduced

gravity. It quantifies the ratio between the flow speed and internal-wave speed and thus determines
whether upstream communication is possible. Upstream of the sill, the flow is subcritical (Fr < 1) and
can adjust to signals such as changes in density or forcing, while downstream it becomes supercritical
(Fr > 1), isolating the upstream reservoir from downstream signals. As the overflow descends into
the Irminger Basin, it entrains ambient water, slows down, and eventually returns back to subcritical
conditions through an internal hydraulic jump. This transition dissipates kinetic energy and enhances
mixing, further modifying the properties of the overflow. This hydraulic control constrains the overflow
transport to a maximum determined by the upstream density difference and sill depth, independent of
downstream variability (Whitehead et al., 1974; Whitehead, 1989a; Pratt and Whitehead, 2008).

Denmark Strait Overflow Water (DSOW) refers to the dense water mass carried by the overflow, typi-
cally defined as water with potential density σ = ρ− 1000 > 27.8 kg/m3 at the sill (Dickson and Brown,
1994; Koszalka et al., 2013; Jochumsen et al., 2017; Saberi et al., 2020). The overflow originates
from the north via the East Greenland Current, the separated East Greenland Current and the North
Icelandic Jet (Saberi et al., 2020; Behrens et al., 2017). The North Icelandic Jet is partly feeded by
the North Icelandic Irminger Current flowing along the Iceland shelf to the north and then bending into
the North Icelandic Jet. This contribution is only seen in February, March, April and May and is likely
to vary interannually depending on the local surface forcings (Saberi et al., 2020). About half of the
overflow cascades over the sill into the Irminger Sea (Koszalka et al., 2013), from where it is trans-
ported southward along the deep boundary current and into the interior before rounding Cape Farewell
and entering the Labrador Sea, where it spreads further along the boundary current and into the basin
interior (Lozier et al., 2022). The other half of the overflow recirculates on the Dohrn Bank, a topo-
graphic rise between the sill and the Kangerlussuaq Trough along the coast of Greenland, and around
the Kangerlussuaq Trough before it cascades off the shelf and rejoins the overflow after 1 to 3 weeks
(Koszalka et al., 2013). Upon entering the Subpolar North Atlantic, the overflow experiences mixing
that rapidly decreases its density in the first 200 km from the sill (Koszalka et al., 2013).

1.6. Impacts of Climate Change on the AMOC
Climate change is an urgent issue which has a lot of environmental, social and economic implications
(Tol, 2018; Abbass et al., 2022). DSOW formation and the AMOC are also affected by climate change.
As described above, the AMOC has two stable regimes, the thermo- and the haline-regime of which
to date the thermo-regime is dominant (Stommel, 1961; Weijer et al., 2019; Rahmstorf, 2024). Due
to polar amplification the polar regions warm more than the (sub)tropical regions (Previdi et al., 2021).
At the same time, an enhanced hydrological cycle freshens polar and subpolar water by increased
precipitation and ice melt, while subtropical waters become more saline due to enhanced evaporation
(Collins et al., 2013; Held and Soden, 2006). The fresh water from glacier and ice melt could form a
buoyant cap over the SPNA and Nordic Seas, reducing winter cooling in the more saline subsurface
layers and decrease deep convection. As a results, less dense water is formed and available to feed
DSOW, weakening the lower limb of the thermo-regime of the AMOC. Together with an increased
salinity gradient between high and low latitudes, these changes can affect the stability of the AMOC
and push it closer to the tipping point between a thermo-dominant AMOC and haline-dominant AMOC
(Stommel, 1961; Weijer et al., 2019; Rahmstorf, 2024).

As the AMOCweakens it will transport less water from the tropics to the subpolar and polar regions. The
change in ocean heat transport and sea surface temperature (SST) this causes, would have massive
implications for climate and weather worldwide (van Westen et al., 2024; Ma et al., 2024). According to
the IPCC, changes in the subpolar gyre circulation and AMOC result in a reduced northward heat trans-
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port by the ocean, and hence a lowering of the SST mostly North Atlantic north of 50◦ N (Fox-Kemper
et al., 2021). Although there is significant uncertainty in the precise magnitude of the responses, the
overall direction of the changes is likely robust. Under a severely weakened AMOC, lower SSTs and a
redistribution of heat result in lower atmospheric temperatures in the Northern Hemisphere (NH), specif-
ically very strong winter cooling of up to 3.5 ◦C per decade in north-western Europe, and warming in the
Southern Hemisphere (SH) as can be seen in Figure 1.4a. The Arctic sea-ice pack is expanding down
to 50◦ N in March, which further amplifies Northern Hemispheric cooling by reflecting more incoming
radiation back to space via the ice-albedo feedback, while the Antarctic sea-ice pack is retreating. In
the NH a stronger meridional temperature gradient strengthens the Hadley cell and the subtropical jet
stream, while in the SH the opposite would happen. Due to a redistribution of heat, the thermal equator
shifts southward and hence also the intertropical convergence zone (ITCZ) will shift southward and
precipitation patterns will change. As can be seen in Figure 1.4b precipitation in the SH increases and
decreases in most of the NH, especially around the equator and in northwestern Europe. It switches
around the dry and wet season in the Amazon and has major effects on the monsoon in West Africa
and India because less moist air reaches these regions. North of 40◦ N, a significant sea level rise is
expected, related to changes in the SPG and STG. In the present-day circulation, the SPG corresponds
to a region of relatively low sea level (a low-pressure area), while the STG is associated with high sea
level. When the AMOC weakens, the density and pressure gradients in the North Atlantic change and
the geostrophic balance is disturbed. As the circulation readjusts to weaker pressure gradients, the
low-pressure anomaly in the SPG becomes less pronounced, leading to a regional sea level rise north
of 40◦ N (van Westen et al., 2024; Chafik and Rossby, 2019; Fox-Kemper et al., 2021; Ma et al., 2024).

(a) (b)

Figure 1.4: Changes in (a) global temperature and (b) global precipitation. The markers indicate nonsignificant trends. Copied
from van Westen et al. (2024).

1.7. Research Questions
Although timing and magnitude are uncertain, a weakening of the AMOC in the 21st century is very
likely according to the IPCC (Fox-Kemper et al., 2021) and a recent study by van Westen et al. (2025).
Pathways of dense water within the Labrador Sea are extensively studied in Georgiou et al. (2021).
However, pathways of DSOW within the Irminger Sea and a possible connection between the two
basins is less well known and there is no consensus yet on which percentage of water follows which
path. Recent studies have shown that much more overturning takes place in the eastern SPNA than
in the Labrador Sea, emphasizing the importance of the Irminger Sea for the AMOC (Lozier, 2023).
DSOW, which enters the SPNA in the Irminger Sea, is very cold and dense, contributing significantly
to the lower limb of the AMOC. Gaining a better understanding of the current behaviour of DSOW, on
the partitioning of DSOW between pathways in the SPNA via the boundary current and interiors and
on the density, temperature and salinity of the water along the pathways forms the focus of this thesis.

What are main pathways via which Denmark Strait Overflow Water spreads within the subpolar North
Atlantic and how do water properties change along these pathways?

To answer the main research question, the following subquestions are defined:

• Which pathways can be identified and what percentage of DSOW particles follows each pathway?
• How do DSOW density, temperature and salinity evolve as it travels down the pathways?



2
Methodology

2.1. Copernicus Marine Data
For this thesis we used data from the Global Ocean Physics Analysis and Forecast (GLOPAF) (Coper-
nicus Marine Service, 2025, Galloudec et al., 2025). It is provided by Copernicus Marine Environment
Monitoring Service (CMEMS) or short Copernicus Marine Service and uses the NEMO 3.6 numerical
ocean model (Gurvan et al., 2017). GLOPAF has 1/12◦ spatial resolution with 50 depth layers from 0
to 5500m depth. It outputs, among others, 3D data on u-, v-, and w-velocity, on potential temperature
and on salinity. Here 3D means that the variables have dimensions latitude, longitude and depth. For
these variables we use daily mean values from the first available day, 01-06-2022 up until 31-05-2025.
The bathymetry used by GLOPAF is a combination of GEBCO8 data for the upper 200m, ETOPO1 data
below 300m and a linear interpolation between 200 and 300m depth. GLOPAF does not output den-
sity, hence we calculated it from the other available variables using TEOS-10 via the Gibbs-SeaWater
(GSW) Oceanographic Toolbox (McDougall & Barker, 2011).

GLOPAF includes atmospheric forcings that influence the oceans and the currents, such as fresh water
fluxes, heat and wind, from ECMWF IFS HRES (European Centre for Medium-Range Weather Fore-
casts Integrated Forecast System analyses and forecasts with High spatial and temporal Resolution)
(ECMWF, n.d.). Monthly run-off from the 100 major rivers from Dai et al. (2009) and run-off fluxes
from Greenland and Antarctica are also included. The effect of sea ice is also included via the LIM3
sea ice model, a model with different categories of sea ice able to represent unresolved subgrid-scale
variations in ice thickness (Vancoppenolle et al., 2012).

GLOPAF is accurate when compared with observations (Lellouche et al., 2025). The ocean water
masses are very accurate on average with very weak biases of 0.05 ◦C and 0.02 psu at the surface.
For a reference temperature of 2.0 ◦C and practical salinity of 34.9 g/kg (Jochumsen et al., 2015;
Tanhua et al., 2005) this bias in temperature would result in a change in density of 0.004 kg/m3 and
the bias in salinity would result in a change in density of 0.016 kg/m3. The temperature and salinity
are both well represented except for regions with high spatial and temporal variability such as Western
Boundary Currents and the Arctic marginal seas during melt season, where the output is too salty and
too warm; the sea surface temperature is very close to observations. This could impact our analysis
as Arctic water, which is a source for DSOW, is represented too warm and salty by the model. The
currents at 100 m depth are properly estimated in both magnitude and direction; about the accuracy of
deeper currents nothing is stated.

2.2. Tracking Denmark Strait Overflow Water
To track where in the Subpolar North Atlantic (SPNA) Denmark Strait OverflowWater (DSOW) spreads,
we perform a Lagrangian particle tracking simulation using the OceanParcles software from Deland-
meter and van Sebille (2019). We seed the particles that we want to track along a transect in the
Denmark Strait and track them for three years, from 01-06-2022 (the first day the data is available) up
until 31-05-2025.

8
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2.2.1. Selecting Transect
The red line in Figure 2.1a is the location of the transect. We define the location of the transect using
both literature and bathymetry. Based on literature the transect starts at Latrabjarg, the most western
point of Iceland, and is oriented to the north-west; this part contains the sill of DS that is the deepest
part of the transect of 644m and a small part of the shelf. After arriving at the shelf, we choose to
change the orientation of the transect to the north in order to avoid the Kangerlussuaq Trough and
other unevenness in the bathymetry. By visual inspection we ensure that the bathymetry of the north
oriented part of the transect is relatively smooth. Figure 2.1b shows a cross-section of the bathymetry
of the transect looking at it from the south-west with the East Greenland coast on the left and Latrabjarg
on the right. The dashed black line at 205 km separates the East Greenland shelf on the left from the
sill in DS and the Iceland shelf on the right. The Iceland shelf starts from Latrabjarg and ends where
the bathymetry steepens around 90 km distance along the transect. We choose this separation based
on a study by Koszalka et al. (2013) where they used the same location for the shelf break to split the
east Greenland shelf from the DS sill.

(a) (b)

Figure 2.1: (a) The transect at Denmark Strait in red. The shading shows the ocean bathymetry from GLOPAF. (b) The
bathymetry with distance along the transect. Latrabjarg is marked in blue, the sill at 127 km is marked in green, the bend in the
transect at 235 km is marked in orange and the east coast of Greenland at 394 km is marked in dark red. The dashed black

line at 205 km separates the east Greenland shelf on the left from the sill and Iceland shelf on the right. The Iceland shelf starts
at Latrabjarg and ends where the bathynetry steepens around 90 km distance along the transect.

Hydrographic sections of the Copernicus Marine data used along the transect averaged per season are
shown in Figure 2.2. Here we define spring as March/April/May, summer as June/July/August, autumn
as September/October/November and winter as December/January/February. Hydrographic sections
of potential density are shown in Figure 2.2a, 2.2b shows velocity orthogonal to the section, 2.2c shows
potential temperature and2.2d shows practical salinity interpolated along the transect. Overlying in
dashed are the isopycnals with the 27.8 kg/m3 isopycnal highlighted in solid.

The clearest seasonal differences are in the surface layer on the Greenland shelf. Density is lowest
in winter and spring (σ = 25.5 – 26.7 kg/m3) and highest in summer and autumn (σ = 25.8 – 27.3
kg/m3); velocities peak in spring (0.15m/smagnitude) and are weakest in autumn (0.09m/smagnitude);
temperatures are lowest in winter and spring (T = -2.0 – -0.8 ◦C) and highest in summer and autumn (T
= -1.2 – 0.4 ◦C); and salinity is lowest in winter and spring (S = 31.8 – 32.6 kg/m) and highest in summer
(S = 33.8 – 34.6 kg/m), already decreasing again in autumn (S = 32.2 – 33.8 g/kg). Bacon et al. (2014)
found that freshwater transport reaches a maximum in February and a minimum in August, while Le
Bras et al. (2018) found a maximum freshwater transport in late fall and winter. The seasonality in the
hydrographic sections is generally in line with what is described in the literature, although the precise
timing differs. The timing of lowest salinity water on the shelf in winter and spring does not align with
the freshwater inflow from seasonal melt of glaciers and sea ice which peaks in August (Le Bras et al.,
2018). ”This may be due to delays in export from glaciers to fjords to the shelf, control by wind-driven
transport divergence on the shelf, or dominance of Arctic origin freshwater” (Le Bras et al., 2020).
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We are however, most interested in what happens below the 27.8 kg/m3 isopycnal at the sill because
this is where DSOW is located. The densest water is found in summer and spring where also the
isopycnals are shallowest. In summer the isopycnal on the sill is located around 150 m depth and is
shallower than in autumn when its around 220 m depth while on the shelf the depth of the isopycnal is
around 220 m for summer and autumn. Hence in autumn there is relatively more dense water on the
shelf compared to the sill than in summer. In total there is most dense water in summer. In winter and
spring the isopycnal above the shelf is at comparable depth between 240 and 270 m while above the
sill the isopycnal in spring is around 200 m depth and is shallower than in winter when it is around 230
m depth. This means that in winter there is the smaller amount of dense water than in spring. Velocities
on the sill are toward the south-west (negative, blue) and the core with highest velocity (0.27 – 0.42 in
magnitude) is bigger in summer and autumn; the temperature is coldest in summer and autumn (T =
-1.6 – -0.4 ◦C) and warmest in winter and spring (T = -0.4 – 0.8 ◦C); the most saline water on the sill is
in summer (S = 35.0 – 35.2 g/kg), autumn is the freshest water (S = 34.6 – 35.0 g/kg) and winter and
spring are in between (S = 34.8 – 35.0 g/kg). This observed seasonal variability could be linked to the
passage of boluses and pulses over the sill in DS (Almansi et al., 2017). A bolus, first introduced by
Cooper (1955) refers to a large lens of cold, weakly stratified overflow water that crosses the strait. The
term pulse was introduced by Bruce (1995) and describes an intermittent increase in bottom velocity in
the strait corresponding to a thinning and acceleration of the DSOW layer (von Appen et al., 2017). Both
the boluses and pulses result in increased transport of DSOW over a period of several days. Boluses
have an average duration of 57.1 hours, occur every 3.2 days and are most frequent in summer; pulses
are 27.5 hours long, occur every 5.5 days and are most frequent during winter (von Appen et al., 2017;
Almansi et al., 2017).
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(a) (b)

(c) (d)

Figure 2.2: Hydrographic sections of seasonal averages of the GLOPAF data of (a) potential density, (b) orthogonal velocity,
(c) potential temperature and (d) practical salinity along the transect. Dashed are the isopycnals with the 27.8 kg/m3 isopycnal

solid.

Since DSOW is hydraulically controlled we expect little seasonal and inter-annual variability in the
volume of the overflow (Girton & Sanford, 2003). However, in the hydrographic sections above we do
observe seasonal variability in isopycnal depth, temperature, salinity and velocity. We nevertheless
choose to use the GLOPAF data, as previous studies have described mechanisms that can introduce
seasonal variability in DSOW, such as boluses and pulses (Almansi et al., 2017; von Appen et al., 2017).
Moreover, the model has fine resolution allowing to resolve small scale patterns, it has vertical velocity
which is important when analysing overflow water and it is accurate when compared with observations
according to Lellouche et al. (2025). This agreement with observations is consistent with our findings as
well, as both the structure of the hydrographic sections and the DSOW transport display similar patterns
and magnitude when compared with observations. In literature the estimated DSOW transport varies
between 3.18 and 3.54 Sv (Jochumsen et al., 2012; Jochumsen et al., 2017; Lin et al., 2020). The
calculated average transport of water denser than 27.8 kg/m3 is 1.98 Sv which is smaller but in the
same order of magnitude as the transport of DSOW in literature. Comparing the model’s hydrographic
sections to observational hydrographic sections from Mastropole et al. (2017), we see the warm and
saline water on the Iceland shelf although the temperature is not as high in the model (T = 4.0 – 5.8 ◦ C)
as in the observations (T = 7.0 – 8.0 ◦C). The cold and fresh Arctic-water at the surface at the western
side of the section is also present. The model has temperature here between -1.8 and 0.0 ◦C and
salinity between 33.8 and 34.6 g/kg, and the observations have temperatures between 1.5 and 2.5 ◦C



2.2. Tracking Denmark Strait Overflow Water 12

ans salinity between 31.0 and 34.6 g/kg. On the sill the model data shows the densest water with low
temperatures between -1.2 and -0.4 ◦C and high salinity between 35.0 – 35.2 g/kg. The observations
also show the densest water on the sill with temperature between 0.0 and 1.5 ◦C and salinity between
34.8 and 34.9 g/kg. According to Lellouche et al. (2025) the model represents the Arctic marginal seas
too warm and salty during melt season. This may be seen in two ways in the hydrographic sections
since Arctic-origin water is located at the western side of the transect on the Greenland shelf and it is a
source of deep water that feeds DSOW. However for both locations we observe the model to be colder
than the observations. We do see slightly more saline water in the model than in the observations; on
the sill the model is about 0.2 g/kg more saline and on the east Greenland shelf the range in salinity
to low values is much smaller. The depth of the 27.8 isopycnal in the model and in observations is
comparable over the Greenland shelf, both are at a depth around 250 m. On the sill however the
model isopycnal is shallower than in the observations; its minimum depth is slightly less than 200 m
and it goes down to 400 m while the observed isopycnal is always deeper than 250 m with a maximum
depth of 430 m. This can be related to the fact that the models has colder and slightly more saline water
on the sill than the observations which result in denser water in the model than in the observations. In
summary, the model reproduces the main hydrographic patterns associated with the IC, EGC, EGCC,
and the dense overflow. However it has lower temperature and higher salinity which, especially on the
sill, results in a shallower 27.8 isopycnal in the model than inferred from observations.

2.2.2. Release Moments and Release Points
To capture the seasonal variability evident in the hydrographic sections, we release particles at the
beginning of each season. In addition, short-term variability of 2 – 5 days in velocity and layer thickness
(Girton & Sanford, 2003), as well as 3 – 5 day variability in transport (Saberi et al., 2020), leads us to
release particles over multiple consecutive days. We release particles during the first five days of each
month, resulting in releases from 1–5 June ‘22, September ‘22, December ‘22, and March ‘23.

Following earlier Lagrangian studies of the Denmark Strait Overflow and the subpolar North Atlantic
(Koszalka et al., 2013, Saberi et al., 2020, Georgiou et al., 2021), we choose a horizontal particle
spacing of 500 m and a vertical spacing of 25 m. This resolution captures the horizontal and vertical
structure of the overflow and boundary current, while remaining computationally efficient. In literature
DSOW is defined as water with a potential density of 27.8 kg/m3 or higher. Model isopycnals do not
always agree with isopycnals from observations; hence we chose to track all particles with a potential
density of 27.7 kg/m3 and higher at the DS sill. To determine the density of every point, we used linear
interpolation to interpolate the density from the tracer field onto the seeding points. Figure 2.3 shows
in the background in light blue all possible seeding points defined by the 500 m horizontal and 25 m
vertical spacing. The red points are the sum of the selected seeding points of all five days for June ‘22
(Figure 2.3a), September ‘22 (Figure 2.3b), December ‘22 (Figure 2.3c) and March ‘23 (Figure 2.3d).
This means that a point is coloured red if its density is 27.7 kg/m3 or higher for at least one of the
five days. All particles located to the left of the dashed black line are on the shelf, corresponding to
27% in June ‘22, 41% in September ‘22, 19% in December ‘22 and 22% in March ‘23. Over all four
seasons together 45519 particles are seeded in total, of which 13643 in June ‘22, 14323 in September
‘22, 8370 in December ‘22 and 9183 in March ‘23. Note that we seed most particles in June ‘22 where
the isopycnal in Figure 2.2a is shallowest; that in September ‘22 a big part (41%) of the particles is
seeded on the shelf; and that in March 12% of the particles is seeded on the Iceland shelf. According
to Saberi et al. (2020) and Behrens et al. (2017) the particles on the Iceland shelf cross the GSR with
the NIIC and can become part of the overflow by returning south with the NIJ.
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(a) (b)

(c) (d)

Figure 2.3: Selected seeding points per season. In the background in light blue are all possible seeding points defined by the
500 m horizontal and 25 m vertical spacing. The red points are the sum of the selected seeding points of all five days together
for (a) June ‘22, (b) September ‘22, (c) December ‘22 and (d) March ‘23. The dashed black line at 205 km separates the east

Greenland shelf on the left from the sill and Iceland shelf on the right.

2.2.3. Running Simulation, Defining Kernels
In order to run the simulation, we first defined kernels and interpolation methods to determine the
behaviour of the particles during the simulation. We used the ‘AdvectionRK4_3D’ kernel included in
Parcels, which applies a fourth-order Runge–Kutta integration and offers a good balance between
numerical accuracy and computational cost. We wrote kernels ourselves to keep track of a particle’s
temperature, salinity, density and velocity along the path and to avoid errors when a particle is going
out of the domain or out of the ocean. For u- and v-velocity we used the free slip interpolation method
to avoid particles from getting stuck on bathymetry. When using the free slip interpolation method
“the tangential velocity is constant in the direction normal to the boundary” according to OceanParcels
(2025b). This means that a particle slides along the bathymetry without feeling resistance. For w-
velocity, temperature, salinity and density we used linear interpolation.

2.3. Processing Simulation Output
2.3.1. Selecting Particles for the Analysis
Taking a first look at the particle trajectories, the particles fill the entire SPNA and also the Iceland Sea
north of Iceland. We want to continue the analysis only with particles that flow southward into the SPNA
and not the particles that go north into the Iceland Sea. We define a particle to not be part of our analysis
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if, at the end of the three year simulation, its final position is to the north-east of the transect and it did
not cross the zonal section at 64.5◦ N between Greenland and Iceland (the blue line in Figure 2.4) from
north to south. All the other particles are part of our analysis. When selecting the latitude of the zonal
section, we took several aspects into account. Some particles first go to the south-east of the transect,
circulate around the Kangerlussuaq Trough or in eddies and then go to the north of Iceland. To avoid
these particles crossing the zonal section, we selected it sufficiently far south of the transect. We also
notice particles that go to the north of the transect, all the way around Iceland in clockwise direction
until the Reykjanes Ridge. In order to avoid these particles becoming part of our analysis, we selected
the zonal section north of the Reykjanes Ridge.

This results in 87% of the released particles (39765 from total 45519 particles) to be part of our analysis.
Figure 2.4a shows the trajectories of particles part of our analysis with the transect in red and the zonal
section in blue; Figure 2.4b shows the trajectories of the particles that are not part of our analysis. One
can see that particles part of our analysis fill up the SPNA and that a part first goes to the north-east
of the transect before returning back to cross the GSR via DS. Seven particles circulate clockwise
around Iceland and enter the SPNA between Iceland and Great Britain. Although they are not part of
DSOW, they are part of our analysis because their final position is not to the north of the transect. Since
these particles only account for 0.02% of all particles in our analysis, their influence on the results is
negligible. These trajectories could be filter out of our analysis by an extra selection criterion based on
where particles enter the SPNA for example. For the particles not part of our analysis, one can see that
a part goes to the south-west of the transect and then goes back to the north/north-east of Iceland.

(a) (b)

Figure 2.4: Particle trajectories of (a) particles that are part of our analysis and (b) particles that are not part of our analysis. In
red is the transect and in blue is the zonal section at 64.5◦ N. Particles are excluded from our analysis if their final position is to
the north-east of the transect and they did not cross the zonal line. The zonal section is selected based on observed particle

trajectories. More details on how we selected this zonal section are described in subsection 2.3.1.

2.3.2. Removing Stationary Particles
Although we defined the free slip interpolation method for u- and v-velocity, particles still get stuck at
the bathymetry. The fraction of moving particles over time is shown in Figure 2.5a for each of the four
months in which we release particles. The first five days of every month the fraction of moving particles
increases. Then the fraction decreases rapidly at first and more slowly afterward. For the particles
seeded in June, after about one month 30% of the particles have stopped moving and after four to five
months half of the particles has stopped. In September this decrease is less fast. Here, around 10% of
the particles gets stuck in the first month and half of particles after eight months. For particles released
in December and March about 20% gets stuck in the first month. After six to seven months half of the
particles released in December stopped moving. For March this takes about seven months.

Figure 2.5b shows the percentage of particles that get stuck at a certain location. It can be seen that
particles mainly get stuck in areas with shallow bathymetry around Greenland, along the Labrador
coast and near the Grand Banks. The highest percentage of particles get stuck at the Greenland shelf,
especially at the eastern shelf. When a particle gets stuck, its latitude, longitude, and depth no longer
change, and its temperature and salinity drop to zero. To prevent these non-physical values from
biasing the results, we retain only the parts of each trajectory where the particle is still moving. This
ensures physically meaningful and interpretable results. A particle is considered stuck if the difference
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between consecutive timesteps in latitude, longitude, and depth is smaller than 1e-6 or if the difference
in temperature and salinity remains smaller than 1e-6 for five days in a row. The non-moving part is
then removed using the bisection method.

(a) (b)

Figure 2.5: (a) Fraction of moving particles over time per month of release. (b) Concentration of particles that get stuck at a
certain location.

2.4. Analysing the Output
2.4.1. Particle Concentration Maps
Particle concentration maps are helpful when analysing main pathways of particles. To create them,
we divide the SPNA in a 0.1◦ × 0.1◦ (latitude, longitude)-grid. This resolution is detailed enough to
show the main features and smaller pathways, but not so fine that the maps become noisy or patchy.
The chosen resolution is also in line with a previous Lagrangian study by Georgiou et al. (2021). For
every grid cell we count how many particles pass through this grid cell over all times. Dividing by the
total number of particles this gives a percentage of particles passing through a grid cell. Note that we
only considered the presence of a particle in a grid cell, not how many times the particle enters the cell.
The approach we chose highlights the main pathways and spatial distribution of particles, rather than
regions where particles recirculate such as troughs.

We make particle concentration maps for all particles together, as well as for only the dense (denser
than 27.8 kg/m3 at the moment of seeding at DS) and intermediate dense (between 27.7 and 27.8
kg/m3 at the moment of seeding at DS) particles, all as a percentage of all particles.

2.4.2. Categorising Particles into Regions
Besides particle concentration maps, it is helpful to categorise particles based on where in the SPNA
they go. Therefore, we defined four regions:

1. Boundary current (BC);
2. Irminger Sea interior (IrS);
3. Labrador Sea interior (LS); and
4. Iceland Basin interior (IcB).

To divide particles between boundary current and interior we chose the -22 Sv barotropic streamline
as boundary. Figure 2.6a shows the particle concentration map for all particles with -22 Sv streamline
dashed in black. The -22 Sv streamline is located where the particle concentration towards the interior
is decreasing. This decrease in particle concentration marks the transition from the coherent boundary
current to the more diffuse interior. The same particle concentration map with barotropic streamline
zoomed in on the east Greenland coast, the west Greenland coast, and the coast of Newfoundland is
shown in Figures 2.6b, 2.6c and 2.6d respectively. At the east Greenland coast the -22 Sv streamline
clearly contains the entire boundary current; at the west Greenland coast it is on the edge of the bound-
ary current and at the coast of Newfoundland a small part of the boundary current is cut off. This is
a consequence of the volume transport in the boundary current that increases as it flows downstream
because of extra inflow of water into the boundary current. If a particle stays offshore (inside) of the
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-22 Sv barotropic streamline for at least 20 consecutive days, we consider that particle a interior parti-
cle; otherwise it is considered a boundary current particle. We chose 20 consecutive days to filter out
possible short and fast excursions of particles into an interior.

(a)

(b) (c) (d)

Figure 2.6: Particle concentration map for all particles with dashed the -22 Sv barotropic streamline. (a) Shows the entire
region, (b) is zoomed in on the east Greenland coast, (c) on the west Greenland coast and (d) on the coast of Newfoundland.

The -22 Sv barotropic streamline makes a closed region. We split this region into three different inte-
riors. As border between the Labrador Sea and the Irminger Sea we chose a meridional line at Cape
Farewell at 44◦ W. As border between the Irminger Sea and the Iceland Basin we choose the Reykjanes
Ridge based on the geographical coordinates of Marine Regions (n.d.) extended to keep following the
bathymetry of the ridge. This gives the regions shown in Figure 2.7. We use spline interpolation to
smooth the southern and northeastern part of the streamline in the Irminger Sea to make a smooth
boundary that does not include the standing eddies at the southern part of the Irminger Sea and the
irregularities in the north-east.

We classify particles into one of the three interiors depending on which interior they enter first. If for
example a particle first enters the Irminger Sea interior and later the Labrador Sea interior, we consider
it an Irminger Sea particle. This gives the following four categories of particles:

• Boundary Current (BC) particles: particles that stay onshore of the smoothened -22 Sv barotropic
streamline;

• Irminger Sea (IrS) particles: particles that enter the Irminger Sea as first interior for at least 20
consecutive days;

• Labrador Sea (LS) particles: particles that enter the Labrador Sea as first interior for at least 20
consecutive days;

• Iceland Basin (IcB) particles: particles that enter the Iceland Basin as first interior for at least 20
consecutive days.
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Figure 2.7: Definition of boundary current and interior regions. In red the Labrador Sea interior, in orange the Irminger Sea
interior and in magenta the Iceland Basin interior. Dashed in black is the -22 Sv barotropic streamline; boundary current
particles stay outside the streamline, interior particles are categorised in the interior which they enter first for at least 20

consecutive days. The border between the Labrador Sea and the Irminger Sea is a meridional section at 44◦ W, the border
between the Irminger Sea and the Iceland Basin is the Reykjanes Ridge. The background shows the ocean bathymetry.

2.4.3. Temperature, Salinity and Density Changes
To analyse how and where temperature, salinity and density change, we create T,S diagrams and
density change heatmaps. For the T,S diagrams we order the particles based on relative time, this is
the time since release at DS. Relative time is used here to describe the typical thermohaline evolution of
particles along their trajectory. To quantify seasonal differences, separate T,S diagrams for each release
month are made instead. For every timestep we calculate the median conservative temperature and
absolute salinity across particles as well as median depth. We use the median rather than the mean
to represent the typical evolution across particles, because it is less affected by outliers. We do this for
each of the categories of particles and also per month in which particles are released. The resulting
T,S diagrams help answering how much temperature, salinity and density change.

To identify where in the SPNA particles become denser or more buoyant, we create density change
heatmaps. We use the same 0.1◦× 0.1◦ (latitude, longitude)-grid as for the particle concentration maps.
First, for each particle and each timestep, we calculated the rate of density change, dσ

dt . Next, we assign
every particle to its corresponding grid cell based on its position at that timestep. Then, for each grid
cell and timestep, we compute the median dσ

dt across all particles present in that cell. Here, in contrast
to the particle concentration maps, a particle is included every time it is present in a grid cell. This is to
also capture density changes in areas with slow flow and recirculation, which would be underestimated
if only unique visits would count. Finally, to obtain one representative value per grid cell, we take the
mean of these values over all timesteps. The resulting maps show where particles on average increase
or decrease in density. Positive and negative values are shown in separate heatmaps for clarity.
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Results

3.1. Particle Concentration
Particle concentration maps provide a first impression of the main pathways in the SPNA. A map for
all particles over all four seasons together is shown in Figure 2.6a together with the -22 Sv barotropic
streamline. Since all particles start at the transect in Denmark Strait, the highest concentrations occur
there. The Kangerlussuaq Trough and the circulation around it are clearly visible, as is the boundary
current along the east coast of Greenland, which follows two branches: the East Greenland Coastal
Current close to the shore on the Greenland shelf, and the East Greenland Current farther offshore
at the shelf break. Around Cape Farewell the boundary current continues along the west coast of
Greenland, circles the Labrador Sea, and continues along the east coast of Canada. At the Grand
Banks, the boundary current splits into a southward branch and an eastward branch following the
North Atlantic Current towards the UK.

One can also see that particles enter the interiors of the Irminger Sea, Labrador Sea and Iceland Basin.
A larger fraction of particles enters the Labrador Sea than the Irminger Sea, indicating that this pathway
is more likely followed. In the Labrador Sea, particle concentrations per grid cell range between 0.5
and 2%, whereas in the Irminger Sea they are between 0.1 and 0.5%.

Particle concentration maps for only particles with an initial density at DS of 27.8 kg/m3 or higher, de-
fined as dense particles, and for particles with an initial density at DS between 27.7 and 27.8 kg/m3,
defined as intermediate-density particles (Figure A.1), show similar patterns as Figure 2.6a. The bound-
ary current is still clearly visible, just as the Kangerlussuaq Trough and particles entering the interior
of the Irminger Sea, Labrador Sea and Iceland Basin. The largest difference in particle concentration
between dense and intermediate-density particles is at the east coast of Greenland; the dense par-
ticles follow mainly the East Greenland Current, while the intermediate-density particles follow more
the East Greenland Coastal Current. This difference becomes clear from Figure 3.1, which shows
the difference in particle concentration for intermediate-density particles minus dense particles. Blue
colours are locations where most particles are dense, while red colours are location where most par-
ticles are of intermediate-density. Locations with a light colour, have a small difference in percentage
of dense and intermediate-density particles. At locations with a darker colour the difference is bigger.
Locations with more dense than intermediate-density particles are further offshore than locations with
more intermediate-density than dense particles. This is clearest at the east coast of Greenland and in
the Labrador Sea. The East Greenland Coastal Current is marked in dark red and has more than 0.4
percent point more intermediate-density than dense particles. The East Greenland Current, marked in
blue, on the other hand, transports more than 0.4 percent point more dense than intermediate-density
particles. In the Labrador Sea interior we observe 0.1–0.4 percent point more dense than intermediate-
density particles, while along the coasts of West Greenland and East Canada, and northward through
Davis Strait, intermediate-density particles are more present than dense particles by similar margins.
At the Grand Banks, the southward branch contains regions with nearly equal proportions of dense and
intermediate-dense particles, as well as areas with up to 0.15 percent point more dense particles. The
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eastward branch likewise has regions with equal proportions and regions containing up to 0.15 per-
cent point more intermediate-density particles. Finally, in the interior of the Iceland Basin, dense and
intermediate-dense particles occur in nearly equal proportions, with parts that have up to 0.1 percent
point more dense particles.

Figure 3.1: Difference in concentration for intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS)
minus dense (σ ≥ 27.8 kg/m3 at the moment of seeding at DS) particles in percentage point. Blue colours denote locations that
are visited more by dense particles, while red colours denote locations that are visited more by intermediate-density particles.

As described in subsection 2.4.2, we divide the SPNA into a boundary current region and the interior
regions of the Irminger Sea, Labrador Sea, and Iceland Basin to analyse particle distribution between
boundary and interior in more detail. As Table 3.1 shows, of all particles 72.4% stays in the boundary
current, 4.4% enters the Irminger Sea interior as first interior, 23.0% enters the Labrador Sea interior
as first interior, and 0.15% enters the Iceland Basin as first interior.

The fact that so few particles enter the Iceland Basin interior as first interior is a consequence of our
definition of when we consider a particle as IcB-particle. We only consider a particle as IcB-particle if
it, after its release at DS, follows the boundary current all the way past the Irminger Sea, around the
Labrador Sea, bends east with the NAC and then enters the Iceland Basin interior for at least twenty
days. On its way to the Iceland Basin, a particle can make small excursions of less than 20 days to the
Irminger Sea or Labrador Sea interior. If these excursions would be longer than 20 days, the particles
would be considered as IrS- or LS-particle depending on which interior it enters. Another factor is the
time of our simulation, which is only three years. Before reaching the Iceland Basin particles need
to follow the boundary current over long distances. Three years may be too short for many particles
to travel this path. For longer simulations we would expect more particles to reach the Iceland Basin
interior as their first interior. Since so few particles enter the Iceland Basin, we will not consider them
for further analysis.

Particle concentration maps for the boundary current, Irminger Sea and Labrador Sea particles are
shown in Figure 3.2. Figure 3.2a shows the pathways of particles that remain within the boundary
current. Overall, the particles follow the same pathways described at the beginning of this section. The
main difference is seen at the east Greenland shelf, where a higher concentration of particles follow the
EGCC rather than the EGC. As the boundary currents continues downstream, the particle concentration
becomes smaller, from 5 to 10% on the east Greenland shelf to maximum 2% in the LC and NAC. This
can be related to the fact that a lot of particle in the boundary current get stuck on the east and west
Greenland shelves, while the particle concentration shown in the plot is still a percentage of all released
particles. The boundary current is also clearly visible for particles that enter an interior meaning that
these particles do not all stay in the interior but also leave the interior and re-enter the boundary current.
Note that, at the east coast of Greenland, particles entering an interior mostly follow the EGC and to



3.1. Particle Concentration 20

a lesser extend the EGCC. Figure 3.2b shows particles that as first interior enter the Irminger Sea.
Since the interior of the Labrador Sea shows particle concentrations between 1–5% per grid cell, this
indicates that IrS-particles at a later time also enter the Labrador Sea interior. The opposite, where
particles first enter the Labrador Sea interior and later the Irminger Sea interior, happens as well, yet to
smaller extent. This can be seen from Figure 3.2c which shows particle concentrations for particles that
as first interior enter the Labrador Sea. The south-western part of the Irminger Sea interior is coloured
with particle concentrations between 0.1–0.7% per grid cell indicating that Labrador Sea particles also
enter the Irminger Sea interior at a later time.

Table 3.1: Percentage of particles classified in each region.

Boundary Current Irminger Sea Labrador Sea Iceland Basin
72.4% 4.4% 23.0% 0.15%

Figure A.2 shows particle concentration maps as in Figure 3.2 for the dense and intermediate-density
particles separately. In order to identify differences in pathways that dense and intermediate-density
particles follow, we analyse the difference in particle concentration between intermediate-density and
dense particles per region shown in Figure 3.3. For all regions, we observe more intermediate-density
particles closer to the coast, while offshore we find larger concentrations of dense particles. For every
region, the EGCC transports more intermediate-density than dense particles and is marked in dark
red. On the other hand, the EGC carries a higher percentage of dense than intermediate-density
particles and is marked in blue. For particles that stay in the boundary current (Figure 3.3a), this
separation disappears at the west coast of Greenland where the topographic slope steepens. Here
increased eddy activity can enhance mixing which can result in regions with equal concentrations of
dense and intermediate-density particles. For IrS- and LS particles ( Figure 3.3b and Figure 3.3c) a
higher percentage of dense particles enters the interior. At the Grand Banks, the LS-particles have a
higher concentration of dense particles (0.25 – 0.75 percent point) in the southward branch, while the
eastward branch is a mix of dense and intermediate-density particles alternating close to each other.
For Irminger Sea particles both the southward branch and eastward branch are a mix of dense and
intermediate-density particles.

(a) (b)

(c)

Figure 3.2: Concentration plots for all particles classified in (a) the boundary current, (b the Irminger Sea interior and (c) the
Labrador Sea interior. How particles are classified in a region is explained in subsection 2.4.2. The particle probability is as a

percentage of the number of particles per region.
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(a) (b)

(c)

Figure 3.3: Difference in particle concentration (intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS)
minus dense (σ ≥ 27.8 kg/m3 at the moment of seeding at DS) for all particles in (a) the boundary current, (b) the Irminger Sea

interior and (c) the Labrador Sea interior.

3.1.1. Seasonal Differences
Another way to analyse particle trajectories is to look into difference between particles released in
different months. In every month of release, particles are divided in a similar way over the regions as
before when taking all particles together. The largest percentage of particles is found in the boundary
current; the second largest percentage is in the Labrador Sea; third is the Irminger Sea and the Iceland
Basin is the smallest. Figure 3.4 shows a histogram of the number of particles per region (BC, IrS, LS)
per month they are seeded. For every region the bars from left to right represent particles seeded in
June ‘22, September ‘22, December ‘22 and March ‘23.

The numbers of the histogram are shown as percentages in Table 3.2. This table gives the percentage
of particles in a region per month compared to the total number of particles in that month. E.g. 77%
boundary current in June means that 77% of the particles seeded in June is categorised as boundary
current particles. Particles seeded in September and December ‘22 have very similar percentages per
region. The biggest difference in percentages is between particles seeded in June ‘22 and particles
seeded in March ‘23. In March there is 13 percent point less particles categorised as boundary current
than in June, 64% compared to 77%. To balance this, more particles are categorised as IrS- and LS-
particles, 5.8% compared to 4.4% for the Irminger Sea, and 30% compared to 18% for the Labrador
Sea. So the highest percentage of particles entering an interior is for particles seeded in March. In this
month the gradient in density between the interiors and the boundary current is the largest because the
interiors are very dense due to winter cooling. This large gradient creates baroclinic instabilities and
a high eddy activity driving large boundary-interior exchanges (Brüggemann and Katsman, 2019, Fan
et al., 2013). This is consistent with the seasonal restratification cycle described in the introduction,
in which eddies transport heat and salt from the boundary current back into the interior after winter
cooling.
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Figure 3.4: Histogram of the number of particles per region (BC, IrS, LS) per month they are released. For every region the
bars from left to right represent particles seeded in June ‘22, September ‘22, December ‘22 and March ‘23. On top of the bar is

the number of particles in that region and month. Summing the numbers of all bars in a region gives the total number of
particles categorised as that region; adding the numbers of one month for all three regions plus the IcB-particles gives the total
number of particles seeded in that month. Note that the IcB-particles are not shown here. The hatched area of every bar shows

the fraction of dense (σ ≥ 27.8 kg/m3 at the moment of seeding at DS) particles in that bar.

Table 3.2: Percentage of particles in a region per month compared to the total number of particles in that season. E.g. 77%
boundary current in June means that 77% of the particles seeded in June are categorised as boundary current particles.

Boundary Current Irminger Sea Labrador Sea
June 77% 4.4% 18%
September 73% 3.8% 23%
December 73% 3.6% 23%
March 64% 5.8% 30%

Particle concentration maps per region and per month of initialisation all show similar patterns as the
particle concentration maps per region for all months together in Figure 3.2. For completeness the
figures are added in Appendix A (Figures A.3, A.4 and A.5). Particle concentration difference plots
in Figures 3.5 to 3.7 show big differences per month of seeding. These plots show the difference in
concentration of intermediate-density minus dense particles per region (BC-particles in Figure 3.5, IrS-
particles in Figure 3.6 and LS-particles in Figure 3.7) per month of seeding (June ‘22 in a, September
‘22 in b, December ‘22 in c and March ‘23 in d).

For all three regions, for particles seeded in June and December ‘22, most grid cells contain a higher
percentage of dense particles than intermediate-density particles. For September ’22 and March ’23,
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the opposite is true: most grid cells have a higher percentage of intermediate-density particles. An
exception is the Labrador Sea in March, where grid cells with a higher percentage of intermediate-
density and grid cells with a higher percentage of dense particles alternate. In the EGC, WGC and
NAC there are more intermediate-density particles, whereas in the interior of the Labrador Sea and
south of the Grand Banks there are also grid cells with a higher percentage of dense particles.

This pattern can be explained by the density composition of the particles at the moment of release.
In June, 67% of the released particles is dense; in December, 62%; in September, only 32%; and
in March, 45%. We expect a seasonal pattern with denser water in December and March and more
buoyant water in June and September, although there can be a delay in the transport of dense water.
The passage of boluses and pulses as explained in subsection 2.2.1 can also play a role by increasing
the transport of dense water over the sill in June and December.

In June and December, when almost all grid cells have a higher percentage of dense particles, the
released particles also have the highest fraction of dense particles. Conversely, in September, when
most grid cells contain a higher percentage of intermediate-density, the smallest fraction of released
particles is dense. In March, when grid cells with a higher percentage of intermediate-density and grid
cells with a higher percentage of dense particles alternate, the released particles are nearly evenly split,
with slightly less than half being dense.

(a) (b)

(c) (d)

Figure 3.5: Difference in particle concentration (intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS)
minus dense (σ ≥ 27.8 kg/m3 at the moment of seeding at DS)) for all particles that stay in the boundary current and are

seeded in (a) June ‘22, (b) September ‘22, (c) December ‘22 and (d) March ‘23.



3.2. Evolution of Temperature, Salinity and Density 24

(a) (b)

(c) (d)

Figure 3.6: Difference in particle concentration (intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS)
minus dense (σ ≥ 27.8 kg/m3 at the moment of seeding at DS) for all particles that enter the Irminger Sea interior as first

interior and are seeded in (a) June ‘22, (b) September ‘22, (c) December ‘22 and (d) March ‘23.

(a) (b)

(c) (d)

Figure 3.7: Difference in particle concentration (intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS)
minus dense (σ ≥ 27.8 kg/m3 at the moment of seeding at DS) for all particles that enter the Labrador Sea interior as first

interior and are seeded in (a) June ‘22, (b) September ‘22, (c) December ‘22 and (d) March ‘23.

3.2. Evolution of Temperature, Salinity and Density
The T,S diagram in Figure 3.8 showsmedian temperature, salinity and density for in blue BC-particles, in
orange IrS-particles and in red LS-particles released in June, September and December ‘22 and March
‘23 together. All regions have an initial median density higher than 27.8 kg/m3 and the overall trend is
that particles get warmer and more saline over time. For each region, particles first show an increase in
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both temperature of 2 to 4 ◦C and salinity of 0.10 to 0.15 g/kg. This is because the water is released at
Denmark Strait and immediately enters warmer and more saline water. BC-particles show the biggest
changes with absolute salinities decreasing from 34.9 to 33.5 and again increasing to 35.8 g/kg and
conservative temperatures changing from 1 to 15 ◦C. This results in density decrease from 27.8 up to
26.6 kg/m3. The IrS- and LS-particles show much smaller variations than the BC-particles and show
a very similar pattern of change to each other. LS-particles show a slightly lower salinity and higher
temperature than IrS-particles. For the IrS-particles absolute salinity and conservative temperature
change from 34.9 to 35.2 g/kg and from 1 to 9 ◦C with resulting density decrease from 27.8 to 27.2
kg/m3. For the LS-particles temperature and salinity change from 34.8 to 35.4 g/kg and from 1 to 11
◦C, respectively with density decreasing from 27.8 to 27.0 kg/m3.

Figure 3.9 shows the same T,S evolution as in Figure 3.8 for each of the regions separately. The
shading on the T,S evolution gives the median depth of the particles per time step of relative time.
The black dots on the T,S evolution indicate intervals of 100 days travel time. Particles that stay in
the boundary current (Figure 3.9a) increase temperature by about 2 ◦C in the first 100 days. From
100 to 400 days the particles experience a strong diapycnal decrease in density of 1.0 kg/m3 due to a
decrease in salinity. Also temperature decreases from 3.7 ◦C to 2.5 ◦C. This fits in the general trend
that the boundary current gets colder and less saline as it travels from Greenland downstream to the
Labrador Coast (Brüggemann and Katsman, 2019, Yashayaev, 2024). Also the median temperature
is below 4.1 ◦C so that according to Brüggemann and Katsman (2019) diapycnal processes become
important and there is a diapycnal transport from the warmer into the colder layer. From Figure 3.10b
one can see that most of the particles are located on the shelf in the EGCC, which is a current with low
salinity, and in the WGC. Between 400 and 500 days travel time, the median temperature and salinity
hardly change. At this time, particles are spread out over the EGCC, WGC, LC and the Grand Banks as
can be seen in Figure 3.10c. Taking the median of cold and fresh water at the Greenland shelf and more
warm and saline water further toward the Grand Banks makes that it averages out and not so much
change is seen. Here we also observe strong decrease in particle probability which can be related to
particles getting stuck on the east and west Greenland shelf. After 500 days the water experiences
a strong increase in both temperature of 12 ◦C and salinity of 2.4 g/kg, that is mostly isopycnal. The
median particle depth in the water column is decreasing in this part to very shallow depths between
0 and 40 meters, indicating that particles rise in depth-space but not in density space. This implies
that the isopycnal they follow tilts upward toward the surface downstream and that surface waters are
entrained into deeper and denser layers. From Figure 3.10d it can be seen that most of the particles
are at the Labrador Coast, at the Grand Banks and in the NAC. There are hardly any particles on the
Greenland shelf left. Although particles at the Labrador Coast are still in a regime with low temperatures
and salinities, most particles are past the Grand Banks and experience the inflow of warm and saline
waters of the NAC.

Figures 3.9b and 3.9c show that IrS- and LS-particles both experience a 4 ◦C temperature increase
and 0.15 g/kg salinity increase in the first 50 days that results in a decrease in density of just over 0.2
kg/m3. The particles experience these changes as they enter the SPNA in the EGC and are not yet in
an interior as can be seen from Figures 3.11a and 3.12a. Between 50 and 400 days temperature and
salinity decrease along the isopycnal. Both the IrS- and LS-particles temperature decrease 1 ◦C, while
salinity decreases by 0.15 g/kg for IrS-particles and by 0.2 g/kg for LS-particles. From Figure 3.11b we
can see that IrS-particles at that moment are located in the EGC, WGC, LC and in the interior of the
Irminger Sea and also in the interior of the Labrador Sea. LS-particles in Figure 3.12b are also found
in the boundary current, in the EGC, EGCC, WGC and LC, and in the interior of only the Labrador
Sea. From 400 to 850 days particles experience a diapycnal decrease in density due to an increase
in temperature and salinity. For the IrS-particles temperature increases by 4 ◦C and salinity increases
by 0.15 g/kg. For LS-particles temperature increases by 5 ◦C and salinity by 0.2 g/kg. As can be seen
from Figures 3.11c and 3.12c particles are mostly at the coast of Labrador and Newfoundland, at the
Grand Banks and in the NAC. IrS-particles are also still in the interior of the Irminger Sea and Labrador
Sea. LS-particles are also found in the interior of the Labrador Sea and a very small percentage in
the south-western part of the interior of the Irminger Sea. The last 245 days, where both IrS- and LS-
particles experience an increase in salinity while temperature stays approximately constant most of the
particles are located in the NAC from Canada up to the United Kingdom as can be seen from Figures
3.11d and 3.12d. Here particles mix with warm and saline NAC-water but particles also already start
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losing heat to the atmosphere as they flow towards the UK. Hence the median temperature stays more
or less constant while the water does get more saline.

Looking at the median particle depth, it can be seen that IrS-particles stay at greater depths than BC-
particles and LS-particles but that all particles have relatively shallow depth. Regarding the particles
depth of maximum 310 m, it is unlikely that a high fraction of particles gets into de DWBC that is deeper
than 400 m (Handmann et al., 2018). Since the DWBC is an important current in transproting DSOW
or deep water in general this is surprising.

From panels b and c in Figures 3.11 and 3.12 we see that particles are widely spread across both the
boundary current and interior regions their temperature and salinity changes. Because these changes
occur while particles are spread over many different locations rather than concentrated in one area, we
do not identify a specific region where these changes occur.

Figure 3.8: T,S diagram showing how median salinity (x-axis) and temperature (y-axis) evolve over time for all particles per
region. The dashed gray contours indicate isopycnals with the 27.8 kg/m3 highlighted in solid black. The blue line is the T,S

evolution for BC-particles, orange for IrS-particles and red for LS-particles. How particles are classified in a region is explained
in subsection 2.4.2.
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(a) (b)

(c)

Figure 3.9: T,S diagrams showing how median salinity (x-axis) and temperature (y-axis) evolve over time for (a) BC-particles,
(b) IrS-particles and (c) LS-particles. The dashed gray contours indicate isopycnals with the 27.8 kg/m3 highlighted in solid
black. The trajectory is coloured by median particle depth. The dots on the T,S evolution indicate intervals of 100 days since

release.
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(a) (b)

(c) (d)

Figure 3.10: Particle concentration maps of BC-particles at given intervals of relative time: (a) 0 to 100 days, (b) 100 to 400
days, (c) 400-500 days and (d) 500 days till the end of the simulation.

(a) (b)

(c) (d)

Figure 3.11: Particle concentration maps of IrS-particles at given intervals of relative time: (a) 0 to 50 days, (b) 50 to 400 days,
(c) 400-850 days and (d) 850 days till the end of the simulation.
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(a) (b)

(c) (d)

Figure 3.12: Particle concentration maps of LS-particles at given intervals of relative time: (a) 0 to 50 days, (b) 50 to 400 days,
(c) 400-850 days and (d) 850 days till the end of the simulation.

3.2.1. Spread in T, S, sigma
The T,S diagrams show median temperature, salinity, density and depth of particles. The spread in
these properties is shown in Figures 3.13a – d for BC-particles (left), IrS-particles (middle) and LS-
particles (right), with dense particles in darker colours and intermediate-density particles in lighter
colours.

From Figure 3.13a it can be seen that BC-particles have the biggest range in temperature, salinity
and density consistent with the T,S diagrams. LS-particles are slightly warmer than IrS-particles and
BC-particles have the shallowest depth. What did not appear from the T,S diagrams is that the tem-
perature is concentrated around two peaks. For BC-particles, the dense particles are concentrated
between 2 – 4 ◦C and 13 – 14 ◦C, while the intermediate-density particles are shifted to about 0.5 ◦C
lower temperatures. Interior particles have narrower ranges but clearer separation between dense and
intermediate-density particles. Dense IrS-particles are concentrated around 3.5 – 5.5 ◦C and at 7 – 8
◦C, and intermediate-density particles around 4 – 5 ◦C and 8 – 9.5 ◦C. LS-particles mainly have tem-
peratures between 3.5 – 5.5 ◦C and between 8 – 9 ◦C for the dense particles; the intermediate-density
particles peak from 3.5 – 4.5 ◦C and from 8.5 – 9.5 ◦C. The two peaks may reflect polar- and Atlantic-
origin water. For interior particles, they might also be related to particles that stay in the interior and
particles that later rejoin the boundary current. The slightly higher temperatures of intermediate-density
particles in the Irminger Sea compared to the Labrador Sea can be explained by the warmer boundary
current around the Irminger Sea than around the Labrador Sea.

As shown in Figure 3.13b, BC-particles span a wide salinity range (33.5 – 35.9 g/kg) for both dense
and intermediate-density particles, with a nearly uniform distribution except for fewer particles between
35.1 – 35.4 g/kg. This gap corresponds to the salinity at which both IrS- and LS-particles peak. IrS-
particles show similar salinities for dense and intermediate-density particles between 34.95 – 35.2
g/kg. LS-particles show a wider range in salinity for intermediate-density particles (34.7 – 35.5 g/kg)
compared to dense particles (34.95 – 35.3 g/kg). This might indicate that water masses with relatively
consistent salinity values develop in the Irminger Sea and Labrador Sea interior. These water masses
may subsequently be exported from the SPNA, possibly via the boundary current, without substantial
mixing with surroundign water masses. The wider range for intermediate-density LS-particles may
result from a small part of the boundary current being included in the Labrador Sea interior, causing
some particles that stay in the boundary current to be classified as LS-particles.
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BC-particles also show a larger density range (Figure 3.13c) from 26.1 – 27.7 kg/m3 than IrS- and
LS-particles, with dense particles concentrated between 26.1 – 26.8 kg/m3 and intermediate-density
particles between 26.3 – 26.8 kg/m3. For BC-particles the distribution of density is similar for dense and
intermediate-density particles, while interior particles show a clearer difference in distribution between
the two. All groups display two peaks in density around which the particles are concentrated, though
these are least pronounced for dense IrS-particles. Because density depends on both temperature
and salinity, the two density peaks likely relate to the two temperature peaks and may again reflect
difference between particles that remain in the interior and those that re-enter the boundary current.
For LS-particles, the peak representing the most buoyant water may additionally reflect particles in the
boundary current that are nevertheless classified as LS-particle.

From Figure 3.13d it can be seen that 35 to 40% of BC-particles have very shallow depth between 0 – 10
m. They show similar distributions for dense and intermediate-density particles, while interior particles
show clear differences between the two densities. For the IrS-particle, most of the intermediate-density
particles are located between 0 – 220 m depth with a gap between 20 – 60 m. The dense particle on
the other hand are located between 120 – 310 with two peaks from 140 – 150 m and from 250 – 270 m
depth. For LS-particles we see a similar spread with intermediate-density particles at depths between
0 – 210 m and dense particles between 10 – 310 m depth with a peak from 210 – 220 m and gaps
with no particles at depths from 30 – 60 and from 90 – 110 m. The depth peaks likely correspond to
the peaks in temperature and density, again distinguishing between particles that stay in the interior
and particles that re-enter the boundary current. The high concentration of intermediate-density LS-
particles between 0 an 20 m depth might be related to the boundary current particles that we classify
as LS-particles. Why there are certain depths with no particles for both IrS- and LS-particles is unclear.
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(a)

(b)

(c)

(d)

Figure 3.13: Histograms of (a) temperature, (b) salinity, (c) density and (d) depth for BC-particles (left), IrS-particles (middle)
and LS-particles (right). The lighter colour represents intermediate-density particles (27.7 ≤ σ < 27.8 kg/m3 at the moment of

seeding at DS) and the darker colour dense particles (σ ≥ 27.8 kg/m3 at the moment of seeding at DS).

3.2.2. Seasonal Differences in median T,S evolution
The diagrams in Figure 3.14 show T,S evolution for BC-, IrS- and LS-particles releases in (a) June ‘22,
(b) September ‘22, (c) December ‘22 and (d) March ‘23. The T,S evolution of particles in one region
show a similar trend for each of the four months of release, which also agrees with the trend seen
in Figure 3.8. For all regions and all months of release the overall trend is a decrease in density by
warming and salinisation. Lowest densities are observed for particles released in June and September;
for December and March particles remain denser. The largest ranges in temperature and salinity are
observed for particles seeded in June ‘22. Considering first the BC-particles, they first experience a
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strong diapycnal freshening followed by a substantial increase in temperature and salinity which, to
a varying extent, follow the isopycnals. The range in salinity is similar for all months, with minimum
values around 33.5 g/kg and maximum values between 35.5 and 35.9 g/kg. The temperature varies
more strongly per month of release. Minimum temperatures are between 0 and 1.5 ◦C, while maximum
temperatures reach about 12.5 ◦C for particles released in September, December, and March, and
nearly 20 ◦C for those released in June.

IrS- and LS-particles show very similar patterns to each other. Both experience mainly an increase
in temperature and a much smaller variation in salinity. Salinity ranges between 34.8 and 35.2 g/kg,
except for LS-particles in June; here salinity ranges between 34.6 and 35.4 g/kg. These particles also
experience the largest variation in temperature between 0 ◦C and 12 ◦C. This is the largest spread
in temperature together with IrS-particles released in June that have temperatures between 0 and 10
◦C. Particles released in December and March experience the smallest variability in temperature and
remain colder and denser.

The T,S evolution is plotted from the month of release until the end of the simulation (31-05-2025),
meaning that every trajectory spans multiple seasons. The variation in median temperature, salinity
and density therefore cannot directly be linked to a specific season or seasonal processes such a
winter cooling or summer restratification. However, it does become clear that the season in which
particles are released can have influence on the evolution of temperature, salinity and density that
particles experience along pathways. The seasonal difference we can observe from these plots is at
the moment of release at DS. It can be seen that particles released in June have the highest median
density with lowest median temperature andmediummedian salinities. Particles released in September
are the most buoyant due to the freshest median salinity and relatively high median temperatures. The
highest median temperatures are observed in particles released in March when particles also have the
highest median salinity which result in relatively buoyant water. Particles released in December have
a relatively fresh median salinity and low median temperature which result in a relatively high median
density at the moment of release. Overall, the particles released in June and December have the
highest median density, particles released in September are the most buoyant and particles released
in March have a median density in between. This can be related to the fraction of particles that is dense
at the moment of release. Recall from subsection 3.1.1 that the percentage of dense particles at the
moment of release is highest in June (67%) and December (62%) in which we also observe the highest
median density. In September the smallest fraction of particles, 30%, is dense at the moment of release
when we also observe the lowest median density; and in March 45% of the particles is dense at the
moment of release when we observe a relatively low median density. These patterns therefore are
consistent with the variability in overflow density described and explained earlier in subsection 3.1.1.
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(a) (b)

(c) (d)

Figure 3.14: T,S diagrams showing how median temperature (y-axis) and salinity (x-axis) change over time for particles
seeded in (a) June ‘22, (b) September ‘22, (c) December ‘22 and (d) March ‘23. Blue are BC-particles, orange are IrS-particles

and red are LS-particles.

3.2.3. Density Change Heatmaps
From the T,S diagrams and corresponding particle concentration maps we could not distinguish certain
hotspots for density changes. Figures 3.15 to 3.18 show heatmaps of density changes over time, dσ

dt , for
(a) dense particles and (b) intermediate-density particles. The left panels show density increases (pos-
itive dσ

dt , particles get denser) and the right panels show density decreases (negative dσ
dt , particles get

more buoyant). Figure 3.15 is the density change heatmap for all particles together. Figure 3.16, Fig-
ure 3.17 and Figure 3.18 respectively show density change heatmaps for all BC-particles, IrS-particles
and LS-particles. One can see that the grid cells with the largest values of dσ

dt , both increase and
decrease, are at the margins of the area of the SPNA. In the EGCC, WGC and LC particles have a
stronger decrease than increase in density, indicating that the water there gets more buoyant. Fresh
outflow from the Arctic and inflow from fresh glacier melt water can explain this. Noteworthy is the
strong increase in density on the upstream part of the Kangerlussuaq Trough. Between 35◦ N and
45◦ N there is a lot of activity in density change, both increase and decrease, because of interaction
between the SPG and STG. The NAC shows a stronger increase in density due to heat loss to the
atmosphere.

From Figures 3.17 and 3.18 one can see that particles that enter an interior have bigger changes in
density per grid cell than all particles together in Figure 3.15. This is visible in both the boundary current
and in the interiors, where still the largest changes take place in the boundary current. We again see
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stronger decreases in density in the EGCC, WGC and LC and stronger increases in density in the
NAC. Note that particles that enter the Irminger Sea as first interior (Figure 3.17) show stronger density
changes in the Iceland Basin than in the Irminger Sea and that particles that enter the Labrador Sea as
first interior (Figure 3.18) show stronger density changes in the Irminger Sea and Iceland Basin than in
the Labrador Sea. In the Labrador Sea, particles experience the smallest amount of density change.

By comparing the density change heatmaps for dense and intermediate-density particles in (a) and (b)
respectively, BC-particles appear to experience a similar amount of increase as decrease. For interior
particles, the intermediate-density particles experience slightly larger density changes than dense par-
ticles , which is visible from the overall slightly darker colours in panel (b) and consistent with Table 3.3.
This table shows the median density change across all grid cells for each region and density-class.
Given the large spatial variability, the median is not necessarily the most representative metric, but it
is sufficient for comparing the different regions and density-classes. The two left columns give median
values for dense particles with left the positive and right the negative changes. The two right columns
give median values for intermediate-density particles. For IrS- and LS-particles, both the positive and
negative density changes are larger for intermediate-density particles than for dense particles in the
same row; for BC-particles the values are the same. The differences are small which matches the very
similar colours in the heatmaps.

Considering the presence of deep convection areas in the Irminger Sea and Labrador Sea, we would
expect larger density changes in both interiors for particles that enter an interior. The strong similarity
between particles classified in different regions instead suggests that the density changes seen in the
maps are not primarily driven by deep convection and restratification. More likely, they reflect the
degree of stratification, which is independent of the region in which a particle is classified.

Table 3.3: Median density change over all grid cells for all particles in, (top row) all regions, (second row) BC-particles, (third
row) IrS-particles and (bottom row) LS-particles. The left columns show values for dense particles (σ ≥ 27.8 kg/m3 at the

moment of seeding at DS) with left the positive changes (density increase) and right the negative changes (density decrease);
the right columns show values for intermediate-density particles (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS) with

also left positive changes and right negative changes.

Dense Intermediate-density
positive negative positive negative

All regions 0.0025 -0.0024 0.0028 -0.0028
Boundary Current 0.0060 -0.0057 0.0060 -0.0057
Irminger Sea 0.0032 -0.0030 0.0038 -0.0036
Labrador Sea 0.0026 -0.0026 0.0030 -0.0032
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(a)

(b)

Figure 3.15: Heatmap of the changes in density in kg/m3/day for (a) all dense particles (σ ≥ 27.8 kg/m3 at the moment of
seeding at DS) and for (b) all intermediate-density particles (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS). Left

shows grid cells where density increases and right shows grid cells where density decreases.

(a)

(b)

Figure 3.16: Heatmap of the changes in density in kg/m3/day for (a) all dense (σ ≥ 27.8 kg/m3 at the moment of seeding at
DS) BC-particles and for (b) all intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS) BC-particles.

Left shows grid cells where density increases and right shows grid cells where density decreases.
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(a)
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Figure 3.17: Heatmap of the changes in density in kg/m3/day for (a) all dense (σ ≥ 27.8 kg/m3 at the moment of seeding at
DS) IrS-particles and for (b) all intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS) IrS-particles.

Left shows grid cells where density increases and right shows grid cells where density decreases.

(a)

(b)

Figure 3.18: Heatmap of the changes in density in kg/m3/day for (a) all dense (σ ≥ 27.8 kg/m3 at the moment of seeding at
DS) LS-particles and for (b) all intermediate-density (27.7 ≤ σ < 27.8 kg/m3 at the moment of seeding at DS) LS-particles. Left

shows grid cells where density increases and right shows grid cells where density decreases.



4
Discussion

4.1. Improvements for Methodology
In this section we discuss several choices made during the simulation setup. These include the seeding
strategy, interpolation methods, kernels and selecting particles in our analysis. We discuss possible
effects on the results and suggest ways they could be improved in future work.

The horizontal and vertical spacing between seeding points is based on literature that also performs
Lagrangian particle tracking (Koszalka et al., 2013; Saberi et al., 2020; Georgiou et al., 2021). Ideally,
we would do a sensitivity analysis to find the best spacing; the smaller the spacing, the more particles
to seed. At a certain spacing and number of particles the results do not change any more. This would
be the ideal spacing. However in view of time, this was not realistic.

How we defined the kernels and interpolation methods can also be improved. Instead of using lin-
ear interpolation for w-velocity, temperature, salinity and density, it might be better to use the “lin-
ear_invdist_land_tracer” interpolation method. This is a built-in interpolation method in Ocean Parcels
that according to the description of OceanParcels (2025a) uses “linear interpolation except near land
where the field value is zero. In that case, inverse distance weighting interpolation is computed,
weighting by squares of the distance.” This way the zero-values of the fields at the land and below
the bathymetry are weighted less strongly and temperature, salinity, density and w-velocity close to
bathymetry will be based more on physical values instead of zero-values. During our analysis we have
seen particles with extremely low temperature, salinity and density. This can be a consequence of
using the linear interpolation method which gives the same weight to the field-values in the ocean as
the zero-values on land. These particles with temperature, salinity and density unrealistically close to
zero, effect the evolution of these three variables. The temperature is represented to cold, the salinity
to low and the density to buoyant. Also the spread we observe in these variables can be represented
to large. Using the weighted interpolation close to the bathymetry could help to reduce some of the
extremely low values.

We still advice to use the free slip interpolation method for u- and v-velocity and to define an additional
kernel to prevent particles form getting stuck. The free slip interpolation makes particles slide along
the bathymetry without feeling resistance. However, it does not prevent particles from being advected
below the bathymetry from one time step to another time step in the simulation. If at one time step a
particle is close to the bathymetry and has a velocity towards the bathymetry, it can happen that at the
next time step this particle ends up below the bathymetry. To prevent this, it would be best to write a
kernel. One could think of a similar approach as the kernel we wrote for particles that end up above
the ocean surface and place the particle back in the ocean ten centimetres above the bathymetry. The
particles that get stuck affect both the distribution of particles across regions and the particle concen-
tration maps. Because most stuck particles get stuck on the east Greenland shelf, they are classified
as BC-particles. If these particles had continued to flow, some of them might have entered an interior,
which would have increased the percentages in the interiors and lowered the percentage in the bound-
ary current. Particles that get stuck on the west Greenland shelf or along the Labrador coast do have
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a chance to enter an interior, but fewer particles get stuck there compared to the east Greenland shelf.
Stuck particles also influences the concentration maps, since concentrations are calculated relative
to all released particles. Once particles gets stuck in the EGC, EGCC or WGC, the remaining mov-
ing particles represent a smaller fraction of the total release, decreasing the resulting concentrations
downstream.

As could be seen from Figure 2.4 a percentage of the particles released also travels to the north-east of
the transect before crossing the zonal section and going into the SPNA. Although we consider these par-
ticles in our analysis, they are not part of the overflow at the moment of seeding according to literature,
as these particles do not have a south-eastward velocity. We however still took them into our analysis
because attempts to filter on flow-velocity were unsuccessful. This can influence the results because
the recirculating water can mix with ambient waters, such as fresh polar water and warm Irminger Cur-
rent water (Koszalka et al., 2013). This mixing can change the temperature and salinity of the particles,
and therefore their density and the pathways they follow. Recirculating particles may become warmer
and fresher, which makes them more buoyant than they would have been if they had crossed the sill
directly. This can also increase the number of particles that move onto the east Greenland shelf, which
may partly explain why we find such a strong concentration of particles in the EGCC compared to other
Lagrangian studies of DSOW where virtually non of the particles get entrained into the EGCC (Saberi
et al., 2020; Koszalka et al., 2013). It can also be seen from the concentration maps in Figure A.1 and
the concentration difference plot (Figure 3.1 that a higher percentage of intermediate-density particles
follows the EGCC. Dense particles follow more the shelf break EGC but are also present in the EGCC.
Taking into account that then 27.8 kg/m3 above the shelf has approximately the same depth in the
model data used as in observations it might have been better to track only particles denser than 27.8
kg/m3 and not all the particles denser than 27.7 kg/m3 as in this study.

Also our criterion that particles are left out of the analysis if their final position is to the north-east of the
transect can be improved. There are a few particles that go all the way around Iceland in clockwise
direction and continue southward. They enter the SPNA between Iceland and Scotland so they are
not part of DSOW but because their final position is not to the north-east of the transect they are part
of our analysis. To not include these particles in our analysis one could think about checking where
particles enter the SPNA. If particles enter the SPNA between Greenland and Iceland then they are
part of our analysis and if particles enter between Iceland and the UK they are not. Or one could take
the Reykjanes Ridge, if particles enter the SPNA to the north-west of the ridge then they are part of our
analysis, if the enter the SPNA to the south-east of the ridge they are not.

4.2. How are Particles Distributed over Pathways
The highest percentage of particles is found in the Boundary Current (72%). The second largest group
is particles that enter the Labrador Sea interior as first interior (23%). The third group is particles that
enter the Irminger Sea interior as first interior (4.4%), and the smallest group is particles that as first
interior enter the Iceland Basin (0.15%). As discussed in section 3.1, the small number of IcB-particles
is largely a consequence of our definition of interior particles which classifies particles based on the first
interior they enter for at least 20 consecutive days. In order to be classified as IcB-particle, a particle
must remain in the boundary current without entering the Irminger Sea and Labrador Sea interior for
more than 20 days. Combined with the simulation period of three years, which is short to finish the full
travel from DS to the Iceland Basin, only a very small fraction of particles is classified as IcB-particle.

A high percentage of the interior particles is also present in the boundary current. It might therefore be
better to use a different categorisation of boundary current and interior particles. One could for example
think of the categories where particles stay in the boundary current, where particles enter an interior
and then rejoin the boundary current or where particles enter an interior and do not rejoin the boundary
current. This could give a better overview of how particles that enter an interior spread afterwards.

Also the choice to take the -22 Sv barotropic streamline as the border between the boundary current
and the interiors plays an important role in determining if particles are categorised as boundary current
or as interior particle. The -22 Sv barotropic streamline we chose in this study counts a small part of
the Irminger Sea interior to the boundary current domain meaning that particles have to travel further
offshore to reach the Irminger Sea interior. In the Labrador Sea a small part of the WGC and LC are
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cut off and counted into the interior. This means that, although particles stay in the boundary current,
they might be classified as LS-particle. By taking a less negative number, the streamline shifts closer
to the coast and the interior region gets larger. This could be useful in the Irminger Sea, where the -22
Sv streamline cuts off a small part from the interior. However, this would also mean that part of the
WGC and the LC are considered as Labrador Sea interior. This can make it easier for particles to enter
an interior so more particles are classified as interior particle and fewer as boundary current particle.
Since in the Labrador Sea part of the boundary current will be counted as interior, the effect would be
largest there. By taking a more negative number, the streamline moves more offshore and the opposite
will happen. A larger part of the Irminger Sea interior is counted as boundary current and especially in
the Labrador Sea less particles will be classified as interior particles because less of the WGC and LC
are considered as Labrador Sea interior. Particles that do enter an interior in this case, have to travel
further offshore, which might make themmore likely to stay in the interior or enter another interior rather
than re-enter the boundary current.

The particle concentration maps in this study show the percentage of particles that passed through
each grid cell at least once. This highlights the main pathways of overflow water through the SPNA.
However, if we instead counted the number of visits to each grid cell, the resulting maps would likely
look different. Regions where particles recirculate or experience slower flow, such as basin interiors and
troughs, would show higher intensities because particles can pass through the same grid cell multiple
times. In contrast, regions where particles move rapidly downstream, such as the boundary current,
would appear less dominant. Such an approach could therefore provide more insight into residence
times and retention areas of DSOW, whereas the approach used in this study is more suitable to identify
the overall spatial distribution of DSOW pathways in the SPNA.

The highest percentage of particles is categorised as boundary current particles. From literature it is
known that on a large scale ocean currents are steered by bathymetry (Gille & Llewellyn Smith, 2003).
More precisely, according to the Taylor-Proudman theorem water follows contours of constant f/H,
where f is the Coriolis parameter and H is the ocean depth (Gille et al., 2015). Particles that at DS
are released on the east Greenland shelf will tend to stay on the shelf. In order to get off the shelf,
particles would need to overcome a big change in H which is dynamically difficult as f only changes
a little bit on this scale. Locally, water can go off the shelf for example in the East Greenland Spill Jet
(von Appen et al., 2014) and off the West Greenland shelf (Marson et al., 2017) since on a small scale,
other forces as friction and turbulence can play an important role and the flow can be ageostrophic. A
second reason why the boundary current is the largest group can be related to the location where most
particles get stuck as already discussed in section 4.1.

The second largest group of particles enters the Labrador Sea interior as first interior. This can be
explained by differences in eddy activity in the Irminger Sea and Labrador Sea. Recall that in the
Irminger Sea eddies mainly form from baroclinic instabilities in the Irminger Current, that they have an
average radius of 6 km, an average maximum velocity of 0.1 m s-1 and that they peak in summer (Fan
et al., 2013; Sterl and de Jong, 2022). In the Labrador Sea there are three types of eddies observed,
forming from both baroclinic and barotropic instabilities, they have an average radius between 5 and
30 km, an average maximum velocity of 0.1 to 0.8 m s-1 and they peak in winter (Lilly et al., 2003;
Katsman et al., 2004; Gelderloos et al., 2011; Rieck et al., 2019). As there are several types of eddies
in the Labrador Sea that have a larger average radius and maximum velocity, these eddies can be
more effective in shedding water into the interior than eddies in the Irminger Sea, resulting in more
particles entering the Labrador Sea interior than the Irminger Sea interior. Two additional factors may
also play a role in explaining why more particles enter the Labrador Sea interior than the Irminger Sea
interior. First, the location of the −22 Sv streamline affects how easily water is classified as interior. In
the Labrador Sea the streamline is very close to the boundary current, so water does not need to be
shed far into the interior to be considered interior, whereas in the Irminger Sea particles have to move
further away from the boundary current. Second, our criterion of requiring at least twenty consecutive
days in the interior can influence how easily a particle can count as interior particle. In the Irminger Sea,
particles have to travel further before they count as interior than in the Labrador Sea. It takes particles
more time to reach the Irminger Sea interior than the Labrador Sea interior so that short excursions
into the Labrador Sea interior occur more often than in the Irminger Sea. The particles that do reach
the Irminger Sea interior however had to do more effort to reach the interior and might be more likely
to stay there for longer times.
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In initialisation months June and December, a higher percentage of released particles is dense, while in
September and March a higher percentage of particles is of intermediate-density. For September this
is expected since 41% of the particles is seeded on the shelf as seen from Figure 2.3b. These particles
are at shallower depth and therefore more buoyant. Moreover, we expect the water in September
to be more buoyant because it is the end of summer. The sea temperature is high and the sea ice
concentration, and hence brine rejection, is low. Also for December we expect that a higher percentage
of particles is dense. It is the beginning of winter so waters start to get colder and denser, also sea
ice starts to form so that brine rejection results in more saline and dense water. One would expect
this to be most visible on the shelf as most sea ice forms there and only weakly affect the deeper
overflow layer, which is more influenced by processes acting on the sources of DSOW in the Nordic
Seas. An example is the passage of pulses in winter which increase the dense water transport over
the sill. In summer the passage of boluses increase the dense water transport which can result in a
higher percentage of particles in June to be dense at the moment of release at DS. However, we do
not expect a higher percentage of intermediate-density particles in March. In March one would expect
more dense water since it is end of winter, the sea temperatures are lowest, the sea ice concentration
is highest and most brine is rejected, both locally and in the Nordic Seas. The hydrographic sections
in Figure 2.2 show however relatively warm water on the sill in March which could explain the higher
percentage of intermediate-density particles. June shows indeed a shallow 27.8 kg/m3 isopycnal over
the sill with a cold overflow that corresponds to a thickening in the overflow layer and the passage of
cold water lenses due to boluses (Almansi et al., 2017). In September the depth of the isopycnal is
approximately the same on the sill as on the shelf indicating a relative high percentage of particles
being released on the shelf. In December and March the isopycnal is located deeper where in March
we see the relatively warm overflow.

4.3. Evolution of Temperature, Salinity and Density
4.3.1. T,S diagrams
From the T,S diagram in Figure 3.8 we observe that BC-particles experience larger changes in median
temperature, salinity, density and depth than IrS- and LS-particles. The histograms in Figure 3.13 show
the same pattern where BC-particles have the widest ranges in temperature, salinity, density and depth,
while interior particles show narrower distributions. For BC-particles, dense and intermediate-density
particles show similar ranges, whereas in the interior intermediate-density particles span broader ranges
and peak at different values than dense particles.

These differences can be explained from physical processes that differ for BC- and interior particles.
The boundary current around the Irminger Sea and Labrador Sea cools and freshens as it flows cy-
clonically around the SPG and is joined by fresh polar-origin outflows (Yashayaev & Clarke, 2008). It is
also “strongly baroclinic with rapid transition between the less-saline waters over the shelves and the
more-saline waters over the deep basins” (Yashayaev, 2007). Consequently, BC-particles can undergo
large changes in temperature and salinity when they move between these contrasting water masses.
A second factor is atmospheric interaction. Near the Labrador Coast and in the NAC the median depth
of BC-particles becomes shallower than 40 meters, allowing atmospheric heat and freshwater fluxes to
directly influence water properties (Evans et al., 2023). The histograms also shows that a large fraction
of BC-particles, both dense and intermediate-density, is located very shallow. Third, BC-particles travel
along steep topographic slopes where strong shear and eddy activity enhance mixing (Brüggemann &
Katsman, 2019). Together, these factors explain the wide ranges in temperature, salinity, density and
depth observed for BC-particles.

Particles that enter an interior, especially the deeper located dense particles, are less exposed to this big
variability. Concentration maps show that interior particles are also present in the boundary current but
they are mainly found in the shelf break current and less in the coastal current on the shelf. Hence they
experience smaller changes than BC-particles that travel between the coastal current and shelf break
current. Furthermore, interior particles that remain in the interior are less exposed to steep topographic
slopes than BC-particles. Note however that a high percentage of particles that enter an interior later
return to the boundary current and can thus be exposed to the same steep topographic slopes and the
related mixing. Interaction with the atmosphere can also play a role. For particles entering an interior
most of the dense particles are located deeper than 110 m and show smaller ranges in temperature,
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salinity and sigma corresponding to weaker mixing and less air-sea exchange. Intermediate-density
interior particles are located shallower and show bigger ranges than the dense interior particles but
they are located deeper and show smaller ranges than the BC-particles. The shallowest intermediate-
density water can probably be related with the peaks we see of less dense water, with lower salinity
and higher temperature. Finally, about 40% of LS-particles has a very shallow between 0 and 20 m
depth. This may reflect particles that stay in the boundary current but that are counted as LS-particles
because part of the WGC and LC is cut off by the -22 Sv barotropic stream line and is considered as
LS-interior.

The temperature histograms show two distinct peaks and relatively few particles in between. This likely
reflects two water masses that carry most of the particles: a colder, fresher water mass of polar origin
and a warmer, saltier Atlantic-origin water mass. For interior particles, the two peaks may also be
associated with whether particles remain in the interior or re-enter the boundary current. This means
that the median temperature in the T,S diagrams may not be the most representative value, because
it can fall in the range between the two peaks where only a small fraction of the particles is found.
In contrast, salinity for interior particles shows a narrow range, suggesting that a relatively coherent
water mass with this salinity is formed in the Irminger Sea and Labrador Seas which subsequently
experiences limited mixing with surrounding waters. For salinity, the median value in the T,S diagrams
is therefore more representative than for temperature.

In the T,S diagrams we observe that LS-particles have slightly higher median temperature and lower
median salinity compared to IrS-particles. This also appears from the histograms and could be ex-
plained from the locations where the LS-particles have a higher concentration than the IrS-particles.
Figures 3.11b and c and 3.12b and c show that a higher percentage of LS-particles in the EGCC and
NAC. The EGCC is a fresh current which could result in a slightly lower median salinity for LS-particles
than for IrS-particles. More particles in the NAC can result in a slightly higher temperature but since
it is also a high salinity current it can also result in more saline water instead of the fresher water we
observe now. A second explanation could be that, according to de Jong and de Steur (2016) and Grist
et al. (2015) winter cooling is more pronounced in the eastern part of the SPG east of Greenland so
that a stronger cooling is expected in the Irminger Sea interior. On the other hand, Chafik et al. (2022)
states that the Labrador Sea is the region of largest heat losses and that waters in the Irminger Sea
are primarily cooled in the Labrador Sea before they are exported east towards the Irminger Sea with
the SPG.

Finally, the T,S evolution is plotted as function of time since release, which highlights spatial variability
but hides temporal or seasonal variability. Using absolute time instead could allow changes in properties
to be linkedmore directly to the time of year at which they occur. Such an approach could show seasonal
signals such as deep convection, which would result in deeper and colder particles in winter, or summer
restratification, if particles are located in an interior and increase their temperature.

4.3.2. Density Change Heatmaps
Different from the T,S diagrams which show the temporal evolution of density, the density change
heatmaps highlight the spatial variability of density changes. From the maps in Figures 3.15 – 3.18
we saw that particles experience the largest density changes in the boundary current. This is true
also for IrS- and LS-particles and for both dense and intermediate-density particles. The median val-
ues in 3.3 confirm this: BC-particles show the largest changes with similar magnitude for dense and
intermediate-density particles, whereas IrS- and LS-particle experience smaller changes overall, with
intermediate-density particles showing slightly larger changes than dense particles. What stands out is
that the heatmaps for the different particle regions and both density-classes are remarkably similar in
both pattern and magnitude. Taken together, this suggests that the density changes shown in the maps
reflect less the processes that actively modify density such as deep convection and restratification but
instead primarily represent the degree of stratification.

As discussed earlier, the boundary current is strongly baroclinic (Yashayaev, 2007) and therefore
strongly stratified. Particles in the boundary current can experience large density changes with only a
relatively small change in depth if they move between the different water massses. This likely explains
why the largest density changes take place in the boundary current for both BC-, IrS- and LS-particles.
For BC-particles, tha magnitude of density change is similar for dense and intermediate-density parti-
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cles. Since both groups are found at approximately the same depths (Figure 3.13d), they are exposed
to similar eddies and mixing processes and therefore undergo comparable density changes.

For IrS- and LS-particles, intermediate-density particles are located shallower than dense particles
(Figure 3.13d). We expect the deeper located dense particles to be in more stable layers that are less
affected by eddies and mixing, whereas the shallower intermediate-density particles are more strongly
influenced by these processes. Nevertheless, the depth ranges of the two density-classes overlap,
meaning that both are exposed to the same mixing. As a result, the density changes are similar for
both classes, with intermediate-density particles showing slightly larger changes overall.

A clear decrease in density is visible in the upstream half of the Kangerlussuaq Trough, especially for
intermediate-density particles. Although polar-origin water and glacial meltwater are present along the
entire Greenland shelf, the trough topographymay enhance themixing and entrainment of the overlying
fresh layer into the overflow, leading to a locally stronger freshening signal.

The density change heatmaps showed the largest changes in the boundary current and much smaller
changes in the interior. Given that the T,S diagrams in section 3.2 show shallow median depths within
the mixed layer and considering the deep convection areas in the Irminger Sea and Labrador Sea, we
would expect higher density change values in the interior than those shown in Figure 3.15 to 3.18. The
relatively small density changes in the interior may partly result from taking the median over the full
three year simulation, which smooths out possible seasonal signals. In addition, the heatmaps use
relative time, meaning that particles released in different seasons can contribute to the same relative
timestep which further averages out seasonal variablity. To examine whether density change patterns
vary seasonally, one could make heatmaps per season and based on date and time rather than relative
time.



5
Conclusion and Recommendations

5.1. Conclusions
The goal of this thesis was to find main pathways along which Denmark Strait Overflow Water spreads
in the Subpolar North Atlantic and how density, temperature and salinity change along these pathways.

Denmark Strait Overflow Water spreads over the entire Subpolar North Atlantic via both the boundary
current and pathways via the interior. The largest fraction of particles, 72%, stays in the boundary
current. The other 28% of the particles enters one of the interiors of the Labrador Sea, the Irminger
Sea or the Iceland Basin. Of the interiors, the Labrador Sea interior is entered most often as first interior
with 23% of the particles, 4.4% of the particles enters the Irminger Sea interior as first interior and only
0.15% of the particles enters the Iceland Basin as first interior. This aligns with our expectations from
previous studies where particles are found to spread and exit the SPNA via both the boundary current
and interior pathways (Lozier et al., 2022; Georgiou et al., 2021). We observed that a higher percentage
of dense particles (potential density higher than 27.8 kg/m3 at DS) enters an interior and that a higher
percentage of intermediate-density particles (potential density between 27.7 and 27.8 kg.m3 at DS)
stays in the boundary current; especially we find a higher percentage of intermediate-density particles
in the East Greenland Coastal Current. For each of the four months that particles were released, a
higher percentage of particles stays in the boundary current than that particles enter an interior although
the percentages vary per month of release. The percentage of particles entering an interior is highest
for particles released in March, 64% in the boundary current and 36% in the interior of which 30% in
the Labrador Sea. Since in winter the density gradient between boundary current and interior is largest
and eddy activity in the Labrador Sea peaks (Katsman et al., 2004; Rieck et al., 2019) it is expected to
have the highest percentage of particles that enter an interior in March.

The overflow we are analysing mixes with saltier and warmer ambient water from the SPNA. This is
seen in an overall salinisation and warming of the particles over time. The biggest changes in median
temperature, salinity, density and depth are seen for particles that stay in the boundary current (BC-
particles). After entering the SPNA a large fraction of these particles mix with the fresh East Greenland
Coastal Current and experience a strong diapycnal density decrease due to freshening. As they con-
tinue further into the SPNA, especially when they continue into the North Atlantic Current, the particles
experience a strong isopycnal increase in temperature and salinity. Particles that enter an interior ex-
perience smaller changes changes in temperature, salinity density and depth than particles that stay in
the boundary current. They mainly experience an increase in temperature and a small increase in salin-
ity but much smaller than the particles that stay in the boundary current. This behaviour is consistent
with the spread in these properties where BC-particles occupy the widest ranges in all four proper-
ties with dense and intermediate-density particles showing very similar distributions. Interior particles,
on the other hand, display narrower ranges and clearer differences between dense and intermediate-
density particles. For both boundary current and interior particles the temperature distribution reveals
two peaks around which particles are concentrated. They likely reflect the presence of both polar-origin
and Atlantic-origin water. For interior particles, it might also reflect particles that remain in the interior

43



5.2. Recommendations 44

and particles that rejoin the boundary current. In the distribution of salinity we see a uniform distribution
for BC-particles, while interior particles are concentrated around one relatively narrow peak, indicating
the formation of a coherent water mass in the interior.

Looking into the spatial variability in density changes, particles experience the largest changes at the
margins of the research area, in the East Greenland Current and East Greenland Coastal Current, in
the West Greenland Current, in the Labrador Sea and in the North Atlantic Current; much less density
change is seen in the interiors of the Irminger Sea, Labrador Sea and Iceland Basin. Taking into
account the deep convection areas in the Irminger Sea and Labrador Sea, one would expect to see
more density changes in the interior than we do now, especially when taking into account the shallow
median depth of maximum 310 m which is well within the mixed layer depth of both interiors (Fröb et al.,
2016; Yashayaev, 2024). However, the density change heatmaps likely reflect the regional degree of
stratification rather than processes such as deep convection and restratification. This also explains why
the spatial patterns are so similar for particles classified in different regions and for different density-
classes; the degree of stratification is largely the same, regardless of in which region particles are
classified.

5.2. Recommendations
We saw that the interiors of the Labrador Sea, Irminger Sea and Iceland Basin are connected. It would
be interesting to examine via which pathways and in which direction the interiors are connected. Pos-
sible questions include: Do particles move between interiors mainly via interior pathways or via the
boundary current? Is the flow mainly from the Irminger Sea towards the Labrador Sea and/or Iceland
Basin, from the Labrador Sea towards the Irminger Sea and/or Iceland Basin or from the Iceland Basin
towards the Labrador Sea and/or Irminger Sea? Given the concentration maps, we expect interior ex-
change to occur in multiple directions. The presence of both IrS- and LS-particles in the other basin
suggests that DSOW may flow from the Labrador Sea interior toward the Irminger Sea interior and
vice versa. For the Iceland Basin, we expect that it mainly receives DSOW from the Irminger Sea
and Labrador Sea within the three-year simulation. Over a longer simulation, a larger fraction of par-
ticles may reach the Iceland Basin which could provide insight into their subsequent pathways. This
exchange may also be linked to differences in particle density and depth. If multiple connections are
found, are some preferred by particles within particular density or depth ranges? To better investigate
interior pathways, it is recommended to refine the classification of boundary current and interior parti-
cles. We observed a high percentage of interior particles in the boundary current. Therefore, we advise
defining different categories such as: particles that remain in the boundary current; particles that enter
one interior and then rejoin the boundary current; particles that enter one interior, follow the boundary
current and then enter another interior; particles that enter an interior and do not return back to the
boundary current; and particles that move from one interior to another via interior pathways.

A second unanswered question concerns the travel time along different pathways. Travel times play an
important role in determining to what extent DSOW properties such as temperature, salinity and density,
can change. For longer residence times, particles experience enhanced exposure to mixing, (deep)
convection and surface fluxes, as they have more time to interact with these processes compared
to particles with a short residence time. Quantifying pathway-specific travel times would also help
to understand how quickly signals from the overflow can propagate downstream through the SPNA
and to what extent they can be modified by local processes such as mixing or restratification. To
get reliable travel times, we advice to write a kernel that prevents particles from getting stuck on the
bathymetry e.g. by placing particles that are advected below the bathymetry, back in the ocean several
centimetres above the bathymetry. This would not only lead to more realistic travel times, but also
prevent decreases in particle concentrations further downstream and could alter the distribution of
particles between boundary current and interior regions, as discussed in chapter 4.

While using time since release is useful for determining travel times along pathways and temporal evolu-
tion in properties such as temperature, salinity, density and depth, it is not sufficient to identify seasonal
signals in these properties. To capture such temporal variability, a different definition of time could be
more appropriate. We therefore recommend using the actual date and time of a particle instead. This
would allow seasonal differences to appear more clearly in the average or median temperature, salinity,
density and depth at each time step. When colouring the T,S evolution by average or median depth in



5.2. Recommendations 45

T,S diagrams, one would then expect to see greater depths during winter when deep convection takes
place. To identify regions with strong density changes, density change heatmaps could be used as in
this study. However, instead of taking the median density change over all three years, we recommend
calculating the median density change for each season separately. This approach would make it pos-
sible to highlight regions of strong density changes associated with deep convection during winter and
restratification during summer.

Moreover, we observed a different spreading of dense and intermediate-density particles. Considering
that climate change is likely to affect deep water formation and thus the production and possible the
density of DSOW, future work could explore how these pathways change under different climate condi-
tions. In the Nordic Seas, an increased inflow of freshwater from enhanced ice melt and precipitation,
together with a reduced inflow of Atlantic-origin water under a weaker AMOC, is expected to decrease
surface salinity in the Nordic Seas (Madan et al., 2024). Combined with higher atmospheric tempera-
tures and reduced winter cooling, these factors would lower seawater density and potentially weaken
downwelling and deep convection, resulting in a reduced supply of dense overflow water. Because
Earth’s climate system is highly complex, it is difficult to predict the effect of these changes on DSOW
formation and spreading. We therefore recommend performing a similar analysis as in this study using
a perturbed climate system. The Global Ocean Physics Analysis and Forecast system cannot simulate
such scenarios, so a different model framework should be used such as NEMO or CMIP models. CMIP
models compute velocity and tracer fields under different climate scenarios and provide them as output
but they are generally limited by their coarse resolution of 1◦. In contrast, NEMO can be run at a much
finer resolution, although it requires more extensive setup and computational power, as velocity and
tracer fields need to be self-computed. To distinguish between processes on the shelf and around the
shelf break we recommend a resolution of at least 1/6◦but preferably higher such as 1/9◦ or 1/12◦. Fur-
ther, we suggest to use the SSP2-4.5 climate scenario also know as the ”middle of the road’ scenario
because it currently represents the most likely emissions trajectory given global emission and policy
trends (Hausfather & Peters, 2020).

Finally, as this study is based onmodel data, it would be valuable to assess how well the simulated path-
ways and water mass transformations agree with observations. Observational datasets such as Argo
floats, moorings, and ship-based hydrographic sections could be used to evaluate DSOW pathways
and water properties in the subpolar North Atlantic. Each of these observation types has advantages
and limitations. Argo and Deep Argo floats provide broad spatial coverage and are well suited to study
large-scale variability in temperature, salinity, and density. However, their temporal resolution is rela-
tively low. Moorings, such as those from the OSNAP array, offer high temporal resolution and direct
velocity time series, but are limited to specific locations. Ship-based hydrographic sections provide de-
tailed vertical profiles and high spatial resolution along transects, but very low resolution in time of one
or several years. To assess DSOW pathways in the SPNA, observations with broad spatial coverage,
such as Argo and Deep Argo floats, are preferred. Combining different types of observational data will
offer a more complete understanding and help validate modelled DSOW pathways and transformations.
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Miscellaneous Plots

A.1. Particle Concentration Maps

(a) (b)

Figure A.1: Particle concentration maps for (a) dense particles with an initial density at DS of 27.8 kg/m3 or higher and (b)
intermediate-density particles with an initial density at DS between 27.7 and 27.8 kg/m3 as a percentage of all particles

released.
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(a) (b)

(c) (d)

(e) (f)

Figure A.2: Concentration plots for (a) all dense and (b) all intermediate-density particles categorised in the boundary current,
(c) all dense and (d) all intermediate-density particles categorised in the Irminger Sea interior and (e) all dense and (f) all
intermediate-density particles categorised in the Labrador Sea interior. Per region the particle probability is calculated as a

percentage of the number of particles categorised in that region.
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(a) (b)

(c) (d)

Figure A.3: Particles that stay in the boundary current and are seeded in (a) June ‘22, (b) September ‘22, (c) December ‘22
and (d) March ‘23.

(a) (b)

(c) (d)

Figure A.4: Particles that enter the Irminger Sea interior as first interior and are seeded in (a) June ‘22, (b) September ‘22, (c)
December ‘22 and (d) March ‘23.
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(a) (b)

(c) (d)

Figure A.5: Particles that enter the Labrador Sea interior as first interior and are seeded in (a) June ‘22, (b) September ‘22, (c)
December ‘22 and (d) March ‘23.
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A.2. T,S Diagrams per Season

(a) (b)

(c) (d)

Figure A.6: T,S diagrams showing how median salinity (x-axis) and temperature (y-axis) evolve over time for particles
categorised as BC-particles and seeded in (a) June ‘22, (b) September ‘22, (c) December ‘22 and (d) March ‘23. The dashed
gray contours indicate isopycnals with the 27.8 kg/m3 highlighted in solid black. The trajectory is coloured by median depth.

The dots on the T,S evolution indicate intervals of 100 days since release.
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(a) (b)

(c) (d)

Figure A.7: As in Figure A.8, but for IrS-particles.
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(a) (b)

(c) (d)

Figure A.8: As in Figure A.8, but for LS-particles.
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