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Abstract

The Atlantic Meridional Overturning Circulation (AMOC) is an important element in the Earth’s Climate
System, and it leads to variations in the climate systems, such as heat transformation, carbon dioxide
distribution, freshwater distribution, and extreme weather conditions. The dense water formation and
export in the North Atlantic contribute to AMOC. Motivated by the aim to understand the strength and
processes of AMOC in the Subpolar (SPNA), the water origins and transport routes are explored in this
study, based on the inspiration of the previous studies of water pathways in the Labrador Sea.

The objective of this study is to investigate the origin of water in the Irminger Sea and the transport
routes before arriving at Cape Farewell, the tip of Greenland where water continues to flow from the
Irminger Sea to the Labrador Sea. Based on simulated field data in SPNA obtained from Modular
Ocean Model (MOM), the Lagrangian method is applied in the Ocean Model Connectivity Modeling
System (CMS), to track particles in the Irminger Sea. The properties of particles, such as location and
temperature along their trajectory, are calculated at advection timesteps.

Origins of water reaching Cape Farewell through the Irminger Sea are discovered, including the source
from the Denmark Strait, the Iceland-Scotland Ridge, and the South Iceland Basin. Water from these
origins follows different routes before arriving at Cape Farewell and qualitative and quantitative analy-
ses of these routes based on particle trajectories and particle numbers, provide insights into how water
crosses the Irminger Sea and the importance of the routes.

In summary, water following the route from the Denmark Strait contributes 25 percent of the water
through the Irminger Sea arriving at Cape Farewell. Water follows a direct and straight route along
the East Greenland Boundary, as the cold source in the surface layer (50-150m). Water staying in
the Irminger Basin contributes 50 percent. It travels in curved and blended routes in a deep layer
(1200-1500m), as the warm source. Water from Iceland-Scotland Ridge follows a long-distance tra-
jectory, which crosses the Iceland Basin, Reykjanes Ridges, and Irminger Basin. Water in this route
contributes 20 percent. They travel in a surface layer as the warm source, while the temperature of
water in this route decreases when water arrives at Cape Farewell. Water from the South Iceland Basin
is in the surface layer (0-150m) along the routes, with the highest temperatures. The contribution is not
accurate as the long-distance route requires a longer tracking period.

The research findings provide valuable insights into the dynamics of water masses in the Irminger
Sea. It relates to the currents, and oceanic activities in the Irminger Sea, such as convention and ed-
dies, which contributes to a better understanding of AMOC in SPNA.

Keywords: AMOC, Climate changes, Lagrangian particle tracking, CMS model, Water origins, Over-
turning.
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1
Introduction and Background

1.1. The Atlantic Meridional Overturning Circulation
The Atlantic Meridional Overturning (AMOC) is an ocean circulation system. It is defined by northward
surface transport and southward subsurface transport in the North Atlantic Ocean. Due to its transport
of heat, the AMOC is a crucial component in the global climate systems. The components of the AMOC
and its role in the climate are explained in 1.1.1 and 1.1.2 separately.

1.1.1. Components of Atlantic Meridional Overturning Circulation
The AMOC consists of two components, the warm current in the upper layer and cold water in the
deeper layer, as shown in Figure1.1. The North Atlantic Current is the surface water, which is warm
and salty, flowing northward across the Atlantic Ocean, into the Nordic Seas. In the wintertime, heat
loss to the atmosphere at high latitudes in the North Atlantic makes the northward-flowing surface wa-
ters colder and denser. The denser water sinks into the deep layer and flows southward known as
North Atlantic Deep Water [Pietrzak, 2021].

1.1.2. Roles of AMOC for Climate and climate change
A full understanding of the process and elements of the Atlantic Meridional Overturning (AMOC) is
relevant for predicting climate and climate change. The intensity and structure stability of AMOC has
significant impacts on global climate by regulating the heat, carbon uptake, currents, storms, precipita-
tion, and extreme weather events [Intergovernmental Panel on Climate Change (IPCC), 2013].

One of the major ways in which AMOC influences the climate system is by redistributing heat around
the world. It transports warm, tropical water to higher latitudes in the North Atlantic, where it releases
heat to the atmosphere, regulating temperatures in Europe and North America [Newsom et al., 2021].
A weak or unstable AMOC could result in less heat being transported to these regions, potentially lead-
ing to cooler temperatures [Srokosz and Bryden, 2015].

During the process of AMOC transport, it regulates the global water cycle, carbon cycle, as well as
other dissolved substances and biology [Yamamoto et al., 2018]. The freshwater is carried from the
Atlantic Ocean into the Arctic Ocean by AMOC, which maintains the balance of salinity in the North
Atlantic. Additionally, carbon dioxide is stored in the ocean and is transported by AMOC from the sur-
face ocean to the deep ocean. The amount of atmospheric CO2 is controlled by AMOC through the
transformation of dense water in the subpolar North Atlantic [Jackson et al., 2022]. All the processes
are influenced by the dense water mass formation in North Atlantic that drives AMOC.

In the 21st century, the warming climate is expected to weaken the AMOC as greenhouse gases in-
crease. In this case, the atmosphere warms, and the surface ocean beneath it retains more heat. At
the same time, increased rainfall and melting ice mean the ocean water becomes fresher too. All these
changes make the ocean water lighter and reduce the sinking in the ‘conveyor belt’, leading to a weaker

1
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Figure 1.1: Sketch of the Subpolar North Atlantic with the schematic circulation of surface currents (orange line) and deep
currents (blue line) that form a portion of the Atlantic Meridional Overturning Circulation (AMOC), and eddies and convections.

The component of AMOC: the North Atlantic Current (orange line) and North Atlantic Deep Water (blue line). Source:
[Praetorius, 2018] with added (a) convection regions: three ellipses; (b) eddies: small orange circles; (c) Irminger Sea: the

black dash line circle.

AMOC [Liu et al., 2020].

The weakened AMOC could have feedback on climate patterns, such as Atlantic Oceanic tempera-
ture projection, Arctic Sea ice loss, global rainfall patterns, and troposphere [Rahmstorf et al., 2015]. A
weak AMOC could lead to a buildup of freshwater in the North Atlantic, and less carbon uptake by the
ocean, potentially exacerbating the effects of anthropogenic climate change [Latif et al., 2022].

1.2. Role of Subpolar North Atlantic for Ocean Circulation
The Subpolar North Atlantic (SPNA) is a region in the North Atlantic Ocean, bounded by the Labrador
Sea to the west and the European continental shelf to the east. The SPNA is characterized by a complex
system of ocean currents and oceanographic phenomena that together transport large amounts of heat,
salt, and other substances from the tropics to higher latitudes. The two main currents, the North Atlantic
Current and the North Atlantic DeepWater enter the Irminger Sea from different directions, transporting
different sources of water masses in the SPNA. Deep convection occurs in the interior of all seas along
the margins, and in the Irminger Basin (Figure1.1), which is an important element in the deep part of
the AMOC. This section discusses the oceanographic processes of current circulation and convection
in the SPNA as it affects the formation and export of dense water, which further affects the dynamics
of the AMOC.

1.2.1. Currents and Circulation in SPNA
Subpolar North Atlantic is the area of the North Atlantic Ocean that is located between 45°N and 65°N
latitude, including regions of the Labrador Sea, Greenland Sea, Iceland Sea, Norwegian Sea, and
the subpolar gyre (Figure1.1). Currents in the SPNA are complex and are influenced by wind forcing,
ocean-atmosphere interactions, and complex topographic steering. This section describes the water
sources of the SPNA, which emphasizes the currents entering the Irminger Sea.

Themain currents in SPNA are presented in Figure1.2, the East Greenland Current (EGC), the Irminger
Current (IC), and the Labrador Current (LC). The Nordic Seas exchange water with the North Atlantic in
the upper ocean, where the water masses are transported along the west boundary of the Nordic Sea
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by the southward-flowing East Greenland Current (EGC). EGC enters through the Fram Strait from the
Arctic, as the right blue arrow from the Greenland Sea is depicted in Figure1.2. This current is one of
the main pathways for Arctic Sea ice. The bathymetry leads to EGC split into two. The intermediate
water in the Nordic Seas leaves through the Denmark Strait and Iceland following EGC, which is one of
the sources of cold water in the Irminger Sea. The other one (Eastern Icelandic Current, EIC) transports
northward continually around Iceland, which contributed to the dense water formation occurring in the
Greenland Sea. This water mass does not reach Cape Farewell and does not appear in the Irminger
Sea, so it is not considered to be one of the origins of water in the Irminger Sea.

Figure 1.2: Schematic of the main ocean currents in the upper SNPA from adjacent seas, adapted from
[Tesdal and Haine, 2020]. Red/orange/yellow arrows denote currents associated with poleward heat and salt transport Atlantic

Water, while blue arrows denote currents associated with the transport of Arctic-origin waters into the North Atlantic.

The North Atlantic Currents (NAC) in Figure 1.2 from the south split into two in the Iceland Basin.
One source continues northward along the Norwegian (Norwegian Current, NWC in Figure 1.2). The
other source from NAC turns to the west becoming the Irminger Current (IC), which transport across
the Reykjanes Ridge or along Iceland before entering the Irminger Sea [Strand et al., 2020]. These
currents transport water in the SNPA. On the path of water movement, dense waters are formed by
convection in the SPNA. The two processes of the dynamic ocean activity in the SPNA together influ-
ence the AMOC. The next section explains the general convection in the SPNA.

1.2.2. Convection in Subpolar North Atlantic
Convection in the SPNA drives the deep-water formation in North Atlantic, which drives the AMOC ac-
tivity. Therefore, convection plays a critical role in maintaining the strength and stability of the AMOC,
as well as regulating the uptake of carbon by the ocean as mentioned in chapter 1.1.2. The process of
convection in SPNA is described in this section.

Convection happens in the ocean, at the location where the atmosphere cools surface water in win-
ter and makes the water denser. Figure 1.3 gives a schematic of the convection process. In the
convective region, warm water masses in the surface layer lose heat to the atmosphere, resulting in
a disturbance of the stable stratification of warm water in the upper layer and cold water in the lower
layer. The surface water loses heat and becomes denser. When it becomes so dense that the water
column is statically unstable, with denser water over light water. Vertical mixing occurs until a stable
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stratification is established again.

Figure 1.3: Schematic of vertical mixing of water masses. (Left) The stratification of with warm water above, (middle) Warm
water losing heat, colder products in the surface leads to unstable (right). The unstable stratification leads to vertical mixing

[Pietrzak, 2021].

The deepest convection mixed layers (larger than 1500m) are found as the ellipses’ areas in Figure 1.1,
in the Labrador Sea, Irminger Sea, the Greenland Sea, and the Golfe du Lion in the Mediterranean Sea
[Stramma et al., 2004]. The typical extension of Irminger convection vertical mixing along the eddy is
between 100 and 700 meters, but convection depths can reach 1300 m during large convective events
in wintertime [de Jong et al., 2018]. And for all other marginal seas, such as the Labrador Sea, the vari-
ation of deep convection has a larger magnitude and can be up to 2000 meters [Chanut et al., 2008].
The dense water formed in the GIN seas enters the North Atlantic via Denmark Strait. And the loss of
heat from the North Atlantic Current contributes to the convection in the Irminger Sea, which is an im-
portant constituent in the subpolar area of AMOC. The process of dense water export will be explained
in the following sections.

1.3. Export of dense water via boundary current
1.3.1. Export of dense water by eddy-induced flow
In the subpolar North Atlantic, convection brings the cold and dense water from the surface to the
bottom, which is transported by eddies along isopycnals to the boundary current as the cross-shore ex-
change between the ocean boundary and the interior, as shown in Figure 1.4, a schematic diagram of
convective and eddy-forced processes. Eddy activities are important because they not only exchange
water mass laterally but also transfer salinity and heat. Large eddies are found in the Labrador Sea
and Irminger Sea, the small circles in Figure1.1 [Chanut et al., 2008], which is caused by differences
in velocity gradients.

Figure 1.1 shows the expected eddies in the Labrador Sea and Irminger Sea locations which exist
close to a narrow topographic gradient. Although eddies are not large current movements, a large
number of small eddies separated from the boundary of larger oceanic currents have impacts on the
motion of the sea mass dynamics [Fu et al., 2010]. Two types of eddies in the Northern Hemisphere
are the warm-core eddies and the cold-core eddies. The cold eddies rotate cyclonically, pumping wa-
ter upward, while the warm core eddies rotate anti-cyclonically, pumping light downward. It has been
illustrated the eddies near the west coast of Greenland regulate the boundary-interior exchanges as
well as the heat and energy in the Labrador Sea [Lilly et al., 2003]. The same functions are expected
in the Irminger Sea. Based on eddy-driven transport, the process of dense water export is described
in the following sections.
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Figure 1.4: Sketch of convection and eddy activities. The red line is warm water mass in the upper layer, and the blue line is
cold water in the deep layer. After convection, cold water is driven by eddies exchanged towards the boundary

[Brüggemann and Katsman, 2019].

1.3.2. Export in the generic marginal sea
The export of dense water contributes to the deep part of the AMOC [Petit et al., 2020]. In the marginal
sea, the densewater is exported following the boundary current, the process is described in this chapter.

As shown in Figure 1.4, in the upper 100m of the ocean surface flow, winds drive ocean currents
to the interior of the basin. After the surface water loses heat, deep convection occurs in the interior
of the basin. It forms cold water with high density [Clarke et al., 1990]. Convective water driven by
eddies is transported laterally from the interior along isopycnals to the boundary. The dense water in
the boundary current is entrained at large depths and follows the currents southward, which is demon-
strated in the idealized model studies [Spall, 2003] [Georgiou et al., 2019].

This dense water export occurs mainly in areas where the upper part of the boundary current is unsta-
ble and sheds eddies. There, the velocity shear of the water is high and the dense waters are sucked
back in. Realistic model studies [Katsman et al., 2018] [Waldman et al., 2018] [Sayol et al., 2019] have
shown that strong sinking within the buoyant boundary currents of the subpolar eddies in thesemarginal
seas generally occurs after deep convection in the North Atlantic, as described in Figure 1.4. The dense
water in the marginal seas will be transported into or out of the basin within the buoyant flow after the
exchange between the convective region and the boundary [Spall, 2004].

1.3.3. Water export pathways in the Labrador Sea
The Labrador Sea is characterized by a buoyant boundary current and a denser interior, which is sub-
jected to a prevailing anti-clockwise circulation pattern. It forms the upper constituent of the lower
branch of the AMOC, the Labrador Sea Water (LSW), in Figure 1.5, which is a major component of the
North Atlantic Deep Water (NADW).

Figure 1.5 explains the paths of Labrador Sea Water transport out. The first path is the direct entrain-
ment of the LSW in the boundary currents. The second path is the LSW formed within the boundary
current itself. The third path is the eddy-driven transport of LSW from the interior to the west coast
of Greenland. This path of the export process is described in Chapter 1.3.2. The fourth path is the
mid-depth recirculation of LSW towards the Irminger Sea. The pathways of water transport out of
the Labrador are important because it contributes to the AMOC strength. Similar export paths in the



1.4. Oceanic dynamics in the Irminger Sea 6

Irminger Sea are expected as well. The next section will first introduce the oceanic dynamics of the
Irminger Sea.

Figure 1.5: Schematic of pathways of water exporting the Labrador Sea. 1. The direct entrainment of LSW; 2. LSW formation
within the boundary current; 3. Eddy-driven transport from the interior toward the boundary; 4. Mid-depth recirculation. Grey

circulations: deep convection locations in LS. Adapted from [Georgiou et al., 2020]

1.4. Oceanic dynamics in the Irminger Sea
The Irminger Sea is an important component of AMOC activity in the subpolar region. The currents in
the Denmark Strait and the Irminger Sea constitute one of themost climatically important and vulnerable
regions of the world’s oceans and the currents in the regions are significant for Global Ocean Current
Circulation and Climate Change. This chapter describes the topography around the Irminger Sea, and
the currents enter the Irminger Sea. It contributes to a better understanding of ocean dynamics, such
as the currents and eddy transport influenced by topography and sources of water in the Irminger Sea.

1.4.1. Geographic Features around Irminger Sea
The Irminger Sea is a marginal sea of the North Atlantic Ocean, which has a complex topography. The
topography influences the currents and eddy transports. Near the Ridge and narrow shelf boundary
of East Greenland, eddies can form because of the interaction between the strong currents that flow
along Ridge and surrounding water masses. These nearby currents generate large vortices or eddies
that can persist for months or even years, which leads to intensive water mass transport or dynamics.

The topography in the Irminger Sea is presented in Figure 1.6. The northern limit of the Irminger
Sea is bordered by the Denmark Strait. The southwest of the Irminger Sea reaches Cape Farewell,
the southern tip of Greenland, and meets the Labrador Sea at this point. South of the Irminger Sea is
bordered by the open waters of the North Atlantic Ocean.

The Denmark Strait (65°N to 68°N) connects the Greenland Sea, an extension of the Arctic Ocean to
the Irminger Sea, a part of the Atlantic Ocean. It lies on the Greenland-Iceland Ridge, which runs along
the bottom of the sea and separates Iceland from the east coast of Greenland, with over 250 miles of
water. Through this strait, the cold East Greenland Current and deep Denmark Strait Overflow Water
pass and carry icebergs south into the North Atlantic.

The Irminger Basin (south of 65°N, east of 26°W, north of the Reykjanes Ridge, west of Iceland)
is a deep basin located in the center of the Irminger Sea with depths reaching up to 3000 meters.
The Irminger Basin has the widest saltwater on Earth. It extends from Iceland to the latitude of Cape
Farewell (43°W) at the southern tip of Greenland. Near Greenland, the East Greenland shelf boundary
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Figure 1.6: Schematic of Irminger Sea bathymetry and its surroundings. Irminger Sea is bordered by the Denmark Strait, the
east shelf of Greenland, and the Reykjanes Ridge. The Reykjanes Ridge extends to the center of the Irminger Sea. Colors of

blue represent the depth of the ocean. Adapted from [General Bathymetric Chart of the Oceans (GEBCO), 2023]

is the shallow shelf, with depths ranging from 200 to 500 meters, broadly extending from the Greenland
coast into the Irminger Sea.

The Irminger Sea is surrounded by the Reykjanes Ridge, the Iceland Sea, and Iceland-Scotland Ridge,
which affects the ocean dynamics and water sources in the Irminger Sea. The Reykjanes Ridge is a vol-
canic ridge running north to south through the Irminger Sea. It extends in the center of the Irminger Sea
and separates the region into Irminger Basin to the northwest and Iceland Basin to the southeast. The
ridge acts as a barrier for water masses flowing between the two regions because the water masses
need to either go over or around it due to its elevation.

1.4.2. Currents and Water Source in Irminger Sea
As shown in Figure1.7, the currents in the Irminger Sea are cyclonic around the Irminger Sea. The
most important components of the Irminger Sea are the East Greenland Current (EGC), the Irminger
Current (IC), and the dense water overflows.

The North Atlantic Current flows in the upper layers (100-500m) [Våge et al., 2011] and splits into the
Irminger Current. The Irminger Current transports buoyant, warm, and saline water northward. It flows
westward along the southern coast of Iceland. After going around Reykjanes Ridge, the Irminger Cur-
rent flows along the east boundary of the Greenland shelf, where it joins the East Greenland Current.

The East Greenland Current (EGC) flows from the Nordic Sea along the East Greenland continen-
tal margin. EGC is a cold, low-salinity current that extends from Fram Strait (around 80°N) to Cape
Farewell (around 60°N), which is a major contributor to sea ice export out of the Arctic. The water
masses mixed in EGC contain Polar Water (0-150m in the upper layer), Atlantic Water (intermediate
depth), and Deep Water (from 1000m to the bottom in the deep layer). The cold surface Polar Water
is formed by the interaction between the atmosphere and the ocean in the Arctic. The salinity of sur-
face water is highly variable and decreases during sea ice melt, river runoff, and freshwater loss. The
Atlantic Water in intermediate depth in EGC has a higher density due to Atlantic Water circulation in
the Arctic which sinks into a deeper depth. While the deep water of EGC has a relatively stable salinity
and temperature.

Through the Denmark Strait and Iceland-Scotland Ridge, the cold dense water overflows into the
Irminger Sea. The Denmark Strait Overflow Water (DSOW) is formed in the Nordic Sea by mixing
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Figure 1.7: Schematic of currents in the Irminger Sea. The yellow arrow is the Irminger Current branches off from the North
Atlantic Current in the Iceland Basin. The blue arrow is the East Greenland Current (EGC) from the north. Purple arrows are
dense water overflows, Iceland Scotland Overflow (ISOW) across Iceland-Scotland Ridge, and Denmark Strait Overflow Water

(DSOW) in the deeper layer. Adapted from [Georgiou, 2021]

with dense water, which then overflows through the Denmark Strait into the Irminger Sea. Iceland
Scotland Overflow (ISOW) is formed in the eastern part of the Nordic Sea by the cooling and sinking
of more saline water. ISOW from the Norwegian Sea overflows through the Iceland-Scotland Ridges
into the North Atlantic.

1.5. Summary
The oceans are important for regulating the Earth’s climate. Driven by the Atlantic Meridional Overturn-
ing (AMOC) process, a large amount of CO2 uptake in the ocean is transported, enabling the redistri-
bution of carbon and heat in the Earth’s system. The AMOC transports heat and salts from low to high
latitudes along ocean currents, regulates the temperature, and maintains freshwater balance around
the world. However, under the influence of changing climate conditions, the ocean and its circulation
patterns are undergoing unprecedented changes, which greatly affect the strength and dynamics of
the AMOC, especially in the Subpolar North Atlantic (SPNA) region, including the Labrador Sea and
Irminger Sea. The ocean dynamics in SPNA is crucial for the AMOC and ocean circulation dynamics
because it is an essential source area of dense water formation and a location of convective and eddy-
driven activity. The formation and export of dense water in the SPNA dominate the upper part of the
AMOC. Therefore, exploration of the Irminger Sea, which contains water from different sources that
continue to flow out into the Labrador Sea, has therefore stimulated research interest. Understanding
the sources and pathways of water entering the Irminger Sea will help improve our understanding of the
dynamic activities of the dense water in the SPNA, which contributes to ocean circulation and climate
dynamics.

1.6. Research questions
The motivation for this study stems from the need to improve the understanding of the component of
the Irminger Sea water, which is an important constituent in the subpolar area of AMOC. The main
objective is to find the possible origins and pathways of water entering the Irminger Sea before arriving
at Cape Farewell, by the method of Lagrangian particle tracking.

AMOC and its variability can be investigated by two approaches, the Eulerian approach and the La-
grangian approach. Lagrangian approach with a moving frame of reference is mainly used in tracking
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water masses, for instance tracking the source and pathways of the Subantarctic Model Water, as well
as how its temperature and salinity evolve along its path [Koch-Larrouy et al., 2010]and offers insight
into the three-dimensional structure and pathways of water masses [Bower et al., 2019]. Through this
approach, the dynamics along paths involved in water transport in the Irminger Sea will be explored,
contributing to a better understanding of AMOC behavior.

Based on the objectives of exploring the origins and paths of the waters in the Irminger Sea and the
Lagrangian particle tracking approach, the sub-questions below will be investigated.

• 1. How does water travel through the Irminger Sea from its origins? What is the contribution of
water in each route reaching Cape Farewell?

• 2. Are there indications of specific physical processes that occurred in the Irminger Sea such as
convection or eddies, and atmospheric force, leading to the dynamic movements of water in the
Irminger Sea during transport?

• 3. How do the currents in SPNA contribute to the water transport in the Irminger Sea?

The structure of this thesis is arranged as follows: Chapter 1 provides the relevant scientific back-
ground and concepts thoroughly and raises research questions. Chapter 2 explains the methodology,
including the Ocean Models, the process of model set-up and testing, as well as the Lagrangian particle
tracking simulation. Chapter 3 explores the origins and pathways of water entering the Irminger Sea
before arriving at Cape Farewell and explains Question (a) by plotting particle trajectories and quanti-
tating the particle numbers in distinct paths. Chapter 4 builds insight into the characteristics of the main
pathways of waters traveling into the Irminger Sea. Question (b) will be investigated in Chapter 4 by the
approach to indicate the modifications of water along the paths and the depth layer and temperature
variations between water inflow and outflow in the Irminger Sea. Chapter 5 will discuss the results and
conclusion of water transport gained from Chapters 3 and 4. Question (c) will also be discussed in
Chapter 5, by considering the currents in the SNPA and Irminger Sea.



2
Methodology

2.1. Research approach
This chapter presents the method to explore the origin and path properties of water using Lagrangian
particle tracking. The method is based on the ocean model of the Connectivity Model System (CMS) for
the simulation. The CMS Model calculates the ocean properties of water sources in the Irminger Sea
by interpolation along the particle paths. The properties including trajectory characteristics, particle
number, depth variation and distribution, and temperature are analyzed along the paths. It contributes
to a clear understanding of the dynamics of water sources, and physical elements such as convection
and eddies that occur along the path in the Irminger Sea.

2.2. Lagrangian Methods for particle tracking
In this study, the Lagrangian approach is used to study the AMOC circulation in the Irminger Sea, based
on the previous study of AMOC behaviors [Rühs et al., 2013][Lozier et al., 2019][Bower et al., 2019].
AMOC is transported by convection and eddies instead of themean flow [Schott et al., 2004][Rühs et al., 2013]
and the strength of the AMOC is often characterized by a meridional stream function (zonally integrated
transport as a function of latitude and depth). The Lagrangian studies help to change the 2D view to a
3D understanding of the AMOC [Rahmstorf et al., 2015].

Lagrangian particle tracking is a numerical technique in computational fluid dynamics that simulates
the tracking of particle paths within a flow field. It analyses ocean dynamics by computing the trajecto-
ries of virtual fluid particles, following the Lagrangian perspective of fluid flow, from a specified velocity
field. The Eulerian velocity field, computed in an ocean general circulation model, is often used as
an input for Lagrangian studies. Under the moving reference frame, the drag forces dominate particle
motions moving with the flow, which builds up the spatial and temporal trajectories [Reeks, 1977]. The
Lagrangian approach has found use in tracking water masses, for instance tracking the source and
pathways of the Subantarctic Mode Water, as well as how its temperature and salinity evolve along its
path [Koch-Larrouy et al., 2010]. In the case of offline models, such as the Connectivity Model System
(CMS), trajectories can be advected backward in time, which is useful in finding sources of the material
being tracked [Van Sebille et al., 2018].

The strength of Lagrangian particle tracking is it saves high computation costs because it only needs to
evaluate the position of each virtual particle at the timestep instead of calculating the concentrations of
every grid cell [Van Sebille et al., 2018]. In addition, a large number of particles up to tens of thousands
in the oceanic model area can be released. When enough particles are set in a specific region, the
particle data along the trajectory can be interpolated to determine the Eulerian properties of the velocity
field and hydrography [Latarius and Quadfasel, 2016].

10
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2.3. Specification of the Ocean Models configuration
In this study, the Modular Ocean Model (MOM) and Connectivity Model System (CMS) are used for
Lagrangian particle tracking in the Irminger Sea. The field data in Irminger Sea are obtained in the
MOM, which is used in CMS to calculate the particle properties at the timestep of advected location.
This section will explain the specifications of the ocean model MOM and CMS. The setup and test
process of CMS will be explained then in the next section 2.4.

2.3.1. Modular Ocean Model (MOM)
The Modular Ocean Model (MOM) is a global ocean-sea ice model used to acquire the field data of
annual mean 3D velocities, potential temperature, and salinity fields in the ocean. It is a good tool
used in the SPNA to calculate the ocean properties because MOM simulation shows a good agree-
ment with the observed hydrography in the Nordic Seas [Ypma et al., 2019] and the hydrography and
currents simulated in MOM represent the observations in the Labrador Sea and Irminger Sea well
[Lilly et al., 2003][Pickart et al., 2002].

MOM uses a tripolar B-grid with a horizontal resolution of 0.1 degrees and 50 vertical layers with a
resolution of 5m at the surface up to 200m near the bottom. It is also coupled with the GFDL Sea Ice
Simulation model, which allows the sea ice to evolve freely. The three-dimensional velocity in MOM
contains U, V, and W, which are used to calculate particle velocity at the advected position. The zonal
velocity (U) is calculated for particles moving along the meridian direction (positive in the east), the lati-
tudinal velocity (V) is calculated for particles along the zonal direction (positive in the north), and vertical
velocity (W) calculates particles transport in-depth space (positive northward). We have daily velocity
field data in 0118 in the MOM, including U, V, W velocities. The year 0118 has no physical meaning,
which is repeated annually used in the MOM and CMS repeatedly, to ensure the same surface forcing
each year when tracking the particles. Therefore, these velocities in 0118 are used repeatedly each
year during the tracking particles and to calculate trajectories.

The model domain we used is from 45°N to 68°N in the meridional direction and from 50°W to 10°W
in the zonal direction, with a resolution of 0.06° at the meridional direction and 0.1° at the zonal direc-
tion. The domain is bordered by open boundaries, the North is the Greenland Sea, and the East is the
connection with Iceland Basin and Norway Basin. It contains the region of the Irminger Sea and the
Labrador Sea and the North Atlantic.

After the MOM calculations, the field properties of the hydrograph of the subpolar Atlantic Ocean are
derived and used in the particle tracking process.

2.3.2. Connectivity Model System (CMS)
The offline Lagrangian Tool Connectivity Modeling System (CMS) provides a description of the ocean
dynamic phenomena of advection, dispersion, and retention [Paris et al., 2013] [Tamsitt, 2018] by com-
puting particle trajectories through explicit time-stepping. In this study, CMS is used to investigate the
waters entering the Irminger Sea and track them along the path through the Irminger Sea.

In the CMS, particles are tracked in a nested-grid ocean model domain and advected in RungeKutta
scheme timesteps. The Runge-Kutta 4th order stepping in time and a tricubic spatial interpolation are
used to determine the new location of each particle in space and time respectively. The Runge-Kutta
scheme timestep is set as 1 hour. The output of particle properties on the advecting timesteps, includ-
ing velocity, temperature, and salinity, is in the form of the location of the trajectory (NETCDF or ASCII
format). The output timestep is set at the frequency of 1 day.

Particles are constantly advected in the tracking period, which is set as 5 years in this study using
1 year MOM data. The direction of Lagrangian particles can be tracked forward and backward. In
this study, particles are tracked backward, which allows us to determine the sources of particles being
tracked flowing into the basin or certain area [Georgiou et al., 2020].
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(a)

(b)

Figure 2.1: (a) The map of the zonal velocity field (U-velocity) in the surface layer of the Labrador Sea and Irminger Sea. The
velocity direction is positive eastward. The color represents the velocity values. blue for the negative values, and orange for
positive values. (b) The plot of surface zonal velocity varies along the latitudes at Cape Farewell (at 43.69°W ). It plots the

velocity of blue currents at Cape Farewell in panel a.

2.4. CMS set-up and process of testing
This chapter describes the model setup steps and testing process of Lagrangian particle tracking. In
the process, particles are released in different depth layers, on distinct dates, and tracked in different
periods of time. The steps and results are presented in this section. It helps determine the parameters
of Lagrangian particle tracking to explore the trajectories and sources of water in the Irminger Sea,
which will be explained in section 2.5.

2.4.1. Location and depth ranges for releasing
This section describes the released location and spatial dimensions, including the latitude, longitude,
and depth layer ranges.

The numerical particles are released at Cape Farewell, where waters outflow continuously from the
Irminger Sea to the Labrador Sea. As described in Figure 2.1a, it outlines the surface zonal velocity in
the Irminger Sea and the Labrador Sea, and the velocity field is obtained from MOM. The blue currents
in Figure 2.1b flow along the east shelf boundary of Greenland, continually turning around at Cape
Farewell, the tip of Greenland, into the Labrador Sea.

To find the source of water in the Irminger Sea, the released location is determined at the Cape Farewell.
Cape Farewell is located at approximately 61° N latitude and 43.69° W longitude. As shown in Figure
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7b, the zonal velocity varies along the latitude from the Cape Farewell at 61.00°N to 58.96°N, where
the velocity is negative, and the waters flow from east to west. To capture the full currents flowing from
the Irminger Sea to the Labrador Sea at Cape Farewell, particles are released in this range of 61.00°N
to 58.96°N.

To determine the depth ranges of particles released at Cape Farewell, the tests were performed for
Lagrangian particle tracking. Release particles in depth range of 500m, 1000m, 1500m, and 2000m on
the model date of 10/11/0118 and track them for one year. The results are presented in Appendix A.

The depth layer of the Irminger Sea is 3000m, with the deepest water approximately larger than 1200m
in the Irminger Sea [Våge et al., 2011]. The depth for the boundary currents transport at Cape Farewell
is estimated at 1500m [Bacon and Saunders, 2010]. The most dramatic dynamics in the hydrography
of the Irminger Sea occur in the intermediate layer of 500m-1200m [Falina et al., 2007], and the deeper
depth contains weak currents. As shown in Appendix A, particles released in the 2000m depth range
show similar trajectory patterns to those released in the 1500m depth range. Consider that the con-
centration of particles in the vertical direction is not too high to avoid interactions with each other. The
final depth range is identified as 1500m at 10m intervals, containing the most dynamic waters in the
intermediate layers and a few deeper layers (1200m-1500m).

As summed, particles are released at Cape Farewell, from 58.96° to 61.00°N, at the released depth
range of 1500m, with 10m intervals for every particle.

2.4.2. Release Time and tracking period
The tests for Lagrangian particle tracking are also performed to determine the time to release particles.
The velocity threshold is set during the CMS test tracking, which is set as 0.1m/s. The threshold is used
to release effective particles with enough velocities not to remain stationary. As shown in Appendix B,
the particles are released on the date of 10th of the 12 months in year 0118. The test results in the
Appendix B show that the particles released in different moths present different trajectory behaviors,
which indicates the current conditions are different in months. To capture the behavior of the water
activity traveling through the Irminger Sea for all seasons, the released dates are determined to be day
on the 1st and 15th of the 12 months in the year 0118, but the velocity threshold is removed currently,
in order to acquire the same number of particles on each release date.

As all the test results showed, most of the particles end up in the inner region of the Irminger Sea
(approximately the center of the Irminger Sea) based on the tracking period of 1 year. The final track-
ing period is identified as 5 years in order to find the origins of waters before they come into the Irminger
Sea.

2.4.3. Number of particles
The total number of particles was calculated based on spatial dimensions and released dates. As men-
tioned before, the range of particle release in latitude is from 61.00°N to 58.96°N with the horizontal
seeding resolution dy = 0.05 in degrees. The depth range is 0-1500m, with vertical resolution dz =
10m. The Lagrangian particle tracking to explore the Irminger Sea water source removes the velocity
threshold while releasing, so the particle distribution is the same in the spatial dimension at each re-
lease date. There were eventually 6300 particles released during the day. Figure 2.2 is a schematic
representation of the particles released on 10/11/0118. The blue dots represent the particles and the
colors represent the current zonal velocity at the released location.

The particles are released on the 1st and 15th of 12 months of year 0118, for a total of 24 days. Finally,
a total of 151200 particles are released during these 24 days. All the parameters for release are sum-
marized in Table 2.1. However, the total number of particles released so far contains invalid particles,
which are released in the absence of currents due to the removal of the velocity threshold, as shown in
the yellow area in Figure 2.2. These invalid particles will be filtered out, as explained in the next section
2.5.
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Figure 2.2: The schematic of released particles and current conditions on the day of 10/11/0118 at Cape Farewell. Blue dots
represent released particles. Color represents the current velocity.

Table 2.1: Summary of the parameters for released particles

Definition of particle releasing dimensions Parameters

Longitude 43.69°W
Latitude 58.96°- 61.00°N, with dy = 0.05°
Depth range 1:1500 with dz=10m

Release date 01/01/0118
15/01/0118
…
01/12/0118
15/12/0118
(24 days)

Total number of particles 6300*24=151200

2.4.4. Summary of the Lagrangian particle tracking
After the previous tests, the Lagrangian particle tracking parameters for exploring the waters of the
Irminger Sea have now been determined, as shown in Table 2.1. However, the current total of 151200
particles contains invalid particles, which will be filtered out in the next section.

2.5. Filter out ineffective particles
As mentioned before, the velocity threshold is removed while releasing particles, which results in some
particles being released where there is no flow to advect them to move. These particles are ineffective
so they are filtered out now.

The criteria for filtration is to remove the particles released at times or places where there is no current
to start moving, such as the particles in the yellow parties in Figure 2.2. In addition, particles were also
filtered out if they remained at the same location for 20 days during their travel, as these particles would
have difficulty prompting further movement when traveling to locations in weak currents, which will not
be helpful in investigating the origin of the waters in this study.

After filtering, the 29700 active particles remained. These particles flowing in the Irminger Sea are
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used for further analysis of the water’s behavior in the Irminger Sea.



3
Exploring the Origins and Pathways of

waters entering the Irminger Sea

3.1. Introduction
Water transporting in the Irminger Sea plays a crucial role in global ocean circulation and climate. By
tracking the trajectories of particles through the Irminger Basin, their origins can be determined, which
facilitates a better understanding of the waters moving in the Irminger Sea. In this chapter, we investi-
gate the possible origins of particles in the Irminger Sea before arriving at Cape Farewell. The routes
of how water sources traverse the Irminger Sea are explored in this chapter, which aims to provide
insights into the water compositions and water circulations in the Irminger Sea. It further contributes to
the understanding of the essential mechanisms driving water transport and its variation in the Irminger
Sea, which will be further explored in the next chapter.

3.2. Qualitative view on waters in the Irminger Sea – Water Origins
Based on the knowledge in Chapter 1.4, different currents enter the Irminger Sea from distinct regions,
referred to in Figure 1.7. The routes of currents provide a hypothesis that the waters enter the Irminger
Sea from these key regions where currents originated.

All the particle trajectories in the Irminger Sea domain (the north boundary of 68°N, east boundary
of 10°W) are present in Figure 3.1. It shows that particles entering the Irminger Sea originate from
three distinct regions before reaching Cape Farewell: the Denmark Strait, the Iceland-Scotland Ridge,
and the Iceland Basin. By exploring these key entrance regions, which are important sources of water
in the North Atlantic, the aim is to comprehend better the intricate transport routes of the waters before
reaching Cape Farewell.

The first origin is the Denmark Strait (DS) located to the north of Iceland. The source of the water
masses passing through this DS boundary comes from the north of the Greenland Sea, which is one
of the components of the Nordic Sea circulation. Referring to the description of the current circulation
system in Chapter 1.4, this source of water follows the current EGC or dense water overflow DSOW
which is in a deeper layer.

The second origin shown in Figure 3.1 is the particles entering the ocean model domain from the
eastern boundary of the Iceland-Scotland Ridge. This source water from the Iceland-Scotland Ridge
(IcS) can be considered as the component of the southward North Atlantic Current and a dense over-
flow from the deep Norwegian Sea. As described in Figure 1.7 in Chapter 1.4, this water source follows
the important current IC in the Irminger Sea or a deeper dense water overflow ISOW after entering the
IcS.

Finally, particles found in the Iceland Basin (IcB) are from further south. There are two hypotheses

16
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Figure 3.1: The map shows trajectories of all particles from the CMS. The color represents the trajectory of the particle. Three
regions are found to be the water origins: the Denmark Strait, the Iceland-Scotland Ridge, and the Iceland Basin. The tilted

black line in the middle of the picture is Reykjanes Ridge.

for this source, which could be from the Subpolar Current or the North Atlantic Current.

The origins of the waters of the Irminger Sea are found as described in Figure 3.1, and it is assumed
what currents the different water sources will follow as they pass through the Irminger Sea. However,
it is difficult to understand the routes of water flow in the Irminger Sea. Next, the trajectories are further
separated based on the origins of the waters entering the Irminger Sea, in combination with the topog-
raphy of the Irminger Sea, in order to qualitatively analyze the transport routes from different origins
and quantify the number of particles per route.

3.3. Qualitative view on waters in the Irminger Sea – Transport
Routes

In Chapter 1 Figure 1.6, the domain of the Irminger Sea is divided into several regions based on its
topography. All particle trajectories in Figure 3.1 can be classified according to their origins, allowing
us to obtain the routes of waters from different sources in the Irminger Sea. The qualitative analysis of
water movement trajectories is focused on in this chapter.

The criteria for route classification are explained and summarized in Table 3.1 and the routes are
sketched in Figure 3.2. The region north of 65°N is referred to as the Denmark Strait Region. Par-
ticles from this region follow Route DS. The Reykjanes Ridge (RR) (from 26°W, 65°N to 40°W, 50°N)
separates the Irminger Sea and Iceland Sea, as the black arrow line in Figure 3.2, which is used to
distinguish whether the particles from different sources pass through the RR. Then the number of par-
ticles that cross the RR can be counted.

In the latitude between 58°N and 65°N, north of the Reykjanes Ridge and west of Iceland is the Irminger
Basin (IrB), while south of the Reykjanes Ridge is the North Iceland Basin (NIcB). Particles staying in
the Irminger Basin follow Route IrB. Particles staying in the NIcS originated from IcS before entering
NIcS, following Route IcS.

Particles in the south of the 58°N follow three routes. North of the RR are particles fully across the
RR, which route for particles is able to travel to the furthest location extending into the Irminger Sea,
named Route RR. Particles in the south of the black arrow line (RR) in Figure 3.2, are staying in the
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Table 3.1: Criteria of route classification. Six routes are defined in this table, each with the Latitude and Longitude ranges of
water originates regions.

Routes Name Origin Regions Latitude Longitude

DS Denmark Strait >65°N No limited

IrB Irminger Basin 58°N-65°N North of RR

IcS Iceland Scotland Ridge 58°N-65°N South of RR

RR Reykjanes Ridge <58°N North of RR

WIcB Iceland Basin <58°N South of RR, West of
26°W

SIcB South Iceland Basin <58°N East of 26°W

Figure 3.2: The routes of water transport in the Irminger Sea. The black arrow line separates the regions starting from the west
point of Iceland (25°W, 65°N) extend to the south boundary of RR (35°W, 51°N), north of which is the particles in the Irminger
Basin and across the RR. The separation of the West Iceland Basin Route(WIcB) and South Iceland Basin Route(SIcB) is

26°W. The separation of the Iceland-Scotland Route (IcS) and South Iceland Basin Route(SIcB) is 58°N latitude.

West Iceland Basin (WIcB) (western of 26°W) and the South Iceland Basin (SIcB) (eastern of 26°W).
They follow the Route WIcB and SIcB separately.

Figure 3.3 shows the particle trajectories of the six routes in the Irminger Sea, classified based on their
different origins. As Figure 3.3a shows, particles in the DS route coming from the Denmark Strait flow
along the eastern boundary of the Greenland shelf before reaching Cape Farewell. Most of the parti-
cles in the IrB route move around the Irminger Basin while some of them move towards the Denmark
Strait and then turn to Cape Farewell, shown in Figure 3.3b.

The particles in Route IcS travel through the NIcB and then cross the RR, or travel along the south
of Iceland rather than crossing the RR before traversing into the Irminger Sea, as shown in Figure
3.3c. After entering the Irminger Sea, the particles tend to bypass the Irminger Sea and travel along
the eastern boundary of Greenland before arriving at Cape Farewell.

The particles in the Route RR and WIcB come from the NIcB or SIcB before crossing the RR into
the Irminger Basin, rather than directly into the Irminger Sea, as shown in Figure 3.3d and Figure 3.3e.

The particles in Route SIcB follow the longest-distance route, which involves traveling through the
Iceland Basin, crossing the Reykjanes Ridge, and traversing the Irminger Sea. Comparing Figure 3.3c
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(a) Route DS (b) Route IrB

(c) Route IcS (d) Route RR

(e) Route WIcB (f) Route SIcB

Figure 3.3: The particle trajectory of six routes based on the classification in Table 3.1

and Figure 3.3f, the trajectory behavior of Route IcS and SIcB as they cross the Reykjanes Ridge is
different, although water from both routes originates from the Icelandic basin. The IcS route includes
water transport near the south of Iceland and through the southern part of the Reykjanes Ridge, while
water from Route SIcB tends to move away from Iceland as it crosses the RR.

The water in SIcB follows the current across the RR, which is the Irminger Current, from the North
Atlantic Current in the South Iceland Basin, mentioned in Chapter 1.4. In contrast, some of the wa-
ter in the IcS is driven by a deeper, dense water overflow, which is the ISOW from IcS. This water is
transported along Iceland rather than crossing the RR and then enters the IrB.

3.4. Quantify contribution of pathways of waters
According to the six routes of particle trajectories in the Irminger Sea in Figure 3.3, which are classified
based on the water origins of the Irminger Sea, the contribution of each of the routes is calculated.

Figure 3.4a shows the number of particles in the route, and the contribution of the water source in
its route is summarized in Table 3.2. 25 percent of the particles originate from the Denmark Strait,
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(a) (b)

Figure 3.4: (a) The number of particles in each of the routes; (b)The contributions of four main routes, DS with 25 percent
contributions, IrB with 56 percent contributions, IcB with 18 percent, and SIcB is smaller than 1 percent.

along Route DS, and 56 percent of the particles stay in the Irminger Basin. As compared, 18 percent
of the particles can travel further, through the Irminger Sea, to the IcS. Therefore, the waters in Route
IcS contribute 18 percent. Only 2.9 percent of the particles can completely travel across the RR, to the
furthest location in the Irminger Sea. As we can see in Table 3.2, 0.2 percent of the particles stay in
the WIcB, where WIcB is a small region. The contributions of waters along Route RR and WIcB are
small, and waters can be tracked from IcS or SIcB, so the waters of these two routes are not critical
for the study. Although only 0.6 percent of the particles are in the SIcB route, it is an indispensable
route because the waters in Route SIcB have possible origins from subpolar gyres or the North Atlantic
Ocean, which are important sources of water for the Irminger Sea. The contribution of the route SIcB is
small because the SIcB route has the longest distance, and the 5-year tracking period is not sufficient
to allow further arrival of large amounts of particles. In conclusion, the route DS, IrB, and SIcB are the
most important due to their contribution to the Irminger Sea and critical water sources. They are the
main routes focused on in this study, so their contributions are compared, as shown in Figure 3.4b, and
their characteristics will be analyzed.

Table 3.2: Summary of contributions of waters in each route.

Routes Name Particle numbers Percentages Origins

Route DS 7314 25 From Denmark Strait

Route IrB 16060 56 Stay in Irminger Basin

Route IcS 5244 18 From Iceland Scotland
Ridge

Route RR 847 2.9 Cross Reykjanes Ridge

Route WIcB 63 0.2 From North or South Ice-
land Basin

Route SIcB 172 0.6 From Subpolar Gyres or
North Atlantic Current

As analyzed earlier, Route DS, IrB, and SIcB are the critical routes for further study. A comparison of
their contributions to the Irminger Sea is shown in Figure 3.4b. Route DS is a boundary route for the
waters traveling in the Irminger Sea, which has a smaller volume of water than in Route IrB and IcS,
which travel through the interior of the Irminger Sea. Therefore, it can be assumed that a large amount



3.5. Conclusion and Discussion 21

of water travels through the internal routes of the Irminger Sea than through the boundary route.

3.5. Conclusion and Discussion
This chapter analyzes the water origins and their routes of traveling in the Irminger Sea to the Cape
Farewell, which provides a better understanding of the complex transport routes of waters circulation
in the North Atlantic. By investigating the particle trajectories, the important origins of waters in the
Irminger Sea are found as the Denmark Strait, the Iceland-Scotland Ridge, the Subpolar gyre, and
the North Atlantic Ocean. The particle trajectories in the Irminger Sea shows that particles from the
Denmark Strait travel southward along the eastern boundary of the Greenland and reach Cape Farewell
directly. The particles from the IcS or IcB cross the Reykjanes Ridge and then enter the Irminger
Sea before reaching Cape Farewell. Six routes of water sources traveling in the Irminger Sea are
investigated, and the contribution of each route to the Irminger Sea is quantified by counting the number
of particles in the route. In conclusion, Route DS, IrB, IcS and SIcB are themost important routes, which
characteristics will be further analyzed in Chapter 4.



4
The characteristics of the main routes

4.1. Introduction
In this chapter, the characteristics of the main routes in the Irminger Sea is focused on, with the aim of
understanding the basic mechanisms that drive themovement of waters in the Irminger Sea. To achieve
this, the particle trajectories, depth variation of particles, and temperature variation of example particles
in their routes are studied. By analyzing the complexed characteristics of trajectories, we clarify how
water crosses the Irminger Sea from different routes. In addition, the depth distribution of particles
at origins and Cape Farewell, as well as the depth and temperature variation of example particles
along the trajectories are examined, to gain insight into the specific physical process that occurred in
the Irminger Sea. These physical mechanisms contribute to the water dynamics in the Irminger Sea,
which helps understand the potential role of the Irminger Sea in the larger oceanic system and response
to climate change.

4.2. Characteristics of water trajectories
Figure 4.1 shows the example of trajectories for the particles on the main routes traveling through the
Irminger Sea before arriving at Cape Farewell. The routes presented in Figure 4.1 are the DS route
(blue lines), IrB route (pink lines), IcS route (red lines), and SIcB route (green lines). The trajectory
characteristics of these four routes are compared and analyzed next.

The particles in route DS can be classified as the boundary route, while IrB and IcS, and SIcB can be
considered as internal routes, because the waters in these three routes travel through the interior of the
Irminger Basin, as shown in Figure 4.1. The boundary route DS is along the narrow continental shelf
of east Greenland and follows the boundary currents directly to Cape Farewell, rather than through
the Irminger Basin. This route DS is a straight and short-distance route. In contrast, waters along the
internal routes of IrB, IcS, and SIcB pass through the Irminger Basin or the Iceland Basin, where inten-
sive oscillations exist in the routes, before reaching the Cape Farewell. The three internal routes are
curved and blended, which are long-distance water transport routes, and these curved routes within
the interior of the basins can result from the bathymetry in the Irminger Sea, and deep eddy activity or
wind-driven forces at the surface.

The differences in routes IrB, IcS, and SIcB are compared now. As shown in Figure 4.1, waters in
these three routes present similar traveling patterns, cross the RR, and oscillated through the Irminger
Basin and along the boundary of Greenland. However, in the same tracking period, waters in the IcS
and SIcB travel a longer distance than waters in the Route IrB. This can be caused by the depth layers
of the waters of the routes. Since the upper layer water flows faster than the deep layer water, it is
assumed that the IcS Route is in a shallower depth layer than the IrB Route because the water from
the IcS Route travels a longer distance to the Iceland-Scotland Ridge (IcS) eventually. For the same
reason, the water source from Route SIcB is in the shallowest layer, because the water in this route
travels further south after reaching IcS.

22



4.3. Overturning during water transport 23

Figure 4.1: Example of the trajectory of main routes. Blue lines are particles in route DS. Pink lines are particles in route IcS.
Red lines are particles in route IcS. Green lines are particles in route SIcB.

In addition, the particles of these three internal routes, after crossing the RR, tend to travel around
the Irminger Basin instead of penetrating into the interior of the Irminger Basin, which may be caused
by the bathymetry or convection in the Irminger Basin.

In this section, the characteristics of main routes DS, IrB, IcS and SIcB are studied. As mentioned
earlier, the DS route is a straight, short-distance boundary route. In contrast, the other three routes,
IrB, IcS, and SIcB are internal routes, which are curved and long-distance. However, the depth layers
of routes are not clear now, which will be investigated in the next section.

4.3. Overturning during water transport
This chapter will explore the overturning of the Irminger Sea. The distribution of depth of particles will
be investigated at Cape Farewell to clarify the depth of water source for each route. Example particles
in the main routes will be tracked to follow the variation of depth and temperature along the trajectory.
Based on the presented phenomenon, potential drivers will be analyzed.

4.3.1. Depth Distribution of water arriving at Cape Farewell
The investigation of particle distribution as a percentage of total particles among the four main routes
of Cape Farewell in Figure 4.2 shows that water from different origins reaches different depths at Cape
Farewell along the routes. And the results for the depth and latitude range when particles arrive at Cape
Farewell are summarized in Table 4.1. The particles in the route DS are concentrated in the surface
layer (50-200m), between 59.4°N and 59.8°N, which is the shallowest depth and most shoreward of
the four routes at Cape Farewell, as shown in Figure 4.2a. And the particle concentrations in the route
DS peak in the range of 50-100m, 59.75 to 59.8°N. As Figure 4.2b, the particles in the route IrB arrive
in a fairly deep layer (1200-1500m) at Cape Farewell, the farthest offshore from 59°N to 59.3°N. The
particles from the IcS are transported in the shallower layers, reaching Cape Farewell at the depth of
50-400 m, from 59.15°N to 59.35°N, as shown in Figure 4.2c. The few particles in the route SIcB are
mainly concentrated in the surface layer (0-150m), 59.2°N to 59.55°N at Cape Farewell, as shown in
Figure 4.2d.
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(a) Route DS (b) Route IrB

(c) Route IcS (d) Route SIcB

Figure 4.2: Percentage of particles concentrated at depth and latitude based on the total particles count for the four routes (a)
DS, (b) IrS, (c) IcS, and (d) SIcB

Based on the conclusion above water along different routes reaches Cape Farewell at different depths.
It is conjectured whether water from each route always remains in the specific depth layer from its origin
to Cape Farewell. As mentioned before, each route is classified according to the area where the water
originates. Table 4.1, the results of the particle depth distribution show the most obvious difference in
routes in the shallow and deep layers. Therefore, the trajectory of particles at Cape Farewell in the
surface layer (0-100m) and deep layer (900-1500m) is plotted as shown in Figure 4.3, in order to cor-
roborate whether the waters have a variation in depth along their propagation.

Figure 4.3a shows that particles at the Cape Farewell surface depth (0-100 m) come from the DS, SIcB,
and a few from the IcS. Most of the particles at the Cape Farewell surface depth cross the RR before
entering the Irminger Basin.

Figure 4.3b shows that most of the particles reaching the Cape Farewell in the deep depth (900-1500
m) stay in the Irminger basin, while a few particles come from the DS and IcS. Particles arriving in this
depth range hardly cross the RR, but travel along the southern part of Iceland. As we know before in
Table 4, water from the DS and IcS is mainly concentrated in the shallow waters (50-200 m) of Cape
Farewell, which also appears in Figure 14b, the deep depth (900-1500m). Therefore, we assume that
this water changes its depth along the way. Further analysis of the depth variation of the particles is
needed, which will be investigated in the next section.

4.3.2. Depth and temperature variations of example particles along trajectory
In the previous section 4.3.1, we studied the behavior of water in the four predefined routes as it reaches
Cape Farewell. It was observed that the water in each route tended to concentrate within specific depth
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Table 4.1: Depth and latitude of particles concentrated at Cape Farewell

Routes Name Depth range Latitude range

Route DS 50m-100m 59.7°N to 59.8°N

Route IrB 1200m-1400m 59.0°N to 59.05°N

Route IcS 50m-200m 59.2°N to 59.3°N

Route SIcB 0-150m 59.2°N to 59.55°N

(a) (b)

Figure 4.3: Comparison of the trajectory of particles in the (a) surface layer 0-100m, and (b) deep layer 900-1500m at Cape
Farewell.

and latitude ranges. Furthermore, the depth of some water changes during its propagation from the
origins. In this section, the aim is to track the variations in depth and temperature of representative
particles along the main routes. By tracking these variations, it contributes to the understanding of the
hydrodynamic activity in the Irminger Sea and provides further insight into the possible factors influenc-
ing the water variability. It contributes to a deeper comprehension of the physical processes occurring
along the water routes within the Irminger Sea.

The variation of depth and temperature along particle’s trajectories as a function of time for the four
main routes is compared in Figure 4.4.

The blue line shows the example particle in the route DS, which is released in the wintertime of Decem-
ber. Figure 4.4a shows the particle from the Denmark Strait moving down in the water column in the
shallow water (approximately 300m) along the route. This particle could be the source of polar water
from the Arctic, where the Atlantic water circulation causes it to descend to deeper depths. In addition,
it could be caused by ice melt and river runoff from the Greenland border, which increases the water
depth. Figure 4.4b shows the origin of particles along the cold water, whose temperature increases
along the trajectory, which can be influenced by the Irminger Current in the Irminger Sea.

The pink line in Figure 4.4a presents the particle in the route IrB. It moves down in the depth along
the trajectory as shown in panel a, which can be caused by convection in the Irminger Basin when
the particle moves to the north of the Irminger Sea, where surface water loses heat leading to the
convection. Figure 4.4b shows the particle originated in the warm water column, with the temperature
decreasing along the route, which can be influenced by the EGC current in the Irminger Basin.

As seen in Figure 4.4a the example particles from DS and IrB (blue and pink lines) both sink around
600m during traveling, to a deeper layer. From Figure 4.4b, the example particles from DS and IrB
both reach 5°C at Cape Farewell and in Figure 4.1, the example particles from Route DS and IrB reach
the same location offshore at Cape Farewell. Therefore, the representative particles in Route DS and
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(a)

(b)

Figure 4.4: (a) Variations of depth for single example particles along the routes. X-axis is the length of the trajectory as a
function of time, with an initial condition X(0) at Cape Farewell. Y-axis is the depth along the trajectory. (b) The temperature

variations for single example particles along routes DS, IrB, IcS and SIcB.

IrB could be driven by EGC and DSOW.

The red line is the particle in Route IcS, and the green line is the particle in Route SIcB. Both parti-
cles travel in the surface layer (approximately 100m) along the route, without great changes in depth.
Figure 4.4b shows particles from Route IcS and SIcB origin along the warm water column with a temper-
ature decrease of approximately 8-10°C. The particles in Route IcS and SIcB in the surface or shallow
layer can be driven by the Irminger Sea, which is cooled by the atmosphere in the surface layer as it
transports northward. As shown in Figure 4.1, the particles in Route IcS and SIcB (red and green lines)
move into the Denmark Strait after crossing RR, where particle temperatures decrease dramatically
between the location L2 and Cape Farewell in Figure 4.4b. The waters in Route IcS and SIcB on the
surface can be driven by the Irminger Current.

In summary, the example particles show changes in depth and temperature along their trajectories
in the four routes. The patterns of water depth and temperature variation along the routes are ex-
pected to be explored. Therefore, the distribution of depth and temperature variation of the particles
between their origins and Cape Farewell will be compared next.

4.3.3. Water changes in depth at the origin and Cape Farewell
Figure 4.5 shows the percentage of particles in the depth distribution between the origin and the vale-
dictory angle in the four main routes, which allows us to compare whether the particles of each route
sink or rise in depth as they reach the Cape Farewell. The particles distributed along the blue line
are those that remain the same depth between the origin and Cape Farewell, and the red circles are
the depth range where particles concentrate. The upper part of the blue line in Figure 4.5, is where
particles tend to sink into a deeper layer while arriving at Cape Farewell. The red circle below the blue
line shows the particles tend to rise into a shallow layer.

As shown in Figure 4.5a, most of the water from the Denmark Strait is concentrated in the shallow
depth (0-200m) and remains in the shallow depth at Cape Farewell (0-200m). The red circle shows a
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(a) Route DS (b) Route IrB

(c) Route IcS (d) Route SIcB

Figure 4.5: Percentage of particles in the depth distribution at the origins and Cape Farewell. X-axis is the depth at Cape
Farewell. Y-axis is the depth at origins location. Blue line is the concentration of particles at unchanged depths between origins
and Cape Farewell. Red circles are the depths where particles are most concentrated (a) For water in route DS; (b)For water in

route IrB; (c) For water in route IcS; (d) For water in route SIcB.

small amount of water sinking from the surface layer at the origin to the deeper layer (300-700 m) at
Cape Farewell, as the example particles in Route DS in Figure 4.4a.

As shown in Figure 4.5b, water in route IrB is distributed in all depth layers from 0-1500m, which means
this route contains water from all sources. The water in this route is mainly concentrated in the line
where the inflow depth at origins equals the outflow depth at Cape Farewell, with some water sinking
to a deeper layer, as shown by the red circles in Figure 4.5b.

The waters from the IcS route, mostly travel in a shallow depth (100m-200m), as shown in Figure
4.5c. These waters tend to remain at shallow depths while arriving at Cape Farewell. Some water orig-
inating from the depths of around 500m to 900m sinks to the deeper depths at Cape Farewell around
700m to 1300m, as shown in the red circle above the blue line. However, there is still a portion of the
water rising to the surface to the 100-300m at Cape Farewell.

Finally, Figure 4.5d shows that the most water from the SIcB route stays at the surface layer around
100-300m at the origin and Cape Farewell, while few particles tend to rise with 100 to 200m while
reaching Cape Farewell.

In the next section, the percentage of particles in the temperature distribution at origins and Cape
Farewell in each route will be compared as well. Combining the variations of these two factors, depth,



4.3. Overturning during water transport 28

and temperature, the water transport patterns of each route can be concluded.

4.3.4. Water changes in temperature at the origin and Cape Farewell
In this section, the temperature distribution of particles at the origins and Cape Farewell is compared
in Figure 4.6.

(a) Route DS (b) Route IrB

(c) Route IcS (d) Route SIcB

Figure 4.6: Percentage of particles in the temperature distribution at the origins and Cape Farewell. X-axis is the temperature
at Cape Farewell. Y-axis is the temperature at the origin’s location. The blue line is that particles keep temperature unchanged
between origins and Cape Farewell. Red circles above the blue line are where particles are concentrated to be cooled at Cape
Farewell, and red circles below are where the particles are warm at Cape Farewell. (a) For water in route DS; (b) For water in

route IrB; (c) For water in route IcS; (d) For water in route SIcB.

As shown in Figure 4.6a, most waters in Route DS are cold with temperatures -2°C or -1°C both at
origins and Cape Farewell. In addition, another two sources of water, one with a low temperature of
around 0-2°C and the other with a high temperature of around 4-8°C exist in Route DS. The cold water
tends to be warm and the warm water tends to be cooled at Cape Farewell, which are all become 4-5°C
finally at Cape Farewell.

In Figure 4.6b, the water in Route IrB origins a warm source with a temperature of 6-8°C, which tem-
perature decreases to 4-5°C at Cape Farewell. The pattern of Route IcS shows similar changes in
temperature, as shown in Figure 4.6c, where water origins as a warm source with a temperature of
6-9°C, which temperature decreases to 4-6°C at Cape Farewell.
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While waters in Route SIcB are warm sources as shown in Figure 4.6d, with temperatures around
8-11°C. Two variations occur after they arrive at Cape Farewell, one of the sources is cooled at the
temperature of -2-2°C, and the other one is the source cooled a bit at the temperature of 5-6°C at Cape
Farewell.

In summary, the water in Route DS exists as a cold source, which keeps as the cold source at Cape
Farewell. Water in the other three Routes are warm sources, with temperature decreased to 4-6°C at
Cape Farewell. And the water in Route SIcB is the warmest source with a temperature of 8-11°C at
origins.

4.4. Conclusion
In this chapter, the characteristics of the four main routes are discussed and summarized, from the
trajectory characteristics, depth distribution, and temperature distribution along the routes.

DS route is a straight-line trajectory that delivers water directly along the Greenland border to Cape
Farewell. The water is concentrated in the surface layer (0-200m) when it reaches Cape Farewell. A
small portion of the water sinks slightly, from surface depth to deeper depth (400-700m). This route
contains the coldest water source with a temperature of -2°C, and some water tends to be warmed.

IrB route is a curved trajectory in the Irminger Basin, with oscillations. Water flows along this route
in a short distance with low velocities. Water in IrB Route is mostly in the deepest layer (1200-1400m),
and water in this route tends to sink by the time it reaches Cape Farewell. There is no huge change in
the temperature between origins and Cape Farewell.

IcS Route is also curved with long distances for water transport. Most of the water in Route IcS occurs
in the upper layer, where it transports quickly. While there is still some water in the intermediate depth
(400-700m) tends to sink into deeper layers (700-1100m). Water in this route origins with high temper-
ature, which decreases at Cape Farewell.

SlcB Route is the longest distance route, with water staying in the surface depth along the route. This
route contains the warmest water sources, which temperature decreases at Cape Farewell.



5
Discussion and Conclusion

This study analyzed the water sources and behavior through the Irminger Sea before reaching Cape
Farewell by the approach of Lagrangian particle tracking. Based on the investigation of the water trajec-
tories in the CMS, the characteristics of the water transport routes were analyzed, and the contribution
of the routes was quantified by counting the number of particles. Further, the depth and temperature
distribution of each route, as well as the variation along the route trajectory were investigated, with
contributions to the understanding of the water transport dynamics processes in the Irminger Sea. The
aim of this study is to address the main objectives of this thesis:

Exploring the possible origins and pathways of water entering the Irminger Sea before they
arrive at Cape Farewell.

And for the following sub-questions are answered.

• 1. How does water travel through the Irminger Sea from its origins? What is the contribution of
water in each route reaching Cape Farewell?

• 2. Are there indications of specific physical processes that occurred in the Irminger Sea such as
convection or eddies, and atmospheric force, leading to the dynamic movements of water in the
Irminger Sea during transport?

• 3. How do the currents in SPNA contribute to the water transport in the Irminger Sea?

These sub-questions are answered and discussed in previous chapters and summarized here.

1. How does water travel through the Irminger Sea from its origins? What is the contribution of
water in each route reaching Cape Farewell?

Tracking the water in the Irminger Sea for 5 years before reaching Cape Farewell found that water
sources originate from the Denmark Strait, the Iceland-Scotland Ridge, and the North Atlantic Ocean.
Water from these four origins was identified traveling along the four main routes, DS, IrS, IcS, and SIcB
through the Irminger Sea in this study. The characteristics and contribution of the four main routes are
explained below, referred to as Figures 3.3 and 3.4b.

The water from the Denmark Strait follows Route DS and travels along the eastern boundary of the
Greenland continental shelf directly to Cape Farewell along a straight and short-distance route, rather
than traveling through the Irminger Basin. This route contributes 25 percent of water through the
Irminger Sea before arriving at Cape Farewell.

The water staying in the Irminger Basin follows Route IrB, a curved route. Their trajectory shows
oscillations back and force in the Irminger Basin before reaching Cape Farewell. Water in this route
travels in a short distance in the 5-year tracking period, with slow velocity. This route contributes 56
percent of the waters through the Irminger Sea before reaching Cape Farewell.
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Water from the Iceland-Scotland Ridge follows Route IcB, which has a longer distance than Route IrB.
The water in this route passes through the north of Iceland Basin and crosses the Reykjanes Ridge or
along the south of Iceland before entering the Irminger Basin, where the water also shows a curved
route before arriving at Cape Farewell. This route contributes 18 percent.

The water in Route SIcB comes from the North Atlantic Ocean. Water in this route is transported
along the longest distance from the south of Iceland Basin, across the Reykjanes Ridge, through the
Irminger Basin and to Cape Farewell. The contribution of water on this route is 0.6 percent, which is
not accurate due to the limited tracking time.

Compare the behavior of water along the main routes through the Irminger Sea before reaching Cape
Farewell. Most of the water from the Iceland Basin in the SIcB route tends to cross the Reykjanes
Ridge and then enter the Irminger Basin, while some water from the Iceland-Scotland Ridge in the IcS
route flows along the southern part of Iceland instead of crossing the Reykjanes Ridge, referring to
Figure 3.3c and 3.3f. Water in route DS is expected to flow along the border of Greenland, while water
from the other three routes IrB, IcS, and SIcB, is transported in a curved trajectory through the Irminger
Sea.

2. Are there indications of specific physical processes that occurred in the Irminger Sea such
as convection or eddies, and atmospheric force, leading to the dynamic movements of water in
the Irminger Sea during transport?

The possible physical processes in the Irminger Sea were explored by investigating the variation of
water depth and temperature along each route.

During passing through the Irminger Sea, water moves up or down along its route, which results in
differences in water depths between the origin and Cape Farewell. Water from the DS route mostly
stays at the surface depths (0-200m) at the origin and Cape Farewell without overturning along the
route DS, while some water tends to sink from the surface depth (0-200m) to deeper depths (400-
700m) at Cape Farewell. Water in the IrB route is most concentrated at the deep depth (1000-1400m)
at the origin and also tends to sink 100-600m deeper at Cape Farewell. The water from the IcS and
SIcB routes is at surface depths (0-600 m) at the origin, and water from these two routes tends to rise
100-400 m shallow by the time it reaches Cape Farewell. (Referred to as Figure 4.5)

The temperature changes of water occur between the origin and Cape Farewell. The only source
of cold water comes from the DS route, some parts of which (-2-0°C) remain constant in temperature
along the route. This water can be transported along the Greenland border. Another part of the cold
water (0-2°C) in Route DS tends to warm (4-6°C) at Cape Farewell, which may be influenced by the
mixing process in the Irminger Sea. The waters from the other three routes IrB, IcS, and SIcB are warm
source (5-11°C) and tends to be cool to 4-6°C at Cape Farewell. (Referred to as Figure 4.6)

Changes in depth and temperature indicate the possible physical processes in the Irminger Sea. At the
surface (0-100m), the atmospheric force act to cool the water. While deeper in the Irminger Sea, cold
flow EGC mixes with warm flow IC, leading to the mixing of the water column, and therefore a change
in temperature.

The topography of the Irminger Sea causes water to be transported over a specific depth range and the
variations in depth along the routes (See Figure 1.7). For the water from the IrB route, the deep depth
of the Irminger Sea (3000m) and the steep slope of the RR and Greenland shelf result in the water in
the deep layer, which is difficult to transport over long distances at such depths. Whereas other waters
from the DS, IcS, and SIcB routes are at surface depths, and in order to maintain their specific depth
range during transport, the water travels around the Irminger basin (see Figure 4.1). The steep slope
of the RR and the Greenland shelf causes the vorticity to feel the bottom friction, and the water depth
contours do not remain constant, leading to variations in water depth along the route.
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In addition, warm water is transported northward to the Irminger Basin, where it loses heat and convec-
tion occurs. During this process, water sinks to deeper depths (Referred to Chapter 1.2.2 and Figure
1.3). However, since the exact location of convection in the Irminger Sea is not determined, therefore
the extent of the impact of the convection process effect is not clear.

Finally, according to the knowledge of Chapter 1.3, the eddy transports water laterally in the Irminger
Basin. The study of particle trajectories, shows oscillations on the route (see Figure 4.1), which may be
responsible for the eddy activity. These eddies not only exchange the internal water of Irminger Basin
with the boundary water of Greenland but also transfer heat and momentum, which produces changes
in water temperature and depth oscillations by downwelling and upwelling.

3. How do the currents in SPNA contribute to the water transport in the Irminger Sea?

The role of currents in SPNA is inseparable from the water transport in the Irminger Sea. Based on the
previous studies of particle trajectories as well as depth and temperature variations, Figure 5.1 shows
a schematic representation of the relationship between the contribution of currents and water transport
in each route.

Figure 5.1: Schematic diagram of the currents and circulation in the Irminger Sea, and the connection of the water transport
routes and currents in the Irminger Sea. The Irminger Current and East Greenland Current are the two most important

components of the Irminger Sea. They drive the largest amount of water transport in the Irminger Sea before arriving at Cape
Farewell. (Adapted from [Hopkins et al., 2019]

Water from the DS route is along the EGC in the upper and intermediate depth and a few waters in the
further deeper depth driven by DSOW. The shallow water in the IrB route is driven by the IC and the
deep water in the IrB is driven by the DSOW. The water temperature variation in the Irminger Sea may
be caused by the mixing of EGC and IC in the shallow depth. (Referred by the Figure 1.7)

The water from the IcS route follows IC at the surface depth. It is possible that the water follows
ISOW in the deep layer, which was not investigated in this study, because we saw few particles in the
deep layer in the route IcS because the tracking time is limited for particles in the deep depth moves
such further. The water in route SIcB follows NAC, which is the warmest water source, and it is driven
by IC in the Irminger Sea.

In general, the origins and behavior of water in 5-year tracking in the Irminger Sea before reaching
Cape Farewell have been investigated. However, some water in the deep depth which flows slowly
was not explored, due to the limited tracking period. It is recommended to track particles in a longer
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period, to further explore the origins and behavior of water in the deep depths and capture the complete
trajectory.

In general, the origins and behavior of water in the Irminger Sea before reaching Cape Farewell have
been investigated. However, some water in the deep depth which flows slowly was not explored, due
to the limited tracking period. There is a need to further explore the origins and behavior of water in the
deep depths. This requires extending the tracking period to capture the complete trajectory.

Furthermore, the depth and temperature of water in the routes were analyzed. More properties such
as salinity, and transport time of water in each route, are expected to be investigated. By investigating
these additional properties, we can gain a more comprehensive understanding of the water transport
patterns in the Irminger Sea. This expanded analysis will contribute significantly to our knowledge of
the complex dynamics of water circulation in this region.
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A
Appendix A

The test results of Lagrangian particle tracking are listed in Appendix A. This section is the result of
depth layer tests, of 500m, 1000m, 1500m, and 2000m, also with different intervals. Keep other release
information the same, at the date of 10/10/0118, tracking for one year.
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(a) Trajectory of particles released in with depth y=1000m, dz = 1m

(b) Trajectory of particles released in with depth y=1000m, dz = 10m

(c) Trajectory of particles released in with depth y=500m, dz = 10m
(d) Trajectory of particles released in with depth y=2000m, dz =

10m

(e) Trajectory of particles released in with depth y=1500m, dz = 10m



B
Appendix B

This section is the results of testing releasing particles in different months, from January to December.
But keep other release information and tracking data the same.

Figure B.1: Release particles in January

Figure B.2: Release particles in February.
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Figure B.3: Release particles in March.

Figure B.4: Release particles in April.

Figure B.5: Release particles in May.
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Figure B.6: Release particles in June.

Figure B.7: Release particles in July.

Figure B.8: Release particles in August.
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Figure B.9: Release particles in September.

Figure B.10: Release particles in October.

Figure B.11: Release particles in November.
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Figure B.12: Release particles in December.
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