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Abstract

This account of the first direct long-term observations of the Atlantic Water recir-
culation in Fram Strait gives new insight to both the recirculation’s location and
variability. While Fram Strait is largely influenced by the inflow of warm, saline
water from the Atlantic Ocean and the outflow of cold, fresh water and sea ice from
the Arctic Ocean, part of the Atlantic Water inflow recirculates, i.e. turns westward
in Fram Strait already. This affects both the amount of heat that is transported to
the Arctic Ocean, as well as the properties of water that ultimately contributes to
deep water formation in the Nordic Seas, an important aspect of the overturning
circulation of the world’s oceans.

We investigate the Atlantic Water recirculation with regard to its location and vari-
ability by analysing observations from an array of five moorings. The moorings were
placed at an equal distance of 40’ of latitude between 78°10’N and 80°50’N along
the prime meridian, and were in the water from August 2016 to July 2018, where
they measured temperature, salinity, and velocity in the upper 800 m of the water
column.

We can confirm the existence of two recirculation branches with distinct properties
north (in the vicinity of 80°10°’N) and south (in the vicinity of 78°50’N) of the Molloy
Hole, and observe no recirculation at the northernmost mooring (80°50°N).

The southern recirculation branch is present throughout the year, as indicated by
strong westward velocities, and relatively high temperatures and salinities (that is,
higher than further north and south). It displays stronger velocities during the first
half of the year with a maximum in May and a strong additional northward compo-
nent in March to May. At times, it affects the mooring locations further south and
north, indicating some meandering or broadening/narrowing of the flow.

The northern recirculation branch is much stronger in winter and nearly absent in
summer, as indicated by a strong temperature and salinity maximum in Decem-
ber to February, and a minimum in June to August. While southward velocities
suggest the corresponding mooring to be located in the Arctic Ocean outflow, the
variability of the velocities is high, and eddy kinetic energy is maximal in November,
and January/February. This highlights the importance of eddies for the northern
recirculation branch. It may affect the mooring location further south by blocking
southward transport of Polar Water at the prime meridian during its presence, and
instead promoting the southward transport of Atlantic Water.

New insights on the two recirculation branches carrying Atlantic Water constrain the
dynamics that take place in Fram Strait. This knowledge can improve conceptual
as well as numerical models of how the role of Fram Strait as a connection between
the Nordic Seas and the Arctic Ocean, and its part in the overturning circulation
will evolve in the future.
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Zusammenfassung

Dieser Bericht der ersten direkten Langzeit-Messungen der Rezirkulation atlantis-
chen Wassers in der Framstrafle gibt neue Einblicke beziiglich der Lage und Vari-
abilitat der Rezirkulation. Die Framstrafle ist vornehmlich durch den Zustrom war-
men, salzigen Wassers aus dem Atlantischen Ozean und den Ausstrom kalten, siilen
Wassers vom Arktischen Ozean beeinflusst. Bereits in der Framstrafle rezirkuliert
jedoch ein Teil des Atlantischen Wassers, das heifit er biegt Richtung Westen in die
zentrale Framstrafe ab. Das hat Einfluss sowohl auf den Umfang der Warme, die in
Richtung des Arktischen Ozeans transportiert wird, als auch auf die Eigenschaften
des Wassers, das letztlich zur Tiefenwasserformation der Nordmeere beitragt und zu
einem Teil der Umwaélzzirkulation der Weltmeere wird.

Wir untersuchen die Rezirkulation Atlantischen Wassers beziiglich seiner Lage und
Variabilitat, indem wir Beobachtungen von einer Verankerungsreihe analysieren. Die
Verankerungsreihe besteht aus fiinf Verankerungen, die in gleicher Entfernung von
40" Breite zwischen 78°10’N und 80°50’N entlang des Nullmeridian platziert wur-
den. Sie waren von August 2016 bis Juli 2018 im Wasser und mafien Temperatur,
Salzgehalt und Stromungsgeschwindigkeit in den oberen 800 m der Wassersaule.
Wir konnen bestétigen, dass zwei Rezirkulationspfade mit ausgepragten Eigen-
schaften nordlich (in der Ndhe von 80°10°’N) und siidlich (in der Ndhe von 78°50°N)
des Molloytiefs existieren. An der nordlichsten Verankerung (80°50'N) beobachten
wir keine Rezirkulation.

Der stuidliche Rezirkulationspfad ist das ganze Jahr vorhanden, gekennzeichnet durch
starke westwartige Geschwindigkeiten und hohe Temperatur und Salzgehalt (im
Vergleich zu weiter nérdlich oder siidlich). Die westwértigen Geschwindigkeiten
sind starker wahrend der ersten Halfte des Jahres, mit einem Maximum im Mai
und zusatzlich einer starken nordwartigen Stromungskomponente im Marz bis Mai.
Bisweilen beeinflusst der stidliche Rezirkulationspfad die Verankerungen weiter stidlich
oder nordlich, was auf M&andern oder eine Ausdehnung/Verengung der Stromung
hindeuten konnte.

Der nordliche Rezirkulationspfad ist deutlich starker im Winter und ist beinahe
abwesend im Sommer, worauf ein klares Temperatur- und Salzgehaltsmaximum
im Dezember bis Februar und ein Minimum im Juni bis August hindeutet. Die
sidwartigen Geschwindigkeiten an der zugehorigen Verankerung deuten zwar da-
rauf hin, dass die Verankerung sich im Ausstrom des Arktischen Ozeans befindet,
aber die Variabilitat der Geschwindigkeiten ist hoch, und die kinetische Energie
von Ozeanwirbeln ist maximal im November und Januar/Februar. Das hebt die
Bedeutung von diesen Ozeanwirbeln fiir den nordlichen Rezirkulationspfad hervor.
Er beeinflusst moglicherweise die Gegend weiter stidlich, indem er den siidwértigen
Transport von Polarem Wasser blockiert und stattdessen den siidwartigen Transport
von Atlantischem Wasser fordert.
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Neuen Erkenntnisse zu den beiden Rezirkulationspfaden, die Atlantisches Wasser
transportieren, engen unser Verstandnis zur Dynamik in der Framstrafle weiter ein.
Dieses Wissen kann einen Beitrag zur Verbesserung von konzeptuellen sowie nu-
merischen Modellen leisten, im Bezug darauf wie sich die Framstrafle als Verbindung
zwischen den Nordmeeren und dem Arktischen Ozean, sowie als Anteil an der
Umwalzzirkulation, in Zukunft entwickeln wird.
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Chapter 1

Introduction

The Arctic Ocean is mostly surrounded by landmass, though exchange of water and
sea ice is possible through a few pathways, namely the Fram Strait, the Barents
Sea Opening, the Bering Strait, and various small channels in the Canadian Arctic
Archipelago. The Fram Strait is the only deep connection (~2500 m) between the
Arctic Ocean and the Nordic Seas. Warm, saline water from the Atlantic Ocean
enters via the West Spitsbergen Current (WSC) on the eastern side of the strait,
while cold, fresher water and sea ice (as well as modified, previously warm and
saline water) from the Arctic Ocean exits via the East Greenland Current (EGC)
on the western side. The circulation in the Fram Strait is strongly defined by these
boundary currents importing and exporting water to and from the Arctic Ocean.
Part of the Atlantic Water (AW), however, recirculates (i.e. turns westward) in the
Fram Strait before ever reaching the Arctic Ocean. This westward flow component,
the recirculation of AW in Fram Strait, will be the focus of this thesis. In the
following, we will introduce the general setting of the Nordics Seas and Fram Strait
in particular (Chapter 1.1), summarise the research status on the AW recirculation
(Chapter 1.2), highlight its importance on a larger scale (Chapter 1.3), and formulate
the research questions that will be answered in this thesis (Chapter 1.4).

1.1 Fram Strait and the surrounding seas

The so-called Arctic Mediterranean includes both the Nordic Seas and the Arctic
Ocean and their adjacent shelf areas, with the two being connected via Fram Strait
and the Barents Sea (Figure 1.1). The Fram Strait is the ocean passage between
Greenland and the Svalbard archipelago, located roughly at 76-82°N and centred on
the prime meridian. The Barents Sea is a marginal sea of the Arctic Ocean, located
off the northern coasts of Scandinavia and Russia, and fairly shallow (~230 m). The
Nordic Seas comprise the Greenland Sea, the Norwegian Sea, and the Iceland Sea
(Figure 1.1) and are bounded to the south by the Greenland-Scotland-Ridge, which
spans from Greenland over Iceland and the Faroe Islands to Shetland (Scotland).
On average, it is only 500 m deep, with some parts reaching a depth of 850 m.
The Fram Strait is thus of particular importance in its role as the deep connection
between the Arctic Ocean and the Nordic Seas.

The deep part of the strait horizontally spans about 300 km, bordered by the broad
continental shelves of Greenland (~300 km) and Svalbard (~50 km). The topogra-
phy in the centre of the strait is thus characterised by continental slopes in the east
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1.1. FRAM STRAIT AND THE SURROUNDING SEAS
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Figure 1.1: Schematic circulation of the Nordic Seas with inflow from the Atlantic Ocean in red
and outflow from the Arctic Ocean in blue. Different shadings of blue indicate different amounts
of mixing between warm, saline AW and cold, fresh PW. The yellow box marks the study area.
Abbreviations are as follows: NwAC = Norwegian Atlantic Current, WSC = West Spitsbergen
Current, EGC = East Greenland Current, NIIC = North Iceland Irminger Current, NIJ = North
Icelandic Jet.

and west, as well as some complex topography in between. The latter largely takes
shape as the Knipovich Ridge, the northernmost section of the Mid-Atlantic Ridge
that connects with the Gakkel Ridge in the Arctic Ocean (Figure 1.2).

The so-called Yermak Plateau is a plateau of about 700 m depth that is located
northwest of Svalbard. The average water depth in the deep part of the strait is
about 2500 m, though the deepest part is a bathymetric feature called the Molloy
Hole, more than twice as deep (5555 m, Figure 1.2). Two fracture zones enclose this
area, the Spitsbergen Fracture Zone in the north and the Molloy Fracture Zone in the
south. Parallel to the Molloy Fracture Zone further south, the Hovgaard Ridge and
the East Greenland Ridge enclose the Boreas Abyssal Plain, a wider plain of about
2500 m depth. Between 71 to 75°N the Mohns Ridge and Knipovich Ridge split the
Nordic Seas into the Greenland Abyssal Plain and the Lofoten Basin (Hansen and
Osterhus, 2000).

In the next subchapters, an introduction is given on the warm, saline inflow to, and
the cold, fresh outflow from the Arctic Ocean and its path through the Nordic Seas
(Chapters 1.1.1 and 1.1.2, respectively). Water masses that are transported to or
formed in the Nordic Seas and the Arctic Ocean are explained in detail in Chapter
1.1.3.



1.1. FRAM STRAIT AND THE SURROUNDING SEAS

Greenland
Abyssal Plain

Figure 1.2: Map of Fram Strait with bathymetry from Schaffer et al. (2019) and bathymetrical
feature names from the IHO-IOC GEBCO Gazetteer of Undersea Feature Names (https://www.
gebco.net). The white lines mark fracture zones, the white dot the Molloy Hole. Abbreviations
are as follows: MH = Molloy Hole, FZ = Fracture Zone, EG = East Greenland.

1.1.1 Inflow

Warm, saline AW enters the Nordic Seas between Greenland and Scotland, origi-
nating from two source regions. One is the area, where the North Atlantic Current
enters the eastern Atlantic, feeding the inflow branches between Greenland and
Iceland (the North Icelandic Irminger Current, NIIC), and between Iceland and
the Faroe Islands (Hansen and Osterhus, 2000). The other is located south of the
Greenland-Scotland inflow region just off the European shelf, feeding a current pass-
ing through the Faroe-Shetland Channel (Hansen and Osterhus, 2000). The inflow
between Iceland and the Faroe Islands is the western branch, the inflow through
the Faroe-Shetland Channel the eastern branch of the Norwegian Atlantic Current
(NwAC, Figure 1.1). Both are topographically steered through the Nordic Seas along
the Mohns and Knipovich Ridge, and the Norwegian shelf edge, respectively. The
eastern branch bifurcates north of Norway, with part of the current continuing into
the Barents Sea (Orvik and Niiler, 2002). Both branches of the NwAC ultimately
converge in the region west of central Spitsbergen as the WSC, with the shortest
distance between the two branches being at 77°N due to bottom topography (Wal-
czowski et al., 2005). In the northern Fram Strait the flow splits again (Figure 1.1).
It partly turns westward and recirculates, joining the EGC on its southward path,
as described in much more detail in Chapter 1.2. The remainder of the flow splits
into one branch following the coastline, cutting across the Yermak Plateau, and the
other following the shelf break of the plateau (Perkin and Lewis, 1984; Quadfasel
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et al., 1987; Walczowski et al., 2005). The two branches have been termed the
Svalbard Branch and the Yermak Branch, respectively (Manley et al., 1992). The
Yermak Branch splits up once more, partly progressing along the continental slope
of the Yermak Plateau and partly crossing the Yermak Plateau through the Yermak
Pass (Gascard et al., 1995), the latter having been named the Yermak Pass Branch
(Koenig et al., 2017b). Model studies suggest the Yermak Pass Branch to have a
strong seasonality and to be the dominant route for AW to enter the Arctic Ocean
(Koenig et al., 2017a; Crews et al., 2019). While the Svalbard branch appears to be
relatively stable throughout the year, in the model study by Crews et al. (2019), the
WSC’s increased flow during the winter is divided between the recirculation and the
Yermak Pass Branch. Owing to their origin from different branches of the NwAC,
the Svalbard and Yermak branches have different signatures and different advection
timescales from the splitting of the NwAC to the point, where they enter the Arctic
Ocean, resulting in different cooling rates of the AW (Beszczynska-Moller et al.,
2012). Substantial heat is lost from the Yermak Branch due to strong tidal currents
over the Yermak Plateau that lead to increased turbulent mixing (Padman et al.,
1992; Fer et al., 2015).

The most obvious characteristics of the WSC are its relatively high temperature and
salinity, reflecting its origin far to the south (Hanzlick, 1983). Average northward
transport values at 78.5°-79°N range from about 5-12 Sv (Aagaard et al., 1973;
Hanzlick, 1983; Fahrbach et al., 2001; Schauer et al., 2004; Walczowski et al., 2005;
Beszczynska-Moller et al., 2012). Generally, direct current measurements yield much
higher transports than hydrographic measurements and model studies (Walczowski
et al., 2005). This is because the WSC has a strong barotropic component, and
as a direct consequence, it strongly interacts with bottom topography (Hanzlick,
1983; Gascard et al., 1995). The WSC is barotropically and baroclinically unstable
at least sometimes (Teigen et al., 2010, 2011). von Appen et al. (2016) found that
the WSC is much more baroclinically unstable and likely to generate eddies dur-
ing winter than during summer, while barotropic instability plays some role during
winter in regions, where the topography supports it. The barotropic nature and the
unsteadiness of the WSC, as well as the variable bottom topography in Fram Strait
explain why the WSC has such a strong tendency to branch and form eddies along
topographic fracture zones (Gascard et al., 1995).

An increase of the year-round mean AW temperature advected from the North
Atlantic has been observed from 1997 to 2010 at the zonal array in Fram Strait
(Beszczynska-Moller et al., 2012). This has been ongoing at a less steep rate since
2010 (W.-J. von Appen, pers. comm., 2019). In addition von Appen et al. (2015)
found that the deep (>1000 m) water masses north and south of Fram Strait are
warming, which will likely cause exchange processes at depth within the strait to
change. Walczowski et al. (2017) also observed a clear increase in summer AW
temperature in the whole layer from the surface down to 1000 m.

1.1.2 Outflow

The Arctic Ocean outflow in Fram Strait north of 80°N has been observed and
modelled as a broad barotropic flow between the northeast Greenland shelf and 0°
and may at least partly be topographically steered (Richter et al., 2018). Further
south the EGC follows the Greenland continental shelf break (Figure 1.1), contains

4



1.1. FRAM STRAIT AND THE SURROUNDING SEAS

stronger velocities (Aagaard and Coachman, 1968a; de Steur et al., 2014), and has a
stronger baroclinic component (Aagaard and Coachman, 1968b; Gascard et al., 1995;
Richter et al., 2018). Foldvik et al. (1988) found about half of the EGC transport
at 79°N to be barotropic though, and de Steur et al. (2014) found the EGC to be
even more barotropic at 78°50’N compared to 79°N. The study by de Steur et al.
(2014) may, however, have been influenced by a warm anomaly present at the time
it was conducted. Both de Steur et al. (2014) and Richter et al. (2018) argue that
the recirculating AW affects the EGC in its strength and structure. Yearly averaged
southward transport values at 78°50’N range from about 4-15 Sv, and at 79°N from
about 2-10 Sv (de Steur et al., 2014), though previous yearly averages from the
same mooring array at 79°N are larger, between 11-13 Sv (Fahrbach et al., 2001;
Schauer et al., 2004), likely due to different data handling methods. In 1994-95 at
75°N a southward transport of 21 Sv was found — part of this transport must be
waters that recirculate within the Greenland Sea Gyre, as well as waters that will
exit the Greenland Sea further south (Woodgate et al., 1999).

Havik et al. (2017) found that the EGC has three distinct branches: the shelf break
EGC flowing along the shelf break all the way from the Arctic Ocean outflow to the
Denmark Strait, a jet carrying PW on the continental shelf south of 74°N; and the
outer EGC over the mid- to deep continental slope fed by the recirculation (Figure
1.1). Both the outer EGC and the shelf break EGC flow towards the south side-
by-side at least as far south as the Jan Mayen Fracture Zone (Havik et al., 2017).
Here the denser waters are likely deflected towards the east and circulate around
the Greenland Sea Gyre (Figure 1.1), potentially penetrating towards the centre
and interacting with the Greenland Sea waters (Rudels et al., 1999). The surface
outflow of the EGC combined with the overflow across the Greenland-Scotland Ridge
comprises the total outflow from the Arctic Mediterranean through the Greenland-
Scotland gap (Hansen and Osterhus, 2000). The Iceland Sea may also be a potential
contributor to the overflow via the North Icelandic Jet (NIJ, Figure 1.1), which flows
along the northern continental slope of Iceland (Vage et al., 2013).

1.1.3 Water masses

Here, water masses are introduced in the context of their origin/formation, quanti-
tative definitions of the water masses relevant to the data analysis in this thesis can
be found in Table 2.1.

Water of Atlantic origin entering the Norwegian Sea between Iceland and Scotland,
which is carried north by the NwAC, is termed Atlantic Water (AW), a surface water
mass associated with a temperature and salinity maximum. Part of the AW enters
the Barents Sea, where it loses a lot of heat to the atmosphere and gains salinity in
the form of brine as ice forms, so that the water mass rapidly changes its character-
istics (Jones, 2001). The remaining AW continues on its northward path with the
WSC in Fram Strait, where it continuously loses heat, while freshwater is added,
reducing its salinity (Piechura et al., 2001), or it recirculates and has been termed
Return Atlantic Water (Mauritzen, 1996), or Recirculating Atlantic Water (Rudels
et al., 2002). The amount of heat carried towards the Arctic Ocean that is vertically
mixed from the WSC core towards the ice is enough to maintain essentially ice-free
conditions west and north of Svalbard to 80°-82°N (Aagaard et al., 1987; Onarheim
et al., 2014).
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When the AW enters the Arctic Ocean, it is further modified by heat loss at the
surface and by mixing with colder waters from the north. Nonetheless, it can still
be identified by its relatively high temperature, which decreases both to the east
and to the north (Perkin and Lewis, 1984). As one moves into the basin, the rate
of reduction of the temperature decreases (Perkin and Lewis, 1984).

Inflow through the Bering Strait is comparatively small, but has been increasing in
2001-2014 from ~0.7 Sv to ~1.2 Sv (Woodgate, 2018). The water of Pacific origin
that reaches the Arctic Ocean is at times stored in the Beaufort Gyre and eventually
drained through the passages of the Canadian Arctic Archipelago for the most part
(Falck et al., 2005). Thus, the main water mass in the Arctic Ocean with which the
AW can interact, either directly or through the melting and freezing of sea ice, is
the fresh Polar Water (PW) added by river runoff, net precipitation, and ice melt
— it dilutes the AW and produces low density surface water, which is counteracted
by cooling and freezing (Rudels and Quadfasel, 1991). At this point, the AW has
been strongly modified and is traditionally referred to as Arctic Intermediate Water,
though AIW is defined such that it also includes most of the intermediate water in
the Greenland and Iceland Seas as well. For more clarity, the AIW that exclusively
stems from the Arctic Ocean has been termed Arctic Atlantic Water (AAW) (Mau-
ritzen, 1996), though sometimes it is also referred to as Modified Atlantic Water (e.g.
Rudels and Quadfasel, 1991). In general, the Arctic Ocean can be characterised by
a mixed layer consisting of PW at the surface and a cold halocline separating this
surface layer from the warm layer of AW (Rudels, 1986). Below resides upper Polar
Deep Water (characterised by a negative potential temperature-salinity relation-
ship), which extends to an average depth of the Lomonosov Ridge (~1700 m, the
mid-ocean ridge running from northern Greenland to the Siberian shelf, separating
the Arctic Ocean into the Eurasian and Amerasian Basins). Even further down in
the water column, deep waters extends to a depth of about 2500 m, and beneath lies
bottom water (Jones, 2001). The deep water masses of the Arctic Ocean can mainly
be separated by the major basins into Canadian Basin Deep Water and Eurasian
Basin Deep Water (Rudels, 1986).

The Arctic Ocean outflow with the EGC contains three major water masses: the
cold and fresh PW at the surface with a strong halocline, the AW (depending on
the latitude and the EGC branch more recirculated AW or AAW) with a tem-
perature maximum and increasing salinity down to/around this maximum (below
salinity is fairly constant), and cold, saline deep water furthest down (Aagaard and
Coachman, 1968a). The intermediate and deep waters present in the Nordic Seas
originate from the Arctic Ocean, and are mixed with deep waters from the Greenland
Sea (i.e. Greenland Sea Deep Water, produced by open ocean deep convection) and
the Norwegian Sea (i.e. Norwegian Sea Deep Water, a mixture of Arctic Ocean deep
waters and GSDW), as well as intermediate waters from the Iceland Sea (Rudels
and Quadfasel, 1991). Early studies mainly considered these deep water masses to
contribute to the water that ultimately spills over the Greenland-Scotland-Ridge,
either through the Denmark Strait as Denmark Strait Overflow Water or between
Iceland, the Faroe Islands, and Shetland as Iceland Scotland Overflow Water (Swift
et al., 1980; Rudels and Quadfasel, 1991). However, Mauritzen (1996) found that
an alternative circulation scheme might be more likely, in which AW gradually be-
comes more dense (most prominently in the Norwegian Sea) and is transported by
the boundary currents surrounding the Nordic Seas. More recently, the two main
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sources of DSOW were found to be the EGC (both the shelf break and outer EGC
branches) and the NIJ (Harden et al., 2016). The recirculated AW is thought to
travel relatively unperturbed with the EGC along the continental slope of Greenland

towards the Denmark Strait, exiting as the deepest water mass of the EGC above
sill depth (Mauritzen, 1996; Rudels et al., 2002; Havik et al., 2017).

1.2 Recirculation in Fram Strait

First hints of a recirculation in Fram Strait were noted by Aagaard and Coachman
(1968b), using observational data from 1958 and 1962, which showed a westward
movement of warm water from the WSC north of 75°N. Perkin and Lewis (1984)
found the indication of strong time-varying currents in the central Fram Strait dur-
ing CTD measurements in 1981 that suggested some form of mixing between the
WSC and the EGC. Since 1997 a mooring array has been deployed from the eastern
Greenland shelf break to the western shelf break off Spitsbergen, with its eastern
part located at 78°50’N and its western part at 79°N (Fahrbach et al., 2001). In
2002 the western part was moved to 78°50’N in order to line up with the rest of the
array (de Steur et al., 2014), and since 2016 the eastern part has been moved to
79°N (von Appen, 2018). In the following, this mooring array will be referred to as
‘zonal array’.

Measurements at the latitude of the zonal array also indicate mostly westward flow
in the central Fram Strait (Schauer et al., 2004; Beszczynska-Moller et al., 2012).
Other observations that have been used for a better understanding of the recircu-
lation include in particular the Marginal Ice Zone Experiment (Johannessen, 1987;
Johannessen et al., 1987; Quadfasel et al., 1987; Gascard et al., 1988), and many
CTD measurements (e.g. Manley, 1995; Marnela et al., 2013; Richter et al., 2018),
yet long-term measurements in the central Fram Strait remain scarce, particularly
during winter time. In the north, the ice cover further complicates observations.
In- and outflow through Fram Strait via the boundary currents has been simulated
with different model setups (Schlichtholz and Houssais, 1999a,b; Maslowski et al.,
2004; Losch et al., 2005; Aksenov et al., 2010; Fieg et al., 2010; Ilicak et al., 2016),
and whether the resulting transports compare well to observations largely depends
on whether the recirculation of AW in Fram Strait is well represented. More recently,
several modelling setups have been utilised to evaluate the recirculation more closely
(Kawasaki and Hasumi, 2016; Hattermann et al., 2016; Wekerle et al., 2017; Richter
et al., 2018), but the results are still inconclusive about location and strength of
individual pathways, the northern limit of the recirculation, and the strength of the
boundary currents. One of the main issues is the resolution necessary to resolve
eddies that play a large role in Fram Strait (Rudels, 1987; Gascard et al., 1988,
1995; Rudels et al., 2005). The horizontal scale of eddies is governed by the local
internal Rossby radius of deformation (Fieg et al., 2010), which is about 2-6 km in
the WSC (von Appen et al., 2016) and about 6 km in the EGC (Zhao et al., 2014).
Only recent modelling efforts in the Fram Strait can be considered eddy-resolving
(Kawasaki and Hasumi, 2016; Hattermann et al., 2016; Wekerle et al., 2017; Richter
et al., 2018).

Since the first measurements by Aagaard and Coachman (1968b), a lot of publica-
tions (as detailed below) have touched on the subject of AW recirculation in the
Fram Strait, but a consensus on location, properties, and strength of this flow does
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not yet exist.

1.2.1 Location

In terms of location of the recirculation there have been observations of AW and/or
westward motion in the central Fram Strait between 75°N (Bourke et al., 1987) and
as far north as 82°N (Gascard et al., 1995). Most of the recirculation appears to oc-
cur between 78°N and 80°N, in particular along the Spitsbergen Fracture Zone and
south of the Molloy Hole (Quadfasel et al., 1987; Gascard et al., 1988, 1995; Rudels
et al., 2005; Richter et al., 2018), as well as along the Molloy Fracture Zone and north
of the Molloy Hole (Bourke et al., 1988; Quadfasel et al., 1987; Richter et al., 2018).
High-resolution simulations of AW circulation in Fram Strait reveal a similar picture:
westward flow occurs both along the Spitsbergen Fracture Zone and along the Mol-
loy Fracture Zone (Schlichtholz and Houssais, 1999a,b; Kawasaki and Hasumi, 2016;
Hattermann et al., 2016; Wekerle et al., 2017) and appears to be topographically
steered along the Knipovich Ridge (Aksenov et al., 2010; Kawasaki and Hasumi,
2016; Wekerle et al., 2017). The two recirculation branches may even originate from
the two different branches of the NwAC (Figure 1.3). Wekerle et al. (2017) addi-
tionally found westward flow between 80°30'N and 81°30’N in their model, similar
to observations from Gascard et al. (1995).
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Figure 1.3: Map of the relative trajectory density distribution of floats of the southern recircula-
tion (SR, yellow), northern recirculation (NR, blue), and Arctic Ocean inflow (AO, pink) pathway
groups, being defined by the sections P1-P3 and shown as the percentage of all floats within each
group. Figure from Hattermann et al. (2016).

The northern boundary of the recirculation remains unclear — Richter et al. (2018)
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speculated, whether they observed the northern rim of the recirculation in their
synoptic observations as they did not observe any AW at 80°48’N, though their
model suggested the northern rim to lie further north. Generally, models with
lower resolutions have produced a recirculation that takes place further south than
observed (Fieg et al., 2010), though Wekerle et al. (2017) compared two models
of different resolution and the low-resolution model only simulated recirculation
too far north (between 80°N and 81°30°N). If the recirculation is simulated too
far south or north, the boundary current transports in Fram Strait will not be
represented correctly, and the central Fram Strait is left with a temperature bias.
The process of AW subducting below the PW in the western part of the strait
will then also be misrepresented, potentially leading to AW properties along the
Greenland continental margin.

Related to the northern extent of the recirculation it is interesting to consider, how
large of a contributor the Yermak branch of the WSC is to the recirculating AW.
This, again, is far from clear: Aagaard et al. (1987) found that the Yermak Branch
does not re-appear on the southeastern flank of the Yermak Plateau, suggesting it is
mainly delivered to the Arctic Ocean, while Manley (1995) speculated that most, if
not all of the Yermak Branch could be defined as recirculating. More recently, Crews
et al. (2019) found that the properties of the WSC are associated with conditions
that either promote flow onto the Yermak Plateau (a warmer, faster WSC), or flow
deflecting from the continental slope, i.e. recirculation (a colder, slower WSC).
The recirculation, or at least part of it, has also frequently been described as the
Return Atlantic Current (RAC), a current that lies along the front between the
PW of the EGC and the AW present towards the east (Paquette et al., 1985). It
occupies depths roughly between 50 and 400 m (Paquette et al., 1985; Bourke et al.,
1987, 1988), is characterised by a subsurface temperature and salinity maximum
(Paquette et al., 1985; Quadfasel et al., 1987), and is essentially all AW that has
cooled with little or no dilution (Bourke et al., 1987, 1988). It is described as a multi-
path current (Gascard et al., 1995) or broken into differing filaments (Paquette et al.,
1985), though the wording may suggest the RAC to be a constant stream or current.
Hence, the term RAC is used less often in publications that are more recent.

1.2.2 Properties

There has been clear evidence of eddies in the central Fram Strait (Rudels, 1987;
Gascard et al., 1995; Rudels et al., 2005; von Appen et al., 2018), which are likely
generated along the continental slope off Spitsbergen in the WSC (Gascard et al.,
1988, 1995). Instead of a continuous stream, the recirculation may solely exist as
westward propagating WSC eddies (Gascard et al., 1988; Rudels et al., 2005), though
these may be advected by a background flow (Johannessen et al., 1987). Model
studies support the fact that there seems to be an abundance of mesoscale eddies
and filaments in the flow within Fram Strait (Hattermann et al., 2016; Kawasaki
and Hasumi, 2016). Besides in the WSC, Wekerle et al. (2017) found high values of
eddy kinetic energy (EKE) between the northern rim of the Boreas Abyssal Plain
and the Molloy Hole, and along the EGC and in the western part of the Boreas
Abyssal Plain.

The eddies have been observed to mainly be composed of warm and salty AW
(Gascard et al., 1995), but even if the recirculation only takes a short additional
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northward excursion, the water loses a considerable amount of heat (Schauer et al.,
2004). Simulations suggest that both warm-core anticyclonic eddies and cold-core
cyclonic eddies are present in Fram Strait (Wekerle et al., 2017), which are then
advected all the way to the EGC (Hattermann et al., 2016). When they reach
western Fram Strait, they are potentially subject to mixing with the AAW carried by
the EGC (Gascard et al., 1995; Rudels et al., 2005). How much heat the recirculated
AW may add to the EGC has been documented by de Steur et al. (2014), when they
looked at temperature measurements from the zonal array in Fram Strait, before and
after the western part was moved from 79°N to 78°50’N. Temperatures at almost all
mooring longitudes in the western part of the Fram Strait were higher at 78°50'N
than at 79°. The westward velocity of the eddies was reported as about 0.05 m s™*
(Gascard et al., 1988, 1995), while velocities of up to 0.13 m s™! were measured
in the RAC (Bourke et al., 1988). The structure of the recirculation in an inverse
model study was suggested to be mostly baroclinic south of the Molloy Hole and
along the EGC, and mostly barotropic north of the Molloy Hole (Schlichtholz and
Houssais, 1999a).

1.2.3 Transport

Transport estimates of the recirculation can be difficult to compare, as they include
direct measurements of transports across the Fram Strait, inferred transports from
measuring in the boundary currents, measurements that cover only part of the recir-
culation, or include the transport of other water masses than AW. Early estimates
based on geostrophic velocities computed from CTD sections taken in 1980, 1983,
and 1988 during summer suggest that about 1 Sv of the northward flow of AW in
the WSC recirculates, adding more than one third to the flow in the upper layers
of the EGC (Rudels, 1987; Gascard et al., 1995). Bourke et al. (1988) also anal-
ysed summer CTD sections (from 1985), but differentiated between recirculation
south of 79°N, deduced from a reduction of the WSC of 0.8 Sv, and recirculation
between 79°N and 81°N, where a net westward flow of 0.4 Sv was measured. The
zonal array in Fram Strait has given some insights into year-round direct current
measurements. Fahrbach et al. (2001) estimated a westward recirculation from the
two central moorings at 78°50'N and 79°N of 2.6 Sv. Schauer et al. (2004) ob-
served a southward transport of about 0.5 Sv west of the Yermak Plateau branch
of the WSC that had a remarkably similar temperature compared to the northward
flow, suggesting it took only a short excursion north and recirculated quickly. Af-
ter the western part of the mooring array was moved to line up with the eastern
part, de Steur et al. (2014) found that the recirculation adds about 2.7 Sv to the
EGC between 78°50’N and 79°N. Summer meridional sections (from about 78°N to
80°N) have shown geostrophic transports between 0.4 and 2.3 Sv, with no difference
between the northern and southern part of the section in two years and opposing
transports in one year (Marnela et al., 2013). Implied transports from zonal sections
indicated AW recirculation of about 2 Sv in three out of four years and almost no
recirculation in the fourth year north of 79°N (Marnela et al., 2013).

In an inverse model study Schlichtholz and Houssais (1999a) found that the recir-
culation rate, implied from the decrease in WSC transport from south to north and

the increase in EGC transport from north to south, amounts to 1.8 Sv on average
between 77°36’N and 78°54’N, and 0.5 Sv between 78°54’N and 79°54’N. Further
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north the decrease in WSC and increase in EGC were not consistent. Other esti-

mates from simulations are 5.2 Sv, of which 2.7 Sv consist of water warmer than
2°C (Kawasaki and Hasumi, 2016), and 2.4 Sv (Wekerle et al., 2017).

1.2.4 Recirculation percentage

Previous studies mostly agree on the fraction of AW that recirculates, which is con-
sidered to be half of the AW entering the Fram Strait (Rudels, 1987; Marnela et al.,
2013; de Steur et al., 2014). Manley (1995) estimated that about 20% is recirculated
with the RAC, while the Yermak branch is the main contributor to the recirculation
further north, which would constitute about half of the AW being recirculated north
of 7T9°N.

Modelling studies find similar values of about half of the AW entering Fram Strait
recirculating (Kawasaki and Hasumi, 2016; Wekerle et al., 2017). Schlichtholz and
Houssais (1999a) found that about 75% of the WSC inflow recirculates. Hatter-
mann et al. (2016) differentiate between 60% recirculation in late winter/spring and
30% recirculation during summer (when the total AW inflow to Fram Strait is also
weaker).

1.2.5 Variability

Particularly the different reports of location and transport of the recirculation in
different years suggest some interannual variability, while the importance of eddy
activity for the recirculation suggests significant mesoscale variability. Since most
measurements in central Fram Strait were conducted during summer, and many
are only synoptic, information about seasonal variability can only be deduced from
observations of the boundary currents or models. de Steur et al. (2014) found that
after the western part of the zonal array in Fram Strait was moved from 79°N to
78°50’N, the southward velocity displayed a clear seasonality, implying that the
recirculation contributes the seasonal signal. von Appen et al. (2016) also used
observations from the zonal array and found a strong seasonality of EKE in the
WSC and the central Fram Strait, with the EKE maximum in the WSC observed
during winter, and the EKE maximum in the central Fram Strait observed a little
later in April. They suggest that the recirculation likely advects eddies across the
Fram Strait during winter, while during summer the amplitudes of EKE are generally
much weaker (von Appen et al., 2016). Modelling studies also find the highest values
of EKE in the WSC and export of water westwards to be the strongest during winter
(Hattermann et al., 2016; Wekerle et al., 2017). Wekerle et al. (2017) did not find
all recirculation branches to be present during summer, when the circulation around
the Molloy Hole was absent.

1.3 Large scale impact of the recirculation

Subsequently, the large scale impact of the recirculation is described. The recircula-
tion has important implications for the heat transport towards the Arctic Ocean, as
it ultimately determines, how much of the warm, saline inflow through Fram Strait
actually reaches the Arctic Ocean (Chapter 1.3.1). Recirculating AW hence affects
sea ice cover in the Arctic Ocean as well as in Fram Strait, and can even reach the
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Greenland shelf and affect the Greenland ice sheet (Chapter 1.3.2). The part of the
recirculating AW that joins the EGC on its southward path has an impact on deep
water formation (Chapter 1.3.3) and the meridional overturning circulation of the

World Ocean (Chapter 1.3.4).

1.3.1 Heat transport towards the Arctic Ocean

While the tropics receive an excess in shortwave radiation, the high latitudes actually
lose heat to space and thus some heat needs to be transported poleward in the
atmosphere and the ocean for an equilibrium to establish. The largest transport
towards the Arctic Ocean occurs in the atmosphere and less than 10% of the heat
transport required to balance the heat loss to space is provided by the oceanic heat
transport towards the Arctic Ocean (Rudels, 2016). The dominant source for this
heat transport is the inflow of AW combined with the export of PW and ice through
Fram Strait (Schauer et al., 2004). Both the WSC in Fram Strait and the Barents
Sea inflow carry a significant amount of heat, but the Barents Sea inflow loses most
of its heat directly to the atmosphere in the southwestern Barents Sea (Smedsrud
et al., 2010). The AW in the WSC is able to preserve its warm core, as the upper
part of the AW becomes transformed into a fresher surface layer by melting sea ice
and mixing with water of Arctic origin (Beszczynska-Moller et al., 2012). The heat
carried by the WSC that reaches the Arctic Ocean is then lost mostly within the
deep ocean (Rudels, 2016). This is of particular interest, if one considers that the
AW transported towards the Arctic Ocean may be increasing in temperature, and
perhaps also in volume (Beszczynska-Moller et al., 2012). Recirculating AW in Fram
Strait significantly impacts the redistribution of oceanic heat between the Nordic
Seas and the Arctic Ocean (Hattermann et al., 2016), ultimately determining how
much of the heat carried by the WSC reaches the Arctic Ocean and how much joins
the EGC on its southward path.

1.3.2 Sea ice and glacial melt

Diminishing sea ice plays a leading role in Arctic temperature amplification due to
the surface albedo feedback (Screen and Simmonds, 2010) — sea ice has a much
higher surface albedo than open water, meaning a decrease in sea ice extent causes
further surface warming. Sea ice extent in the Arctic from satellite data displays
downward linear trends for all months, but with the largest trend for September,
when the melt season ends (Serreze and Stroeve, 2015). It is becoming increasingly
clear that if greenhouse gas concentrations in the atmosphere continue to rise, the
Arctic Ocean will eventually become seasonally ice-free, though it is not quite clear
yet as to when this will happen exactly (Stroeve et al., 2012; Notz and Stroeve, 2016).
In particular, the decline in sea ice concentration north of Svalbard is associated with
the warming of AW entering the Arctic Ocean in this region (Onarheim et al., 2014).
Sea ice in the Nansen Basin (which is closest to the Fram Strait of all the basins in
the Arctic Ocean) is affected through oceanic heat transport, as the AW is initially in
direct contact with the ice and then melts it, with the upper part of the AW being
transformed into less dense surface water (Rudels, 2016). The eastern Eurasian
Basin may be in transition to similar conditions, as declining sea ice extent and
weakening of stratification in the layers over the AW drive enhanced upward heat
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fluxes (Polyakov et al., 2017).

Oceanic heat transport can also play a role in glacial melt of the Greenland glaciers.
AW that recirculates in Fram Strait is able to cross the Greenland shelf break
and enter the trough system (Schaffer et al., 2017), where the bathymetry provides
a direct pathway between the shelf break and the marine terminating glaciers of
Northeast-Greenland, this being a likely driver of ice sheet retreat and changing
glacier dynamics (Schaffer et al., 2020).

1.3.3 Intermediate/deep water formation

The deep waters of the Arctic Ocean, mixed with deep waters from the Norwegian
and the Greenland Seas, and intermediate waters from the Iceland Sea, contribute
to the overflow across the Greenland-Scotland-Ridge and propagate a saline signal
to the deep World Ocean (Rudels and Quadfasel, 1991).

There are two distinct mechanisms for creating deep water in the Arctic Mediter-
ranean, one of which is the open ocean deep convection in the Greenland Sea, where
water from surface to near-surface layers sinks to large depths (~1000 m) due to
heat loss to the atmosphere, as the ice cover is only thin or intermittent (Rudels and
Quadfasel, 1991; Brakstad et al., 2019). In the Arctic Ocean, net precipitation and
runoff from the continents play a role in creating a low salinity surface layer that
can prevent deep convection, especially if it becomes cooled enough to form sea ice,
isolating the water below from heat loss to the atmosphere (Rudels et al., 2005). Ice
formation causes brine release into the water column, which increases the salinity
of the shelf bottom water that then ultimately crosses the shelf break and sinks
down the continental slope, corresponding to the second mechanism of deep water
formation in the Arctic Mediterranean (Rudels and Quadfasel, 1991; Akimova et al.,
2011). Both mechanisms require a specific setting in the surface layer related both
to temperature and salinity (Hansen and Osterhus, 2000), meaning the properties
of the water being advected into the Arctic Ocean and the Greenland Sea (and by
association the water recirculating in Fram Strait) are quite relevant to deep water
formation. Mauritzen (1996) proposed an additional third mechanism, where AW
gradually becomes more dense and is transported by the boundary currents sur-
rounding the Nordic Seas, ultimately also contributing to the overflow waters.

In general, the AW that flows into the Nordic Seas is considered the main source
from which overflow waters are produced (Hansen and @sterhus, 2000). The amount
of AW that either recirculates or continues on its way into the Arctic Ocean affects
all three mechanisms of intermediate and deep water formation. The AW reaching
the Arctic Ocean contributes to setting up the halocline, underlying the colder and
fresher surface water. A stronger, more stable halocline insulates the ice cover, which
in turn affects dense water formation on the shelves (Aagaard et al., 1981). The
deep and intermediate waters exiting the Arctic Ocean are transported southward
together with the recirculating AW in the EGC, interacting with waters from the
Greenland and Iceland Seas (Rudels et al., 2002). In the Greenland Sea, the deep
water is constrained by the topography and circulates internally (Aagaard et al.,
1985). The (still comparatively warm) Arctic Ocean outflow may act to destabilise
the middle and lower water column in the convective region, preconditioning it for
deep convection (Aagaard et al., 1991). The intermediate water can cross topogra-
phy and continue into the deep North Atlantic (Aagaard et al., 1985).
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1.3.4 Meridional overturning circulation

How the Atlantic Meridional Overturning Circulation (AMOC) is responding to
ongoing changes in the climate system is still up for debate. While many climate
models predict a weakening in the future (Cheng et al., 2013), current observations
cover only a brief period. The AMOC has been in a state of reduced overturning
since 2008, but this may well be part of decadal variability (Smeed et al., 2018).
Studies using proxy data have argued for (Rahmstorf et al., 2015; Caesar et al.,
2018) a slowdown of the AMOC.

Only recently, Lozier et al. (2019) found that the Nordic Seas play a much more
important role in AMOC variability than previously anticipated. As part of the AW
recirculation, the subduction of AW below PW in Fram Strait is the northernmost
extent of the boundary current loop that part of the AMOC takes in the Nordic
Seas.

1.4 Research questions

The present data set of measurements in the upper 800 m of the central Fram Strait
over the period of two years is used to describe the recirculation of AW in terms of
location and variability. In regard to the available data, we will answer the following
questions:

1. Where does the recirculation occur?

2. How variable is the recirculation in terms of location, strength, and properties?

The answers to these questions will not only add to our knowledge of the AW
recirculation, but also to its dynamical understanding. In the following we will
elaborate on the data and methods used (Chapter 2). We will analyse and discuss
seasonal and interannual variability of the southernmost mooring (which we believe
to be in the Greenland Sea domain, Chapter 3.2), and of the northernmost mooring
(which is located in the Arctic Ocean outflow, Chapter 3.3). The focus of this
thesis are the three moorings, with which we were able to observe the two branches
of the recirculation, and we analyse and discuss seasonal and interannual, as well
as mesoscale variability (Chapters 3.4, 3.5, 3.6). In Chapter 4 we summarise our
findings and conclude with an outlook of what could be done in the future.
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Chapter 2

Data and Methods

During a cruise with the research vessel Polarstern (campaign PS100) in July /August
2016 five equally spaced moorings with a distance of ~75 km or 40’ of latitude in
between them, named R1-1 through R5-1, were deployed along the prime merid-
ian in the Fram Strait (Figure 2.1). They measured temperature, salinity, oxygen,
and velocity in the upper 750 m of the water column (Kanzow, 2017). All of those
moorings were successfully recovered during a subsequent cruise (campaign PS114)
in July/August 2018 (von Appen, 2018).
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Figure 2.1: Map of central Fram Strait with mooring locations (red dots).

The instruments recovered from the moorings relevant to this work are SeaBird
SBE37 CTDs with an oxygen sensor, measuring temperature, conductivity, pres-
sure, and oxygen, SeaBird SBE56 temperature loggers, measuring temperature, RDI
150 kHz Acoustic Doppler Current Profilers (ADCPs), measuring velocity profiles,
temperature, and pressure, and NORTEK Aquadopps for deep water, measuring
point velocity, and temperature. The location of the instruments in the water col-
umn is marked in Figure 2.2. Mooring and instrument meta data can be found in
the appendix in Table A.1 and Table A.2, respectively. All instruments were newly
bought and thus had recent manufacturer calibrations.

The raw data and the processed data are available on Pangaea and can be found in
this list of data sets: von Appen (2019a).
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Salinity was calculated from conductivity ratio, temperature, and pressure, po-
tential density from salinity, temperature, and pressure, with a reference pressure
of 0. These calculations were done with the SeaWater library of EOS-80 (http:
//www.cmar .csiro.au/datacentre/ext_docs/seawater.htm). The data process-
ing was performed similar to the processing of previously recovered moorings, as
documented in von Appen (2017).
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Figure 2.2: Gridded zonal velocity (m s~!) section, averaged over the entire time period, with
instrument locations in the water column. The grey bars mark the Acoustic Doppler Current
Profilers (ADCPs), the black dots the CTDs (measuring conductivity, temperature, and pressure,
i.e. depth), the black squares the temperature loggers (TLs), and the grey triangles the Aquadopps
(AQDs).

2.1 Data gridding

As all instruments recorded at least every hour, a low-pass filter is applied at a
period of 1 h to all the time series of instruments that recorded more often (i.e.
the temperature loggers that recorded every 30 seconds, and the Aquadopps that
recorded every 20 minutes). This is done by applying a 4th order Butterworth
filter to the time series with linear interpolation through gaps before the filtering
and removal of those gaps afterwards, if the gap duration significantly exceeded the
lowpass filter period. Afterwards hourly values of the filtered time series are used
so that all time series contain data points of the same frequency.

The data are interpolated with a minimum curvature gridding method with an added
tension parameter (Smith and Wessel, 1990). The tension parameter is chosen to be
5 (with 0 = Laplacian interpolation, which gives a tent pole-like behaviour around
data points, and oo = spline interpolation, which gives a smoother field, but the
possibility of spurious peaks or valleys). This achieves a grid that is closest to the
actual measurements, as evaluated by visual inspection. A search radius of 4+ 20 grid
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2.2. HANDLING OF MISSING DATA

points is applied, as this yields a smooth grid even in depths of low data coverage.
The data are interpolated onto a grid with a temporal grid size of 1 h (i.e. the time
step of the filtered measurements) and a vertical grid size of 20 m. The grid extends
over a time period from 10 August 2016 to 19 July 2018 (as this is the period covered
by all instruments; date of last mooring deployment to first mooring recovery) and
over a depth from 40 m (20 m for velocity measurements) to 1100 m. This way
no measurements are excluded. Technically the instruments furthest down in the
water column only had a target depth of 750 to 780 m, but the moorings were at
times subjected to strong motion and measurements acquired during those times are
included in the interpolation. For analysis, the gridded data below 800 m is then
removed. To achieve a coherent grid, the grid points at 20 m depth are added as
NaNs for temperature, salinity, and potential density.

2.2 Handling of missing data

Except for a few single missing measurements, the CTDs only malfunctioned on
three main occasions. At R3-1 the CTD at ~265 m depth measured unexpected
temperature values after 01 May 2017, likely because something was stuck in the
CTD pump. This was corrected with an offset at first, but further evaluation led to
the decision to disregard all temperature (and hence salinity) measurements after
01 May 2017 for this instrument. The CTD at ~760 m depth at the same mooring
recorded a peculiar rise and then offset in conductivity (and thus salinity) after 24
April 2017, which is consequently also disregarded. At R4-1 the CTD at ~265 m
depth stopped recording altogether after 31 July 2017 due to an empty battery,
meaning there are no temperature, conductivity, or pressure measurements of this
instrument available after this date.

(a) R3-1 (b) R4-1
gL+ cTDat-250m [~ 5l * CTDat-250m
* CTDat~750 m %// = |inear regression
= |_inear regression 'y
4t < 4t
g Q,'// 'g
;‘ /,,:\. /// -; /,1:\- -
53 L 53
@ ‘ ©
(] [¢5]
Q. Q.
B / =
o 7 a
P e , 1 o2
A X ) e J
of ¢ 0 b &
/ ; /
I I s f I /) I I A I I /)
34.7 34.8 34.9 35 35.1 35.2 34.7 34.8 34.9 35 35.1 35.2
Salinitv [psul Salinitv [psul

Figure 2.3: OS plot with linear regression of potential temperature (°C) and salinity (psu) of (a)
the CTD measurements at ~250 m (blue dots), and at ~750 m (red dots) separately at R3-1, and
of (b) the CTD measurements at ~250 m (blue dots) at R4-1.

Missing temperature and pressure measurements are replaced with nearby ADCP
measurements. The difference between temperature measurements of ADCP and
CTD at R3-1 is on average 0.02°C with a standard deviation of 0.14°C, and at
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2.3. CALCULATIONS

R4-1 on average 0.03°C with a standard deviation of 0.61°C, which is deemed suf-
ficient. Missing salinity measurements are calculated from temperature measure-
ments, where the relationship between the two is determined by a linear regression
with the data that is available at the instrument (Figures 2.3a,b). The residuals of
the linear regression are randomly distributed (not shown) and this method is thus
suitable in this context.

The ADCPs measured velocity profiles with 70 bins, of which approximately 8%
are lost towards the surface, which translates roughly to the upper 20 m. At R2-1
and R3-1, three respectively four entire bins are removed, due to instruments or
buoyancy floats at the corresponding depths, which have zero velocity relative to
the ADCP and dominate the Doppler shift of the return signal for those bins instead
of scatter from the water column. Other than that some data points are excluded
randomly (1.84%, 7.75%, 7.13% 1.96%, and 1.01% at R1-1, R2-1, R3-1, R4-1, and
R5-1, respectively).

The temperature loggers recorded without any issues and no data are excluded.

2.3 Calculations

Different variables are derived from the gridded data and are calculated as follows:

2.3.1 Potential temperature O

Potential temperature is calculated with the SeaWater library of EOS-80 from the
gridded salinity, temperature, and pressure, with a reference pressure of 0. Using
temperature instead of potential temperature results in a small error that is naturally
largest at the deepest point of the grid (i.e. at 800 m, about 0.036°C).

2.3.2 Buoyancy frequency N?

Buoyancy frequency squared is calculated from potential density p profiles with a
centred difference for each vertical grid point j, with vertical grid spacing Az = 20
m and j = 1 at 20 m. Gravity ¢ is calculated from the latitude of each mooring.

N(j)QZ— g .p(j—l)—p(j—l—l)‘ (2'1)

p(J) 2Az

This means losing one value at the top and the bottom of the grid, so a NaN is
added for each to achieve a coherent grid. The centred difference (evaluated over
2Az) also adds a small smoothing compared to forward or backward differences,
which are evaluated over Az. Gridded buoyancy frequency displays some negative
values, but logarithmic probability density functions reveal them few and smaller in
magnitude than the positive values. It is thus feasible to set all negative values to the
smallest positive value calculated at each mooring to be able to apply a logarithmic
scale.

2.3.3 Eddy kinetic energy (EKE)

Eddy kinetic energy is calculated from the deviation from the mean of zonal velocity
u and meridional velocity v for each grid point as follows:
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2.4. SEASONAL CYCLE

EKE = - - (u” + 7). (2.2)

DO | —

To evaluate mesoscale variability in particular, the velocity data are bandpass filtered
between 2 and 30 days (as done in von Appen et al., 2016), and the filtered u,v
are the u/,v' that are applied in Equation 2.2. The short period limit avoids tides
and inertial oscillations and the long period limit removes the seasonal cycle and
interannual variations.

2.4 Seasonal cycle

The seasonal cycle of each variable is determined by first calculating monthly av-
erages, i.e. averaging over all measurements from each of the 24 months of mea-
surements (August 2016 to July 2018). This is done for each of the 5 moorings and
each of the 40 depth levels individually. For the seasonal cycle of the full vertical
length of the grid, the monthly averages are then averaged over the 40 depth levels.
Lastly, since there are two years of measurements available, the seasonal cycle is
extracted by averaging over two of the same months. This means, the months July
and August are slightly biased towards the year 2017, as the measurements only
start in the middle of August 2016 and end in the middle of July 2018.

The seasonal cycle of the standard deviation of potential temperature, salinity, and
potential density is determined by averaging the data over depth first, as the stan-
dard deviation would otherwise mainly reflect the variability in the water column,
which is mostly larger than the variability in time. Then we proceed by calculating
monthly standard deviations, and then averaging over two of the same months.

2.5 Water mass definitions

Water mass definitions for PW, AW, and AAW follow Rudels et al. (2005), while
DW is simply defined as all water higher in density than AW and AAW. This is
similar to water mass definitions in publications regarding the recirculation (e.g.
Marnela et al., 2013; Wekerle et al., 2017; Richter et al., 2018).

The seasonal cycle of parts of the water column that fall into a specific water mass
definition is plotted by calculating the seasonal cycle only from measurements that
fall into said definition, and only if the water mass makes up at least 10% of the
measurements during a month, both in time and in the vertical. 10% can thus mean,
the water mass occupied 10% of the upper 800 m (i.e. 80 m) all the time, or all
of the upper 800 m during 10% of the time, or anything in between. This avoids
averages being calculated from very little data. Nonetheless the averages are often
biased towards one year, as the amount of measurements that fall into one definition
in a month varies from one year to another (Figure 2.4). To calculate the seasonal
cycle, the average of two of the same months is taken — if only one of the months
surpasses the 10% mark, neither of the months is considered.
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2.6. VELOCITY SPELLS

Table 2.1: Water mass definitions after Rudels et al. (2005). Boundaries of potential temperature
# in °C and potential density ¢ in kg m™> are given. Potential density is referenced to the sea

surface.
Water mass Acronym Definition Remarks
Polar Water PW o <277 Termed Polar Surface Water (PSW) in
Rudels et al. (2005), here both the def-
initions for PSW and warm PSW are
included
Atlantic Water AW 27.7 < 0 < 27.97, Here only the definition outside the
0>2 WSC is included
Arctic Atlantic Water AAW 277 < 0 < 2797, Here only the definition outside the
0<h<2 Arctic Ocean is included
Deep Water DW o> 2797 Not defined in Rudels et al. (2005)

2.6 Velocity spells

Since the variability of the zonal and meridional velocities and hence EKE is so high
at R4-1, we try to identify velocities associated with eddies. Meridional velocities are
dominated by southward motion, so in this regard only zonal velocities are consid-
ered. By visual inspection of Hovmoller diagrams, times during which zonal velocity
was either clearly westward or clearly eastward in most of the water column, and
sustained over at least one day, are chosen. Only those associated with a subsurface
EKE maximum (or a surface EKE maximum with high EKE below the surface as
well) are, what we define as a westward/eastward ’spell’. This yields 48 westward
spells and 55 eastward spells. Spells that exceed an average westward/eastward
velocity of 0.05 m s™! are used in the analysis. Since westward spells are generally
stronger, this leaves 44 westward spells and 34 eastward spells.

2.7 Sea ice concentration

For mapping different sea ice concentrations, we use data from the Advanced Mi-
crowave Scanning Radiometer sensor AMSR-2 (University of Bremen, 2015) for the
years 2013—18 (Spreen et al., 2008), as it was done by von Appen et al. (2016).
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2.7. SEA ICE CONCENTRATION
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Figure 2.4: Percentage of gridded measurements that fits the PW (blue), AW (red), AAW

(purple), DW (grey) definition in each month of the observation period at (a) R1-1, (b) R2-1, (c)

R3-1, (d) R4-1, and (e) R5-1.
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Chapter 3

Results and Discussion

3.1 (General hydrography

On average over the full time series, a layer of water with relatively high potential
temperature is located at the surface at R1-1 (78°10’N) and progressively further
down in the water column, and weakening towards the north (Figure 3.1a). The
maximum potential temperature is at R2-1 (78°50’N), roughly between 100 and 200
m. The layer of maximum salinity is located further down in the water column
at approximately 200-400 m, but also thins towards the north (Figure 3.1b). This
pattern in potential temperature and salinity leads to the AW layer being thickest
at R2-1. Both at R1-1 and R2-1 it is as shallow as at least 40 m (above we have no
measurements), and located below ~180 m at R3-1 (79°30’N), R4-1 (80°10°N), and
R5-1 (80°50’N). Above the AW layer the water is characterised by colder temper-
atures and the lowest salinity in the measurements, thus being of very low density
(Figure 3.1c) and fitting into the PW definition. This is likely present due to partial
or continuous ice cover. The AW layer is thinnest at R5-1, where we also find the
lowest potential temperature and salinity close to the surface (Figures 3.1a,b).

The main features in the time-averaged velocity field are westward velocities at R2-
1 with a maximum amplitude close to the surface and decreasing amplitude with
depth (Figure 3.1e), and southward velocities at R4-1 with a minimum in the AW
layer between 100 and 300 m (Figure 3.1f). The former represents a continuous
branch of recirculation towards the west at R2-1, as also indicated by the poten-
tial temperature, salinity, and AW layer thickness maximum at this mooring. By
contrast, the situation at R4-1 may be related to mesoscale eddies, which vary in
velocity on much shorter timescales, and do not necessarily show up in a two year-
average. This is further supported by a maximum in EKE at around 160 m at R4-1
(Figure 3.1d). EKE is also comparatively large at R1-1 close to the surface.

The main difference between the two years of measurements is that the AW layer
is thinner and maximum potential temperature and salinity reaches more to R3-1
from the south in the first year (2016/17, not shown) compared to the second year
(2017/18, not shown). The velocity field looks fairly similar in the two years, with
stronger northward velocities at R2-1 and southward velocities at R3-1 in the first
year (2016/17) compared to the second year (2017/18).
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3.1. GENERAL HYDROGRAPHY
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Figure 3.1: Gridded sections of (a) potential temperature (°C), (b) salinity (psu), (c) potential
density (kg m~3), (d) eddy kinetic energy (m? s=2), (e) zonal velocity (m s~!) and (f) meridional
velocity (m s™1), averaged over the entire time series. Note the nonlinear colour bar of salinity.
The white lines mark the lower and upper boundary of the AW layer.
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3.1. GENERAL HYDROGRAPHY

3.1.1 R1-1

R1-1 is the southernmost mooring at 78°10’N, close to the Hovgaard Ridge. At R1-1
potential temperature goes through a seasonal cycle with a maximum in late sum-
mer/autumn that seems to propagate down in the water column (Figure 3.2a). The
water column appears to be influenced strongly from the surface by the atmosphere.
The salinity maximum in ~250-400 m depth is most apparent during summer and
autumn with some short, fresher periods close to the surface in autumn/winter (Fig-
ure 3.2b). Potential density seems to reflect the pattern of potential temperature,
but the short, fresher periods of salinity are also recognisable (Figure 3.2¢). R1-1
displays the most noticeable negative values in buoyancy frequency (which are likely
measurement or interpolation errors, but are still indicative of periods of very low
stratification and have therefore been replaced by the smallest value measured at the
mooring here). Low stratification is apparent early in the year in the upper water
column and during spring/summer in the lower water column (Figure 3.2d). The
water column is most stable during summer/autumn in the upper water column,
when the surface waters are warmed by the atmosphere.

There are both westward and eastward zonal velocities of similar magnitude (Figures
3.2e,f), with more eastward motion and the highest magnitudes during spring/summer
2017. The meridional velocities are slightly stronger than the zonal velocities and
both northward and southward of similar magnitude. They are more barotropic
during the first half of the year, when the upper part of the water column is weakly
stratified.

3.1.2 R2-1

R2-1 is located in between the Hovgaard Ridge and the Spitsbergen Fracture Zone,
southwest of the Molloy Hole. It is on the same latitude as the zonal array of
moorings in the Fram Strait, at 78°50’N. Similar to R1-1 there appears to be a
seasonal cycle in potential temperature with a maximum in late summer/autumn
that seems to propagate down in the water column with time (Figure 3.3a). There
are some short, colder periods during the first year, which coincide with distinct
short, fresher periods in salinity. There is much more variability in the upper water
column in salinity compared to R1-1 with said distinct short, fresher periods, though
they seem to almost stop in 2018 (Figure 3.3b). The salinity maximum lies between
~250-450 m, slightly lower than at R1-1. Potential density reflects both the general
pattern of potential temperature and the short, fresher periods of salinity (Figure
3.3¢). The upper water column is most stable during summer/autumn (Figure 3.3d).
Zonal velocities are mostly westward, with particularly strong velocities at the end of
May 2017 of about -0.4 m s, sustained over several days (Figure 3.3¢). Meridional
velocities are mostly northward during February to May and of equal strength as the
westward component of the flow, but weaker and more variable in direction during
the rest of the year (Figure 3.3f).

3.1.3 R3-1

R3-1 is located northeast of the Molloy Hole, centred in between the Spitsbergen
and the Molloy Fracture Zone at 79°30’'N, and sometimes ice-covered (Figure 3.4).
At R3-1 the maximum potential temperature is mostly located between ~80-280 m,
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3.1. GENERAL HYDROGRAPHY

which is further down in the water column than at R1-1 or R2-1 (Figure 3.5a). It
still seems to slightly propagate downwards starting in late summer /early autumn,
quickly cooling from the surface downward. Above, the water is much colder, but
there is a considerable amount of variability. The salinity maximum is located at the
same depth as at R2-1, between ~250-450 m, and is present throughout the year,
though not as much in 2018 (Figure 3.5b). The upper water column is dominated by
fresher waters that reach down to ~250 m, with the exception of some more saline
time periods, mostly during winter. Here, potential density is already strongly
dominated by the salinity structure (Figure 3.5¢). Due to the fresh surface layer,
the water column is very stable throughout the year (Figure 3.5d). Even during
times of reduced stratification, buoyancy frequency is much larger than at R1-1.
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Figure 3.4: Map of Fram Strait with the mooring positions (yellow diamonds), schematic current
direction of the WSC (red arrow), and the EGC (blue arrow), as well as contour lines of 20% sea
ice concentration in February (orange) and August (pink), and of 80% sea ice concentration in
February (green) and August (cyan). 2013-2018 average percent of days with ice concentration of
more than 20% in the background.

There are both westward and eastward zonal velocities, sometimes of very small
magnitude, also for rather longer periods (Figures 3.5e,f). Most notable are strong
westward and partly eastward velocities in March/April 2017 with a magnitude of
~0.4 m s7!, and strong eastward velocities in March 2018 up to 0.45 m s~!. The
meridional velocities are generally of larger magnitude than the zonal velocities and
rather southward, mostly during winter. There is, however, strong northward flow
in April 2017 of more than 0.5 m s~!.
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Figure 3.7: As in Figure 3.2, but at R5-1.
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3.1.4 R4-1

R4-1 is located on the Molloy Fracture Zone at 80°10’N, and usually ice-covered
(Figure 3.4). Here, measurements display the highest variability in potential tem-
perature throughout the water column (Figure 3.6a). The highest temperatures are
present during late autumn/winter, i.e. much later in the year than further south.
During spring/summer/early autumn, the temperatures in the upper water column
are clearly colder. The upper water column is generally fresher than at R3-1, but
with distinct short, saline periods during winter. The salinity maximum resides
between ~250-450 m, as at R2-1 and R3-1, and is (as at R3-1) less pronounced
during 2018 (Figure 3.6b). Potential density again mostly reflects salinity here,
though salinity and potential temperature behave remarkably similar (Figure 3.6¢).
The water column is generally stable, with some smaller buoyancy frequency values
during winter, when the fresh surface layer is diminished (Figure 3.6d).

The variability in zonal velocity is large, there are mostly very short periods of
either westward or eastward flow that last a couple of days (Figure 3.6e). The high-
est velocities do not necessarily reach up to the surface, unlike at R1-1 and R2-1.
Meridional velocities are mostly southward throughout the year and barotropic, but
sometimes interrupted by northwards velocities that appear much less barotropic
(Figure 3.6f).

3.1.5 R5-1

R5-1 is the northernmost mooring at 80.85°N, west of the Yermak Plateau, signifi-
cantly closer to the Svalbard shelf than the Greenland shelf, and generally ice-covered
(Figure 3.4). Potential temperature at R5-1 is always close to the freezing point in
the upper water column (Figure 3.7a). This layer reaches deeper during the first
winter and less so during the second one. The maximum potential temperature is
located slightly further up in the water column compared to other moorings and
much colder, ~40C. Similar to temperature, very fresh water is situated in the sur-
face layer above the salinity maximum at ~250-250 m (Figure 3.7b). The maximum
is less pronounced in winter. Accordingly a layer of low potential density (the well-
established PW layer) lies above high density waters below, resulting in a very stable
water column throughout the year, particularly in the upper water column (Figures
3.7¢c,d).

Zonal velocities are mostly eastward, meridional velocities mostly southward, both of
small magnitude (compared to the other moorings) and with no obvious seasonality
(Figures 3.7e,f).

3.1.6 Different mooring regimes

The picture that forms at this point is one of five moorings that fit into very different
regimes. The second-northernmost and the second-southernmost mooring, R2-1
and R4-1, respectively, are indicative of AW recirculation branches with different
properties. The middle mooring, R3-1, may be influenced by these recirculation
branches at some times during the year. The southernmost mooring, R1-1, appears
to be largely influenced by the Greenland Sea, while the northernmost mooring,
R5-1, is situated in the Arctic Ocean outflow region. Accordingly, they display a
different amount of variability on several timescales. The available two year time
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series with hourly temporal resolution gives us the opportunity to evaluate seasonal
variability at the five moorings, and, where relevant to the recirculation, mesoscale
variability. In terms of interannual variability, it allows us little more than to assess
the difference between the seasonal cycles of the two years. In the following, we will
first briefly discuss the situation at the moorings affected mainly by the Greenland
Sea and the Arctic Ocean outflow, then direct our focus on the recirculation, as this
is the main topic of this thesis.
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Figure 3.8: Seasonal cycle of water mass layer thickness (m) of PW (blue), AW (red), AAW
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Figure 3.9: Seasonal cycle of (a) potential temperature (°C), (b) salinity (psu), (c) potential
density (kg m=3), (d) eddy kinetic energy (m? s=2), (e) zonal velocity (m s~!), and (f) meridional
velocity (m s~!) from all gridded measurements at R1-1 (dark blue), R2-1 (violet), R3-1 (dark
pink), R4-1 (orange), and R5-1 (green). Note that there are no data available in the upper 40 m
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energy, zonal and meridional velocity.
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the definition of AW, no monthly mean is calculated.

36




3.1.

GENERAL HYDROGRAPHY

(a) Potential temperature [°C]

1.5

AAW

| N\ |
LN,

JFMAMJJASOND

(c) Potential density [kg m™°]

27.98
27.96 1
27.94 1
27.92 1

27.9 1

27.88

JFMAMJJASOND

(e) Zonal velocity [m s™']

0.2

0.1 1

JEFMAMJJASOND

35.05

35 1

34.95

34.9 1

34.85

0.015

0.01 1

| L A
TN D

0.005

0.2

_(b) Salinity [psu]

)

|

JFMAMJJASOND

(d) Eddy kinetic energy [m* 5]

JFMAMJJASOND

(f) Meridional velocity [m sf1]

JFMAMJJASOND

R1-1
- R2-1
R3-1
R4-1
R5-1

Figure 3.11: Same as Figure 3.9, but only for gridded measurements that fit the AAW definition.
Note that axis limits for potential temperature, salinity, and potential density are different to the
ones in Figure 3.9. In months, during which less than 10% of the gridded measurements fall into
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Figure 3.12: Same as Figure 3.9, but only for gridded measurements that fit the DW definition.
Note that axis limits for potential temperature, salinity, and potential density are different to the
ones in Figure 3.9.
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3.2 Greenland Sea domain

It is apparent from the Hovmoller diagram (Figure 3.2) that R1-1 goes through a
seasonal cycle largely affected by the atmosphere with maximum potential temper-
ature in late summer/autumn. Low stratification is present early in the year in the
upper water column, then during spring/summer in the lower water column. In
the Greenland Sea the upper part of the water column is largely dominated by the
seasonal cycle of the atmosphere and wintertime convection (Brakstad et al., 2019),
so R1-1 is likely strongly influenced by the hydrography of the Greenland Sea.

3.2.1 Seasonal variability

There is very little PW present and only in the months of August to November, as
well as in March and April 2017 (Figure 2.4a). In none of the months does the PW
make up more than 10% of the gridded measurements, so there is no seasonal cycle
calculated for this water mass (see Chapter 2.4 for more information). AW layer
thickness is maximal in August to November and minimal in March to June (with
a layer thickness of 200 m still, but no AW at all in April, Figure 3.8a). AAW layer
thickness is, however, maximal in April, and minimal in May and June, possibly
indicating that the water that fits the AAW definition in April (and potentially
also other months) is AW that has simply cooled below the 2°C threshold and not
necessarily reached the Arctic Ocean. The DW layer is also thickest in April and
thinnest in November/December, further suggesting that the cooled AW has become
so dense that it fits the DW definition, i.e. deep convection occurs.

Potential temperature displays a clear seasonal cycle with a maximum in August
to November and a minimum in April (mainly reflecting the amount of AW at R1-
1, Figure 3.9a). The AW itself also has a strong seasonal cycle with a maximum
in October/November and a minimum in February/March (Figure 3.10a), which
illustrates the influence of the atmosphere on the ocean at this latitude. The DW at
R1-1 has the strongest seasonal cycle in potential temperature of all moorings with
a minimum in January and a maximum in August, opposing the seasonal cycle of
AW with a slight lag of 1-2 months (Figure 3.12a). Together with the seasonal cycle
of water mass layer thickness, this implies the water mass transformation from AW
to denser DW. Salinity generally varies very little and is largest at R1-1, with the
clearest seasonality in the AW with a maximum in September and a minimum in
February, though this is a small variation compared to the other moorings (Figure
3.10b). During months, when there is AAW present, the same seasonal cycle is
indicated in the AAW as well (Figure 3.11b). Consequently, variations in potential
density reflect the seasonal cycle of potential temperature (Figure 3.9¢). Due to the
high salinity at this mooring, the highest densities are recorded here throughout the
year, with a minimum of 27.92 kg m~2 in November and a maximum of 28.00 kg
m~2 in April on average in the upper 800 m of the water column. This fits well into
the definition of DSOW (o > 27.8 kg m~3 and § < 2°C, Tanhua et al., 2005), which
means this water could ultimately contribute to the overflow across the Greenland-
Scotland-Ridge, though the same applies to the water at the other moorings as well.
It appears to be a bit lighter than what was found in the central Greenland Sea
the preceding years, but slightly denser than what was found at the outer rim of
the Boreas Abyssal Plain (Figure 3b in Brakstad et al., 2019). The variability in
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3.2. GREENLAND SEA DOMAIN

potential temperature, salinity, and potential density is much smaller compared to
the other moorings (Figure C.1a,b,c). R1-1 has the weakest stratification out of all
the moorings, with a minimum in AW during January to May (not shown).

Both zonal velocity and meridional velocity are weak, variable in direction, and
fairly barotropic (as the same signal can be seen in all water masses, Figures 3.9e.f,
3.10ef, 3.11e,f, 3.12¢,f). EKE peaks in April/May at R1-1 and has the highest
values of all moorings except R4-1 (Figure 3.9d). In the AW it compares well with
what has been measured at the latitude of R2-1 (von Appen et al., 2016), but EKE
also peaks in the DW portion of the upper 800 m, with a stronger peak than any
of the other moorings. Present eddies may be subjected to atmospheric forcing,
or subsequent convection may cause baroclinic instability and produce new eddies
(Akitomo, 2010).

3.2.2 Interannual variability

The seasonal cycle of potential temperature at R1-1 is very similar in 2016 and
2017 from January to July, but 2017 was generally warmer in August to December
compared to 2016 (Figure 3.13a). The discrepancy is largest in December with
almost 1°C. This is a signal most obvious in the DW portion of the upper 800 m
of the water column, though of much smaller magnitude (not shown). Salinity and
potential density on the other hand are fairly similar in both years in all water
masses (not shown).

Velocities vary between the two years as they do throughout the year (not shown).
One peak in southeastward velocity in March 2017 sticks out (but is averaged with
weak velocities in March 2018). Maximum EKE occurs in April 2017, while EKE
peaks in the second year in March and May 2018, only with an amplitude of about
half of that in April 2017 (Figure 3.13b).
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Figure 3.13: Monthly averages of (a) potential temperature (°C), and (b) eddy kinetic energy
(m? s72) from August 2016 to July 2018 at R1-1, averaged over the upper 800 m of the water

column. Note that there are no data available in the upper 40 m for potential temperature, and
in the upper 20 m for eddy kinetic energy.

That means a colder summer/autumn with slightly weaker salinities and less AW
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was followed by a spring of high EKE, and some deep convection, as indicated by
the water mass distribution. Then comes a warmer summer/autumn with slightly
higher salinities and more AW, followed by a steep drop in AW layer thickness,
and a large peak in DW layer thickness, indicating strong deep convection. This is
also visible in the stratification, which is lowest at R1-1 in March/April 2018. A
hypothesis would be that in spring 2017 EKE is advected from the WSC towards
R1-1, i.e. it is influenced by the southern recirculation, likely much more so than
in 2016. In 2018 strong deep convection occurs, either because R1-1 is less affected
by the southern recirculation, or because the comparatively large amount of AW
present acts as a precondition for the dense water formation (as more saline water
is cooled), or a combination of both.

3.3 Arctic Ocean outflow

R5-1 displays the lowest temperature and salinity throughout the year (Figures
3.7a,b), with a steady PW layer close to the surface. Velocities are generally weak
and southeastward, suggesting R5-1 to be located in the Arctic Ocean outflow region,
mostly unaffected by the recirculation.

3.3.1 Seasonal variability

At R5-1, the PW layer is the thickest in comparison to the other moorings, with little
variation throughout the year due to the continuous ice cover. R5-1 is also the only
mooring at which PW is present with more than 10% of the gridded measurements
during all monthly means (see Chapter 2.4 for more information). The PW layer
thickness is of comparable magnitude to the AAW layer thickness, which are the
two dominant water masses in the Arctic Ocean outflow in the upper water column.
At the same time, the AW layer thickness is smallest at R5-1 of all the moorings.
The most notable feature is a maximum in AW layer thickness and a minimum in
AAW layer thickness in April (Figure 3.8e). By our definition, on average (over the
entire time series) some AAW is situated above the AW layer, and most is situated
below (not shown). This may only be AW that has mixed with the PW above.

Potential temperature, salinity, and potential density are all smallest in the upper
800 m of the water column at R5-1, compared to the other moorings, which is largely
due to the sizable fraction of PW (Figures 3.9a,b,c). Potential temperature is larger
in February to April, with a maximum in April. This is a feature that is clearest in
the AAW (Figure 3.11a). The same can be seen in salinity, meaning that in April
there is not only more AW present, but also the AAW is warmer and more saline.
Unless the Arctic Ocean outflow has different characteristics during this time of the
year, this may be the fraction of water falling into the AAW definition that is just a
local mixture between the PW and AW. Potential temperature and salinity display
little variability (of similar magnitude to that of R1-1 and R2-1), with a small peak
in March to April in potential temperature (Figure C.1a). Of all the water masses at
R5-1, the PW generally has the largest variability in potential temperature, salinity,
and potential density, with a maximum in potential temperature in March, and a
maximum in salinity in October, though this is still small compared to PW variabil-
ity at R3-1 and R4-1 (not shown). Only in the AAW is the variability of salinity
largest at R5-1, with a maximum in October (Figure 3.11). R5-1 has the strongest
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stratification of the moorings (not shown), with the only seasonality in the AAW
with a maximum in October to December and a minimum in February to August.

Zonal velocities are generally eastward and meridional velocities are generally south-
ward. Both are weak and fairly barotropic (Figures 3.9e.,f). This fits well with the
Arctic Ocean outflow modelled by Wekerle et al. (2017), and the observations of
a broad, barotropic outflow at higher latitudes by Richter et al. (2018). EKE is
smallest compared to other moorings in all water masses, with no obvious seasonal-
ity (Figures 3.9d, 3.10d, 3.11d, 3.12d), further supporting that there is little to no
influence of the recirculation at R5-1.

3.3.2 Interannual variability

Potential temperature and salinity peak in April of both years, with an additional
peak in February during the second year (Figures 3.14a,b). The first year is colder
and fresher in December to February, during which the northern recirculation is
more dominant. In addition, AW is present during most months of the second
year, unlike the first year, where there is only AW present in more than 10% of
the measurements during March to July (Figure 2.4e). Indeed we will show below
(Chapter 3.5) that the northern recirculation is much stronger during the second
year, but if it were impacting R5-1, we would expect a signal in the EKE as well,
which is similarly small in both years (not shown). The velocities are also very
similar in the two years (not shown), supporting the idea that R5-1 is not affected
by the recirculation much, but rather only by the Arctic Ocean outflow.

PW potential temperature is minimal in the first winter, but maximal in the second
one (not shown). A hypothesis would be that the northern recirculation blocks
the southward transport of PW at this longitude, enabling PW accumulation (see
Chapter 3.6).
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Figure 3.14: Monthly averages of (a) potential temperature (°C), and (b) salinity (psu) from

August 2016 to July 2018 at R5-1, averaged over the upper 800 m of the water column. Note that
there are no data available in the upper 40 m for potential temperature and salinity.
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3.4 Continuous recirculation branch

At R2-1, velocities are mostly westward, at times northwestward (Figures 3.3e,f).
On average, it displays the maximum potential temperature and salinity in the AW
layer, which is also thickest of all the moorings (Figure 3.1). This confirms, what
has been observed through the zonal array at this latitude already (Schauer et al.,
2004; Beszczynska-Moller et al., 2012): there is a continuous recirculation branch
present at 78°50’N.

3.4.1 Seasonal variability

PW is present in most months, though it makes up a small fraction of measurements
and is, on average, only above the 10% mark from August to December (Figure
2.4b). AW layer thickness is maximal in June/July, but also peaks in January. Dur-
ing these months, AW makes up the largest fraction of the upper 800 m out of the
four water masses considered here (Figure 3.8b). R2-1 is also the mooring that has
the thickest AW layer throughout the year, and the thinnest AAW layer. Similar
to R1-1, AAW layer thickness is maximal in December and minimal in May/June,
while DW layer thickness peaks in April. As at R1-1, this speaks for the AAW not
actually being AW that has circulated through the Arctic Ocean, but rather cooled
AW that continues to become denser, though this happens less than it does at R1-1
due to the sustained influence by the AW recirculation.

The seasonal cycle of potential temperature at R2-1 is also similar to that of R1-1,
with maximum values in June to November and minimum values in February to
April, yet the temperatures are generally higher (Figure 3.9a). The same signal can
be seen in the AW portion of the water column, though its seasonal cycle of potential
temperature is slightly weaker than at R1-1 (Figure 3.10a), and reversed with a small
lag in the DW (Figure 3.12a). Salinity, on the other hand, varies little throughout
the year and, averaged over the entire 800 m or any water mass, is smaller than at
R1-1 (Figure 3.9b), even though on average, the salinity maximum of all moorings
and all depths is located at one point in the water column at R2-1. The salinity
of the AW has a minimum in December to March (Figure 3.10b). Just like R1-1,
the potential density mostly reflects the seasonal cycle of potential temperature and
is second highest of the moorings (Figure 3.9¢c), like salinity. There is also little
variability in potential temperature, though a slight peak in its standard deviation
in April/May is visible (Figure C.1a), and there is some considerable variability in
the salinity of the AW, which is largest in February (Figure C.2b). Stratification at
R2-1 is weaker than at the moorings further north (not shown), with the weakest
stratification in the AW layer in the first half of the year, similar to R1-1.

Zonal velocities are westward throughout the year, the strongest of all the moorings,
in all water masses. They are strongest in January to July, reaching their maximum
in May (Figure 3.9¢). This seasonal cycle is even clearer in the AW (Figure 3.10e).
This confirms, what has been observed at this latitude at the zonal mooring ar-
ray since 1997 (Schauer et al., 2004; Beszczynska-Moller et al., 2012). Velocities at
the zonal mooring array close to the prime meridian were generally westward, and
stronger with a slight northward component in winter (Figures 3.15a,b). Our obser-
vations indicate that meridional velocities are small, southward in June to October
and indeed northward in November to February. The northward velocities increase
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substantially in March to May, giving the flow at R2-1 a northwestward direction
(Figure 3.9f), which is also clearest in the AW (Figure 3.10f). This means, AW layer
thickness is largest at R2-1 during times, when the westward velocities are strongest,
but do not have the additional northward component. EKE peaks in April/May,
like it does at R1-1 (Figures 3.9d, 3.17a,b). This compares very well, both in timing
and magnitude, with observations made by von Appen et al. (2016) at this latitude
(Figures 3.18a,b).

(a) February

)
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Figure 3.15: Mean velocity (m s~!) and standard deviation ellipses from moored instruments in
the upper water column. (a) The February mean and (b) August mean. The mooring positions
are shown as thick white dots. The monthly mean currents at 75 m depth are shown as thick red
lines pointing away from the mooring location. At 250 m, the lines are thinner and blue. The
standard deviation ellipses around the mean are shown in light red (75 m) and light blue (250 m).
Figure modified from von Appen et al. (2016).

3.4.2 Interannual variability

The seasonal cycle of potential temperature at R2-1 reaches its minimum and
maximum later in 2016/17 (in May/April and October, respectively) compared to
2017/18 (February and August, respectively; not shown). Salinity and potential
density, as at R1-1, are fairly similar in both years (not shown).

Unlike in the seasonal cycle of both years, the westward velocities cease in the
monthly averages in August 2016, March 2017, and November 2017 (Figure 3.16a),
more precisely for periods of 16-24 days. This may suggest some meandering, fil-
amentation, or broadening/narrowing of the southern recirculation branch. The
strong northward flow in March to May is clearly present in both years, but the
meridional velocities vary more and are strongly southward at times during the rest
of the year in 2017/18, while they are mostly weak or northward during the rest of
the year in 2016/17 (Figure 3.16b). The southward velocities in October 2017 and
July 2018 may suggest that at times R2-1 is located in the part of the recirculation
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3.4. CONTINUOUS RECIRCULATION BRANCH

that joins the EGC on its southward path, i.e. the outer EGC (Havik et al., 2017).
EKE peaks a little earlier and stronger in 2016/17 (in April) compared to 2017/18
(in May), similar to EKE at R1-1, though without the peak in March 2018 (not
shown). DW layer thickness peaks in April 2017, while AW layer thickness has a
minimum (Figure 2.4b), very much like what happens at R1-1, though there the
effect is much stronger in 2018. This might indicate that there is also convection
occurring to a certain degree at R1-1.
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Figure 3.16: Monthly averages of (a) zonal velocity (m s=1), and (b) meridional velocity (m s~1)
from August 2016 to July 2018 at R2-1, averaged over the upper 800 m of the water column. Note
that there are no data available in the upper 20 m for zonal and meridional velocity.

3.4.3 Mesoscale variability

Eddies clearly play a role, but EKE has a seasonality that does not fully coincide
with the seasonal cycle of potential temperature and salinity. Its maximum in
April/May is followed by an increase in potential temperature, though this is likely
influence from the warming atmosphere at this time of the year, also to be observed
at R1-1. It coincides with a slight peak in salinity, the only months, during which
salinity is larger at R2-1 than at R1-1. The salinity of AW actually plateaus from
April to November. At the same time, zonal and meridional velocities are largest,
particularly in the AW.

The question arises, how continuous the southern recirculation branch really is. It
is possible that it is a separate branch of the WSC altogether that advects eddies
or is even subject to instabilities itself. Such a current could meander, generate
filaments, or broaden/narrow, and even though the westward velocities at R2-1
are observed most of the time, there are a few weeks during which they cease.
The alternative is that the recirculation consists only of eddies that self-propagate
westwards, so that on average, we observe westward velocities. The propagation
speed of eddies is limited by the maximum phase speed of Rossby waves, which
depends on the variation of the Coriolis parameter S and is very small at this
latitude (Johannessen et al., 1983). The topographic 5 quantifies a similar effect of
changing the background potential vorticity (PV = relative vorticity + f/H, where f
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is the Coriolis parameter and H the water depth), but due to changes in topography
instead of planetary vorticity, and is of several orders of magnitude larger in Fram
Strait, particularly at the continental slope of Svalbard (von Appen et al., 2016). It
is not clear from our observations, whether self-propagation or advection of eddies
by a background flow is more likely. This may be more easily analysed in the eddy
generation regions.

3.5 Eddying recirculation branch

While R4-1 has a strong PW layer during part of the year, in late autumn /winter the
upper part of the water column is dominated by short periods of high temperature
and salinity (Figures 3.6a,b). This, as well as the subsurface EKE maximum in the
time-averaged section (Figure 3.1d) suggest this location to be impacted by a more
eddying AW recirculation.

3.5.1 Seasonal variability

At R4-1 the PW layer thickness is fairly constant throughout the year, with the
exception of December to February. Particularly in December the PW layer di-
minishes, when the AW layer thickness reaches its maximum. AW layer thickness
has one of the largest seasonal cycles of all the moorings, with highest values in
December to February, and a minimum in July (Figure 3.8d). AAW and DW layer
thickness vary much less throughout the year, though AAW layer thickness also
displays a minimum in April (like PW layer thickness).

This seasonality is well reflected in potential temperature and salinity. Potential
temperature of the upper 800 m of the water column is, in fact, highest of all moor-
ings and all months in December at R4-1 (Figure 3.9a). Between the maximum in
December and the minimum in July lies a difference of about 1°C. R1-1 is the only
mooring that displays a seasonal cycle of similar strength, but with a maximum in
August to November and a minimum in April, which is more what would be ex-
pected from direct contact with the atmosphere. The seasonality at R4-1 is likely an
advected signal, as a maximum in potential temperature and salinity would not be
caused by influence from the atmosphere or sea ice in December. When salinity peaks
in December, it reaches values similar to that of R1-1 and R2-1, while during the
rest of the year, R4-1 is much more like R3-1 or even R5-1 (Figure 3.9b). The peak
in December is also notable in potential density, right after a minimum in Novem-
ber (Figure 3.9¢c). This is a signal most noticeable in the AW portion of the water
column (Figure 3.10c). Potential temperature is most variable at R4-1 out of the
five moorings with several peaks in September, November, and January to March,
the same goes for the variability of salinity (Figures 3.9a,b). In particular, the peak
in November stands out in the AW (Figures 3.10a,b) and the PW part of the water
column. As this is roughly the time of the year, when the ice edge reaches the loca-
tion of R4-1 (see sea ice concentration maps from https://www.meereisportal.de,
for data acquisition see Spreen et al., 2008), it seems likely that this variability is
related either to the process of ice formation itself, or the interaction of WSC eddies
with the ice edge. Stratification at R4-1 is similar to that at R3-1, stronger than
at R1-1 and R2-1, but weaker than at R5-1. It has a minimum in December and
is strongest in June to November (not shown), which is clearest in the AW, likely
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linked to the presence of PW close to the surface.

Zonal velocity is weak, of variable direction, and barotropic (Figure 3.9¢). Merid-
ional velocity, however, is southward throughout the year and strongest of the five
moorings (~0.08 m s~! on average), with the exception of the northward peak dur-
ing March to May at R2-1 (Figure 3.9f). The southward velocities are weakest in
the AW (Figure 3.10f), in particular during October to April, and strongest in the
DW (Figure 3.12f). This seems to suggest that the recirculation contradicts the
southward motion somehow, but it appears unlikely that the eddies are propagat-
ing northward against the background flow. This may be related to the northern
recirculation blocking the Arctic Ocean outflow at this longitude (see Chapter 3.6).
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Figure 3.17: Seasonal cycle of eddy kinetic energy (10* m? s72 = 1 cm? s~2) at all five moorings,
at (a) 80 m, and (b) 260 m depth for better comparison with von Appen et al. (2016). R2-1,
marked with a black box, is the mooring located at the same latitude as the zonal mooring array,
on which Figure 3.18 from von Appen et al. (2016) is based on.

The seasonal cycle of EKE is very unique at R4-1. While EKE at all other moorings
except R5-1 (where EKE is small and displays almost no seasonal variability) peaks
in April/May, it peaks in November and in January/February at R4-1 (Figure 3.9d).
Both peaks are stronger than at any other moorings of the recirculation (Figures
3.17a,b). A third peak in May is slightly smaller than that of the other moorings.
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Figure 3.18: Seasonal cycle of the eddy kinetic energy (10* m? s72 = 1 cm? s72) at (a) 75 m
depth and (b) 250 m depth as a function of zonal distance across Fram Strait. The approximate
locations of the WSC and the EGC are marked at the top. The EKE is defined as in this thesis.
Figure from von Appen et al. (2016).
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This is clearest in the AW (Figure 3.10d), but also noticeable in the AAW (Figure
3.11d). The peak in November, just as the variability in temperature and salinity,
may be linked to the ice cover, as will be further discussed below with regard to
mesoscale variability. The peak in January/February may be explained by the fact
that R4-1 is located much closer to the WSC than the moorings further south.
However, when comparing the EKE at R4-1 with a mooring at 78°50’N in similar
proximity to the WSC, the maximum is still occurs earlier, essentially it occurs at
the same time as it does in the WSC (Figures 3.18a,b). Since we do not know, if
the WSC behaves the same way at 80°10'N and 78°50’N, we may hypothesise that
further north different dynamics are at play in the formation of eddies.

3.5.2 Interannual variability

There is little difference in potential temperature between the two years, but salinity
and potential density are smaller during the first year in January to May (Figure
3.19a). Also the EKE maxima are about three times larger (in November and Febru-
ary) during the second year (Figure 3.19b). During the first year there is less AW
present that barely varies in salinity, whereas during the second year more AW with
a strong seasonality in potential temperature and salinity is present (not shown).
During the latter PW almost vanishes. This means, during the second year the
northern recirculation is much stronger.

There is one exception: in October 2016 both potential temperature and salinity
peak (Figure 3.19a), reaching values almost as large as the maximum in Decem-
ber. At the same time, the southward velocity almost vanishes and there is some
westward motion (not shown). It may be possible that this is the only time in
our observations, during which R4-1 is not located in the southward Arctic Ocean
outflow, but captures some of the direct recirculation.
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Figure 3.19: Monthly averages of (a) salinity (psu), and (b) eddy kinetic energy (m? s=2) from
August 2016 to July 2018 at R4-1, averaged over the upper 800 m of the water column. Note that
there are no data available in the upper 40 m for salinity, and in the upper 20 m for eddy kinetic
energy.
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3.5.3 Mesoscale variability

Ideally, we would like to not only be able to observe that mesoscale variability plays
a role, which we can do by calculating EKE from velocity observations, but quantify
eddies in some way. Our data set is limited in that regard, since the moorings have
a distance of ~75 km in between them, yet the internal Rossby radius of deforma-
tion governing the horizontal scale of eddies at this latitude is only ~2-6 km (von
Appen et al., 2016; Zhao et al., 2014). Hence there are very little options, in which
we could directly observe an eddy and know that we are looking at one. Under
certain circumstance this has been done (Lilly et al., 2003), which do not seem to
be applicable in our case. But we do observe a lot of variability in the velocities and
if we assume it is caused by eddies, strong velocities on mesoscale time scales in any
direction can be an indicator for eddies, depending on which side of the eddy we
observe. Hence we define eastward and westward spells in the zonal velocity (how
this was done can be found in Chapter 2.6). Meridional velocity is dominated by
southward flow, likely of the Arctic Ocean outflow, and is not analysed in this way
for the time being, which means we certainly missed eddies. But analysing the zonal
velocity for spells can give us an idea about the length, frequency, and strength of
these spells nonetheless.

An example of both an eastward spell (Figures 3.20a,c) and a westward spell (Figures
3.20b,d) illustrates their subsurface zonal velocity and EKE maximum. Maximum
velocities in some spells can reach up to 0.5 m s™!, maximum EKE up to 0.13 m? s~2.
48 westward spells and 55 eastward spells were identified. Only spells that exceed
an average westward/eastward velocity of 0.05 m s™! are used in the analysis, and
since westward spells are generally stronger (with an average westward velocity of
-0.09 m s7') than eastward spells (with an average eastward velocity of 0.06 m s™1),
this leaves 44 westward spells and 34 eastward spells (Figure 3.20e). Both westward
and eastward spells last on average about 3 days. Most spells occur in December
2017 to February 2018, and most of them are westward (Figure 3.20e). Whether
we capture the southern or northern end of the eddies more often is impossible to
determine, since they could be either cyclonic or anticyclonic. One possibility would
be to analyse the spells’ temperature and salinity anomalies, which could reveal cold
or warm cores potentially associated with (anti-)cyclones. The spells’” EKE is largest
from November to February in both years (Figure 3.20e).

R4-1 is located directly on the Molloy FZ, as one hypothesis is that the eddying
recirculation is topographically guided along fracture zones (Quadfasel et al., 1987).
During the 1983 and 1984 Marginal Ice Zone Experiments, several mesoscale ed-
dies were studied in the Fram Strait between 78° and 81°, which had a (mostly
subsurface) maximum velocity of up to 0.4 m s~! (Johannessen et al., 1987). This
compares well with maximum velocities of our velocity spells. The eddies observed
by Johannessen et al. (1987) had typical scales of 20-40 km and were mainly cy-
clonic. They propose different generation mechanisms for these eddies — some are
formed by a mixture of these mechanisms, or by one single mechanism. Barotropic
and baroclinic instability in the WSC likely play a role, and the WSC has since been
found to be barotropically and baroclinically unstable at least sometimes (Teigen
et al., 2010, 2011). More specifically, baroclinic instability plays a larger role in
generating eddies, especially during winter, while barotropic instability plays some
role during winter in regions, where the topography supports it (von Appen et al.,
2016). Topographically controlled eddies are formed by conservation of PV, when
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barotropic flow interacts with bathymetry (Johannessen et al., 1987, i.e. when flow
crosses f/H contours, and relative vorticity has to increase/decrease). Since the
WSC responds very strongly to f/H contours, this is more likely in regions, were
the topography is very complicated, for example when fracture zones hit the conti-
nental slope (Gascard et al., 1988). Another factor that can affect eddy generation
and strength is the PW and sea ice in the western part of Fram Strait. In regions,
where the AW has to subduct underneath the lighter PW and the ice, a deepening
of the AW core may enhance potential vorticity of the upper water layer, i.e. the
isopycnal bounding the AW on the lower end of the water layer has a larger distance
to the surface, and relative vorticity must increase for PV conservation (Johannessen
et al., 1987).

While our findings of EKE at R1-1, R2-1, and R3-1 compare favourably with the
findings of von Appen et al. (2016) at the zonal array, it seems likely that, as sug-
gested in their analysis, barotropic and mostly baroclinic instability cause the EKE
maximum in April/May (Figures 3.17a,b). The situation at R4-1 seems more com-
plicated and is probably affected by the close proximity of the ice edge during most
of the year (Figure 3.4), as well as a more complex topography due to the Molloy
Hole.
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Figure 3.20: Zonal velocity (m s™!) section of an example of (a) an eastward spell, and (b)
a westward spell, as well as eddy kinetic energy (m? s=2) during the same time ((c) and (d),
respectively). (e) Time series of depth-averaged eddy kinetic energy (m? s=2) of all eastward (red)
and westward (blue) spells. Each spell is marked in its full duration in light shading; the example
spells from (a) and (b) are marked in darker shading. For the definition of eastward/westward
spells see Chapter 2.
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3.6 Influence by southern/northern recirculation

From the Hovméller diagram (Figure 3.5) it is not quite clear, whether R3-1 is more
influenced by the southern or the northern recirculation branch. It is likely not
directly affected by the WSC due to its location west of the Molloy Hole.

3.6.1 Seasonal variability

The PW layer thickness is maximal in July to November and minimal in December
and April. AW layer thickness opposes these minima with peaks in December and
April, the latter being the larger one. AAW and DW layer thickness does not vary
much throughout the year (Figure 3.8c).

Unlike further south, potential temperature does not display a strong seasonal cycle
in the upper 800 m of the water column, except for a peak in April that is also visible
in salinity (Figures 3.9a,b). Salinity additionally peaks in December to February,
just like at R4-1. It seems likely that R3-1 is affected by the southern recirculation,
when it gains its northward component, and by the northern recirculation, when
it takes maximal effect. The AW at R3-1 has the lowest salinity of the moorings,
maybe because it takes the longest route towards the prime meridian. It has a
similar potential temperature as at R4-1, and almost no seasonal cycle (Figures
3.10a,b) — the seasonal cycle in the upper 800 m of the water column stems from
the amount of AW present, not the variability within the water mass. This indicates
that the two recirculation branches are not so different, if they do indeed impact
R3-1 at different times, but with no discernible difference in the AW properties. It is
possible, however, that the signal from the northern recirculation branch is diluted
by the Arctic Ocean outflow. The potential density is very similar to that at R4-1,
with a peak in December, right after a minimum in November (Figure 3.9¢). The
standard deviation of potential temperature and salinity is higher than at R1-1, R2-
1, and R5-1, but smaller than that at R4-1, with less variation in between months
(Figures C.1a,b). The standard deviation of salinity in the AW is even larger than
that at R4-1 at times (Figure C.2b). R3-1 displays the strongest stratification in
November and the weakest right afterwards in December, very similar to R4-1 (not
shown).

Zonal velocities are weak, of variable direction, and barotropic, also similar to R4-1
(Figure 3.9¢). Meridional velocities are stronger and southward in November and
January to March, but otherwise also weak and of variable direction (Figure 3.9f).
The signal is slightly stronger in the AW layer, in contrast to R4-1 (Figure 3.10f).
EKE is maximal in April/May, similar to R1-1 and R2-1, but of smaller magnitude
(Figure 3.9d). This varies much less in the different water masses than at the other
moorings, where in particular in the AW the EKE is much larger than on average
in the upper 800 m of the water column (Figure 3.10d).

3.6.2 Interannual variability

Potential temperature and EKE clearly peak in April 2017, but not in April 2018
(Figures 3.21a,b). This peak is also very notable in AW salinity (not shown). At
first, southward velocities dominate the flow, which then cease in April 2017 (not
shown). It seems, R3-1 is reached by the Arctic Ocean outflow in the beginning of
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the observational period, which is then suppressed by the influence from the south-
ern recirculation. This is not the case in 2018, meaning the northward meridional
velocities at R2-1 may not be the cause for the southern recirculation impacting
R3-1, because these are observed in both years.

During March 2018, there are strong eastward velocities at R3-1, a signal visible in
all water masses, though it is not clear as to why these occur. In the first year, there
are more months, during which there were more than 10% of observations that fall
into the PW definition, similar to R4-1. This is when there is less eddy activity
(i.e. less recirculation) at R4-1, so that the PW layer is much more continuous from
north to south.

One possible conclusion is that R3-1 is located in the Arctic Ocean outflow unless
it is influenced by the southern or northern recirculation. The former seems to be
the case only in the first year (which is also the case at R1-1, which would mean the
southern recirculation must have become very broad, or the signal from the WSC
was very strong in that year). The effect of the northern recirculation may actu-
ally be one of simply impeding PW transport from the north rather than directly
influencing R3-1.
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Figure 3.21: Monthly averages of (a) potential temperature (°C), and (b) eddy kinetic energy
(m? s72) from August 2016 to July 2018 at R3-1, averaged over the upper 800 m of the water
column. Note that there are no data available in the upper 40 m for potential temperature, and
in the upper 20 m for eddy kinetic energy.

3.6.3 Mesoscale variability

The impact of mesoscale variability at R4-1 becomes visible in the first empirical
orthogonal function (EOF) of potential temperature. There are times, during which
maximum potential temperature is located at R4-1 and the high temperatures reach
up high in the water column (Figure 3.22b), and times, during which there is much
less warm AW at R4-1 and the cold surface PW layer is well established (Figure
3.22¢). This also leads to a stronger surface PW layer at R3-1, though it is not
as thick as it is at R4-1 and R5-1. These two situations represent the northern
recirculation branch being present (Figure 3.22b) or absent (Figure 3.22¢). The first
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principal component (PC) indicates that it is present from September/October until
March, with high frequency variability in the first PC, highlighting the importance
of mesoscale variability (Figure 3.22d). The first PC is mostly positive in December
2017 to February 2018, which is when the northern recirculation branch is strongest.
During this time it seems that the northern recirculation has a ’blocking’ effect on
the PW transport from the north. This is not to be confused with the recirculation
blocking the flow, but rather affecting the properties of the Arctic Ocean outflow.
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Figure 3.22: (a) Gridded potential temperature (°C) section, averaged over the entire time series.
(b) As in (a), plus the first empirical orthogonal function (EOF) of potential temperature, and (c)
as in (a), minus the first EOF. The first EOF explains 27.17% of the variance. (d) Time series of
the first principal component (PC) of potential temperature.

Model output from Wekerle et al. (2017) suggests that during winter, when the
northern recirculation branch is present, the Arctic Ocean outflow is broader and
only narrows significantly at ~78°30'N (Figures 3.23a,c), whereas during summer
it meanders between 79°50’N and 81°40’N and narrows immediately further south
(Figures 3.23b,d). With regard to the R moorings’ positions, this means R3-1 is
affected by the southward velocities of the Arctic Ocean outflow much more strongly
in winter. It seems likely that more AW is advected from the north to the south
between the locations of R5-1 and R3-1, both due to the effect of the northern
recirculation on the flow pattern and the distribution of water masses.
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Indeed, southward velocities are measured at R3-1 in November and January to
March (Figure 3.9f). The difference between winter and summer is also obvious,
when comparing the February and August average velocities at 75 and 250 m depth
(Figures 3.15a,b). However, when looking at the two years individually, southward
velocities are only present in January to March during the first year and in November
during the second year, even though we would expect the impact of the northern
recirculation on the flow pattern to be more obvious in the second year, when the
northern recirculation is stronger.
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Chapter 4

Summary and Conclusions

With the present analysis, our aim was to answer the following questions:

1. Where does the recirculation occur?

2. How variable is the recirculation in terms of location, strength, and properties?

We can identify two recirculation branches that display variability on different time
scales.

We observe westward motion and a strong AW signal at the location of R2-1
(78°50’N, in between the Hovgaard Ridge and the Spitsbergen Fracture Zone). This
confirms previous observations of a southern recirculation branch at this latitude
(Schauer et al., 2004; Beszczynska-Moller et al., 2012). The flow does seem to me-
ander or broaden/narrow to a certain degree around the location of R2-1, as it affects
both the locations of R1-1 further south (78°10°’N) and R3-1 further north (79°30°N)
at times. Our analysis strongly indicates that this is a continuous phenomenon that
likely never completely disappears.

We also observe a strong AW signal at R4-1 (80°10’N, on the Molloy Fracture Zone),
though measurements of velocity at this location are, on average, southward and in-
dicate the mooring to be located in the Arctic Ocean outflow, but largely affected
by a northern recirculation branch.

We observe no recirculation at the northernmost mooring R5-1 (80°50°N, west of
the Yermak Plateau), and very little AW, which probably means, the bulk of the
recirculation occurs south of this location.

The southern recirculation branch displays little variability in its potential temper-
ature, salinity, and amount of AW present. The flow instead varies seasonally in
strength, with stronger westward flow from January to July and a maximum in
May. The flow gains a strong, additional northward component during March to
May. Like von Appen et al. (2016), we observe an EKE maximum in the central
Fram Strait at 78°50’N in April/May. It is not clear, whether this is related to a
current advecting eddies from the WSC or self-propagating eddies with an average
westward direction.

The northern recirculation branch, on the other hand, is characterised not by its
flow direction, but by its high variability in potential temperature, salinity, and
velocities. It has a strong seasonality in the sense that it is only present during
wintertime, with a maximum in potential temperature and salinity in December to
February. Its seasonality of EKE is very different to that of the other moorings,
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with the largest maxima in November and January/February. Mesoscale variability
seems to play an important role and may be affected not only by dynamics related
to the WSC, but also the ice edge.

On average, there is a PW layer present close to the surface at the prime meridian
that gradually becomes thicker from south to north. However, during the part of
the year when the northern recirculation branch is present, this PW layer diminishes
and the upper part of the water column is almost completely occupied by AW at
the location of R4-1, also significantly impacting the amount of PW further south.
Since R4-1 is affected by the southward velocities of the Arctic Ocean outflow, re-
circulated AW is likely also transported southward at the prime meridian at times.
Hence, R3-1 is affected both by the northern and southern recirculation. While the
amount of AW at R3-1 varies, AW properties display very little variability, indicat-
ing that the two recirculation branches are not very different in their AW properties.
It is possible though that the northern recirculation at this longitude has already
mixed with the Arctic Ocean outflow.

In addition to both displaying seasonal and mesoscale variability, the two recircu-
lation branches also vary from the first to the second year of observations. While
the southern recirculation seems to affect the locations north and south of it more
strongly during the first year, the northern recirculation is much stronger during the
second year. Our observational period is unfortunately too short, to make further
observations on interannual variability. The existence of two recirculation branches,
one north and one south of the Molloy Hole, that largely follow topographic fracture
zones, has been suggested by synoptic observations numerous times (Quadfasel et al.,
1987; Bourke et al., 1988; Gascard et al., 1988, 1995; Rudels et al., 2005; Richter
et al., 2018). Now we can confirm their existence with long-term measurements,
quantify their location and discuss their properties and variability. Our findings
compare reasonably well with recent modelling studies on the recirculation. Both
the northern and southern recirculation branch, as we observe them, were mod-
elled by Wekerle et al. (2017). It seems, their model picks up on the seasonality
in strength of the southern recirculation, and they also find the northern recircu-
lation to be much stronger during winter and more eddying. They find two more
recirculation branches, one north of our study area, and one close to the location of
our southernmost mooring R1-1. We do not observe the latter, which may rather
be part of the Greenland Sea circulation than a recirculation branch originating
from the WSC. Hattermann et al. (2016) also find two recirculation branches in
their model. While the northern recirculation compares well with our observations,
their southern recirculation occurs further south and carries colder, fresher water.
It could be related to the Greenland Sea circulation, similar as the southernmost
recirculation branch in Wekerle et al. (2017).

The R moorings were placed with the hypothesis to definitively delineate the loca-
tion of the recirculation (Kanzow, 2017), so it is no coincidence that we were able
to observe the two recirculation branches, as well as the situation outside/at the
borders of the recirculation domain. With the knowledge we have now, it would be
pertinent to place future moorings such that we could narrow down the location and
width of the recirculation branches, i.e. further south than R5-1, and further north
than R1-1. Leaving R2-1 and R4-1 in place would be beneficial for the evaluation
of interannual variability and better comparison with previous observations at these
locations, since we know that we can observe the recirculation with these moorings.
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With regard to the southern recirculation, it would be interesting to place moorings
north and south of it, with a smaller distance than previously, to further quantify the
width of the recirculation and the amount of meandering or broadening/narrowing it
is subjected to. At the northern recirculation, on the other hand, moorings located
in close proximity (ideally smaller than the Rossby radius of deformation) east or
west of R4-1 could give a better idea of eddy dynamics. Knowing the situation in the
WSC at a similar latitude as R4-1 or slightly further south could also contribute to
a better understanding of eddy generation processes (basically conducting a study
similar to von Appen et al. (2016), but further north). As there is data available
from the zonal array during the same time, the R moorings were in the water, it
would be possible to analyse, whether variability at R1-1, R2-1, and R3-1 originates
from the WSC. Data from the moorings in central Fram Strait from the zonal array
could also be used to get a better idea of seasonal and especially interannual vari-
ability.

There is more potential in the data presented in this thesis itself: CTDs on the
R moorings measured oxygen as well, analysis of which could help differentiating
between AW and AAW better. Averaging over shorter time periods (than monthly
means) could reveal more insight to mesoscale variability. If there is the indication
of the situation at one mooring affecting the situation at another, lead-lag correla-
tion may be a helpful tool.

To get a broader view, one could utilise models such as the FESOM model. It can
provide the information that is missing from our limited mooring array: what hap-
pens in between the moorings and in the boundary currents during the same time.
It gives us the ability to identify phenomena on much smaller spatial scales such as
mesoscale eddies. In return, our observations can help to validate and improve the
modelling of the recirculation in Fram Strait.

In conclusion, at the prime meridian we observe a more continuous recirculation
branch south of the Molloy Hole and a more eddying recirculation branch north
of the Molloy Hole, both with distinct seasonal and mesoscale variability. These
observations can help to provide context for past and future synoptic observations,
modelling representation, and dynamical understanding of the AW recirculation in
Fram Strait.
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Appendix A

Meta data of moorings and
instruments

In the following, detailed information is given on where the moorings were located,
to which depth they extended to, when exactly they were deployed and recovered,
as well as under which station number.

All instruments on the moorings relevant to this thesis are listed with their serial
number, their planned depth in the water column, plus the depth offset that was
used to determine the instrument’s depth, if it didn’t record pressure.
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Table A.1: Meta data of moorings R1-1, R2-1, R3-1, R4-1, and R5-1, including longitude, latitude, depth, date/time and station name of deployment and

recovery.

Mooring Lon Lat Depth [m] Deployment Deployment Recovery Recovery
date/time  station date/time  station

R1-1 0.0007°E  78.1702°N 3013 09-Aug-2016 PS100/106-1 20-Jul-2018  PS114/023-2
13:54 05:39

R2-1 0.0015°E  78.8335°N 2596 27-Jul-2016 ~ PS100/039-2 20-Jul-2018  PS114/025-1
13:48 13:15

R3-1 0.0005°W  79.5000°N 2778 29-Jul-2016  PS100/045-1 21-Jul-2018  PS114/029-2
23:25 07:01

R4-1 0.1698°E  80.1625°N 3034 29-Jul-2016 ~ PS100/047-1 25-Jul-2018  PS114/040-2
18:14 12:49

R5-1 0.1205°W  80.8530°N 3140 31-Jul-2016 ~ PS100/053-1 24-Jul-2018  PS114/036-1
12:34 09:55




Table A.2: Meta data of the instruments on R1-1, R2-1, R3-1, R4-1, and R5-1 that were used in
this thesis, including the type of instrument, the serial number (SN), the target depth, and, if an
instrument didn’t record pressure, the serial number of the instrument whose pressure record was
used + the depth offset between the instruments. If there is no serial number, the depth offset was
added to the instrument’s own pressure record.

Mooring Type SN  Target depth [m] (SN) + Depth offset [m]

RI-1 SBE37 13973 49
SBE56 6363 77 13973 + 28
SBE56 6364 127 13973 + 78
QMADCP 24069 228
SBE37 13974 231
SBE56 6365 330 13974 + 99
SBE56 6366 480 13973 + 249
AQD 12685 728 + 28
SBE37 13985 729
R2-1 SBE37 13979 41
SBE56 6367 90 13979 + 49
SBE56 6368 138 13979 + 97
QMADCP 23806 242 +2
SBE37 13980 244
SBE56 6369 344 13980 + 100
SBE56 6370 494 13980 + 250
AQD 12718 742 + 18
SBE37 13981 743
R3-1 SBE37 13982 49
SBE56 6371 107 13982 + 58
SBE56 6372 156 13982 + 107
QMADCP 24673 260
SBE37 13986 268
SBE56 6394 367 13986 + 99
SBE56 6395 517 13986 + 249
AQD 12745 765 +15
SBE37 13984 766
R4-1 SBE37 13978 43
SBE56 6396 82 13978 + 39
SBE56 6397 130 13978 + 87
QMADCP 23976 232 1
SBE37 13907 235
SBE56 6398 334 23976 + 102
SBE56 6399 484 13973 + 252
AQD 12680 732 + 22
SBE37 13987 733
R5-1 SBE37 14015 49
SBE56 6400 97 14015 + 48
SBE56 6401 177 14015 + 128
QMADCP 24071 248 +3
SBE37 14005 251
SBE56 6402 350 14005 + 99
SBE56 6403 500 14005 + 249
AQD 12667 748 +15
SBE37 14006 749
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Appendix B

Extension of data set

We attempted to extend the salinity dataset in the vertical by calculating salinity
values from temperature measurements of the temperature loggers. We explain the
attempted procedure here and argue, why we did not end up using the resulting
calculated salinity data. The relationship between temperature and salinity is de-
termined by a linear regression of both the measurements of the CTDs at ~ 265
m and ~ 760 m, assuming the decrease in temperature between the two depths is
related to a similar decrease in salinity.

However, in this case the residuals of the linear regression are only randomly dis-
tributed at R1-1 and R2-1 (not shown). This may in part be due to the missing data
at R3-1 and R4-1, leading to the regression being skewed, which could be avoided by
only using the part of the time series, where there is data available at both depths.
It may also be due to the fact that at the moorings further north, the PW layer
sometimes reaches below 265 m so that the CTD at ~ 265 m depth is located in a
salinity-stratified regime rather than a temperature-stratified one, making it much
more difficult to assess without actual salinity measurements, what the transition
of salinity looks like between the two CTDs. This may not always be the case
and one possible solution could be to somehow differentiate between time periods
of different stratification regimes, only using the times where the stratification is
determined by temperature for the linear regression. Another solution may be to
visually fit a regression line to the data in order to accommodate for a better T-S
relationship related to a temperature-stratified regime. Of course, this assumes that
temperature is more important for stratification between the two CTDs, which may
not be true for the entirety of this part of the water column. While it seems to be
a good assumption for R1-1 and R2-1, analysis of potential density and buyoancy
frequency reveals that inferring salinity data from the temperature logger measure-
ments causes significant instability in the water column, in particular at R1-1, which
is why we choose not to use any of the inferred salinity data.
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Figure B.1: OS plot with linear regression (black line) of potential temperature [°C] and salinity
[psu] of the CTD measurements at ~ 250 m (blue dots) and ~ 750 m (red dots) depth at (a) R1-1,
(b) R2-1, (c) R3-1, (d) R4-1, and (e) R5-1.
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Appendix C

Seasonal cycle of standard
deviation
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Figure C.1: Seasonal cycle of standard deviation of (a) potential temperature (°), (b) salinity
(psu), and (c) potential density (kg m~2) from all gridded measurements at R1-1 (dark blue), R2-1
(violet), R3-1 (dark pink), R4-1 (orange), and R5-1 (green). Note that there are no data available
in the upper 40 m for potential temperature, salinity, and potential density, and in the upper 20
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Figure C.2: Same as Figure C.1, but only for gridded measurements that fit the AW definition.
Note that axis limits for the standard deviation of potential temperature, salinity, and potential
density are different to the ones in Figure C.1. In months, during which less than 10% of the
gridded measurements fall into the definition of AW, no monthly standard deviation is calculated.
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Figure C.3: Same as Figure C.1, but only for gridded measurements that fit the AAW definition.
Note that axis limits for the standard deviation of potential temperature, salinity, and potential
density are different to the ones in Figure C.1. In months, during which less than 10% of the gridded
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measurements fall into the definition of AAW, no monthly standard deviation is calculated.
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