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The Arctic Ocean is known to be inhabited with energetic mesoscale eddies commonly detected in
depths from 200 m to 1200 m. Due to their high energetics and an ability to transfer momentum,
heat, salt and biochemical properties for long distances from their origin, eddies may considerably
affect the structure of a water column in the Arctic Ocean. This study investigated an anticyclonic
eddy event detected at one of the mooring stations deployed under the Nansen and Amundsen Basins
Observational System project. The mooring located at the deep part of the continental slope of the
Laptev Sea and conducted autonomous measurements during years 2013–2015. The conductivity-
temperature-depth as well as current measurements from the Acoustic Doppler Current Profiler in
the upper ocean (24–82 m) and from the McLane Moored Profiler in the intermediate layer (88–760
m) were examined. Spectral analysis of the currents and calculation of the eddy available potential
energy were performed. This study revealed a mesoscale eddy with the core centred deeper than
750 m drifted past the mooring for 2 months. Its horizontal length scale was ∼128 km. The
water properties typical for the Fram Strait Branch of the Atlantic water carried by the subsurface
boundary current were trapped in the eddy. This study suggests that the eddy was originated from
the baroclinic instability of the front between the Fram Strait Branch and the Barents Sea Branch
of the Atlantic water flow.
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1. Introduction

The Arctic is the most sensitive region to the climate change (Blunden and Arndt, 2016).
The special IPCC report on the Ocean and Cryosphere in Changing Climate reports that
the rate of air temperature increase in the Arctic is more than double the global average
(Meredith et al., 2019). Sea ice in the Arctic Ocean (AO) experiences the most drastic
impact of climate change. The impact is evident from the observations of sea ice extent,
thickness (Kwok and Untersteiner, 2011; Kwok and Rothrock, 2009) and the duration of
the sea ice growing and melting seasons (Stammerjohn et al., 2012). The reduced sea
ice coverage leads to a greater portion of open water during summer that consequently
leads to 1) an enhanced heat, momentum, moisture release from the upper ocean to the
atmosphere (Stroeve et al., 2014; Vihma, 2014) and 2) a less effective albedo meaning
more incoming solar radiation is absorbed in the Arctic region (Perovich et al., 2007).
In other words, the global warming accelerates sea ice loss that in turns amplifies the
global warming (Kumar et al., 2010; Meredith et al., 2019), resulting in a so-called Arctic
feedback loop.

However, sea ice is not subjected solely to the air temperature increase. It is also
exposed to the heat flux from the ocean (Carmack et al., 2015; Polyakov et al., 2018; Beer
et al., 2020). The main source of heat in the AO is the warm (> 0°C) and saline water
from the Atlantic Ocean (Atlantic Water, AW; Carmack et al., 2015) which is distributed
over the Arctic basins at intermediate depths (∼150–900 m), determined by the position
of 0°C isotherm (Rudels et al., 1994). It was estimated that the observed warming of
the AW in 2000s with temperatures unprecedented since 1950s (Polyakov et al., 2012)
contributed to about 20% of the total negative trend in sea ice volume (Ivanov et al.,
2012). The study of Onarheim et al. (2014) showed that the territory north of Svalbard
has experienced a greater sea ice loss in winter. The rate of sea ice reduction is about 10%
per decade. Simultaneously, the AW entering the AO in this region has been warming up
at rate 0.3°C per decade. Therefore, the Arctic sea ice strongly depends on the presence
of the cold halocline, the cold water layer (∼50–200 m) characterized by a strong positive
(downward) salinity gradient. Being less saline and lighter than the AW, the Arctic
halocline water overlays the AW, protecting the close to the freezing point surface water
and sea ice from the upward heat flux. Although Nansen in the end of 19th century
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5 Chapter 1. Introduction

recognized the Arctic halocline as a fundamental structure allowing the AO to maintain
the sea ice cover (Nansen, 1904), atmospheric forcing nowadays is being discussed as
the most significant factor of sea ice decline. However, the observed shallowing of the
Arctic halocline (Polyakov et al., 2018) and warming of the AW (Polyakov et al., 2004a,
2010; Onarheim et al., 2014) suggest a transition to a new, warmer, state of the AO with
possible impacts on sea ice cover and, consequently, on the global climate.

Våge et al. (2016) suggested that ocean eddies may be responsible for advection of
the AW from the subsurface boundary current carrying the AW to the Arctic interior.
Many studies focused on eddies in the Amerasian Basin of the AO (e.g., Hunkins, 1974;
Manley et al., 1980a; Manley and Hunkins, 1985; Lilly and Rhines, 2002; Spall et al., 2008;
Carpenter and Timmermans, 2012; O’Brien et al., 2013; Zhao et al., 2014). However, a
search of the literature revealed only few studies focused on the eddies in the Eurasian
Basin of the AO (Aagaard et al., 2008; Dmitrenko et al., 2008; Pnyushkov et al., 2018).
This work aims to investigate an eddy-like event observed at one of the mooring stations
at the continental slope of the Laptev Sea installed in the framework of the Nansen and
Amundsen Basins Observational System (NABOS). The initial analysis of the records
from the mooring (Polyakov et al., 2015) showed anomalous strong current evident for
∼2 months in summer 2014 having the maximum at the lower boundary of the AW layer.
The purpose of this work is to examine this event and its characteristics and determine
the origin of the possible eddy.



2. Theory

2.1 Geography of the Arctic Ocean

The AO is locked between North America and Eurasia and has essential characteristics
of a mediterranean sea (Cottier et al., 2017). The AO has four limited connections with
the global oceans. The most significant one is (1) the Fram Strait between Greenland
and Svalbard with the maximum depth over 3000 m. The other three gaps are (2) the
Barents Sea Opening between Norway and Svalbard, (3) the shallow Bering Strait between
Alaska and Chukchi Peninsula and (4) the numerous channels of the Canadian Arctic
Archipelago. Therefore, the AO has a minor (but not the least important as will be
shown in section 2.2) connection with the Pacific. Topography of the AO is composed
with two main basins, the Amerasian and the Eurasian, separated by relatively large
mid-ocean Lomonosov ridge (Figure 2.1). The Amerasian Basin is further divided by the
Alpha-Mendeleev Ridge into deeper Makarov and shallower Canada Basins. The Eurasian
Basin is divided into deeper the Amundsen (former Fram) Basin and shallower the Nansen
Basin by the Gakkel Ridge. However, 50% (Jakobsson, 2002) of the AO area is covered
by shallow shelf seas: the Barents Sea, the Kara Sea, the Laptev Sea, the East Siberian
Sea and the Chukchi Sea. For an overview of the shelf seas oceanography see Carmack
et al. (2006). The great Siberian rivers are the distinct source of fresh water inflow that
considerably modifies the stratification of the Arctic waters. The focal area of this study
is a continental slope north of the Laptev Sea. The Laptev Sea is bounded by the Taymyr
peninsula and the Severnaya Zemlya archipelago from the west and the east, respectively.
The biggest run-off is provided by the Lena River, the second largest river flowing into
the AO, with its extensive delta.

2.2 Oceanography of the Arctic Ocean

2.2.1 Water circulation

The surface circulation in the AO is composed with two main wind-driven currents: (1)
the anticyclonic Beaufort Gyre over the Canada Basin and (2) the Transpolar Drift (TPD)

6



7 Chapter 2. Theory

Figure 2.1: Bathymetry of the AO. Adapted from Jakobsson et al. (nd). Labels were added by the
author. The yellow star marks the position of mooring M15 (see section 3.1).

flowing from the East Siberian Sea across the North Pole and exiting through the western
Fram Strait. The anticyclonic circulation of the Beaufort Gyre is associated with the
permanent high pressure system (Beaufort High center) over the western part of the
Arctic. The intensity of the Beaufort Gyre is associated with the strength of the wind-
stress curl (Armitage et al., 2017). The circulation in the Eurasian Basin is generally
cyclonic (Figure 2.2). It is formed with the Norwegian Coastal Current that splits into
the West Spitsbergen Current and the rim current (different parts of which have unique
names; see Figure 2.2). The West Spitsbergen Current splits into two: (1) one part flows
back (Bourke et al., 1988) with the East Greenland Current (2) and the remainder sinks
to the intermediate depths. The rim current flows along the Siberian coast and connects
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the shelf seas. It is weaker than, for instance, the Norwegian Atlantic Current but is
important for dense deep water formation on the shelves (Rudels et al., 1999). The rim
current further joins the TPD (Talley et al., 2011). The Pacific Water (PW) enters the
AO via the Bering Strait. The Bering Strait inflow of the PW is characterized by a
smaller transport than the AW inflow from the Nordic Seas. It is driven by the difference
in sea level higher in the Pacific than in the AO. The PW joins the rim current and flows
eastward to the Canada Basin as the Alaskan Coastal Current, bringing the Bering Strait
water to the Canadian Archipelago. The Arctic water enters the Canadian Archipelago
via different routes, the most important being Lancaster Sound, Jones Sound and Nares
Strait (Rudels, 2001).

Figure 2.2: AO surface currents map. Cold and warm currents are in blue and red, respectively. Source:
Unspecified (2010).

The intermediate circulation carries the AW throughout the AO at depths between
200 and 900 m. In general, the intermediate circulation is cyclonic and splits into smaller
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cyclonic cells associated with the major basins (Nansen, Amundsen, Makarov and Canada)
(Aagaard, 1981; Rudels et al., 1994). The AW is brought to the Arctic domain with the
Norwegian Atlantic Current that geographically belongs to the Nordic Seas. One branch
of the AW enters the AO through the Barents Sea Opening (the Barents Sea Branch,
BSB) and another through the eastern Fram Strait (the Fram Strait Branch, FSB) as a
part of the West Spitsbergen Current (see Figure 2.3). The FSB moves cyclonically as a
boundary current along the continental shelf break (Talley et al., 2011). The water of the
BSB (BSBW) is colder and less salty than the FSB water (FSBW) (Schauer et al., 1997).
The BSB joins the boundary flow at the St. Anna Trough north of the Kara Sea and
displaces the FSB away from the continental slope (Schauer et al., 1997; Rudels, 2019).
However, north of the Laptev Sea lateral mixing virtually disperse the front between the
branches (Rudels, 2019). A fraction of the FSB returns toward the Fram Strait within
the Nansen Basin. At the Lomonosov Ridge, approximately half of the boundary current
inflows into the interior of the Amundsen Basin (Rudels, 2001) and the remainder enters
the Amerasian Basin. The boundary current flow in the Amerasian Basin continues along
the American continental slope, splitting at the Mendeleyev and Alpha Ridges and forming
cyclonic gyres in the Canada and Makarov Basins. Finally, the boundary current returns
to the Eurasian Basin north of Greenland and joins the outflows from the Eurasian Basin
together continuing with the East Greenland Current.

The deep circulation in the AO is mostly identical to the circulation in the interme-
diate layer. The major difference is the absence in the deep circulation of the continuous
cyclonic rim current. Its absence is caused by the Lomonosov Ridge that acts as a barrier
between two main basins. Therefore, the deep circulation is topographically controlled
(Rudels, 2019). The nature of this probably arises from the conservation of potential
vorticity over a sloping topography (e.g., Cushman-Roisin and Beckers, 2011b).

2.2.2 Water masses

The description of water masses in this section is confined to the Eurasian Basin as the
focus region of this study. The water masses here can be divided into three main layers
(from top to bottom): (1) relatively fresh Polar Surface Water (PSW) that consists of the
Polar Mixed layer (PML) and the halocline, (2) the AW and the upper Polar Deep Water
(uPDW) and (3) deep waters formed by slope convection∗.

The upper-most water mass is the 30–50 m thick PML characterised by low salinity.
As follows from its name, the PML is well mixed and homogenized in winter by heat loss
and brine rejection due to freezing and resulted convection. In summer, even fresher 15–
20 m-thick layer overrides the winter water. Low salinity of the PML is due to extensive

∗The water mass classification of the interior of the AO in this study follows Rudels (2019)
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Figure 2.3: AO intermediate circulation. The bathymetry map is from Jakobsson et al. (nd), modified
by the author.White arrows show the pathway of the AW at the intermediate depth. Yellow dashed lines
indicate the confluence zone of the FSB and the BSB.

river run-off and the minor Pacific inflow through the Bering Strait.
The halocline water mass extends from the lower boundary of the PML to the warm

AW layer. It is characterised by a strong positive (downward) salinity gradient (Figure
2.4). In addition, two layers with distinct temperature properties are found within the
halocline: (1) the upper isothermal layer close to the freezing temperature (cold halocline
layer, CHL; Aagaard et al., 1981) and (2) the lower halocline water (LHW) with increasing
temperature. Temperature and salinity properties of the whole halocline layer∗ exclude
its formation by the linear mixing of surface water and the warm AW from beneath. If
this was a case, the halocline water would locate along a straight line connecting the PSW

∗If not specified otherwise, all mentions of halocline and Arctic halocline in this study refer to the
whole halocline layer containing the CHL and LHW.
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and the AW on a T–S diagram (compare with Figure 2.5).

Figure 2.4: In-situ temperature and salinity profiles over the depth range 0–500 m from the NABOS
cruise 2013 cross-section (see Figure B.4 in Appendix B) made along the 125°E and extended from the
northern part of the Laptev Shelf to the abyssal area of the eastern Nansen Basin. The black dashed
lines indicate approximate boundaries between the different water masses: PSW, CHL, LHW, and AW.

There is no established agreement on the source of the Arctic halocline water but
usually, two mechanisms of its formation are proposed: (1) advection and (2) convection.
The advection mechanism (Aagaard et al., 1981) suggests the halocline water has its
origin on the Siberian shelf. During sea ice-formation period brine rejection enriches the
water below with salt and then, this water is advected by the wind from the shelves to the
Arctic basin. Due to its density, the advected water enters the basin between the PML
and the AW. The convection mechanism (Rudels et al., 1996) is more complicated. It
suggests the halocline water is generated at place due to summer–winter cycles of sea ice
melting and freezing. A detailed description of this mechanism may be found in Rudels
et al. (1996) and Cottier et al. (2017).

Below the halocline, both temperature and salinity increase. This layer is comprised
of the AW identified with the 0°C isotherm. In the Eurasian Basin, the AW layer is
typically found between 150 and 900 m depths (Polyakov et al., 2011). Rudels (2019)
determined the maximum temperature in the AW layer to be 1–3°C, however, recent
observations reported the AW warming (Polyakov et al., 2004b,a).

The intermediate water colder than 0°C, according to Rudels (2019), is called the
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Figure 2.5: T–S diagram of the water masses found at the cross-slope section along the 125°E. Based
on the CTD casts made during the NABOS 2013 cruise (Polyakov, 2016d).

upper Polar Deep Water (uPDW). It is characterized by constantly decreasing potential
temperature (to ∼–0.5°C) and increasing salinity (from 34.85 to 34.9 psu) with depth
(Rudels et al., 1994; Rudels, 2019). In the Eurasian Basin, the uPDW is dominantly
sourced by the BSB. Beneath the uPDW in the Eurasian Basin, there is a ∼1000 m thick
layer with nearly constant salinity (34.92–34.93 psu) and decreasing (θ < –0.9°C) potential
temperature. This water is called the Eurasian Basin deep Water (EBDW). Below 2000 m,
salinity increases and reaches its maximum above 34.94 psu at the bottom. Temperature
is almost constant with a small minimum at about 800 m above the bottom. The EBDW
is presumably formed with the slope convection of cold and saline water from the shelves
(e.g., Rudels, 2011).

2.2.3 Polynya region

The description of the AO would not be full without mentioning polynyas (from the
Russian term for ‘ice hole’). Polynya is an area of re-occurring open water or thin ice
characterized by enhanced heat flux between the warm ocean and cold atmosphere lo-
cated in the region where thicker and more consolidated ice is climatologically expected
(e.g., Barber and Massom, 2007). Polynyas vary from tens to tens of thousands square
kilometres in size (Morales Maqueda et al., 2004). They are an important feature of
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Polar oceans as they tend to source the deep-water formation (Shcherbina et al., 2003),
provide enhanced gas ventilation and heat exchange with the atmosphere, and are impor-
tant zones of primary production in seasonally ice-covered oceans (Smith Jr and Barber,
2007). Two mechanisms of formation of polynyas are traditionally recognized: thermody-
namically driven (sensible-heat polynyas) and mechanically driven by winds and through
ice divergence (latent-heat polynyas). The review of both types may be found in Cottier
et al. (2017). Polynyas tend to form in specific geographical locations (Morales Maqueda
et al., 2004) commonly referred to as polynya regions.

2.2.4 Atlantification and Pacification

Recent studies suggest an increasing effect of the AW in the eastern AO and of the PW
in the western AO. The first is associated, as mentioned earlier, with reduced sea ice,
enhanced AW heat fluxes and weaker stratification and is referred to as atlantification
(Årthun et al., 2012; Polyakov et al., 2017; Barton et al., 2018). The western AO is
affected by so-called pacification (Polyakov et al., 2020) characterized by anomalous influx
of the PW that preconditions increased heat and fresh water content in the Beaufort Gyre
halocline (e.g., Woodgate et al., 2012; Timmermans et al., 2014). Both atlantification and
pacification also affect the biogeochemistry of the AO. Timmermans and Marshall (2020)
suggest that these processes may lead towards the possibility of the northward progression
of the warm α-oceans. Concepts of α- and β-oceans refer to thermal expansion (α) and
saline contraction (β) meaning that α-oceans are characterized by prevailing thermal
stratification and expansion while the stratification in the β-oceans is mainly controlled
by saline contraction. Sea ice may form only in the β-oceans and the α-β boundary
establishes the southern extent of winter sea ice cover. Climate model ensemble means
under continued increasing emissions show that, by 2070s, the AW would fill the entire
Eurasian Basin (Årthun et al., 2019). It would lead towards a seasonally ice-free AO and
potentially relevant feedback in increased mixing within the AO and enhanced AW influx.

2.3 Eddies in the ocean

Mesoscale eddies prevail in the World Ocean (Stammer, 1997; Chelton et al., 2007). They
are found at the sea surface, under the sea surface (so-called subsurface eddies; e.g. Man-
ley and Hunkins, 1985) and at the deeper levels (centred deeper than 500 m, e.g. Aagaard
et al., 2008; Carpenter and Timmermans, 2012). Mesoscale eddies at the sea surface are
observed from satellite altimetry data on sea surface height (e.g., Chelton et al., 2007;
Belonenko and Sholeninova, 2016), subsurface and deeper eddies are observed from the
mooring stations (e.g., Lilly and Rhines, 2002; Pnyushkov et al., 2018), oceanographic sur-
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veys made on vessels (e.g., Pickart et al., 2005), Ice-Tethered Profilers (e.g., Timmermans
et al., 2008) and Argo floats (e.g., Chaigneau et al., 2011; Zhang et al., 2015).

The mesoscale range of the oceanic spectrum has horizontal scales L of magnitude
101 to 102 of kilometres (Mcwilliams, 2008). The horizontal scale L in the mid-latitude
ocean corresponds to the first baroclinic deformation radius, Rd ≈ NH/f (Stammer,
1997), where N is the Brunt-Väisälä buoyancy frequency in the main pycnocline, H is its
depth and f is the Coriolis parameter. The radius is much smaller than most basin widths
meanwhile the vertical scales are relatively large compared to H or to the ocean depth.
The time scales range from (βL)−1 ∼ days for barotropic Rossby waves to (βRd)−1 ∼
weeks and months for baroclinic eddies (β is the meridional gradient of f). Some eddies
like Meddies (McWilliams, 1985) or Lofoten vortex (Raj et al., 2015) may persist for years.

Intense boundary currents in the ocean provide source of energy for the formation
of mesoscale eddies. Most ocean eddies usually arise from the instabilities of the per-
sistent ocean currents and are responsible for the peak in the kinetic energy spectrum
(Wunsch and Stammer, 1995). Two mechanisms of eddy formation are distinguished:
(1) barotropic and (2) baroclinic instabilities of the currents (Mcwilliams, 2008). The
barotropic instability is associated with the horizontal shear of the flow

∇h〈vg〉 = ∂

∂x
〈vg〉+ ∂

∂y
〈vg〉 (2.1)

where 〈vg〉 is the Reynolds averaged geostrophic current, x and y are horizontal spacial
directions. The baroclinic instability is associated with the vertical shear

∂z〈vg〉 = ∂〈vg〉
∂z

(2.2)

where z is the vertical spatial dimension. The first instability type is possible in a uniform
flow when density surfaces (isopycnals) are parallel to pressure surfaces (isobars), in so-
called barotropic mode. The second instability type is possible when isopycnals are tilted
with respect to isobars, in so-called baroclinic mode. Eddies may carry momentum,
vorticity, buoyancy, potential vorticity, and many material properties such as temperature,
salinity, biological nutrients, and organisms (Mcwilliams, 2008).

2.3.1 The Arctic eddies observations

Although the first detection of an eddy in the Arctic was made in 1937 by Shirshov (as
reported by Belyakov, 1972) the more comprehensive observations started in the 1970s
during the Arctic Ice Dynamics Joint Experiment (AIDJEX) in the central Beaufort
Sea in 1975–1976 and its Pilot Project in 1972. The main purpose of the project was
to obtain data on the meso- and macroscale interactions of the air–ice–sea system to
improve the ice-covered ocean models (Untersteiner et al., 1976). The results of the
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project were presented in the four-volume report by Bauer et al. (1980) and Manley et al.
(1980a,b,c). The comprehensive description and discussion of eddies observed during the
AIDJEX were presented by Manley and Hunkins (1985). The AIDJEX was an outstanding
project for its time: meteorological and oceanographic programs were maintained on
four manned drifting ice camps. On each of the manned camps, the current profiles
and salinity–temperature profiles were taken daily with profiling current meter (PCM)
and STD (salinity–temperature–density), respectively. During a one-year drift, AIDJEX
obtained 1174 PCM and 1287 STD stations and observed 146 eddies (Manley and Hunkins,
1985). More recent reports on eddies in the Amerasian Basin may be found in Lilly and
Rhines (2002), Spall et al. (2008), Carpenter and Timmermans (2012) and Zhao et al.
(2014).

Timmermans et al. (2008) reported thin (12–35 m) eddies ubiquitous at depth be-
tween 40 and 70 m in the Canada Basin. Zhao et al. (2014) analyzed the Ice-Tethered
Profiler records from 2004 to 2013 and revealed that most subsurface eddies are encoun-
tered within the Arctic halocline (50–200 m) and the radii of most halocline eddies are
comparable to the first baroclinic Rossby deformation radius Rd. The Rd ∼13 km for the
Canada basin and Rd ∼8 km for the Eurasian basin. The relative vertical extent of the
Arctic eddies, however, is much larger. For instance, Aagaard et al. (2008) found a deep
mesoscale eddy in the central AO centred around 1000 m and with the vertical extent of
1700 m. Dmitrenko et al. (2008) reported a deep eddy with the unique structure con-
taining warm upper core and cold lower core found at the continental slope of the Laptev
Sea. Pnyushkov et al. (2018) found that, in contrast to the Canada Basin, eddies in the
Laptev Sea slope are frequently observed significantly deeper than the ones examined in
previous studies, including the lower boundary of the AW layer.

There are many mechanisms of eddies formation in the AO. The eddies found at
the base of the PML and in the halocline may be generated as a response to convection
in a polynya (Bush and Woods, 2000). Bush and Woods (2000) claimed that the eddies
formed this way would reside within the halocline. Woodgate et al. (2001) attributed the
eddies found in the vicinity of the Lomonosov Ridge to the baroclinic instability of fronts
a) generated from coastal polynyas and b) formed between the FSBW and the BSBW
near the St. Anna Trough. For the Eurasian Basin eddies, two distinct areas of eddy
formation are suggested: (1) the region with a strong mesoscale ocean dynamics (e.g.,
Hunkins, 1986; D’Asaro and Morison, 1992; Muench et al., 1992; Våge et al., 2016) near
the Yermak Plateau (see Figure 2.1) and (2) unstable density front formed in the vicinity
of the confluence of the two AW branches, the BSB and the FSB (Schauer et al., 2002).



3. Materials and Methods

3.1 Data acquisition

This study is based on the data from one of the moorings deployed during the Nansen
and Amundsen Basin Observational System (NABOS) ship cruise in 2013 and recovered
in 2015. NABOS is a part of the Arctic Observing Network and aims to quantify the
climatic changes in the Eurasian and Makarov basins of the AO. This is achieved by
continuous observations (since 2002) of physical and biochemical properties of water at
the mooring stations and by in-situ measurements and collecting water samples during the
NABOS ship cruises. Locations of the moorings are justified by the boundary subsurface
current along the continental slope that transfers the AW to the AO (see Figure 3.1). The
position of mooring M15 north to Severnaya Zemlya is close to the polynya region and to
the frontal zone between the BSB and the FSB. Moorings M1, M3 and M9 are reliable
sources of decadal data and allow monitoring interannual changes in the region.

In 2013, nine moorings were redeployed in the Laptev Sea, six of which were spanned
across the continental slope (∼125°E meridian). The aim was to observe water, heat
and salt transports, and water mass transformations on the Siberian continental slope
(Polyakov et al., 2015). Eight out of nine moorings were successfully recovered during the
NABOS cruise aboard on R/V Academik Tryoshnikov in 2015.

This study examines the records from mooring M15 located at 80°00.1986’N
125°59.6729’E over the 3443 m depth (Figure 3.1). It was deployed on August 28, 2013
and recovered on September 3, 2015. The equipment was composed of fixed-depths CTDs
(SBE-37s MicroCATs) to measure temperature and salinity, upward-looking bottom-
tracking ADCP to measure currents in the upper layer of the ocean and MMP to measure
currents between 90 and 760 m depth. Datasets from the cruises and moorings of NABOS
are freely available online (Polyakov, 2016b,c,a).

16



17 Chapter 3. Materials and Methods

Figure 3.1: Map displaying the NABOS mooring locations. From Polyakov (2016a). Grey contours
indicate isobaths.

3.2 Instruments

The following subsections describe three main instruments comprising the mooring equip-
ment. The description is based on metadata of the datasets used in this study (Polyakov,
2016b,c,a).

The Acoustic Doppler Current Profiler (ADCP) is an autonomous hydroacoustic
current meter using the Doppler effect of sounds waves scattered back from the water
particles. At the mooring, two ADCPs — Workhorse Sentinel ADCP (300 kHz) and
Long Ranger ADCP (75 kHz) designed by Teledyne Marine group — were used. In
this study, only records from the Workhorse Sentinel ADCP (300 kHz) were used. The
ADCP measures velocity with the accuracy 0.5% of the water velocity relative to ADCP.
An ADCP data file contains hourly measurements of the depth of the first ADCP bin
(m), vertical bin resolution (m), eastward velocity component (u, mm/s) and northward
velocity component (v, mm/s).

The SBE MicroCATs (hereinafter, Seabird) is a family of high-accuracy autonomous
conductivity and temperature (with optional pressure) recorders designed by Sea-Bird
Scientific. At mooring M15, Seabird 37 and Seabird 37-SM were used; they both measure
pressure. The instruments are accurate to ±0.002°C (−5 to +35°C) and 0.003 mS/cm.
The acquisition time varies from 1.8 to 2.6 seconds. A Seabird data file contains records
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Figure 3.2: Schematic picture of the mooring M15 (Polyakov, 2016a).
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Figure 3.3: Schematic picture of upper part of the mooring M15 (Polyakov, 2016a).
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of pressure (dbar), in-situ temperature (°C), conductivity (mSm/cm) and salinity (psu).
The records are available with 15-minute sampling rate.

The McLane Moored Profiler (MMP) is an autonomous profiler of the water column
designed by McLane Research Laboratories, Inc. The MMP operates along a fixed tether
in the depth range 30–6000 m. At mooring M15, it was set to operate between 88 and
760 m depths. The MMP profiling speed is 25 cm/s. An MMP data file contains records
of pressure (dbar), salinity (psu), in-situ temperature (°C), eastward velocity components
(u, cm/s) and northward velocity components (v, cm/s) of the currents for every ∼48 h.

Mooring M15 was comprised of the main row (Figure 3.2) and the upper row (Figure
3.3). ADCP, MMP and one Seabird (6309) were attached to the main row. Two more
Seabirds (10522 and 10524) were attached to the upper row. The period and depth of
measurements for all instruments are summarised in Table 3.1.

Table 3.1: Table of instruments (amount x name of the instrument) installed at mooring M15, their
period and depth range of measurements. Dates are specified in dd.mm.yyyy format, where dd is a day,
mm is a month and yyyy is a year. The lower depth of the ADCP in parentheses refers to the maximum
depth during the "pull-down" effect caused by the eddy (see section 4.2.1)

.
Instrument Period Depth
1xADCP 28.08.2013–16.06.2014 24–82(121) m
3xSBE 27.08.2013–04.09.2015 53, 72, 86 m
1xMMP 28.08.2013–21.08.2015 88–760 m

3.3 Methods

3.3.1 Interpolation of the ADCP data

First, depths of the ADCP bins were calculated by adding depth increment specified in
the file header to the first bin. Then, the ADCP records were linearly interpolated along
the depth so that the size of the bin was set to 1 m instead of 2 m in the original dataset.
This helped to slice the current records accurately according to a specific depth when the
pressure changed (see section 4.1).

3.3.2 Defining the ambient conditions

In studies focused on subsurface eddies, the ambient conditions (those outside of the
eddies) are defined depending on the type of data. When data contain horizontal spatial
variation of sea properties, the ambient conditions are defined as those outside of cores of
eddies at the same depth (e.g., Schauer et al., 2002). When data contain only variation
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of seawater properties in time (as in case of a mooring station), the ambient conditions
are defined as those observed before and after the event (e.g., Aagaard et al., 2008). This
study used data from the mooring, so the ambient conditions here were defined as those
observed prior to and after the passage of the eddy. Seasonality in this area (as reported
by Baumann et al., 2018) is confined to the halocline, so it was valid to ignore seasons
when averaging depths below 100 m over time. In this study, periods before (December
22, 2013–March 4, 2014) and after (December 22, 2014–March 4, 2015) the event were
averaged and assumed to represent ambient conditions.

3.3.3 Potential density anomaly

Potential density anomaly σ0 was calculated according to the current standard Thermo-
dynamic Equation of Seawater–2010 (TEOS–10) (Feistel, 2012) using the Gibbs SeaWater
(GSW) Oceanographic Toolbox (McDougall and Barker, 2011), available for Python on
GitHub. The equation is complicated therefore its detailed description in this study was
out of scope. The explicit description and derivations, however, may be found at the
TEOS-10 website. Prior to the calculation of potential density anomaly σ0, practical
salinity SP and in-situ temperature t were converted to absolute salinity SA and conser-
vative temperature Θ. Conservative temperature, according to Feistel (2012), is a scaled
parameter of potential enthalpy and is meant to be more representative than the potential
temperature in terms of the heat content:

Θ = h0

c0
p

,

where h0 is potential enthalpy and c0
p is a constant carefully chosen so that potential tem-

perature θ and conservative temperature Θ are numerically similar for typical seawaters
at SP = 35 and near t = 0°C.

3.3.4 Filtering the data

Potential density anomaly was filtered with the Butterworth function. This function ap-
plies the low-pass filter to the time series which filters out frequencies given by parameter
Tstop or shorter and passes the frequencies given by parameter Tpass. Since the sampling
rate of the MMP data is 48 hours, the period corresponding to the Nyquist frequency (the
highest frequency determined from the data; e..g. Bendat and Piersol, 2000) is 96 hours
(4 days). Parameter Tstop was chosen to be equal to the period of the Nyquist frequency,
or 4 days and parameter Tpass to 20 days. Thus, the fluctuations with the period shorter
than 4 days were filtered out. The same Butterworth function was applied to u and v

velocity components of the current. The fluctuations of u and v with periods shorter than

https://teos-10.github.io/GSW-Python/index.html
http://www.teos-10.org
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4 days were, thus, filtered out prior to the analysis of the time series of the current vectors
(see Figure 4.3).

3.3.5 Size of the eddy

The diameter of the eddy was estimated with several assumptions following a simple basic
physical relation

d = u∆t (3.1)

where d is distance, ∆t is time interval and u is speed. The similar approach was used in
Dmitrenko et al. (2008). The time between two local current speed maxima in the MMP
records was assumed to be the time that it took for the eddy to pass the mooring: the
first maximum was associated with the front edge of the eddy (downstream-ward) and
the second maximum with its back edge. The mean flow was assumed responsible for
the eddy advection (following Carpenter and Timmermans, 2012). It was estimated as
averaging the measured currents at the mooring over the 500–760 m depth range. This
was done for 8 days (4 profiles) immediately before and after the passage of the eddy.
The solution for the length scale was derived for the depth of 746 m (the maximum depth
with the continuous MMP records during the event). The Rossby number of the eddy
was calculated as

RO = Vmax
df

(3.2)

where Vmax is the local current speed maximum, d is the distance calculated using Equa-
tion 3.1 and f is the Coriolis parameter at the mooring site.

3.3.6 Origin of the eddy

In order to determine the origin of the water carried by the eddy, temperature and salinity
of water measured during the event at the deepest level were compared to the properties of
waters in different parts of the AO. Since the measurements at mooring M15 with the least
gaps in temperature and salinity are available at the 750 m depth, they were used in the
analysis. These quantities from the mooring records were compared with the temperature
and salinity measured at other sites of the AO under The Global Temperature and Salinity
Profile Programme (GTSPP) (Hall et al., 2010). The GTSPP data were analysed with
the Ocean Data View software (Schlitzer, 2018).

3.3.7 Eddy available potential energy

Available potential energy (APE) is defined as the difference between the amount of po-
tential energy in perturbed state and that in the reference state. In other words, APE
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is the part of the total potential energy that can be converted into kinetic energy. The
intensity of ocean mesoscale turbulence can be estimated in terms of isopycnal displace-
ment caused by eddies. The energy stored in isopycnal displacement is measured with the
eddy APE (EAPE) (Lorenz, 1955). EAPE is therefore the fraction of APE that would
vanish if the isopycnals were steady (Roullet et al., 2014). Unlike APE, the computation
of EAPE does not require reference state or background potential energy which are dif-
ficult to estimate accurately. Instead, it relies on locally calculated mean-isopycnal state
(Luecke et al., 2017). In this study, EAPE was calculated following Luecke et al. (2017):

EAPE = g2ρ′2

2ρ2
0N

2 , (3.3)

where g is the gravity acceleration term, ρ′ is the departure of potential density from a
local time-mean density profile referenced to the surface (0 dbar), ρ0 is a seawater density
at 35°C, 35 psu and 0 dbar. N is the Brunt-Väisälä buoyancy frequency defined as

N2 = − g

ρ0

dρ

dz
, (3.4)

where z represents the vertical coordinate. The local time-mean density profile was ob-
tained by averaging the observed potential density over the period of the MMP measure-
ments. The EAPE was calculated for every point of time and depth available in the MMP
records.

3.3.8 Spectral analysis of the currents

Spectral analysis of the currents measured between 25 and 82 m by ADCP was made with
an implementation in-built to the Scipy package (Jones et al., 01 ) functions signal.welch
and signal.spectrogram. The in-depth theory of spectral analysis and Welch’s method
is presented in Appendix A. The choice of Welch’s method over a classic periodogram was
motivated by a desire to obtain two spectra: the "pre-event" spectrum and the "event"
spectrum. The day when the time series was separated into "pre-event" and "event" is
May 22, 2014. This is the day when the upper mooring instruments first experienced
the "pull-down" (see section 4.2.1) effect. This is also consistent with the current speed
data recorded by the MMP. The classic periodogram method would require time series
fed into both spectra be of the same length. In Welch’s method, it is possible to avoid this
extra manipulation with the data since the "pre-event" and "event" time series is anyway
divided into equal-length segments. In addition, the modified periodograms in Welch’s
method are then averaged, so it is ensured that the resulted spectrum are not impacted
by the choice of the segment. The segment size and overlap were set to 5 and 4 days,
respectively.
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The significance of the peaks in the spectra was determined by testing the null
hypothesis (e.g., Bendat and Piersol, 2000). The red noise was chosen as a reasonable
statistical null hypothesis for this data. The red noise spectrum and its 95% confidence
intervals were calculated. The peaks of the Welch’s spectra that exceeded the confidence
intervals of the red noise spectrum were considered statistically significant (e.g., Vaughan,
2005).



4. Results

4.1 Oceanographic observations

Figure 4.1 shows time series of the currents speed, conservative temperature and salinity at
mooring M15 with respect to the vertical coordinates. What stands out is the two-month
period of anomalously strong current (10–20 cm/s) between 500 and 760 m. The signs of
this strong current are also noticeable between 100 and 500 m depth as intervals of the
∼10 cm/s current speed. A shorter (∼2 weeks) period of anomalously strong current is
evident in March 2014. It is centred at ∼220 m depth (with the current speed ∼17 cm/s)
but extends down to 400 m depth and up to the upper limit of the MMP data (88 m).
Some displacements of isotherms and isohalines (resulting in the isopycnal displacement)
are evident during the events of strong current from the time series of the conservative
temperature and salinity.

The position of the upper 0°C isotherm fluctuates around 125 m depth and reaches
the shallowest point (100 m) during the first days of April 2015 (see Figure 4.1 middle).
This isotherm is associated with the upper boundary of the AW layer. At the mooring
site, its vertical position is on average 55 m shallower than in 1950–1980 (Baumann et al.,
2018). The core of the AW (the warmest water within the layer) is observed over the
depth range 250–400 m with the maximum at around 250 m throughout the period of the
measurements.

Figure 4.2 shows time series of pressure, in-situ temperature, salinity and potential
density anomaly measured at three different depths. What is striking in Figure 4.2 is the
two-month long anomaly in the pressure records. All three instruments show pressure
increase (corresponding to the depth increase) for up to 20 dbar (20 m) in late May and
late July 2014. In addition, the pressure experienced unprecedented fluctuations between
those dates. A few minor pressure changes are seen in late March and late December 2014
and in July 2015.

The vertical position of the shallowest Seabird (10524, 53 m) is associated with the
approximate boundary between the PML and the CHL (see section 2.2.2 and Figure 2.4).
The temperature at 53 m remains almost constant throughout the period of measure-
ments (fluctuating around −1.65°C) with the two exceptions in April–August 2014 and

25
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Figure 4.1: From top to bottom: current velocities, conservative temperature, practical salinity for pe-
riod 28.8.2013–3.9.2015. Dark (white) dashed lines over temperature (salinity) timeseries are isopycnals.
Thin solid white line in the middle plot displays the position of the 0°C isotherm. Grey vertical lines are
the blanks in the MMP data.

March–April 2015 (see the temperature panel in Figure 4.2). These two periods are char-
acterized by significant temperature fluctuations (up to 0.5°C). Reductions in temperature
and—more enhanced—in salinity are observed prior to both those exceptional periods, in
February 2014 and January 2015, respectively, the earlier being more pronounced. The
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Figure 4.2: From top to bottom: pressure, temperature, salinity and potential density obtained from
the Seabirds 10524, 10522 and 6309 deployed at 53, 72 and 86 m depths, respectively. Vertical dotted
lines indicate days with the local speed maxima detected at the 750 m depth on 27 May and 27 July
2014.

deeper instruments (10522 at 72 m and 6309 at 86 m) locate within the CHL. The tem-
perature at the 72 m depth fluctuates around −1.4°C and the magnitude, by eye, does
not exceed 1°C. The temperature records from the deepest Seabird fluctuates around
−1°C. The magnitude of these fluctuations is the largest among the three instruments
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and reaches 1.5°C. The temperature at 72 and 86 m is on average 0.2–0.6°C warmer than
the CHL temperature averaged over 1950–1980 for the eastern Eurasian Basin (Baumann
et al., 2018). The fact that the temperature at the deepest SBE (86 m) reaches the high-
est values at some points (−0.7–−0.5°C) suggests the pulses of warm water from below.
Surprisingly, the temperature at the shallowest Seabird (53 m) shows the highest response
to the deep eddy in May 2014. Partly, this can be due to the pressure increase which was
not removed from the records. However, the fluctuations in temperature started in April,
before the abrupt pressure increase.

4.2 Eddy features

4.2.1 Identification of the eddy and its rotation

The initial analysis of temperature, salinity and depth from the upper-row Seabirds and
currents over the depth range 88–760 m from the MMP suggests that a mesoscale eddy
passed the mooring between May 22 and August 1, 2014. The pressure increase recorded
by the Seabirds is very likely due to the tilt of the mooring caused by the strong current at
its lower part. This is the so-called "pull-down" effect that has been observed when eddies
passed other mooring stations (Aagaard et al., 2008; O’Brien et al., 2013; Ullgren et al.,
2016). The hypothesis of the mesoscale eddy passing the mooring is also supported by
isopycnals displacement (Figure 4.1). Over the period of interest (late May–August 2014),
the isopycnals experienced considerable vertical displacement (up to 170 m). Pnyushkov
et al. (2018) suggested that the vertical displacement of the isopycnals at a specific depth
can be used as a "first-guess" criterion to identify eddies from the mooring data. This
approach was also implemented in Carpenter and Timmermans (2012) and Zhao et al.
(2014). According to Hunkins (1974) and Manley and Hunkins (1985), the isopycnals
bulked outward from the eddy center indicate the anticyclonic rotation of the eddy. Taking
into account the rotation and analysed the vector plots of the currents (Figure 4.3), it was
identified that the eddy was propagating eastward when passing the mooring (see Figure
5.1).

4.2.2 Size of the eddy

The local maxima of the current at 746 m were detected on May 27 and July 27, 2014 (61
days apart; see Figure B.1 in Appendix B). Calculation based on the MMP measurements
gives mean flow equal to u = 2.43 cm/s. Based on these values and using Equation 3.1,
the distance d = 128 km was obtained, suggesting the eddy radius of 64 km. The Rossby
number calculated with Equation 3.2 is then RO ≈ 0.05.
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Figure 4.3: Time series of the velocity vectors at depths levels 100, 300, 500 and 700 m (from top to
bottom). Vertical dotted lines indicate days with the local speed maxima detected at the 746 m depth
on 27 May and 27 July 2014.

4.2.3 T, S properties of the eddy

In this section, the results of temperature and salinity anomaly analysis are presented.
Comparing the mean temperature profile of the eddy with the ambient water (Figure 4.4
D), it is seen that the ambient water temperature within the upper AW does not increase
uniformly. Instead, it gradually increases from 0°C at 120 m to the first maximum of
about 1.65°C at 250 m, then it decreases to 1.5°C and reaches 1.6°C again at 320 m.



30 Chapter 4. Results

Figure 4.4: Top panel: conservative temperature (A), salinity (B) and potential density anomaly
(C) anomalies observed during the eddy passage. Bottom panel: green and blue line indicate mean
conservative temperature (D), salinity (E) and potential density anomaly (F) of the event and of the
ambient conditions, respectively.

Deeper, the temperature uniformly decreases to 0°C at about 800 m. The same pattern
is observed in salinity measurements (Figure 4.4 E). During the event, these vertical
temperature and salinity structures within the AW core disappear, making profiles of
both properties smoother. This explains the interleaving positive and negative vartical
temperature and salinity anomalies over the depth range 130–320 m (Figure 4.4 A, B).
These interleaving anomalies result on average in positive density anomaly (Figure 4.4 C).
The maximum temperature and salinity anomalies (0.5–0.75°C and 0.15–0.20 psu; Figure
4.4 A,B) are observed around 130 m depth that is, according to the two-year long mooring
observations, associated with the upper boundary of the AW. Between 320 and 700 m, the
temperature during the event is on average 0.3°C colder than the ambient water. Salinity
anomaly over this depth range fluctuates around 0. Temperature anomaly below 700 m
is positive up to 0.1°C. Likewise, salinity anomaly below 600 m is positive up to 0.025
psu. Despite the changes of sign in temperature and salinity anomalies with depth, the
mean density anomaly remains positive (or zero) throughout the depth range 88–760 m
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(Figure 4.4 F).

4.2.4 Origin of the eddy

The available data at 750 m depth during the event provide with the values 0.22–0.23°C
and 34.930–34.933 psu for potential temperature and salinity, respectively. These values
were compared with the water masses in different parts of the AO, giving special attention
to the path of the AW flow. Figure 4.5 shows T–S diagram (potential temperature versus
practical salinity) from selected stations. The water mass with temperature and salinity
properties identical to those measured at 750 m depth within the eddy is found at stations
located within the FSB flow (along ∼12°E, near 95°E and at 118°E; see Figure 4.5). A
several locations in the Barents Sea and on the path of the BSB flow (Lien and Trofimov,
2013) were investigated (purple and yellow circles and red square on Figure 4.5). However,
the water mass with the same T, S properties were not found in either of them. This
makes the hypothesis of the eddy origin in the FSBW more plausible.

4.2.5 Energy of the eddy

To compare the energy of the currents over the mooring in no-eddy condition (called
pre-event) and during the passage of the eddy (called event), spectral analysis of the
currents were made. The result is displayed in Figure 4.6. Both spectra have statistically
significant peaks around the inertial oscillation frequency (0.0823 cycles/h). A closer
investigation reveals that the peaks are apparently at the frequency of the semi-diurnal
tidal constituent S2 (0.0833 cycles/h; see Figure B.2 in Appendix B). The low frequency
resolution, however, makes it impossible to compare the spectral power at the frequency
of S2 with that at the inertial frequency or at M2. Notably, the pre-event spectrum
contains more power than the event spectrum at the 40 and 60 m depths (2 cm2s−2).
The difference, however, almost vanishes at 80 m where both spectra contain less power
(approximately 0.6 cm2s−2). Interestingly, the event spectrum contains more spectral
power at low frequencies at 80 m depth than the pre-event spectrum. In general, the
event spectrum is noisier than the pre-event spectrum at high frequencies (higher 10−1

cycles/h).
Additionally, the spectra of the pressure records from Seabird 6309 (86 m) were

analysed. The pressure spectra were calculated for the periods prior to, during and
after the event (Figure 4.7). It was assumed that—since the pressure fluctuations during
the eddy had been induced by the strong current in the lower part of the mooring—the
pressure records carried the signature of what was happening at greater depths. The event
spectrum shows higher values because of the pull-down effect. Therefore, the spectra are
analysed regardless of their values but with regard to their significance levels. From this
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Figure 4.5: Top: T–S diagram of water masses found in different parts of the AO. Colours of the dots
correspond to the colors of the stations where the measurements were taken (shown on the map). The
black dashed lines on the T–S diagram show the intersection indicating the water mass with potential
temperature and salinity 0.23°C and 34.93 psu, respectively. Bottom: the map indicating positions of the
stations where the T,S measurements were taken. The yellow cross on the map marks the M15 mooring
location. Stations with properties of the water mass marked by the intersection are marked on the map
in violet, brown, green (along the ∼12°E), grey, green-blue (near 95°E), dark red (at 118°E). Based on
the GTSPP (Hall et al., 2010).
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Figure 4.6: Welch spectra of the current velocities in the upper ocean based on the ADCP records.
Solid blue and green lines are the pre-event and the eddy spectra, respectively. Thin dotted lines of the
same colors are the 95% confidence limits of the spectra. The blue and green dashed lines display the
95% significance level for the pre-event and the eddy spectra, respectively. The vertical grey dotted line
corresponds to the frequency of inertial oscillation.

point of view, the only significant difference between the spectra appears at the frequency
of diurnal tidal constituents K1 and O1. The peak at the frequency of O1 vanishes during
the event and the K1 peak becomes less significant than it is before and after the event.

Figure 4.8 shows time series of the EAPE. The values indicate the amount of energy
stored in isopycnal displacement compared to the the local time-mean position of isopyc-
nals. The water column below ∼150 m depth is characterized by low values of the EAPE
(<0–1 cm2s−2). Above ∼150 m, the energy is relatively higher, at some point reaching
the maximum of ∼50 cm2s−2. This event with the high EAPE values is in agreement
with the high velocities measured with the ADCP in the upper water column (see Figure
B.3 in Appendix B). Possibly, it indicates a surface mesoscale eddy travelled through
the mooring site. The main eddy event (May–July 2014) is clearly highlighted by high
EAPE values (∼1–15 cm2s−2) over the depth range ∼250–730 m. Interestingly, the high-
est EAPE values during the event are centred around 500 m depth. It indicates that the
isopycnal displacement at this depth was the biggest and stored the greatest amount of
EAPE. The MMP depth range limits the EAPE estimations to ∼750 m depth.
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Figure 4.7: Spectra of the pressure measurements made for three periods: before the event (prior,
blue), during the event (eddy, green) and after the event (after, orange). Thin dotted lines of the same
colors indicate the 95% confidence limits of corresponding spectra. Thick dotted lines of the same colors
indicate the significance level for every spectrum. The vertical grey dotted line indicates the frequency of
the inertial oscillation. Yellow and purple dashed lines indicate frequencies of diurnal tidal constituents
K1 and O1, respectively. Black box indicates a part of the figure that was represented in a larger scale
(in the left corner of the figure). Olive and brown dashed lines on the enlarged part indicate frequency
of semi-diurnal tidal constituents M2 and S2, respectively.

Figure 4.8: The time series of the EAPE. Vertical dashed lines indicate days with the local speed
maxima detected from the MMP at the 746 m depth on May 27 and July 27, 2014.



5. Discussion

The results of this study reveal a deep mesoscale eddy with the core centred deeper
than 600 m and the diameter ∼128 km. The eddy drifted past the mooring site in
eastward direction and presumably was detached from the FSB of the AW flowing with
the subsurface boundary current.

5.1 Size of the eddy

The estimated size of 128 km associated with the diameter of the eddy should be treated
carefully, because this estimation is correct only if a) the eddy travelled along a straight
linear direction and b) the eddy centre drifted through the mooring. The analysis of the
current vectors suggested a non-linear propagation of the eddy schematically displayed
in Figure 5.1. In such case, 128 km is a slightly overestimated diameter of the eddy.
Consequently, the real radius of the eddy core is shorter than 64 km. There are, however,
more sophisticated methods of eddy radii calculation that could be implemented (Lilly
and Rhines, 2002; Aagaard et al., 2008; Pnyushkov et al., 2018). Although this study
suggests only the approximate size of the eddy, its length scale stands out from that of
the eddies detected in the AO previously. The revealed radius ∼50 km (considering that
64 km is an overestimated value) of the observed eddy is i) ∼6 times larger than the first
baroclinic Rossby radius of deformation calculated for the Eurasian Basin water by Zhao
et al. (2014), ii) double the size of the largest eddy in the Canada Basin reported by
Carpenter and Timmermans (2012), iii) ∼7 times larger than the double-core eddy over
the continental slope in the Laptev Sea reported by Dmitrenko et al. (2008) and iv) 3–6
times larger than the deep-core eddy in the interior of the Amundsen Basin reported by
Aagaard et al. (2008). The Rossby number RO ≈ 0.05 of the observed eddy, however,
corresponds to that reported by Pnyushkov et al. (2018) for the eddies in the Laptev Sea
and for the eddies in the Chukchi Sea reported by Pickart et al. (2005). The low Rossby
number (RO � 1) suggests that the eddy is close to the geostrophic balance (e.g., ?).
Energy of such large eddies (with a horizontal scale much larger than the deformation
radius L � Rd and RO � 1), is dominated by APE rather than by kinetic energy
(Cushman-Roisin and Beckers, 2011a).
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Figure 5.1: Upper panel: schematic trajectory (not to scale) of the eddy through the mooring based on
the analysis of the current vectors at depth 750 m. The dated dots (day.month) indicate locations of the
mooring in relation to the drifting eddy at corresponding dates. The blue arrow indicates the rotation
of the eddy. Bottom panel: a time series of the current vectors at 750 m depth. Vertical dotted lines
mark dates: May 27 (first local speed maximum), June 10, June 24 (closest approach), July 10, July 27
(second local speed maximum) of year 2014.

5.2 Origin of the eddy

The data confined to the upper part of the observed eddy limit the ability to identify
the origin of the eddy with the methods used in previous studies. For instance, Lilly and
Rhines (2002); Aagaard et al. (2008); Dmitrenko et al. (2008) analyzed the T, S properties
of the eddy cores. Pnyushkov et al. (2018) developed a combined temperature-salinity
criterion for identification the source water of the eddies that requires measurements
from the upper and lower boundaries of eddies. An assessment of tracer concentrations
(inorganic nutrients, dissolved oxygen) would also give more concise estimation of the
eddy source region (e.g., Muench et al., 2000; Schauer et al., 2002).

The depth of the core of the observed eddy, however, excludes its possible formation
from the front generated by the convection in a polynya (see section 2.3.1). Locations
of the stations at which the water masses with the properties identical to those carried
within the eddy are well within the flow of the subsurface boundary current carrying the
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AW (e.g., Rudels et al., 1994, 1999; Rudels, 2019) and apparently within its FSB. Giving
that the eddy approached the mooring from the west, it might be suggested that it was
detached from the boundary current west of Severnaya Zemlya. The assumption is very
rough, though, and would need further verification if there were data from the lower part
of the eddy. The current hypothesis, however, is supported by 1) Woodgate et al. (2001)
who suggested the front between the FSB and the BSB in or near the St. Anna Trough
as one of the possible areas of the eddies formation and by 2) Pnyushkov et al. (2018)
who suggested the continental slope of the Severnaya Zemlya archipelago as one of the
sources for the eddies observed in the neighbouring to mooring M13 area (see Figure 3.1)
based on 2008–2011 mooring data.

5.3 T, S properties of the eddy

To most of the depth range covered with the MMP measurements, the eddy brought
anomalously cold water above its center that is consistent with the deep mesoscale an-
ticyclonic eddies in the Canada Basin reported by Carpenter and Timmermans (2012).
The records from mooring M15 do not capture the eddy core. Therefore, it is possible
only to speculate on the characteristics of the eddy core (warm or cold, fresh or saline).
However, the author tends to think towards the warm nature of the eddy core. First,
because the anomaly at the deepest measured (and closest to the core of the eddy) depths
of 700–760 m is positive (Teddy > Tambient). Second, if the temperature within the core
was even slightly above 0°C, it would give a positive anomaly since the core is most likely
at the depth of the lower 0°C isotherm or even deeper, where ambient T < 0°C. The
positive temperature anomaly relative to the ambient condition means the eddy has a
warm core. In addition, if the assumption of the eddy origin from the upstream of the
boundary current is true, then the observed eddy most likely carried warmer and saltier
water in its core since the AW water upstream is warmer and saltier (e.g., Schauer et al.,
2002) than in the interior of the basins.

5.4 Energy of the eddy

The results of the spectral analysis revealed that the maximum of the spectral power of
the currents in the upper water column (40–80 m) is at the frequency of semi-diurnal
tidal constituent S2. This result is supported by the harmonic analysis of tidal currents
made for the continental slope of the Laptev Sea by Pnyushkov and Polyakov (2012). The
value of the currents’ spectral power in the CHL layer (40, 60 m depths) is greater than
in the LHW layer (80 m depth), suggesting possible baroclinicity of tidal currents of the
semi-diurnal band over mooring M15 which is also consistent with the results obtained in



38 Chapter 5. Discussion

Pnyushkov and Polyakov (2012). The tidal currents during the eddy are weaker than prior
to the event in the upper part of the water column (40, 60 m depths). Unfortunately, the
limited to 88 m depth ADCP data and the low time resolution of the MMP measurements
do not allow to compare these spectra with the currents’ spectra from the depth range
where the eddy signature was more pronounced.

The estimations of the EAPE for the AO in the literature are extremely limited.
Zhong et al. (2019) calculated the EAPE for the western domain of the AO. Their values
for the 150 m depth—obtained with the climatological mean state and averaged over
five-year periods—vary from 10 to 5000 cm2 s−2. In this study, the EAPE was measured
using the time-mean local density state. The values at the 150 m depth vary from 5 to
25 cm2 s−2.



6. General conclusions

The aim of the present research was to examine an eddy-like event from the mooring
located at the continental slope of the Laptev Sea. Analysing mesoscale eddies from
mooring data is in general difficult and requires lots of assumptions. However, time
resolution and depth range of some instruments of the investigated mooring limited the
analysis even more. Therefore, conclusions of this study are rather speculative.

This study has found a large mesoscale eddy over the deep part of the continental
slope north of the Laptev Sea. The eddy indicated anticyclonic rotation and had the
approximate length scale much larger than the eddies reported previously. However, the
observed eddy is among the two found in the AO centred deeper than 700 m depth.
Notwithstanding the limitations, the study suggests that the observed eddy was detached
from the Fram Strait Branch of the subsurface boundary current. This origin reflects
previously made suggestions published in the literature. Signature of the Atlantic Water
in the physical properties of the eddy confirms the hypothesis that the interior of the
Arctic Ocean at intermediate depths is ventilated with the mesoscale eddies. A warm
nature of the eddy agrees with previous speculations on the role of mesoscale eddies in
transporting heat into the Arctic Ocean interior.
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A. Theoretical background of
spectral analysis

This appendix describes the theory behind the spectral analysis method utilized in the
current study. It starts from the brief classification of physical phenomena and definitions
used in time series analysis. Then it continues with a theoretical formulation of the Fourier
series and the Fast Fourier Transform (FFT). Finally, it completes with the description
of the Welch’s method.

In general, spectral analysis can be characterized as a tool to analyze stochastic and
almost periodic (a branch of deterministic phenomena) phenomena†. Following Bendat
and Piersol (2000), the physical phenomena can be broadly classified as deterministic and
nondeterministic (or random, stochastic). Deterministic phenomenon may be described
with an explicit mathematical equation. In contrast, stochastic phenomenon may be de-
scribed only in terms of their statistical values. There are debates on whether it is possible
to define different physical phenomena strongly deterministic or stochastic (Bendat and
Piersol, 2000). Following Bendat and Piersol (2000), this study considers many physical
phenomena stochastic since there is always some possibility of an unforeseen event in
the future that would not satisfy the initial mathematical description of the process.In
other words, every measurement of a given physical phenomenon is considered unique. A
single time history representing a stochastic phenomenon is called a sample function or,
when observed over a finite time interval, a sample record (Bendat and Piersol, 2000).
This study will use a more common term, time series. Consistent records of evenly sam-
pled temperature, conductivity (salinity), currents are examples of time series (Brillinger,
1975).

The spectral analysis aims to estimate the spectral density function, or spectrum,
of a given time series. Traditional spectral analysis is a modification of Fourier series
motivated to make the latter applicable for the stochastic process rather than determinis-
tic(Chatfield, 2016).The basic concept of the Fourier series is that practically any periodic
function may be approximated by a sum of sine and cosine waves, called the Fourier series

†The classification proposed by Bendat and Piersol (2000)
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representation:

x(t) = a0 +
∞∑
n=1

(an cos 2πn
L
t+ bn sin 2πn

L
t) n = 1, 2, ... (A.1)

where L is the period of the Fourier series,
The time series can be alternatively written as

x(t) = a0 +
n=1∑
∞
Ancos(ωnt+ θn) (A.2)

where t is time,
An =

√
a2
n + b2

n (A.3)

is the amplitude of the wave,

ωn = 2πn
L

(A.4)

is the angular frequency of the wave,

tan(θn) = −bn
an

(A.5)

is the phase of the wave.
The coefficients for Equation (A.1) can be calculated from the equations

a0 = 1
L

∫ L/2

−L/2
x(t)dt

an = 2
L

∫ L/2

−L/2
x(t) cos(2πn

L
t)dt p = 1, 2, ...(N/2)− 1 (A.6)

bn = 2
L

∫ L/2

−L/2
x(t) sin(2πn

L
t)dt p = 1, 2, ...(N/2)− 1

In practice, geophysical time series are usually measured at equal time intervals.
Therefore, the coefficients from Equation (A.6) can be rewritten as following:

a0 = 1
N

N−1∑
j=0

xj (A.7)

where N is the number of measurements (x0, x1, ...xN−1).
When n < N/2:

an = 2
N

N−1∑
j=0

xj cos(2πnj
N

) n = 1, 2... (A.8)

bn = 2
N

N−1∑
j=0

xj sin(2πnj
N

) n = 1, 2...
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If N is even:

aN/2 = 1
N

N−1∑
j=0

xj cos(πj) (A.9)

bN/2 = 1
N

N−1∑
j=0

xj sin(πj) = 0.

There is no scientific reason to calculate the coefficients when n > N/2, because they
will repeat themselves. Therefore, they will not provide additional information about the
time series.

For large N , however, the above equations for calculating the Fourier series coeffi-
cients may be time-consuming and require a lot of computational power. To reduce the
computational time, the FFT was developed. The history of the FFT goes back to the
1900s and explicitly described in Cooley et al. (1967). This study describes the FFT based
on Bendat and Piersol (2000). The finite-range FFT X(ωn) of an integrable function x(t)
has form

X(f, T ) =
∫ T

0
x(t)e−j2πftdt (A.10)

where f is the frequency of measurements, T is the period of measurements, t is some
point of time (0 ≤ t ≥ T ), −j is the imaginary unit. Assuming that x(t) is evenly sampled
at N points of time and spaced a distance ∆t apart, then, for arbitrary f , the discrete
version of Equation (A.10) becomes

X(f, T ) = ∆t
N−1∑
n=0

xnexp[−j2πfn∆t]. (A.11)

The discrete frequency values for the computation of X(f, t) are

fk = k

T
= k

N∆t k = 0, 1, 2..., N − 1. (A.12)

At these frequencies, the the Fourier components are defined by

Xk = X(fk)
∆t =

N−1∑
n=0

xnexp[−j
2πkn
N

] k = 0, 1, 2..., N − 1. (A.13)

The Welch’s method (Welch, 1967) can be described in 4 steps. First, it (1) splits a
given time series into K overlapped segments of length L, then (2) applies window W to
each of the segments, and (3) takes the finite Discrete Fourier Transform (DFT) for every
segment

Ak(n) = 1
L

L−1∑
j=0

Xk(j)W (j)e−2kijn/L (A.14)
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that gives a sequence of modified periodograms

I(ωn) = L

U
|Ak(n)|2 k = 1, 2, ...K (A.15)

where

fn = n

L
n = 0, 1, ..., L/2 (A.16)

and

U = 1
L

L−1∑
j=0

W 2(j). (A.17)

The last step in the Welch’s method is (4) taking the average of the individual
periodograms. The need of windowing is reasoned by the finite-length requirement of the
DFT (Oppenheim, 1999). The Blackmann-Harris window applied to the time series in
this study has shape

w(t) = a1 + a2 cos 2π
L
t+ a3 cos 4π

L
t+ a4 cos 6π

L
t (A.18)

where L is the length of the window and coefficients

a1 = 0.35875, a2 = −0.48829, a3 = 0.14128, a4 = −0.01168. (A.19)

The application of a window leads to the reduction in resolution and leakage. But
this effect can be mitigated by overlapping (Oppenheim, 1999) that is the key difference
between Welch’s method and the periodogram.



B. Additional figures

Figure B.1: The current speed at 746 m depth over the period of measurements.
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Figure B.2: Welch spectra of the current velocities in the upper ocean based on the ADCP records.
Solid blue and green lines are the pre-event and the eddy spectra, respectively. Thin dotted lines of
the same colors are the 95% confidence limits of the spectra. The blue and green dashed lines display
the 95% significance level for the pre-event and the eddy spectra, respectively. A thin grey dashed line
corresponds to the frequency of inertial oscillation. Purple and orange dashed lines indicate the frequency
of M2 and S2 tidal constituents, respectively.

Figure B.3: Current velocities in the upper ocean for period August 28, 2013–June 16, 2014 based on
ADCP.
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