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The vertical structure of mesoscale eddies in the Lofoten Basin (LB) is investigated by
combining satellite altimetry data and the Global Ocean Physics Reanalysis profiles
(GLORYS12V1). We apply an automated eddy identification and tracking method to
detect and track mesoscale eddies in the LB from altimeter data during the period
1993-2017. The three-dimensional structure of eddies detected is determined from
GLORYS12V1 temperature and salinity profiles. A method based on the inferred
three-dimensional structure of eddies and eddy trajectories is applied to estimate eddy
heat and salt transports in a Lagrangian framework at each point of the track. Note
that the study focuses on long-lived eddies (> 35 days) and all analyses are done
separately for cyclonic and anticyclonic eddies. Further LB eddies are categorized
into four groups based on the locations of eddy generation and dissipation. Our
analysis focuses on the region of the quasi-permanent anticyclonic Lofoten Vortex
(LV). The maximum in total heat transport associated with LB eddies (anticyclonic,
39.42 x 10 W; cyclonic, 10.56 x 10'3 W) is observed in the area outside the LV
region. On the other hand, while the total salt transport by anticyclonic eddies
(27.74 x 10° kg s7!) is also the largest in the area outside the LV region, the maximum
total salt transport by cyclonic eddies is found in the LV region (—12.32 x 10° kg s71).
Furthermore, our analysis did not find any significant heat or salt transport into the LV
region from the periphery of the Norwegian Current or its immediate neighborhood.
The magnitude of heat and salt transports to the LV region from outside is estimated
to be 0.9x 1013 W and 1.18 x 10° kg s~!, respectively. Annual averages are 3.6 x 10 W
for the heat and 7.2 x 10® kg s™* for the salt transport. These numbers estimate the
cumulative transfer of heat and salt to the area of the LV from outside that effects on
the annual winter regeneration of the LV. KEYWORDS: Lofoten Vortex; Lofoten Basin;
Norwegian Sea; mesoscale eddies; altimetry; automatic identification algorithm; heat and
salt transports; GLORYS12V1.
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Mesoscale variability in the World Ocean is man-
ifested in the generation of mesoscale vortices as
well as Rossby waves. Mesoscale eddies are vor-
tices with scales ranging from the baroclinic Rossby
radius of deformation to tens (hundreds) of kilome-
ters. The main reason for their generation is the
loss of stability by ocean currents. It consists of a
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Figure 1. Bottom topography (color) and general circulation (arrows) of the study
region. The black circle marks the Lofoten Vortex location. The black lines indicate the
main currents. Abbreviations: NCC — Norwegian Coastal Current, NwASC — Norwegian
Atlantic Slope Current, NwAFC — Norwegian Atlantic Frontal Current. The dotted black
line shows the area of the Lofoten vortex (area 1).

sharp increase in the velocity of background flow
or a change in its direction, resulting in barotropic
or baroclinic instability of the flow (change of the
density field with the distance) [Isachsen, Zh-
mur, . Another reason is external forcing such
as fluctuating winds [ Volkov and Fu, . In turn,
these eddies interact with the mean flow and they
transfer their kinetic energy back. These processes
influence significantly the large-scale ocean circu-
lation [Lozier, Morrow et al., and play
an important role in the heat balance of bound-
ary currents | Wunsch, . Advection of water
by mesoscale eddies impact essentially to the to-
tal oceanic heat and salt transport [Belonenko et
al., Dong et al., Morrow and Le Traon,
2012]. Heat and salt trapped by eddies change wa-
ter properties in the ocean by advection of the ed-
dies. Eventually, mesoscale eddies influence greatly
the biology of the ocean and biological productiv-
ity of water, too [see, e.g., Belonenko et al.,

Chelton et al.,[2011} Gaube et al., 2015, Kubryakov
et al., 2016t Raj et al., [2016].

The Lofoten Basin (LB) is a topographic de-
pression of about 3250 m depth, bounded by the
Voring Plateau in the south, Mohn’s Ridge in the
northwest, and the Eurasian continental shelf in
the east . This makes the LB quite a
separate topographic formation with specific fea-
tures of large-scale oceanic circulation. The LB
is bordered by two main branches of the Norwe-
gian Atlantic Current (NwAC), the Norwegian At-
lantic Slope Current (NwASC), and the Norwegian
Atlantic Frontal Current (NwAFC). The NwASC
flows along the continental slope while the NwAFC
follows the Mohn Ridge along the 2000-2500 m iso-
baths. The NwASC is about two times stronger
than the NwAFC with values of speed and volume
transport twice as big as those of the NwAFC [e.g.
Mork and Skagseth, . The NwASC also has
a prominent seasonal cycle that has been linked
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to wind forcing [Jakobsen et al., Mork and
Skagseth, Skagseth et al., .

The LB is the deepest and broadest reservoir of
Atlantic water and thereby of the ocean heat con-
tent in the Nordic Seas [Bjork et al., . Fur-
thermore, the LB is the most eddy-rich region of
the Nordic Seas [e.g., Bloshkina and Ivanov,
Jakobsen et al., Poulain et al., , where
large ocean-atmosphere interactions occur [Rossby
et al., . Being a transit area for the warm
and saline Atlantic water on its way to the Arctic
Ocean, the LB plays an important role in sustain-
ing the Meridional Overturning Circulation, since
this is a region where the Atlantic water loses its
heat to the atmosphere and mixes with the sur-
rounding water [Oruvik, [2004].

An important feature of the LB is the high-
intense synoptic-scale variability of mesoscale ed-
dies. The region of the LB, well recognized as
an area of energetic mesoscale activity, also has
substantial heat loss to the atmosphere [Rossby et

al., [2009a} Richards and Straneo, 2015} Raj et al.,

20165 Yu et al., 2017). Similar to other parts of
the World Ocean, both anticyclonic (ACEs) and

cyclonic (CEs) eddies characterize the mesoscale
eddy activity of the Lofoten Basin [e.g., Kohl,
Raj et al., . The most remarkable dynamical
phenomenon in the center of the LB is a quasi-
permanent anticyclonic eddy known as the Lofoten
Vortex (LV), represented by a convective lens of
warm and saline water in the 300-1000 m depth in-
terval with a horizontal scale on the order of 100 km
[Alexeev et al., (1991} Bashmachnikov et al., [2017|
Fedorov et al., |2019; Ivanov and Korablev, {1995
discovered during Russian hydrological surveys in
1970s—1980s. Since then, several studies have con-
firmed the existence of the LV using in situ research
[Alexeev et al., Koszalka et al., Rossby
et al., Soiland and Rossby, Satellite
altimetry [Raj et al., 2015 2016], and ocean model
data [Kohl, 2007 Volkov et al., 2015]. Recent ob-
servations and modeling studies have provided ev-
idence that eddies reaching the center of the LB
are the main mechanism maintaining the perma-

nent LV [Kohl, 2007} Raj et al., 2015} Volkov et
al., BOTH).

In this paper, we use satellite altimeter data to
track individual eddies of the LB. To analyze tem-
perature and salinity (T/S) anomalies inside eddies
in the LB, we apply the co-located method which
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allows finding appropriate vertical T/S profiles for
eddies detected. The main objective of this work is
to estimate the amount of heat and salt transports
by long-lived mesoscale eddies in different areas of
the LB, and especially from the periphery of the
LB to its center where the LV resides. We analyze
T/S anomalies relative to the background condi-
tions along the eddy tracks, and besides, we detect
places of eddy generation and dissipation in the
LB. The study tries to address the main question:
what is the respective role of mesoscale eddies on
the volume, heat and salt transports in the LB?

Data

We use high-resolution (0.25° x 0.25° grid) sea
level anomalies (SLA) for the 25 years (1993-
2017) to study the mesoscale eddies in the LB.
The AVISO gridded altimetry data is a product (ID
is SEALEVEL_GLO_PHY_L4_ REP_OBSERVATIO
NS_008_047) obtained from the Copernicus Marine
Services. This product is processed by the SL-TAC
multimission altimeter data processing system and
includes data from all altimeter missions: Jason-3,
Sentinel-3A, HY-2A, Saral/AltiKa, Cryosat-2,
Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2.
It provides a consistent and homogeneous catalog
of products for varied applications, both for near
real-time applications and offline studies.

To study the vertical structure of eddies we use
Global Ocean Physics Reanalysis. The GLORYS12
V1 product is available at the Copernicus Marine
Services. It is the CMEMS global ocean eddy-
resolving (1/12° horizontal resolution and 50 ver-
tical levels) reanalysis covering the period of 1993—
2017 with a reduced-order Kalman filter. GLO-
RYS12V1 uses assimilations the along-track altime-
ter data with high-resolution (7 km), as well as
satellite Sea Surface Temperature, Sea Ice Concen-
tration and in situ temperature and salinity verti-
cal profiles. The GLORYS12V1 product is based
on the NEMO model platform and it uses the
ECMWE ERA-Interim reanalysis at the surface.
A 3D-VAR scheme provides a necessary correction
to the slow-evolving large-scale biases in tempera-
ture and salinity. This product includes daily and
monthly data.
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Methods

The open-source code for automatic identifica-
tion and tracking of eddies developed by Faghmous
et al. obtained from https://github.com/jfa
ghm/OceanEddies, is applied on the SLA data for
the detection and tracking of mesoscale eddies in
the LB. The eddy detection algorithm, which iden-
tifies eddies along closed contours is detailed as fol-
lows. It is based on the assumption that there can
be only one extremum in the contour of the eddy
(minimum or maximum, depending on the type of
the eddy). The extremum is defined as a grid cell
where the value of data is smaller (for the mini-
mum) or greater (for the maximum) than the other
values in the specified vicinity of the point. The
choice of the vicinity is made on a uniform grid, to
which the initial data have been previously inter-
polated. A contour of the eddy is determined by
step-by-step iterations with an increase or decrease
in the critical SLA value within the contour with a
step chosen by the user until the assumption of a
single extremum within the contour is violated, and
after that, the eddy can be indicated by the con-
tour formed at the previous iteration. This method
may lead to a reassessment of the size of the vortex
but the error is not so significant with the correct
choice of the iterative step. The algorithm iden-
tifies cyclonic and anticyclonic eddies separately,
calculating for each of them the following param-
eters: radius, amplitude (elevation or lowering of
sea level at the extremum), and the area inside the
contour and an azimuth velocity.

After identifying eddies from SLA maps, a pro-
cedure for tracking eddies moving in the basin is
applied. We apply the eddy identification algo-
rithm by Faghmous et al. to the maps of
sea level anomalies (SLA) available on the link
http://marine.copernicus.eu. To limit the search
space, the algorithm estimates the probable veloc-
ity of the eddy moving, considering it as a phase ve-
locity of a long (non-dispersive) Rossby baroclinic
wave in the long-wave approximation, taking into
account the Rossby baroclinic radius [Chelton et
al., . To give a physical meaning to binding
eddy procedure at timesteps t and ¢+ 1, their exter-
nal parameters are compared, i.e. the size and the
amplitude. Eddies are connected if the ratios of the
compared parameters during consecutive timesteps
are within the range from 0.25 to 2.75. Note that
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Table 1. Spatially Averaged Mean Parameters of
Mesoscale Eddies in the LB

Parameter Type of the eddies Mean
Amplitude, cm CEs 5.2
ACEs 6.2
Radius, km CEs 55.0
ACEs 55.1
Azimuthal velocity, CEs 28.2
cm/s ACEs 32.3
Moving speed, CEs 4.0
km/day ACEs 4.0
Lifetime, days CEs 46.4
ACEs 50.8

it is probable that sometimes the eddies may tem-
porarily disappear due to noise and errors in the
initial data. The possibility of creating a “fake
eddy” is provided so that the integrity of the track
is not disturbed. A “fake eddy” is a copy of the last
observed eddy (with a particular size, amplitude,
etc.) moving along the last observed real trajectory
at the same speed. It is marked with a special mark
for further exclusion during subsequent processing.

Results and Discussion

The domain of the research is 64°-76°N, 5°W-
20°E . A total number of 235,365 eddy-
observations were detected for the period 1993-
2017. Eddy tracking algorithm applied to the eddy
observations identified 22090 ACEs and 23242 CEs
in the LB. We exclude tracks of all eddies with a
lifetime less than 35 days (99% eddies) to exclude
the vortices associated with synoptic variability, as
well as errors that could arise due to the small
discreteness of satellite measurements in the study
basin. Only 120 CEs and 210 ACEs are found to
satisfy the above criteria. demonstrates
the spatially averaged parameters of the long-lived
(> 35 days) mesoscale eddies in the LB.

For further analysis, we divide the domain of
the LB into two regions. The first is the area
of the LV bounded by 69°-71°N, 1°-5°E (area 1;
see |[Figure 1). The second is the rest of the do-
main (area 2). Further, we divide all eddies into
4 Groups based on the location of their genera-
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Table 2. Mesoscale Eddy Distribution (%) Into
4 Groups in the LB (Depending on the Places of
Their Formation and Dissipation)

Group Type of eddies
CEs (120 tracks) ACEs (210 tracks)
1 14.3% 26.2%
2 73.3% 69.5%
3 9.2% 3.8%
4 3.3% 0.5%

tion and dissipation in the two regions (area 1 and
area 2):

e Group 1: eddies born and dissipated in area
1; 72 eddies.

e Group 2: eddies born and dissipated in area
2; 234 eddies.

e Group 3: eddies born in area 2 and dissipated
in area 1; 19 eddies.

e Group 4: eddies born in area 1 and dissipated
in area 2; 5 eddies.

Group 2 eddies dominate (Table 2|) the number
of both long-lived CEs (73.3%) and ACEs (69.5%).

This is expected since area 2 considerably exceeds
area 1. Group 1 eddies holds second place with
14.3% CEs and 26.2% ACEs. Note that the num-
ber of long-lived ACEs exceeds the number of CEs
in Group 1 and is attributed to the presence of
the anticyclonic LV. However, CEs also exist in a
sufficient amount, notably localized in vicinities of
two geographical points with centers at 69.5°N, 4°E
and 70°N, 2.5°E (not shown). Our greatest inter-
est is in Group 3 which includes eddies propagat-
ing to the LV region (area 1) from outside (area 2).
Mesoscale eddies of this group are formed mainly
in the region of the Norwegian current and tend to
cyclonic rotation [Gordeeva et al., Zinchenko
et al.,[2019]. It turned out that only 5% of the to-
tal long-lived mesoscale eddies in the LB (only 19
eddies out of 330: 11 of CEs and 8 of ACEs) can
represent this type. Group 4 eddies represents only
1.5% of the total number of long-lived eddies in the
LB. [Figure 2]illustrates the box plots with whiskers
for 4 Groups of eddies. The statistical character-
istics of the CEs and ACEs are almost identical
within their Groups except for lifetime, which is
1.5 times longer for ACEs then CEs. However, the
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differences between the Groups are more signifi-
cant (Figure 2)). [Figure 2| and [Table 1| are used to
choose typical long-lived eddies with middle char-
acteristics from each Group.

Next, we apply a co-localization method based
on the joint analysis of eddy trajectories of the
long-lived eddies and their inferred three-dimensio-
nal structures. The essence of the co-localization
method is as follows. If a GLORYS12V1 profile is
located within an eddy detected by the automatic
identification and tracking algorithm we define this
profile (temperature and salinity) as “profile inside
eddies” otherwise “profile outside eddies”. To de-
termine three-dimensional eddy structures in the
LB and inherent heat/salt transports, we select
the longest-lived eddies from each Group and study
ACEs and CEs separately. Using this approach, we
choose 8 eddies (one representative ACE and CE
for each of the 4 Groups) for further analysis.
demonstrates tracks of chosen eddies belong-
ing to different Groups. To estimate T/S anoma-
lies, we use the GLORYS12V1 reanalysis and apply
a Lagrangian framework at each point of the track.
We provide formal statistical analysis of eddy char-
acteristics without filtrations of outliers. Notice
that the azimuthal speed exceeds significantly the
moving speed (a requirement for trapping of ed-
dies).

The next step is to calculate T//S volume anoma-
lies for these 8 eddies, which is necessary to esti-
mate their heat and salt transports. We use 25-year
time series of temperature and salinity in the daily
database of GLORYS12V1 to calculate anomalies
at the specified points along the eddy-track, as-
suming that the 25-year duration provides the av-
erage climate characteristics calculating for each
day (the background of T/S). |[Figure 4HFigure 7|
demonstrate the vertical temperature and salinity
anomalies as well as temporal variability of tem-
perature anomalies inside CE and ACE in each of
the four Groups. Figures show that T/S anoma-
lies of CEs and ACEs significantly change during
their lifetime (see [Figure 4HFigure 7c, [Figure 7f.
Moreover, zonal cross-sections of temperature and
salinity demonstrate that the centers of eddies ob-
tained from altimetry often do not match to the
centers in the cross-sections. It can be explained
by two reasons. Firstly, the spatial resolution of
altimetry data (0.25° grid) is not enough for good
compliance. The daily time resolution of altime-
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Figure 2. Box plot with whiskers for amplitude (cm), radius (km), azimuthal velocity
(cm/s), moving speed along the tracks (km/day), a lifetime of CEs (on the left) and
ACEs (on the right). The box sizes are 25-75% quantiles (Q1 = 25%, Q3 = 75%), the
low ends of the whiskers are Q1 — 1.5x(Q2-Q1), the upper ends of the whiskers are
Q3 + 1.5x(Q2-Q1), the yellow lines inside boxes indicate medians, the circles indicate
outlier data.

6 of 14



ES6011 BELONENKO ET AL.: EVALUATION OF HEAT AND SALT TRANSPORTS ES6011
g) h)
]
20{ © 8 20{ 3 o
8 8 8
o
2 8 8 o z o
< o
=15 1 E o o =191 o
= g = e 8
&,10 ~ g,10
»n w
&0 &0
E E
S 5/ 5 5l
= 0 =
T I T 1| JT T I |1
Gl‘Oll.lp 1 Groilp 2 Gl‘Oll.lp 3 GI‘Oll.lp 4 GrOlllp 1 GI"Oll.lp 2 Gro{lp 3 Gl‘Oll.lp 4
k) D
80 1 S °
o 120 4 o
o
70 A
= . %100
< 60 - < o
-3 = 80 8
= 50 - 43
60 -
40 A =
l 1 T w01 T T T
GI‘Olllp 1 GI‘Olllp 2 Gro{lp 3 GI‘Olllp 4 Grotllp 1 Gl‘Olllp 2 GI‘Olllp 3 GI‘Olllp 4
Figure 2. Continued.

try data (necessary for Faghmous et al. [2015]
method) is obtained with usage optimal interpola-
tion algorithm. Secondly, there is no precise com-
pliance of coordinates of eddy centers with coordi-
nates of relevant profiles. However, the maximum
errors must be less the spatial resolution of GLO-
RYS12V1 product. We realize that the approach
based on analysis of the individual eddies from each
Group allows us to obtain only averaged estimates
of advection of heat and salt by mesoscale eddies
for the LB. However, it can give a unique insight
into the volume of T/S advection by eddies in the
LB and shed light on the understanding of vortex
dynamics in the basin.

We use temperatures cross-sections of 8 eddies
(Figure 4HFigure 7h, [Figure 7d) to determine the
vortex border. Like meteorologists [ Vorobiev, ,
we defined eddy cores as areas within closed con-

tours and the eddy border is the most external
closed contour. We use the assumption that eddies
in the LB are formed more by temperature anoma-
lies than by salinity [Bloshkina and Ivanowv,
Rossby et al., . We thus now use the three-
dimensional structure to estimate the relative eddy
contribution to fluxes of volume, heat, and salt in
the LB based on the knowledge of 3D-distributions
of T/S anomalies in the eddies under consideration
(see . Following Chaigneau et al. [2011]
and Dong et al. |2017], we calculated the available
heat and salt content (AT and AS, respectively) for
each of 4 Groups:

AT = pC,, / T'dxdydz

AS = p/S'dxdydz
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Figure 3. Tracks of analyzed long-lived eddies: (a) — Group 1, area 1, (b) — Group 2, area 2, (c) —
Group 3, (d) — Group 4. The black rectangle shows the area of the Lofoten vortex (area 1). Blue lines
display the cyclonic and red lines the anticyclonic eddies. The red points exhibit the location of the
eddy generation, and the green points show the location of eddy dissipation.
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Figure 4. The cyclonic eddy (CE) (on the left) and the anticyclonic eddy (ACE) (on the right) for the
Group 1: temperature anomalies (a), (d), salinity anomalies (b), (e), temporal variability of temperature
anomalies for CE (c) and ACE (f). The red line shows the position of the eddy center according to
altimetry data. Dashed lines indicate the eddy border.
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Figure 5. The cyclonic eddy (CE) (on the left) and the anticyclonic eddy (ACE) (on the right) for the
Group 2: temperature anomalies (a), (d), salinity anomalies (b), (e), temporal variability of temperature
anomalies for CE (c¢) and ACE (f). The red line shows the position of the eddy center according to
altimetry data. Dashed lines indicate the eddy border.

a)

Temperature anomalies, °C Temperature anomalies, °C

0 e 0 2.4
200 1.6 200 1.8
400 400 .
= 8% PR 1.2
B Yoo EINS
& 1400 —08 & 1400 0.0
1600 -1.6 1600 -0.6
1800 24 1800 12
69.25 69.50 69.75 70.00 70.25 70.6 70.8 71.0
Latitude, deg Latitude, deg
9) Salinity anomalies, psu d) Salinity anomalies, psu
0 0 0.16
200 T 200 0.12
€ 600 010 £ %00 '
£ 3% v £
@ 1200 000 8 1500 0.04
o 1400 -0.05 A 1400
1883 010 3568
-0.15 -0.04
69.25 69.50 69.75 70.00 70.25 70.6 70.8 71.0
Latitude, deg Latitude, deg
e) f)

Temperature anomalies, °C

Temperature anomalies, °C

2.4 0
18 200 2.0
€ 1.2 € 600 1.0
< 0.6 < 800 0.5
g 0.0 2 1000 0.0
(o) —-0.6 [) 1200 —-0.5
8 2 0 1400 -1.0
-12 1600 15
-1.8 1800 33
0 20 40 60 0 20 40 60
Day of life Day of life

Figure 6. The cyclonic eddy (CE) (on the left) and the anticyclonic eddy (ACE) (on the right) for the
Group 3: temperature anomalies (a), (d), salinity anomalies (b), (e), temporal variability of temperature
anomalies for CE (c) and ACE (f). The red line shows the position of the eddy center according to
altimetry data. Dashed lines indicate the eddy border.
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Here the respective mean upper ocean density and
heat capacity are p = 1025 kg m™3 and C
4200 J kg=! °C~!. T" is the eddy-induced potential
temperature anomaly, S’ is the eddy-induced salin-
ity anomaly. The results are detailed in [Table 3]
Note that in contrast to Chaigneau et al. [2011]
and Dong et al. we calculate AT and AS in
3D-structures determined inside the last external
closed surface of eddies. [Figure 4HFigure 7| show
vertical sections of these eddies where graphs “a”
and “d” demonstrate the boundary limits of eddies.
[Figure 4HFigure 7 show that all considered eddies
have a large thickness, and their horizontal sizes
are very large, too. It is a reason why eddy volume
and eddy volume transports are quite significant
despite the small moving speed of these eddies.
demonstrates different characteristics of
eddies including heat and salt content: AT and AS,
respectively. Note the values of AT and AS are pos-
itive for ACEs and negative for CEs. High values
of AT and AS for ACEs in Group 2 and 3 are not
surprising because anticyclonic eddies generated at
the periphery of the NwASC [see Isachsen,

keep the Atlantic Water heat and salt. Notably, the
Group 4 ACEs have much higher AT and AS. This
can be explained by the choice of the typical eddy
from a small number of eddies (see [Table 2)). Also,
it is important to note the high AT and AS values
of Group 1 CEs located in the region of the quasi-
permanent anticyclonic LV. These cyclonic eddies
surrounding the quasi-permanent anticyclonic LV
form a powerful ring of eddies like a shield [Car-
ton, Toth and Hazi, . The absolute
magnitude of AT of CEs is 5.47 times greater in
this region than AT of ACEs, and the coefficient is
7.0 for AS. This implies to the presence of a shield
consisting of many cyclonic eddies around the LV
which in turn is very important for the existence
and stability of the vortex.
Following Chaigneau et al. and Dong et
, we also calculate heat and salt trans-
ports for different Groups of mesoscale eddies in
the LB as well as total and annual values. [Ta]
[ble 3] demonstrates that heat and salt transports
by CEs of Group 1 are much higher, than those
by CEs of other groups. Group 2 eddies comprise
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Table 3. Thermohaline Contents and Associated Transports Integrated Over the Volume of the Long-

Lived Cyclonic and Anticyclonic Eddies in the LB

Characteristics Group 1 Group 2 Group 3 Group 4
CE ACE CE ACE CE  ACE CE ACE
Date of birth 1998-  2000- 2004- 2015~ 2003-  2001-  2017- 1993-
12-11  10-02 10-22  07-30 0828 1231 08-15 11-18
Lifetime (days) 68 132 81 120 72 76 64 48
Thickness, m 550 600 300 760 260 410 300 340
Radius, km 36.63  30.52 18.59  39.96 3441  29.14 26.92  53.83
Moving speed , m/s 0.03  0.03 0.03  0.01 0.01 0.01 0.03  0.06
Volume (x10'2, m?) 232 1.61 0.33  1.50 0.97 0.69 0.68  2.73
Volume transport (Sv) 1.29 1.11 0.23 0.80 0.10 0.32 0.43 2.18
AT (x10%°, J) -1.84  0.38 -0.15  1.23 -0.59  0.68 0.6 176
AS (x10', kg) 2.3 042 -0.18  0.87 -0.95 107 -1.02 2.87
Heat transport (x10%%, W) -1.04  0.19 -0.12  0.27 -0.08  0.20 -0.37 1.3
Salt transport (x10°%, kg s~1) -1.33  0.19 -0.14  0.19 -0.13  0.32 -0.68  2.05
Total heat transport -17.68 1045  -10.56  39.42 -0.88 1.6 -1.48 1.3
(x1013, W)
Total salt transport -22.61 1045  -12.32 27.74 -143  2.56 2.72  2.05
(x10%, kg s~ 1)
Annual heat transport -7.07 4.18 -4.22  15.76 -0.35 0.64 -0.59  0.52
(x1012, W)
Annual salt transport -9.04 4.18 -4.93  11.10 -0.57 1.02 -1.09  0.82

(x10%, kg s71)

more than 70% of the total long-lived eddies and
hence it is not surprising that the total heat trans-
port (39.42 x 103 W) of Group 2 ACEs is much
larger compared to rest. Similarly, total salt trans-
port by ACEs is also maximum for Group 2 eddies
(10.45 x 10° kg s7!). On the other hand, total
heat transport associated with CEs is maximum
for Group 1 eddies (—17.68 x 10'® W) and is at-
tributed to the large heat carried by individual ed-
dies Group 1 CEs. Similarly, the total salt trans-
port by CEs is observed to be maximum for Group
1 eddies (—22.61 x 10° kg s™!). Next, we focus
on the transport of heat and salt from the Norwe-
gian Atlantic Current into the basin interior. Off
the Lofoten Islands, where the continental slope
is exceptionally steep, the NwASC becomes unsta-
ble and generates ACEs [[keda et al., Isach-
sen, Kohl, that drift towards the cen-

ter of the basin along a cyclonic path [Raj et al.,

2016; Volkov et al., 2013} |2015]. Thus, the LB ed-

dies extract Atlantic waters from the NwASC and
spread it all over the basin. The continuous sup-
ply of warm eddies leads to a general deepening

of isotherms in the LB, in particular in its deepest
part, where the merging eddies form and maintain
the LV [Belonenko et al., ; Tvanov and Ko-
rablev, Kohl, Raj et al., Soiland
et al., Volkov et al., . Group 3, eddies

generated in area 2 and dissipated in area 1, are
responsible for this process. However, our anal-
ysis of mesoscale eddy activity based on satellite
altimetry and method of automatic identification
does not confirm significant heat and salt trans-
port to the region of the Lofoten vortex location
(area 1). shows that heat and salt trans-
port by Group 3 eddies drifting to the area 1 from
outside (area 2) is not significant and is much less
in comparison to the characteristic of eddies gen-
erated and dissipated directly in area 1 (Group 1
eddies). Nevertheless, volume transport is found
to be higher for Group 3 ACEs (0.32 Sv) than for
Group 3 CEs (0.10 Sv) although the volume of ACE
(0.69 x 10'2 m3) is less than the volume for CE
(0.97 x 102 m3). Similarly, heat and salt trans-
ports have greater magnitudes for ACEs than for
CEs in Group 3. However, contrary to this, to-
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tal heat and salt transports are more for CEs than
ACEs in Group 3 because the total number of CEs
is more than ACEs (see [Table 2)). |Table 3| also
demonstrates that the impact of Group 3 CEs on
the LV is more substantial in comparison to ACEs
as annual heat and salt transports by Group 3 CEs
are larger. We also determine total positive heat
and salt transports to area 1 from outside by tak-
ing into account the negative values of CEs and
the opposite contribution of eddies from Group 4.
The magnitude of heat transport to the LV area
from outside is 0.9 x 10'> W and salt transport is
1.8 x 10° kg s~ . These values are for the whole pe-
riod 1993-2017. Annual averages are 3.6 x 101 W
for the heat and 7.2 x 103 kg s~ for the salt. Since
the associated volume transport in the basin needs
to be zero, the difference in the values has to be
covered by other mechanisms of advection and dif-
fusion processes. Thus, these numbers assess cu-
mulative transfers of heat and salt to area 1 from
outside thereby influencing an annual winter regen-
eration of the Lofoten Vortex.

Summary

We use the automated identification and track-
ing method of Faghmous et al. to study
the LB eddies. Focusing only on the long-lived
mesoscale eddies (eddy life > 35 days), we found
that the predominant type of both CEs (73.3%)
and ACEs (69.5%) belong to Group 2 eddies, i.e.
long-lived eddies, generated and disintegrated in
area 2. While Group 1 eddies comes next (14.3%,
CEs; 26.2%, ACEs), only 6% of all long-lived ed-
dies are found to represent Group 3 (9.2%, CEs;
3.8%, ACEs), the Group, which includes eddies
propagating to the LV neighborhood (area 1) from
outside (area 2). The smallest is Group 4 (3.3%,
CEs; 0.5%, ACEs), and it refers to eddies prop-
agating in the opposite direction (from area 1 to
area 2). Analysis of three-dimensional structures of
the long-lived eddies in the LB and corresponding
heat and salt transports is carried out using GLO-
RYS12V1 reanalysis and by applying a Lagrangian
framework at each point on every individual track.
Available heat and salt content are estimated from
the 3D T/S anomalies. Despite the small moving
speed, the eddy volume transports are essential due
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to the large size and horizontal scales of the ed-
dies. There are significant values of AT and AS for
cyclonic eddies in area 1, even though it is a re-
gion where anticyclonic eddies dominate. Cyclonic
eddies in area 1 are found to surround the quasi-
permanent anticyclonic LV to form a powerful ring
of eddies like a shield.

The total heat transport is found to be maxi-
mum for Group 2 ACEs (39.42 x 10 W), while
heat transport associated with cyclonic eddies is
comparatively lower (—10.56 x 103 W). In com-
parison, the total heat transports by eddies of other
groups are less. Notably, salt transport by Group
1 eddies is maximum and is associated with CEs
(—22.61x 107 kg s~ !). The salt transport by ACEs
(10.45 x 107 kg s7!) in Group 1 is less than that
by CEs. The analysis does not confirm significant
heat and salt transports to the area of the LV (area
1). Results show that heat and salt transports by
eddies drifting to the area 1 from outside (Group 3
eddies) are not significant and much less in compar-
ison to eddies born and dissipated in area 1 (Group
1 eddies). The volume transport of ACEs (0.32
Sv) in Group 3 is comparatively larger than that
by CEs (0.10 Sv). However, contrary to this, total
heat and salt transports are higher for CEs than
ACEs in Group 3 because in the Group the total
number of CEs is more than ACEs. The same is for
annual heat and salt transports in Group 3 where
the impact of cyclonic eddies on the LV is unexpect-
edly more substantial than anticyclonic eddies.

We assess heat and salt transports to area 1 from
outside taking into account negative values of CEs
and the opposite contribution of eddies from Group
4. The magnitude of heat transport is 0.9 x 1013 W
and salt transport is 1.18 x 10° kg s~!. Annual av-
erages are 3.6 x 10" W for the heat and 7.2 x 103
kg s~! for the salt. These numbers assess cumu-
lative transfers of heat and salt to area 1 from
outside thereby influencing an annual winter re-
generation of the Lofoten Vortex. In summary,
our study provides the first quantification of eddy
induced heat and salt transport into the Lofoten
Basin. Although the associated volume transport
in the basin needs to be zero, the last means the
advection of a heat or salt transports into an area
of the Lofoten Vortex by mesoscale eddies has a
positive balance. However, it concerns only the
advection by eddies where the inflow exceeds the
outflow. Therefore, the difference in the values has
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to be covered by other mechanisms of advection
and diffusion processes.
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