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The anticyclonic quasi-permanent Lofoten vortex is a strong dynamic formation in the center of
the Lofoten Basin in the Norwegian Sea. We used the oceanic reanalysis data GLORYS12V1.
We analyzed a seasonal distribution of the relative and potential vorticity, as well as the orbital
velocities and the potential density in the Lofoten vortex. The main points of the potential

vorticity calculating are considered. The values of the Lofoten vortex volume, the horizontal
dimension (the diameter) as well as the vertical scale for the period from 2000 to 2019 are

obtained, as well as the method for estimates of these characteristics is described in detail. It
was shown that the intensification of the vortex occurs in the summer, and its relaxation — in

the winter.
vorticity; relative vorticity.
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1. Introduction

Potential Vorticity (PV) is often considered as
the absolute circulation of a particle enclosed be-
tween two isentropic (for the atmosphere) or isopy-
cnal (for the ocean) surfaces (Winkler, R., Zwatz-
Meise, V., 2001, Manual of synoptic satellite mete-
orology. Conceptual models and case studies. Ver-
sion 6.8. http://www.zamg.ac.at/docu/Manual).
PV can also be calculated relative to surfaces of
equal depth or pressure. Potential vorticity com-
bines the dynamic effects of the Earth’s rotation
around its axis and the rotation of fluid elements
around their centers. Thus, PV is a combination of
the small-scale fluid properties and the large-scale
dynamic variability. In practice, PV can be used
to assess the lateral exchange at the outer vortex

boundary [Bosse et al.,[2019].
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The PV calculation is based on the Ertel theo-
rem, which is also called the Ertel-Rossby theorem
[Allen and Smeed, , (Smith, R. K., 2003, Po-
tential Vorticity, https://www.meteo.physik.uni-m
uenchen.de/lehre/roger/Adm_Lectures/PV.pdf), or
the equation of potential vorticity conservation. It
is often believed that Rossby and Ertel obtained
their potential vorticity conservation laws indepen-
dently, but according to [Samelson, this is not
the case. His paper contains the rationale of this is-
sue, we will mention the main points. In the article
[Rossby, the Lagrangian conservation law for
the shallow water model is derived. If we differen-
tiate the equations of motion and neglect the terms
multiplied by the vertical velocity component (w),
but allow variations in latitude (f), we can get the
well-known relationship between vorticity ()
and horizontal divergence:

d(C + 1) ou v
(:lt:_(C+f)<8x+8y>’ (1)

where f is the Coriolis parameter (planetary vor-
ticity);
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Figure 1. The Lofoten Basin. The color indicates the bottom topography (m). The

arrows indicate the Norwegian Current branches: NwASC is the Norwegian Slope Cur-
rent, NCC is the Norwegian Coastal Current, NwAFC is the Norwegian Frontal Current.
The study area is marked with a rectangle, LV is the Lofoten Vortex.
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is the relative vorticity; ¢ is the time; u, v are the
zonal and meridional velocity components. Using
the continuity equation and eliminating the di-
vergence, Rossby obtained the formula :

1dD ou Ov
s (+a) @
C+f=eD, 3)

where D is the thickness of a homogeneous lig-
uid layer, cis the constant value for any individual
column of liquid, which can vary from one trajec-
tory to another. Rossby compared the constant c
with the Bernoulli function in a steady flow and
showed how the relative vorticity is related to the
flow depth according to the conservation law. In
the article [Rossby, author generalized the
potential vorticity conservation law for a contin-
uously stratified hydrostatic fluid. These findings

are drawn in an alternative form in [Rossby, ,
where the author introduced the term “potential
In 1942 Ertel published several short
papers where he derived a set of potential vortic-

vorticity”.

ity theorems for ideal non-hydrostatic compress-
ible fluids [Ertel, [1942a) [1942Db} [1942¢f Schubert et
al., . Ertel’s results are more general than
Rossby’s and are formulated using vector calcu-
lus and the standard Eulerian vertical coordinate,
while Rossby used quasi-Lagrangian, isopycnal, or
isentropic surfaces.

The Lofoten Basin (LB) is located in the north-
ern part of the Norwegian Sea and has a maximum
depth of 3303 m according to the global elevation
model ETOPOL [Amante and Eakins, 2009]. It
is surrounded by the Mohn and Helgeland Ridges
from the west, the Vgring Plateau from the south,
and the Norwegian coast from the east .
The basin is surrounded by two branches of the
Norwegian Current: the Norwegian Slope Cur-
rent (NwASC) and the Norwegian Frontal Current
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(NwAFC). The LB is a transit zone of warm At-
lantic waters to the Arctic, where they accumulate
and transform [Koszalka et al., Rossby et al.,
Ypma et al., . The energy vortex field
of the basin redistributes these waters in the basin,
resulting in large heat losses from the sea surface to
the atmosphere [Dugstad et al., . Due to this,
LB is called the “heat reservoir” of the entire re-
gion Rossby et al., . On average, the depth
of winter convection in the basin can reach from

600 m [Bashmachnikov et al., [2017b} Nilsen and

Falck, 2006; Raj et al.,|2015} Volkov et al.,|2015] up
to 800 m [Bosse et al., [2018; Kdhl, 2007, Soiland et
al., 20165 Swiland and Rossby,|2013|. In the case of

especially intense convective processes (for exam-
ple, in the winter of 2009-2010), the depth of the
mixed layer depth can reach up to 1000 m [Bosse

et al., 2018} Fedorov et al.,[2019} 2021} Spall, [2010].

The main feature of the LB is the quasi-perma-
nent anticyclonic Lofoten Vortex (LV). It is a con-
vective lens of warm and salty water at a depth of
300-1000 m with a spatial scale of about 100 km
[Bashmachnikov et al., Bashmachnikov et

al., [2017b|Belonenko et al., 2018} Ivanov and
Korablev, 1995b]. The eddy is also iden-

tified as an area of the local level rise and in-
creased kinetic energy of currents [Bashmachnikov
et al., Belonenko et al., 2014 Kohl, 2007}
Volkov et al., . Winter convection [Alexeev
et al., Bloshkina and Ivanov, Fedorov

et al., 2019 Tvanov and Korablev, [1995al [1995b
Nowvoselova and Belonenko, [2020; Travkin and Be-

lonenko, Yu et al., and/or merging
with other mesoscale eddies breaking away from
the Norwegian Current [Fedorov and Belonenko,
Fer et al., Gordeeva et al., Kohl,
Travkin and Belonenko, Trodahl et al.,
Zinchenko et al., are considered to be

the main reasons for vortex regeneration. The ver-
tical thickness of the core formed during convection
is determined by its pre-convective thickness, heat
transfer intensity in the winter season, and horizon-
tal heat advection [lvanov and Korablev, [L995D)].
Also, the bowl-shape bottom of the basin signif-
icantly reduces the rate of LV destruction [Bash-

machnikov et al., [2017b Belonenko et al., 2021].
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Model experiments in the article [Santeva et al.,
showed that the vortex lifetime significantly
depends on its position in the basin, the bottom to-
pography, and the speed of the incident flow: the
greater the incident flow speed and the shallower
the depression depth in the basin center, the faster
the vortex is destroyed. In addition, mesoscale cy-
clones surrounding the LV isolate it from the exter-
nal environment and contribute to its stabilization
[Raj et al., 2020].

According to the articles [Belonenko et al.,
ITvanov and Korablev, , LV is most intensive
in winter when the thermohaline anomalies inten-
sify so the eddy shrinks to the baroclinic Rossby
radius (7-9 km [Chelton et al., Nowoselova
et al., ) and anticyclonic vorticity increases.
In summer, the vortex relaxes, its horizontal di-
mensions increase and the speed of orbital motion
decreases [Alexeev et al., Belonenko et al.,

2014} Tvanov and Korablev, [1995b|.

2. Methods
2.1. Potential Vorticity Calculation

The Rossby potential vorticity conservation law
combines the change in depth (H), relative vor-
ticity (¢) and latitude (namely, the Coriolis param-
eter f), and was obtained in [Rossby, [1940]:

4 .

The value in parentheses is called the potential vor-
tex (PV) and is constant along the flow path (for-

mula (f)):
C+f

PV = = const. (5)

Firstly, a flow thickness variation leads to a chan-
ge in the relative vorticity. Consider the example
in
isosurfaces, for example, isopycnal. Since the po-
tential density is conserved as the liquid column

The liquid column is limited by two

moves, it stretches or shrinks as the thickness chan-
ges between the isopycnal surfaces. Since the mass
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Figure 2. The illustration of the potential vortic-
ity conservation.

of the liquid column is also being the same, ver-
tical stretching reduces the column base area and
vice versa. As a result, when the vortex expands
(Figure 2, movement from “b” to “a”), its rotation
slows down, and when the vortex converges hor-
izontally movement from “a” to “b”),
the speed increases to maintain potential vorticity
[Kushner, Talley et al., . In literature,

for example [Steele et al., 2001} Stewart, 2008 Val-
lis, [2006], this phenomenon is often compared to

the rotation of an ice skater, whose rotation slows
down when her arms are spread out and increases
when she is stretched up. We will refer to this
as the “ice skater effect”. Secondly, a change in
latitude requires a corresponding shift in the rela-
tive vorticity: as the water column approaches the
equator, the planetary vorticity f decreases, while
the relative vorticity ¢, on the contrary, increases
[Stewart, 2008]. Note that PV remains the same
in the absence of mixing with other particles or
friction losses [Catling, Pidcock et al., .
The PV change means that diabatic processes are
involved: the release of latent heat, friction, radia-
tion, etc.

The articles [Zhmur et al., [2021a} [2021b} [2022]
contain a detailed description of the methods for
calculating Ertel’s and Rossby’s potential vortic-
ity.
vorticity. Let us consider further only the main
points. In general, the for a baroclinic flow in

In this paper, we will use Ertel’s potential
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a stratified fluid will be calculated by the for-
mula @ in vector form and the formula in
the scalar form [Allen and Smeed, Stewart,
2008], (Smith, R. K., 2003, Potential Vorticity,
https://www.meteo.physik.uni-muenchen.de/lehre/
roger/Adm_Lectures/PV.pdf):

PV:ﬂxV)\, (6)
p
1 Oow 0Ov\ OA
PV=-—(|5F——-%) =%
v p<<8y 8z>8x+

oA O\
S UOS ).

ou Ow

(f n+ @ - ax>
where w and 2 are the relative and planetary
vorticity in a vector form; p is the flux density; A is
any conserved characteristic for each element of the
fluid; u, v, w are the zonal, meridional, and verti-
cal velocity components; f, =2 € cos ¢. Thus, due
to the PV constancy, there is a close relationship
between the absolute vorticity and static stability,
which is caused by the action of the buoyancy force,
i.e., vertical stratification of temperature and salin-
ity (Winkler, R., Zwatz-Meise, V., 2001, Manual of
synoptic satellite meteorology. Conceptual models

and case studies. Version 6.8. http://www.zamg.ac.
at /docu/Manual).

In the Boussinesq approximation, only the ver-
tical component is considered, then expression @
will take the following form :

C+ fOoA

B (8)
p 0z

As mentioned earlier, A is any conserved character-

PV =

istic for each liquid element, for example, the po-
tential density of water p (for the ocean) and the
potential temperature (for the atmosphere) are of-
ten used. Thus, PV for the ocean will be calculated
by the formula @[):

C+/op

PV =
p 0z’
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or, if we replace part of the expression with the
Viisila-Brunt frequency

N2 — _g%
p 0z’
then:

PV:—;(erC)NQ. (10)

Note that according to many practical works
[Bosse et al., Smilenova et al., Tro-
dahl et al., , a minus sign is presented in a
formula, @ but is absent in formula which, at
a glimpse, somehow contradicts Ertel’s theorem.
However, if we consider that

D
—_ (P —
Dt( V)=0,

i.e., PV =const, then the sign is irrelevant gener-
ally. The authors add it to make it easier to analyze
positive values. Further, we will also give formulas
with the opposite sign for calculating positive PV
values. In this case, PV will be positive under the
condition of a quiescent, stably stratified ocean in
the northern hemisphere [Bryan, .

Let us consider the variations of the calculation
formulas encountered in practice. For example, in

[Smilenova et al., [2020], the following formula is
used :

PV:;(f+C)N2+

(200 ouin) "
p\0z0x 0z0y)’

where ¢ is the gravitational acceleration; u, v are
the zonal and meridional velocity components.

In [Bosse et al., 2019], formula for polar

coordinates is given:

PV (r,z)

(f+ON?———==2-. (12

1
g
When we pass to Cartesian coordinates, the follow-
ing formula can be obtained:

1 1 /0v0b Oudb
PV =~ N - ([ F=———-——), (1

where is the buoyancy force.
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We performed calculations for 10 June 2010 us-
ing three formulas: @, . It was found that
the results differ insignificantly from each other (on
average, the difference is of the order of 10713),
therefore for the Lofoten Basin conditions, it was
expedient to use a simpler formula @

2.2. Selecting the Vortex Boundaries and
Calculating Vortex Size

Currently, there is no standardized method for
identifying the vortex boundaries. The most com-
mon methods are the selection by isopycnal/isothe-
rmal surfaces or by maximum velocities (gives un-
derestimated vortex radius). In addition, it would
be useful to consider the dynamic characteristics
when identifying the vortex boundaries, therefore,
the relative and potential vorticities can also be
applied. It is worth remembering that the meth-
ods are very arbitrary, all criteria are determined
empirically for a specific vortex, and in general,
the obtained values (vortex volume, its vertical and
horizontal dimensions) should be considered not as
absolute values, but as relative values that reflect
the temporal variability of a particular vortex.

The following empirical criteria were selected to
isolate the LV: relative vorticity ¢ < 5 x 1076 s71
(Figure 3p-{Figure 3{, yellow lines), potential vor-
ticity PV < 4x10~ 1 m~! s7! (Figure 3p-{Figure 3d,
red lines). To cut off the region of small values lo-
cated deeper than the lower vortex boundary, we
also added the criterion of the potential density
p < 1027.96 kg m~3 (Figure 3h-|[Figure 3d, blue
lines). To calculate the potential density and the
Viiséla-Brunt frequency required for the calcula-
tion, we used the thermodynamic equation of sea-
water TEOS-10 (http://www.teos-10.org/)), imple-
mented in the MATLAB programming language.

The area within 69-71°N and 1-6°E was con-
sidered. Then the masks of all areas satisfying the
listed conditions were selected (Figure 3g-Figure 3f,
yellow lines). What should we do if other anticy-

clonic eddies with fulfilled stated conditions are ob-
served in the investigated area? In most cases, LV
is much more intense than other anticyclonic ed-
dies of the LB, i.e., has the highest negative relative
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Figure 3. The potential vorticity (a, b), the relative vorticity (c, d), the mask of all
areas satisfying the given conditions (e, f), Lofoten vortex mask (g, h) on the vertical

(left side) and horizontal (right side) sections. The shape of the Lofoten vortex core (i),
the potential vorticity is shown in color. The red cross marks the center of the Lofoten
vortex. Figures are for October 2010 (monthly average).

vorticity. The minimum relative vorticity is usually
observed in the surface layers; however, for most of
the year (on average, 7-8 months), the vortex core
is isolated from the surface. The articles [Fer et al.,
Travkin and Belonenko, Zinchenko et
al., show that the cores of mesoscale eddies
are usually located in the 300-600 m layer. For
this reason, the point with the lowest relative vor-
ticity at a depth of 417 m (approximately in the
middle) was chosen as the center of the LV
jure 3e-{Figure 3h, red cross). In rare cases, when

the smallest relative vorticity was observed outside
the selected mask, the pairwise distance between
this point and all other cells of the mask was de-
termined, and then the cell located at the small-
est distance was selected. It is important to note
that the minimum relative vorticity is not always
observed in the LV, therefore, it is necessary to ver-
ify at the appropriate stages of calculations. Next,
the associated 3D areas were selected and labeled.
Cells were combined into one area only if they had
a common face; if the cells had only a common
edge or vertex, they were distinguished as different
areas. The LV was recognized as the area that con-

tains the point previously defined as the center of
the LV.

We also calculated the height and diameter of the
vortex core. The vortex diameter was determined
at each horizon by approximating its boundary
with a circle (Bucher, 1., 2021, Circle fit, MATLAB
Central File Exchange. https://www.mathworks.
com/matlabcentral /fileexchange /5557-circle-fit),
and then the largest diameter was chosen. The
core height was determined by the difference
between the minimum and maximum depth where
the vortex was recorded. The vortex volume was
calculated as the sum of each cell volume where
the vortex was determined. The cell volume
was found as the product of its base area (the
area of the corresponding grid cell with a size of
0.083° x 0.083°) by the height of the cell.

3. Data

The global ocean reanalysis GLORYS12V1 was
used to calculate the potential density, orbital ve-
locities, as well as relative and potential vortici-
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Figure 4. The vertical sections of the orbital velocity (m s~!) in the Lofoten vortex on
1 September 2009 (a), 1 December 2009 (b), 1 March 2010 (c), and 1 June 2010 (d). The

dotted line indicates the vortex center.

Table 1. Coordinates of the Lofoten Vortex Cen-
ter

Date Latitude Longitude
1 September 2009 69.9583 2.2083
1 December 2009 69.9583 3.3000
1 March 2010 69.7083 3.8750
1 June 2010 69.8750 3.1250
ties. It is primarily based on the modern global

real-time forecasting system Copernicus Marine
Environment Monitoring Service (CMEMS). The
model component is the NEMO platform and the
ECMWEF ERA-Interim reanalysis of surface char-
acteristics. The data was downloaded from the
Copernicus Marine Environment Monitoring Ser-
The data are gridded and imple-
mented in the WGS-84 coordinate system in the
Mercator projection. Reanalysis has two types of
temporal resolution: daily average and monthly av-
erage. There are also two spatial resolutions: 0.25°
and 0.083°. The array GLOBAL-REANALYSIS-

PHY-001-030-MONTHLY was chosen, which is

vice website.

monthly average data with a spatial resolution of
0.083° (~ 8 km) and 50 vertical levels (from ~ 0.5
to ~ 5728 m).
to 2019. The reanalysis includes water temper-
ature (7"), salinity (S), current velocity compo-

It covers the period from 1993

nents (u,v), mixed layer depth, sea surface height
and sea ice cover data (concentration, thickness, u
and v drift components). Bathymetry data were
taken from the global relief model of Earth’s sur-
face ETOPO1 [Amante and Eakins, 2009]. It is
implemented on the 1/60° grid and includes the
bottom topography. ETOPOL1 is vertically refer-
enced to sea level and horizontally referenced to
the World Geodetic System of 1984 (WGS 84).

4. Results

Let us consider the seasonal variability of the
LV characteristics according to the ocean reanal-
ysis GLORYS12V1 using the 2009-2010 years ex-
ample, when anomalously winter convection up to
1000 m was observed in the eddy region according
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to ARGO data [Fedorov et al., 2019} 2021). We will
use the calculations for 1 September 2009, 1 De-

cember 2009, 1 March 2010, and 1 June 2010 in the
area bounded by 69-71°N, 1-5°E black
rectangle). Vertical sections are oriented zonally
and drawn through the LV center .
shows the vertical sections of orbital ve-

locities in the LV. In autumn, the orbital velocities

in the anticyclone doesn’t get more than 37 cm s~ 1.

1 and

By winter, the speed decreases to 28 cm™
reaches their minimum in spring (25 cm™! or less).
In summer, the speed in the anticyclone is at its

maximum and exceeds 50 cm L.

In September ) there is a pycnocline
with a strong gradient. At a depth of 500-750 m,
the isopycnals are bowl-shaped, which is due to
the well-formed lenticular vortex core and, accord-
ingly, the mixed waters inside it. Convection be-
gins in the LV in November—December [Bloshkina
and Ivanov, Fedorov et al., Richards
and Straneo, Travkin and Belonenko,
Voet et al., 2010, and the mixed layer in the LV
center gradually reaches the surface. As a result,
the mixed layer depth is about 200-250 m in the LV

area in December ([Figure bb), and it exceeds 600 m

in March (Figure bc) when convection reaches its
peak. The thermocline reappears in June (Fig-

), as a result, the vortex lens loses connection
with the surface. The vortex core is clear and com-
pressed horizontally, because of which the orbital
velocity increases, noted earlier in ) In
general, the change in thermohaline characteristics
is mainly observed in the layer up to 1000 m, which
is consistent with the results of the article [Sanda-
lyuk et al., .

The relative vorticity is determined by the ver-
tical component of the curl of the velocity vector,
and the dynamic vortex signal is traced to the bot-
tom during the year. This fact is also noted in the
article [Volkov et al., [2013]. In [Figure 6h, it can
be seen that in September the maximum values
of the relative vorticity are located in a layer lim-
ited by 700 m, below which there is an isopycnals
thickening. A more explicit isopycnals thickening
is observed in the surface layer. In winter (Fig-}
ure 6b), the vortex gradually weakens, the rota-
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tion slows down but spreads over larger distances.
In March (Figure 6f), when convection reaches its
peak [Fedorov et al., , the vortex is weakly
expressed, it regularly disintegrates, there are no
clear boundaries, the negative relative vorticity is
small, but occupies large areas. Wherein, a rela-
tively intense rotation penetrates to a greater depth
(up to ~ 700 m). The vortex compresses again in
April, the relative vorticity increases, and by June
(Figure 6() the relative vorticity takes maximum
in absolute values, which reach a depth of 1000-
1100 m. It is important to note that, in general,
the vortex dynamic signal is traced to the bottom
during the year.

Let us consider the seasonal variability of FEr-
tel’s potential vorticity . In September
(Figure 7h) the vortex is well developed, the vor-
tex core is isolated from the surface, then in this
case (1 September 2009), a dual-core structure is
observed. Due to the strong anticyclonic vorticity
and weak stratification, the potential vorticity in
the vortex center is 3-4 orders of magnitude less
than at the periphery (107'* — 107!3 in the vor-
tex center versus 10710 at the periphery). This
PV distribution creates a barrier that prevents lat-
eral exchange between the vortex core and the ex-
ternal environment [Bosse et al., Dugstad
et al., , as well as contributes to the turbu-
lent diffusion suppression [Bashmachnikov et al.,
Hua et al., . The presence of
the barrier around the LV was also confirmed by
ship data and RAFOS buoys data [Bosse et al.,
. In contrast to the surface, where regular
destruction/formation of a PV-barrier occurs, the
layer of increased PV values at the lower vortex
edge is relatively stable throughout the year and
is observed on average at a depth of 700 to 1100
meters. From the third decade of November to De-
cember ), as a result of convective pro-
cesses onset, the seasonal thermocline destroys, the
barrier weakens, and lateral mixing and heat flux
between the eddy and the environment increase,
apparently due to dynamic instability and possi-
ble eddies merge [Bosse et al., . The layer of
increased PV -values between the surface and the
vortex core completely disappears from the end of
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The vertical sections of the potential density in the Lofoten vortex on

1 September 2009 (a), 1 December 2009 (b), 1 March 2010 (c), and 1 June 2010 (d). The
isopycnals are plotted with the lines, the dotted line indicates the vortex center.

February to March (Figure 7c). It indicates an ac-

tive interaction with the atmosphere and enhanced
heat transfer, which creates favorable conditions
for its convective regeneration [Alezeev et al.,[2016].
The layer of increased PV -values between the sur-
face and the vortex reappears in the second half
of May, when the surface water begins to warm
up and the seasonal thermocline begins to form,
the homogeneous core loses its connection with the
surface and takes on a lenticular shape. The vortex
is fully formed by June ), it shrinks and
reaches its maximum intensity. During the sum-
mer, due to the absence of new portions of water
from the surface [Alezeev et al.,[2016], the horizon-
tal density gradient at the lens boundaries weakens,
which leads to a slowdown in rotation, its compres-
sion vertically and stretching horizontally.

Next, we calculated the relative volume of the
LV core, the minimum relative vorticity, and the
average potential vorticity in the vortex core, as
well as the vertical and horizontal dimensions of
the vortex (Figure §).

The maximum vortex height is observed in win-
ter (Figure 8g, [Figure 8h), during the winter con-

vection, when the thermocline is destroyed, and the
vortex comes to the surface. In summer, when the
thermocline is formed, the vortex spreads over large
horizontal distances, its diameter reaches maxi-
mum values (Figure 8f, [Figure 8j). If the “ice skater
effect” (see Section 2.1) works for this situation,
there should be a vortex intensification in winter

and its relaxation in summer. The authors of the
article [Ivanov and Korablev, come to the
same conclusion. However, if we pay attention to
the distribution of the relative vorticity throughout
the year (Figure 8, [Figure 8d), it will be found
that the lowest velocities are observed in March,
and the highest values are achieved from late sum-
mer to early autumn. Probably, this “effect” is not
the general case since there is an active interaction
of the vortex with the atmosphere in winter. When
the vortex was isolated from the surface, i.e., when
the upper and lower vortex boundaries were de-
termined mainly by the given PV-surfaces, a close
relationship was found between the vortex height
and its intensity (relative vorticity) (Figure 9b), the
correlation is 0.62. The correlation between the di-
ameter and intensity of the vortex is insignificant
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Figure 6. The distribution of the relative vorticity (¢) on the vertical sections (left)
and at a depth of 417 m (right) on 1 September 2009 (a), 1 December 2009 (b), 1 March
2010 (c), and 1 June 2010 (d). The isopycnals are plotted with the lines.

(0.13 — for a subsurface vortex; 0.19 — for a surface ~ The correlation (Figure 9p) between the volume
vortex). This is probably due to the lateral vor- of the LV core (Figure 8, [Figure 8b) and the
tex boundaries being distinguished mainly by the largest absolute relative vorticity value inside the
relative vorticity instead of potential vorticity. core (Figure 8, [Figure 8d) is —0.65. When the
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Figure 7. The distribution of the potential vorticity (PV') on the vertical sections (left)
and at a depth of 417 m (right) on 1 September 2009 (a), 1 December 2009 (b), 1 March
2010 (c), and 1 June 2010 (d). The isopycnals are plotted with the lines.

core is isolated from the surface and there is no
interaction with the atmosphere, the correlation is
slightly higher and reaches —0.69; on contact with
the surface, the correlation is —0.60.
shows that for small LV sizes, it has a constantly
low intensity, while large sizes allow for a larger

intensity variability. Thus, when the LV had the
largest size (1.77 x 1013 m3), its relative vorticity
was only —2.54 x 107° s~ L.

When the vortex is isolated from the surface,
the vortex volume (Figure 8a, |[Figure 8b) corre-
lates well with the average potential vorticity
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Figure 8. The time courses (left) and box plots (right) of the Lofoten vortex volume
(a, b), its minimum relative vorticity (c, d), average potential vorticity (e, f), vortex core
height (g, h), and maximum vortex diameter (i, j). On the time courses, blue shows the
was below the surface. On the box plots, the center red mark represents the median,
and the bottom and top edges of the box represent the 25th and 75th percentiles; the
whiskers are drawn to the extreme not considered outliers; outliers are marked with a

months when the vortex core was in contact with the surface, orange — when the core
red cross.
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Figure 9. The dependence between the minimum relative vorticity and the volume of
the Lofoten vortex core (a); dependence between the minimum relative vorticity and the

vortex core height (b).

jure 8, [Figure 8f) inside it, the correlation is —0.72
(not shown). However, in the case when the vortex
reaches the surface, there is no correlation.

5. Discussions and Conclusions

The anticyclonic Lofoten vortex is a strong dy-
namic formation, the dynamic signal of which spre-
ads to the bottom, and the change in thermohaline
characteristics is mainly observed in the layer up
to 1000 m. We expected that when the vortex is
stretching vertically, its intensity (absolute value
of relative vorticity and orbital velocity) would be
the greatest, and, on the contrary, when the vor-
tex is spreading, the relative vorticity should also
decrease. This corresponds to general physical con-
cepts but is not always the case. The highest eddy
height is observed in winter when the relative vor-
ticity is minimal. This is due to the thermocline
destruction and the vortex emergence to the sur-
face; therefore, it actively interacts with the at-
mosphere, i.e., the conservation law is not fulfilled
[Zhmur et al., 20212l 20210, 2022]. If we consider
the case when the vortex is isolated from the sur-
face, i.e., when both its vertical boundaries are
determined by the given PV -surfaces, the highest
vortex height corresponds to its highest intensity.

The correlation is 0.62. At the same time, there is
no connection between the vortex diameter and its

intensity. According to our calculations, the vortex
diameter does not change much during the year,
the largest vortex diameter is observed in the sum-
mer — during the period of the maximum vortex
intensity. The absence of a connection between the
vortex intensity and its diameter may be due to the
lateral vortex boundaries that are distinguished by
the relative vorticity (not by the potential) to close
the selected area.

Surprisingly, the vortex intensifies not during the
winter convection, which is one of the reasons for its
regeneration, but in summer. Although the vortex
intensification in the winter period is discussed in
the article [lvanov and Korablev, , the field
studies of the authors are limited to the summer
period and are not concerned with the assessment
of the vortex intensity. Our analysis showed that
vortex relaxation occurs in winter, and its intensi-
fication is in summer.
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