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We explore the interaction of mesoscale eddies in the Lofoten Basin of the Norwegian
Sea using the GLORYS 12v1 eddy-resolving reanalysis. The Lofoten Basin is the
area of the intensive ocean-atmosphere interactions and many mesoscale eddies are
formed due to instabilities of the branches of the Norwegian Current. We describe the
spatial distribution of kinetic energy, relative vorticity, and Okubo-Weiss parameter
during the eddy interaction. Using the approach of turbulent theory, we study the
exchange of related eddy kinetic energy (KmKe) and show a strong dependence from
a width of window averaging. The KmKe fluxes describe features of interactions
between parts of eddies and indicate a difference in the stability of the parts. The
most stable parts have positive values of KmKe. They can transfer energy to the less
stable parts. In other words, the positive values of KmKe mean transport of kinetic
energy from the main fluxes to turbulent pulsations. We demonstrate that the field
of relative vorticity of one anticyclonic eddy merging with another one consists of
three parts with alternating signs of KmKe. The parts look like two concentric rings
surrounding the central part of the eddy. The sign of each part corresponds to gain or
loss of kinetic energy. We detect the positive values of KmKe for both the external
ring and the central part of the eddy. For the middle ring of the eddy, KmKe is
negative. This demonstrates the tendency to the stability of the structure as the result
of the merging. And vice versa, positive values of KmKe break the eddy into two
parts when splitting. KEYWORDS: Lofoten Basin; mesoscale eddies; vortex interaction;
splitting; merging; turbulence; kinetic energy fluxes.
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Introduction

The Lofoten Basin (LB) is famous for strong
eddy dynamics and the positive anomaly of heat
and salt. This basin of the Norwegian Sea is the to-
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pographically isolated structure and is bordered on
the east by the Scandinavian peninsula, the Vgring
Plateau on the south, the Helgeland ridge on the
south-west and the Mohn ridge on the north-west.
The main source of heat and salt is the Norwe-
gian current, which has subtropical Atlantic origin
being a part of the North Atlantic current, in the
LB it splits into two separate flows: the Norwe-
gian Atlantic frontal current (NAFC) and the Nor-
wegian Atlantic slope current (NASC). Relatively
fresh and cold waters are transported by the Nor-
wegian coastal current (NCC). Based on the facts
above, it may be concluded that water exchange
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Figure 1. The study area. The bottom topogra-
phy (m) is shown in color. The black arrows show
the main currents: NASC — North Atlantic Slope
Current, NCC — Norwegian Coastal Current, and

NAFC — North Atlantic Frontal Current.

between the Lofoten Basin and the Arctic Ocean is
completely absent in the surface layers [Blindheim
and Osterhus, and can appear in intermedi-
ate and deep layers only. Thermohaline structure
and topographical features form particular condi-
tions for vortex generation in the LB.

The unique phenomenon of the LB is the
quasi-permanent Lofoten Vortex (LV). The quasi-
permanent LV is located in the flat deepest part of
the basin (see the black dotted ring in [Figure 1J),
where the depth reaches 3250 meters. There are
several points of view nowadays on the nature of its
existence. Firstly, mesoscale eddies splitting from
the NASC under the effect of topography [Isach-
sen, drift through the LB and transfer

warm and salty water to the central part of the
basin [Kohl, Volkov et al., [2015]. These wa-
ters can be transformed during the splitting and
merging of vortices on the way to the LV. Secondly,
intensive winter mixing leads to regeneration of the
intermediate waters in the area of the most fre-
quent position of the LV [Bloshkina and Ivanov,
Bashmachnikov et al., . The mixed
layer depth reaches over 1000 meters in the vor-
tex core [Alexeev et al., Fedorov et al.,
Soiland et al., .
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The LB consisting of warm waters in compar-
ison to the Greenland and Barents Seas [Volkov
et al., is the area of the intensive heat re-
lease to the atmosphere in the thermodynamic sys-
tem of the Atlantic Meridional Overturning Cir-
culation locally, and in general, the LB is a part
of the Great Ocean Conveyor Belt [Broeker,
Lozier, . Probably, mesoscale eddy drift can
be one of the main processes which affect the accu-
mulation of the heat inside the basin. Investigation
of mesoscale eddy interactions is significant in the
context of water formation in the area and it can
be a key to understanding how the vortex splitting
and merging can modify thermodynamic parame-
ters of transporting waters [Can‘on, .

Being a complex deterministic nonlinear physical
event on the one hand and purely random large-
scale turbulent system, on the other hand, the vor-
tex can be described in terms of turbulent viscosity
[Carton, Dong et al., . Deformations of
its cores, merging, splitting, shape stretching, or
dissipations take place, while vortices interact. It
leads to transformations of kinematic and geomet-
ric parameters during the process of interaction,
and eddy kinetic energy redistributes between in-
teracting eddies. Features of kinetic energy fluc-
tuations make visible baroclinic instability mani-
festations in vortex-vortex interactions. Such pur-
pose needs the usage of Reynolds averaging which
implies a division of the incoming signal on two
components: main flow and pulsations, meanwhile
turbulence can be characterized by both negative
and positive viscosity [Starr, . Such an ap-
proach assumes the consideration of larger vortex
structures as a background flow on the mesoscales
while there is not intensive current in the field of
interaction. In this way, small mesoscale eddies
around the bigger one are influenced by the eddy
currents of the neighboring bigger vortex which is
background flow of vortex origin. If turbulence is
energized by average movements only through the
instability of big gradients of the mean velocities
and turbulent eddies are energized the same way,
then turbulent viscosity will be positive, and en-
ergy and momentum will be transported from the
areas with high velocities to the low-speed areas.
The existence of the positive turbulent viscosity
leads to the dissipation of the kinetic energy in
the main flow moreover dispersed energy goes to
the pulsations. On the contrary negative turbu-
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lent viscosity points to energy conservation of the
background flow, but herewith pulsations decrease
[Starr, [1966]. The objective of the division veloc-
ity field on the components (pulsations and back-
ground) may be ambiguous, in that case, the com-
promise is to find appropriate averaging window
width depending on the scale of the process under
consideration. Thus, the main purpose of the study
is to analyze kinematic parameters of the horizon-
tal mesoscale eddies interacting in the LB and to
assess the K'mKe redistributed between individual
vortex structures.

Data

GLORYS 12v1 is the main source of data
for the current research. The dataset consti-
tutes a daily eddy-resolving reanalysis of the
global ocean that is available at Copernicus Ma-
rine Environment Monitoring Service (CMEMS)
[http://marine.copernicus.eu]. Temperature, salin-
ity, current velocities, sea surface height, and other
parameters are distributed on 1/12°(8 x 8 km in av-
erage) orthogonal grid at 50 depth levels for 1993—
2016.

The use of this dataset for the Lofoten Basin
is efficient due to the existence of regular contact
measurements (e.g. over 5000 Argo profiles for
2005-2016 (see Figure 3 in [Fedorov et al., 2019)].
Chen et al. have compared GLORYS 12v1
and ARMORS3D (tree-dimensional reconstruction
of the oceanic conditions based on a statistical
analysis of contact and remote sensing measure-
ments) and have confirmed the fact of good com-
pliance of these datasets.

Ocean model for GLORYS is NEMO LIM2
EVP with ERA-interim forcing: the coupled
model includes dynamics of oceanic circulation and
ice. Sea surface temperature, sea ice concentra-
tion, absolute dynamic topography satellite data
co-assimilates with in-situ contact measurements
(temperature and salinity vertical soundings) from
CMEMS CORAv4.1. Data assimilation determines
the vitality of usage GLORYS 12 v1 for the current
paper.

Spatial distributions of the typical parameters
and their variability calculated using GLORYS
dataset are analyzed in the context of vortex-vortex
interactions.
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Components of velocity on the surface were used
for relative vorticity ¢ and Okubo-Weiss W pa-
rameter [Okubo, Weiss, calculations.
The sign of relative vorticity allows us to recognize
the direction of the fluid rotation: negative values
— anticyclonic, positive — cyclonic rotation. Okubo-
Weiss parameter evaluates the proportion of shear-
ing and vortex components of motion, therefore
negative values of W are a referent in case of vortex
component prevalence over shearing:

W=sp+s3-¢% 577, (1)

here
ov Ou . .. 1
= — — — — relative vorticity, [s7 |,
C= 50 9y v, [s™]
ou  Ov
Sp = — — — — normal component
dr Oy
of strain, [s~1],
ov  Ou
Ss = — + — — shear component
dr Oy

of strain, [s7!],

here v and v — zonal and meridional components of
the current velocity, the abscissa is oriented east-
ward and ordinate — northward. The location of
the vortex core is characterized by negative values
of W only [Isern-Fontanet et al., Kurian et
al., , at the same time, nonzero values of the
relative vorticity are typical as for vortices as for
shearing currents.

Kinetic energy KE = 0.5 x p(u? + v?) [J], here
p — average density (p = 1027 [kg/m?]), estimated
on the surface.

Conversion of mean kinetic energy to eddy ki-
netic energy (KmKe) is estimated using the equa-
tion:

Kmie = - (@5 x g“wxv/xv'g%

€z Y
- 00 ——— OV -

u' x v’ X a—i—v’ x v X 6—y>, [m?s 2], (2)
here w and ¥ — obtained by Reynolds averaging (for
period T') zonal and meridional components of ve-
locity, ' = u—u and v' = v — v — zonal and merid-
ional pulsations of velocities. When the KmKe is
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positive it implicates baroclinic instability leading
to an energy transfer from the background to pul-
sations.

Reynolds terminology requires division of the ve-
locity field on the background and pulsation flows
in the context of the mesoscale eddies interaction.
When the vortex interacts with intensive jet stream
averaging window width is more than a lifetime of
the vortex and much more than the period of its
generation as a consequence of baroclinic instabil-
ity. At the same time, the velocities of the back-
ground flow correspond well to the velocities of the
jet stream localized in a particular area. If con-
sidered mesoscale vortex is free from the influence
of the jet stream and velocity around the vortex
is lower than velocity in this vortex the width of
averaging should be changed to appropriate value
in conditions of constant displacement of location
and lifetime of the each vortex. When a period T
is equal to several days, then background velocities
include orbital velocities of the vortex hence pul-
sations will be understated. In the opposite case,
when the width of T" is 3 months, for example, back-
ground flow almost disappears like in the central

part of the LB ([Figure 1).

Results

Several situations of the vortex interaction are
considered in the area bordered 69°-71°N, 9°-13°E
in the LB. A series of experiments are carried out
for various averaging window widths: T = 3, 7,
13, 15, 30, 60, 90 days. |Figure 2| demonstrates
background and pulsation distributions of veloci-
ties depending on the window width of Reynolds
averaging. While the window width is 3 days the
background vortex appears clearly as a large an-
ticyclone, but pulsations are not significant. Fur-
ther, the background currents are represented by
the same large anticyclone and pulsations are man-
ifesting as cyclones of lower scales for T' = 7 days.
Noticeable that flux from background redistributes
to pulsations with increasing 7. The background
currents almost disappear with the window of 90
days, yet the analyzed anticyclone is visible in the
distribution of pulsations.

The analysis of a sequence of physical distribu-
tions illustrates that the interaction of vortices usu-
ally occurs rapidly enough in a few days. Based on
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that appropriate T" should be selected for each situ-
ation according to the sizes of the interacting struc-
tures. Furthermore, the lifetime of each structure
is different and the long-living structure is more
stable. Therefore, in frames of the current method
more stable and long-living vortex can be consid-
ered as background flow relative to other less sta-
ble vortex structures. KmKe in equation re-
veals redistribution of energy between structures of
different lifetime if the averaging window width is
relatively small. Positive values correspond energy
transfer from more to less stable vortex structures,
herewith orbital velocities of more stable eddies
represent background velocities within the frame-
work of the proposed approach.

Rotation of the Anticyclonic Eddy and
Partial Merger With the Other One

demonstrates the interaction of two an-
ticyclones on the eastern slope of the Lofoten Basin
according to sea level anomalies (SLA), relative
vorticity and Okubo-Weiss parameter (V) spatial
distributions. Based on SLA distribution it can be
seen how two anticyclones move towards each other
forming an eight-like structure, in the field of other
parameters variety of several features are observed,
so the processes of interaction of these two vortices
are more complicated then appears.

At the first moment (1993.12.31) relative vor-
ticity and W spatial distributions permit the de-
tection of the northern (70.2°N; 10.8°E) and the
southern (69.2°N; 12.0°E) eddy structures. They
are Northern and Southern anticyclones. Sub-
sequently, at a moment (1994.01.05), substantial
core deformation of the Southern anticyclone oc-
curs resulting in the anticyclonic filament elon-
gating northward. The filament is carried away
by the flow propagating northward and after-
ward (1994.01.08) is engaged in rotating movement
around a northern anticyclone. Then, at a mo-
ment (1994.01.11), we already observe two vor-
tices on the latitude 70°N: transformed northern
anticyclone and smaller cyclone. At a moment
(1994.01.08), the cyclone located on the 69.5°—
69.7°N; 10.0°-10.5°E cut the Southern Vortex on
two parts, one of which merge later (1994.01.11)
with the northern eddy, then the northern anticy-
clone increases in size. We can see that the North-
ern Vortex is more stable than the Southern one.
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Figure 3. The vortex interaction on the surface for 1993.12.31-1994.01.11. Top row:
SLA (m). Middle row: the relative vorticity (s71); negative values (blue) correspond to
the anticyclonic rotation, the positive values (red) — the cyclonic rotation. Bottom row:
the Okubo-Weiss parameter (s~2); the negative values correspond to the location of the
vortex core.

The core of the first eddy is more stable during the tex decays on filaments (see the spatial distribu-
period under consideration in comparison to the tion of W at a moment 1994.01.11). At a moment
core of the second eddy, and this is manifested in (1994.01.11), we can see an only partial merger of
the fields of relative vorticity and W spatial dis- two anticyclones (filament and the Northern Vor-
tributions, at the same time the Southern Vor- tex) during which slight convergence of two cores
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Figure 4. Spatial distribution of velocities and related kinetic energy for the background
current (top row) and pulsations and kinetic energy (bottom row) for 7' = 3 days (a),

T =7 days (b).

and sea level alignment (an increase of SLA) occurs
in the area between vortices . Nonethe-
less, a full merging of two corotated vortices is not
completed, which is well seen on the relative vor-
ticity and especially W spatial distributions. Two
described vortices are located quite close to each
other so that the distance between them is much
less than 3.3 of the radius of its cores what is
so-called the critical value [Carton, Zhmaur,
. However, the full merging does not occur.
What prevented the full merging of these vor-
tices? The reason may be as follows. There are
shear currents in the periphery of the considered
vortices (see vorticity and W distributions in
. At the same time, there is a set of small
cyclones, which are indicated by red color in the rel-
ative vorticity. Negative values of W contribute to
the detection of the cyclones. A purple color in
[ure 3lindicates the location of the vortex structures.
The effect of these cyclones on the interaction is un-
derstandable since the cyclones are induced by the
anticyclones under consideration. An increase in
the relative vorticity leads to the stronger bending
of isopycnals in the stratified conditions. As a re-
sult, the relative vorticity of opposite sign increases
on the periphery of the anticyclone to keep the bal-
ance of the potential vorticity [Belonenko et al.,

2017t Bashmachnikov et al., 2018t Carton,

2001]. Exactly, these cyclonic structures placing in

the frontier zone between anticyclones prevented
the full merging of the described vortices.

Transformation of vortices usually occurs very
rapidly, for this reason, we use short period T for
the Reynolds averaging. demonstrates
the background velocities up to 0.70 m/s that char-
acterize the vortex since the pulsations have veloc-
ities less 0.15 m/s. Note the kinetic energy of back-
ground flow 20 times exceeds the same for pulsa-
tions. If we increase period 7" to 7 days ),
the pattern of currents remains the same, yet the
values of velocity components change significantly.
The background velocities decrease since pulsations
arise proportionally. The values of the pulsation
velocities are doubled, and the kinetic energy val-
ues increase 4 times. |[Figure 4| indicates that max-
ima of the background flow velocities, pulsations,
and kinetic energy are concentrated predominantly
on the periphery of eddies.

Note the external ring-shaped periphery of anti-
cyclone features by positive values of KmKe flux.
A similar pattern takes place in the middle of the
eddy where values of KmKe reach 1078 m? s—2
while a ring between these areas includes negative

KmKe values (Figure bp). As a comparison, we
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Figure 5. KmKe (m? s72) for: (a) T = 3 days, (b) T = 7 days. Crimson: energy
flux from background flow to pulsations; Green — flux in opposite order. Blue rings for
anticyclone (Northern and Southern), red — cyclones based on the W,

can note that if the period T is equal to 7 days,
KmKe flux distributes almost the same way, al-
though there are some differences in the configura-
tion of the kinetic energy flow regions, as well as
the values of energy flows. displays the
negligible changes in the shape of the areas with
positive and negative values as well as slight vari-
ations in the values of the velocities. The facts
given mean the turbulence is energized in the ex-

1 1994-01-07
vorticity [s"']

1994-01-08

ternal ring of the vortex and its core (a central part
of the eddy), at the same time the negative ring
placed between them indicates a tendency to sta-
bility. Summing up, we can conclude based on the
described example: the energy fluxes directed from
the background to the pulsations are characteristic
for the periphery and the core of the anticyclonic
vortex while the area between them has the op-
posite way of energy exchange. Following Victor

1994-01-09

705" N |-

700°N |5

69.5 N

69.0°N -
10.0°E

12.0°E

100" E

12.0°E

Figure 6. Relative vorticity for 1994.01.07-1994.01.09. The major axis of the ellipsoid
approximating the Northern Vortex rotates clockwise with an angular velocity up to 30°

per day (0.52 radian day~!).
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Figure 7. Interaction of the vortices during the splitting of the vortex into two parts

for 1994.01.13-1994.01.19. Top row: Sea level anomalies (m).

Middle row: relative

vorticity (s7!); negative values (blue) correspond anticyclonic rotation, positive values
(red) — cyclonic rotation. Bottom row: Okubo-Weiss parameter (s~2); negative values
correspond to the location of the vortex core.

Starr’s terminology, the influence of positive vis-
cosity lies in prevention from relative motions of
the liquid, while the effect of negative viscosity sup-
ports the velocity difference and its growths [Starr,
i}

Analyzed vortices consist of the vortex core and
waters induced by this vortex. The core of the
vortex rotates around a vertical axis similar to the
rotation of the solid body [Zhmur, . Orbital
velocities in the center of the core equal to zero.
They increase moving away from the eddy rota-

tion axis, and they become equal to zero on the
border of the waters involved in rotating. This is
the boundary of the eddy [Bashmachnikov et al.,
2018]. That means that the sign of vorticity inside
and outside (induced waters) the core has to be
different. illustrates a series of spatial dis-
tributions and it shows the way how induced waters
rotate with the vortex core in the same direction
(clockwise), which is well seen in spatial distribu-
tions of relative vorticity. shows that the
main axis of the Northern Vortex rotates clockwise
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Figure 8. Energy conversions during the splitting of the vortex into two parts: (a) the
current velocities, the window 7" = 7 days (on the top), the pulsations (on the bottom);
(b) the energy flux from background flow to pulsations KmKe (m? s72).

for 90° with an angular velocity equal to 30° per
day (0.52 radian day~') for 3 days (1994.01.07—
1994.01.09) while the rotation of the shear currents
is rather insignificant. A comparison of the distri-
butions in [Figure 5| and |[Figure 6| reveals the nega-
tive values KmKe flux to be typical for the areas
with the highest gradient of the relative vorticity.

Splitting the Vortex Into Two Parts

demonstrates a spatial distribution of
SLA at a moment (1994.01.13). It reveals an eddy
structure with two cores but so far with an insep-
arable rotation. displays for cores indi-
visible anticyclonic circulation. An increase of the
current velocity on the eastern periphery of the vor-
tex leads eventually to a generation of a filament
with vorticity of an opposite sign. It is visible on
the charts at a moment (1994.01.16). This filament
manifesting in the fields of W and relative vortic-
ity crosses the vortex under consideration on two

parts. Subsequently, the increase of the velocity
causes the splitting of the vortex onto two inde-
pendent anticyclonic eddy structures (1994.01.19).
Intensification of the velocity in the eastern periph-
ery of the vortex appears in both the background
and the pulsating currents with a period of av-
eraging T = 7 days. The energy transformation
in this type of vortex transformation is shown in
The KmKe distribution in [Figure 8p,
in this case, forms a very complicated structure,
however, positive values relate to the areas where
the vortex splitting occurs. This fact is evidence
the background flow exactly is responsible for the
splitting of this vortex, but not pulsations. An in-
crease of the background flow velocities is observed
for the period (1994.01.13-1994.01.19). Note one
more feature is a gradual weakening of the northern

anticyclone. demonstrates the weakening
in the fields of all parameters under consideration,

and confirms it with negative values of the
KmKe flux (a reverse cascade).
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It is a very sophisticated task to observe the in-
teraction of mesoscale eddies using in situ data.
There are various reasons, which prevent obtaining
such observations for any areas of the World ocean.
Mesoscales of eddies and difficulties with eliminat-
ing other located closely structures are just two of
them. A compromise solution can be the use of
reanalysis data, especially those where in situ data
are assimilating. We use reanalysis GLORYS 12v1
relevant for the study of vortex interaction because
the data assimilation allows us to consider the nat-
ural processes maximal close to Nature.

In the current paper, we consider two situations
of the vortex interaction: merging and splitting
of eddies. We analyze the spatial distributions of
SLA, the current velocities, the kinetic energy, the
relative vorticity, and the Okubo-Weiss parameter
spatial distributions. Time series of the spatial dis-
tributions of the parameters demonstrate the trans-
formation of eddies during its interaction. The ki-
netic energy flows (K'mKe) provide to study vortex
interactions in terms of turbulent viscosity. The
approach based on the analysis of spatial distri-
butions of KmKe during the eddy interaction is
rather new.

Isachsen analyzed vortex generation
in the context of baroclinic instability of the NASC.
Dong et al. considered K'mKe flux in case
of the influence of natural obstacle (an island) on a
current. It also leads to the baroclinic instability of
the current and eddy generation. Kamidaira et al.
studied KmKe in the Kuroshio current and
estimate energy conversions from background flow
to vortices in baroclinic instability. In all cases,
these studies described the situations when the av-
eraging window width is larger than generated vor-
tices and the sources of its generation are relatively
localized. We described the situations in the other
conditions: there were no straight flow in the field
of interaction and K'mKe flux characterizes inter-
actions between more stable and less stable struc-
tures. More stable structures on the spatial distri-
butions of the K'm K e flux are positive and transfer
energy to the pulsations.

Our approach is somewhat different. We de-
termine that the interpretation of the K'mKe as-
sessments are closely connected with the averaging
window width 7. We reveal that an optimal win-

INTERACTION OF MESOSCALE VORTICES

ES2002

dow width for mesoscale processes is 3 or 7 days
(see . In this case, the energy exchange
between more stable and less stable structures is
observed well. It allows us to analyze character-
istics of eddy interaction more detailed hence we
should talk about the energy flows between more
stable vortex structures and deformation elements.
On the contrary, when the window width is 90
days, not only the background flow is averaged, but
also the pulsations themselves. The application of
KmKe in the context of vortex interaction has not
used previously.

We demonstrate the area of relative vorticity
consists of three parts during the merging of ed-
dies. KmKe is positive in the external ring and in
the central part of the eddy, which indicates the en-
ergy transfer to the structures of lower timescales.
At the same time, K'mKe is negative in the middle
ring of the eddy, which is between areas that were
marked previously, which demonstrates the ten-
dency to the stability of the structure (Figure 5.
The positive values of K'mKe separate the vortex
while it splits into two parts . Thus,
KmKe contributes to merging or splitting vortexes
differently.
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