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Abstract. The Norwegian Atlantic Current is
significantly steered by large topographic
features of the Norwegian Sea. The geometry of
topographic features in the region is highly
variable, but the influence of this variation on
the formation of a quasi-permanent anticyclonic
vortex located in the center of the Lofoten
Basin (Lofoten Vortex) is poorly understood.
Four sensitivity experiments with a regional
configuration of the Massachusetts Institute of
Technology general circulation model have been
carried out with an objective to investigate the
role of bottom topography on the formation of
the Lofoten Vortex in the Norwegian Sea. We
find that the bottom topography and especially
the geometry of subsurface ridges are critical for
the dynamics of the Norwegian Sea and stability
of the Lofoten Vortex.
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1. Introduction

The bottom topography has an important influence
on ocean circulation, especially in high-latitude basins,
such as the Norwegian Sea. Due to the conservation
of potential vorticity in a spinning ocean
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where the planetary vorticity f tends to be much larger
than relative vorticity ¢, f/H becomes nearly constant,
i.e. barotropic flows follow the f/H contours. Because
the gradient of planetary vorticity at high latitudes is
small, bottom topography becomes the dominant com-
ponent of the f/H field, so that the large-scale circula-
tion here tend to follow the contours of constant depth
[/sachsen, 2003} Ngst and Isachsen, 2003]. The impor-
tance of topographic steering in the Nordic Seas has
been confirmed by observations with surface drifters,
Argo and RAFOS floats [Bosse et al., 019} Dugstad
et al., 2019} Gascard and Mork, 2008} Jakobsen et al.,
2003} Koszalka et al., RO11 Orvik and Niiler, 2002}
Poulain et al., 1996 Rossby et al., 2009, Voet et al.,
2010).

The Norwegian Sea consists of two basins, the Nor-



wegian Basin (NB) in the south and the Lofoten Basin
(LB) in the north, separated from each other by the
Vgring Plateau and the Helgeland Ridge (Figure 1).
These topographic boundaries make the basins rela-
tively isolated with distinct dynamic and thermohaline
characteristics. The LB represents a bowl-shaped to-
pographic depression with a maximum depth of about
3250 m, while the NB features greater depths (up to
4000 m) and a rather rough seafloor, complicated by
sea mountains. The Norwegian Sea is an important
transit region for the warm and salty Atlantic Water
on its way to the Arctic Ocean. The circulation of the
Norwegian Sea is dominated by the Norwegian Atlantic
Current (NwAC), which forms three main branches: the
Norwegian Atlantic Slope Current (NwASC), the Nor-
wegian Atlantic Front Current (NwAFC), and Norwe-
gian Coastal Current (NCC). The main characteristic
of the LB, which makes it different from the NB, is
a local maximum of mesoscale activity and significant
heat exchange with the atmosphere [Belonenko et al.,

2014} Fer et al., 2018 Gordeeva et al., [2020; Volkov
et al., |2013].

Mesoscale eddies are mainly generated through the
instability of the NwASC and propagate towards the

central part of the LB [Koh/, 2007} Raj and Halo, 2016},
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Figure 1. The study area. The color indicates
bottom topography (m). The arrows indicate the
main currents. NwAFC — Norwegian Frontal Current,
NwASC — Norwegian Slope Current, and NCC — Nor-
wegian Coastal Current. The white circle marks the
location of the quasi-permanent anticyclonic Lofoten
Vortex.

Volkov et al.,[2013] [2015]. They transport heat and salt
from the periphery to the central part of the domain
(see estimations in [Belonenko et al., 2020]. A shape
of the LB like a deep bowl and monotone increasing of
depth towards the center leads to increasing the thick-
ness of the Atlantic Water layer in the center of the
LB, whereby the speed of water transfer northwards



falls there [Rossby et al., [2009]. Orvik [2004] indi-

cated that strong penetration of the Atlantic Waters in
the LB is manifested exactly by low velocities and the
corresponding reduced water transfer northward. This
determines why the LB differs from the NB, which is
only half-filled with the Atlantic Waters.

The most important feature of the LB is a quasi-
permanent anticyclonic Lofoten vortex (LV) located over
the deepest part of the basin [Alekseev et al., [L991}
Belonenko et al., 2018 Ivanov and Korablev, 19954
[1995b} Rossby et al., R009]. The main body of the
LV is confined to the depths of 300—1000 m, however,
there are indications that the dynamic signal of the vor-
tex can reach the bottom (e.g. [Volkov et al., 2019]).
Based on observations with Seagliders, collected be-
tween July 2012 and July 2015, Yu et al. esti-
mated the dynamical radius of the Lofoten Vortex core
equals 18 = 4 km and the maximum orbital velocities
50-70 cm s~ 1. Bashmachnikov et al. ﬂ2017b|| esti-
mated the dynamical radius of the Lofoten Vortex as
30 km. Ivanov and Korablev and Sgiland et
al. describe the LV as a convective lens of warm
and saline water between 300-1000 m depth with a di-
ameter of up to 100 km (see also [Volkov et al., 2015]).

Because the conservation of potential vorticity fa-




vors cyclonic circulations over topographic depressions
in the Northern Hemisphere, the localization of a quasi-
permanent anticyclonic eddy in the LB is an interesting
and not fully understood oceanographic phenomenon.
Nowadays, there are two main points of view on the
generation and stability of the LV. The first was ini-
tially proposed by Ivanov and Korablev [19953}, {1995b]),
who showed that deep convection in winter and further
summer relaxation could be responsible for the annual
regeneration of the LV [see also Alexeev et al., 2016]
Bashmachnikov et al., P017b], P018 Belonenko et al.,
; Bloshkina and Ivanov, ; Sgiland et al., .
They claimed that the influence of bottom topogra-
phy is limited to the formation of a topographically-
controlled cyclonic background flow, which keeps the
LV within the LB. The second point of view is based
on an idea that the LV reinforces mainly due to merges
with other mesoscale eddies, generated by the NwAC
and propagated to the center of the LB [/sachsen, [2011]
2015} K6hl, 2007} Raj et al., 2020} Rossby et al., 2009
Volkov et al., [2015]. The combined effect of these two
processes in the presence of bottom topography is con-
sidered by Zinchenko et al. and Gordeeva et al.
[2020], who provided the complex statistical analysis of
mesoscale eddies in the basin.




Although a number of studies have been dedicated
to the dynamics and thermohaline properties of the LV,
the role of bottom topography in its formation has not
been experimentally assessed. Using idealized numeri-
cal experiments with a bowl-shaped basin, Shchepetkin
reported that an initially turbulent flow tends to
organized in a cyclonic circulation along the periph-
ery of the basin and forms an anticyclonic vortex in
its center. Earlier, based on experiments with a rotat-
ing tank, Carnevale et al. [1991] showed that if the
horizontal scale of eddies is smaller than that of the
basin, the topographic [-effect attracts anticyclonic
eddies downslope in a cyclonic spiral towards the cen-
ter of a topographic depression, while cyclones tend to
move upslope. Thus, the cyclonic propagation of anti-
cyclones towards the deepest part of the LB and their
subsequent merging can represent a likely mechanism
for the existing and stability of the quasi-permanent LV
and its positioning over the deepest part of the basin.
This hypothesis was well supported by several eddy-
permitting and eddy-resolving numerical experiments
that provided additional evidence for the importance



of eddies in the formation and regeneration of the LV

[Volkov et al., 2015]. The topographical structure of
the LB possibly contributes to the fact that the anti-
cyclonic LV is stable and does not leave the LB, only
moving along a quasi-cyclonic trajectory within it [Be-
nilov, .

The main goal of this paper is to assess the role
of bottom topography in the formation of the LV in
the Norwegian Sea. Specifically, we aim to answer the
following questions: (i) Why quasi-permanent anticy-
clonic eddy is generated in the LB but is not gener-
ated in the NB? (ii) Would the characteristics of the
anticyclonic eddy in the center of the basin differ for
different types of bottom topography? (iii) How does
mesoscale eddy variability influence the generation of
the LV? (iv) How does bottom topography influence
the Mixed Layer Depth (MLD) in the Norwegian Sea?
(v) Would MLD correlate with mesoscale eddy activity?
To answer these questions, we conduct four numerical
experiments with modified bottom topography, but re-
alistic lateral boundary conditions and forcing.



2. Methods

2.1. Numerical Experiments

The numerical experiments are based on a regional
configuration of the Massachusetts Institute of Tech-
nology general circulation model [MITgecm; Marshall
et al., [1997]. The model setup is similar to the one
described in Nguyen et al. and Volkov et al.
[2015]. The regional domain was designed for multi-
purpose applications and includes the North Atlantic
and the Arctic Ocean (see Figure 2 in [Volkov et al.,
2015]). The model has 50 vertical levels with inter-
vals ranging from 10 m at the surface to 456 m at
depth. Bathymetry represents a blend of the Smith and
Sandwell and the General Bathymetric Charts
of the Oceans (GEBCO) one-arc minute bathymetric
grid. The model uses partial cell formulation of Ad-
croft et al. [1997], which permits the accurate repre-
sentation of the bathymetry. Vertical mixing follows
the K-profile parameterization (KPP) of Large et al.
[1994]. The ocean model is coupled with the MITgem
sea-ice model described in Losch et al. [2010]. The
model is integrated into a volume-conserving configu-
ration using a finite volume discretization with a C-grid



staggering of the prognostic variables. The topography
of the seafloor is based on a digital bathymetric map
of the World Ocean (GEBCO) with a spatial resolu-
tion of 1 mile. To assess the influence of topography
on the intensity of deep convection, numerical experi-
ments were performed: TOPO1, TOPO2, TOPO3 and
TOPO4 with different variants of the topography of the
Norwegian Sea (Figure 2). The TOPO1 experiment
has a realistic bottom topography. In the TOPO2 ex-
periment, the periphery of the Lofoten and Norwegian
Basins is made flat with a depth of 3000 m except
for some parts of Jan Mayen and Mohn Ridges as well
as the continental slope of Norway. There is no Vgring
Plateau and no Helgeland Ridge (|Figure 2). The topog-
raphy of the TOPO3 experiment ([Figure 2)) is similar to
that of TOPO2 for the NB, but there is no topographic
depression in the area of the LB. The bottom topogra-
phy of the NB is represented by a flatter area compared
to TOPQO2 since sea mountains and ridges in the NB
are removed and the bottom is made flat with a depth
of 3500 m. In the TOPO4, the bottom topography in
the LB is represented by a flat bottom with a depth of
2500 m without the Helgeland Ridge, while the bottom

topography in the NB is realistic ([Figure 2)).
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Figure 2. Bottom topography for topographical
experiments. Isobath carried out after every 1000 m.

2.2. Mixed Layer Depth Evaluation

The area of the Norwegian Sea is known as a region
of deep winter convection [Fedorov et al., 2019, Kohl,
[2007} Nilsen and Falck, 2006} Travkin and Belonenko,
[020]. Kohl using the MITgcm showed that
deep convection in the winter of 1997-2004 in the area
of the LV exceeds depths of 1000 m. Similar estimates
of MLD were obtained by Alexeev et al. [2016], where



the authors relied on data from field surveys. Using the
MITgem and Argo data, Fedorov et al. [2018§]
obtained an estimate of MLD reaching 1000 m for the
period 1993-2012.

To estimate MLD in this study, we used the method
of Kara [Kara et al., 2000]. The MLD is defined as a
depth of the horizon at which the water density changes
by a certain value compared to the sea surface. An
empirical criterion of the density change in this method
is defined as the difference between the water density
with temperature T, and salinity S at the sea surface
r (or 10 m) and the density with the same salinity S
and temperature T:

Ao =o(T,,S)—o(Ty S).

Kara et al. indicated that one must carefully
choose a criterion for determining the MLD, taking
into account hydrological conditions in the study area.
We use the temperature criterion (difference) equal to
0.1°C, so that T, = T, — 0.1. The reason for the cri-
terion is given in the Supplement 747-s01.png. The
horizon, where the density difference exceeds Ao, is
considered as MLD. This method takes into account
the nonlinearity of the equation of state since the value
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of the criterion depends on the salinity and tempera-
ture.

3. Results

3.1. The Time-Mean Circulation in the Norwe-
gian Sea

Streamlines, constructed using the mean velocities at
95 m depth ([Figure 3), show the main structures of the
large-scale circulation in the TOPO experiments. As
expected, the main currents in the experiments tend
to follow isobaths. Clearly, the absence of the Vgring
Plateau in the experiments TOPO2 and TOPO3 has
a strong impact on the circulation. The absence of
the boundary between the basins is favorable for un-
obstructed water exchange between them. The anticy-
clonic LV is generated in TOPO1 and TOPQO?2, but it
does not form in TOPO3 and TOPO4. The size of the
vortex in TOPO2 is somewhat larger than in TOPO1
(Supplement 747-fra.mp4). Interestingly, while the
LV does not form in the LB in TOPQO3, a quasi-perma-
nent anticyclonic vortex forms over the deepest art of

the NB instead (Figure 3). It should be remembered
that in TOPO3 we smoothed the bottom of the NB
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Figure 3. Time-mean spatial distribution of veloc-
ities, m s~1 (shown in color) and the corresponding
streamlines the 95 m layer.
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Figure 4. Mean velocity fields at the 500 m

horizon (top) and vertical cross-sections of velocities
along 69.72°N (a) and 67.02°N (b) in the TOPO

experiments.
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by removing sea mountains and ridges. In TOPO4, in
which the bottom of the NB is made realistic, an anticy-
clonic vortex in the NB does not form. Thus, it is clear
that favorable bottom topography represents a neces-
sary condition for the formation of a quasi-permanent
vortex in the center of a topographic depression. The

anticyclonic vortex formed in TOPO3 has a comparable
size and intensity to the LV in the NB in TOPOL.

3.2. Vertical Cross-Sections in the Norwegian
Sea

Since the quasi-permanent vortex in the Norwegian Sea
is the main focus of this paper, we consider two ver-
tical cross-sections. The first goes along 69.72°N and
crosses the center of the LV in the LB (see
for TOPO1). The second stretches along 67.02°N and
crosses the center of the quasi-permanent vortex gen-
erated in TOPO3 in the NB (see[Figure 3|for TOPO3).
shows that maximum velocities in the LB are
observed in the area of the LV (see [Figure 4] for TOPO1
and TOPO2). Increased velocities associated with the
LV can be traced to the bottom, but maximum veloci-
ties are concentrated within the core of the vortex in the
upper 1000 m. TOPO1 also features a strong branch



of the NWAFC. Note that large velocities in the NWAFC
are seen to the bottom (3250 m). This feature does not
exist in the TOPO2 experiment where the NWAFC is
much weaker. TOPOL1 also demonstrates the stronger
NwASC although maximum velocities are only visible in
the upper 500 m, which is much less than in TOPO?2.
Velocities in TOPO3 are small except near the Scan-
dinavian coast with relatively strong velocities in the
upper 500 m. In TOPO4, one can see an enhancement
of the meridional flows near the periphery and weak
velocities in the center of the LB.

The averaged fields and cross-sections of tempera-
ture ([Figure b)) and salinity (Supplement 747-s02.png)
illiustrate the distribution of warm and salty water west-
ward from the branch of the NwWASC. The vertical ex-
tent of the LV in TOPO1 and TOPO2 exceeds 1300 m
while the vortex in the NB has less depth visible in
temperature and salinity characteristics. In TOPQO3,
the vortex in the center of the NB forms with temper-
ature and salinity anomalies 1100 m. In TOPO4, the
vortex does not form in any of the basins.
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Figure 5. Temperature at the 500 m horizon
(top) and vertical cross-sections of temperature along

69.72°N (a) and 67.02°N (b) in the TOPO experi-
ments.



3.3. Vorticity Maps and Generation of an Anti-
cyclonic Vortex in the TOPO Experiments

In the experiment TOPO1 (Supplement 747-t01.mp4),
a topographic vortex in the center of the LB is formed
within six months after the beginning of the simulation
of MITgem. In July 1992, a large anticyclone is ob-
served in the center of the LB around 69.8°N, 5.9°E.
This vortex moved subsequently within the basin and
existed until the end of the experiment (Figure 6). It
is important to note that several large anticyclonic vor-
tices can be observed simultaneously at any given time
in TOPOL. shows that these vortices are
confined to the areas of the main currents in the re-
gion since they are formed due to their barotropic and
baroclinic instability. Previous studies indicate a quasi-
cyclonic movement of the LV in the LB [e.g. Alexeev

et al., 2016 Bloshkina and Ivanov, 2016 Ilvanov and

Korablev, [1995b} Volkov et al., 2019).

In TOPO2 (Supplement 747-t02.mp4), the gener-
ation of the LV occurs a month earlier than in TOPOL.
Analysis of vorticity maps shows that the concentration
of anticyclonic vorticity in the center of the basin is ab-
sent in May 1992, but it is formed by 17 June 1992 and
exists until the end of the experiment. Despite the bot-
tom topography in TOPQO2 corresponds to TOPO1 at
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depths greater than 3000 m, there is no smooth change
in depth in TOPO2 since the values of the bottom to-
pography H in the range from 1000 < H < 3000 m
are replaced with values of 3000 m. Perhaps this is
what leads to faster formation of the LV in TOPO2 in
comparison to TOPOL.

While mesoscale variability in TOPQO3 is present in
both the LB and the NB (Supplement 747-t03.mp4),
no quasi-permanent vortex is formed in the LB. The
absence of topographic obstacles between the basins
allows the anticyclones formed in the LB enter the NB
and get entrained in the basin’s cyclonic circulation fol-
lowing the f/H contours ([Figure 7)).
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The experiment TOPO4 (Supplement 747-t04.mp4)
shows the significant role the bottom topography plays
and, in particular, the topographic boundary separat-
ing the Norwegian sea into two basins. The Helgeland
Ridge and the Vgring Plateau divide the Norwegian
Sea into two basins. When the Helgeland Ridge and
the Vgring Plateau are excluded from the analysis, the
Norwegian Sea is a single area, where there are various
types of mesoscale activity in the whole domain. Un-
like TOPQO3, the boundary between the basins exists
in TOPO2 and TOPO4, and mesoscale activity in the
LB is rich and almost absent in the NB . It
seems that the smooth bottom topography and lack of
seamounts and ridges are the most important for the
generation of the quasi-permanent vortex in the NB.
The period of the quasi-permanent anticyclone gener-
ation in the Norwegian Sea is different for two basins

(see[Table 1)).

3.4. Winter Convection in the Norwegian Sea in
the TOPO Experiments

shows the time series of the spatially averaged
values of MLD in the TOPO experiments for 1993 to
1997. We found out that the MLD in the LB exceeds
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Table 1. The Time (in Months) Necessary for the Generation
of the Quasi-Permanent Anticyclone in the Center of the Basins

LB NB
TOPO1 6.5 is not generated
TOPQO2 5.5 is not generated
TOPO3 s not generated 22
TOPO4 s not generated 14

the MLD in the NB in TOPO1, TOPO2, and TOPO4,
while in TOPQ3, the similar values of the MLD are ob-
served in both basins. This similarity in the TOPO3 is
due to the lack of topographic boundaries between the
basins wherein in the TOPO3 experiment, mesoscale
eddies accumulate in the NB and favor the development
of deep convection in the spring-winter period. It is the
presence of a quasi-stationary vortex with deep convec-
tion and turbulent mixing that increases the MLD in
this area.

In December and January, the average values of MLD
for the TOPO experiments do not exceed 125 m, but in
February they become bigger and reach their maximum

(Figure 9). Then, MLD slightly decreases in March,

while in April the process of deep convection almost
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Figure 9. Seasonal variability of the mean values
of MLD from 1993-1997 for the TOPO experiments.

stops, which leads to a decrease of MLD lower than
in December. The highest values of MLD in February
and March are observed in TOPO2 while the lowest is

observed in the TOPO3 experiment.

Deep convection is one of the main reasons for the
annual regeneration of quasi-permanent vortex and its
stability [/vanov and Korablev, [1995a]. The spatial dis-
tributions of MLD in the TOPO experiments show the

maximum values in the locations of the quasi-permanent

vortex ([Figure 10]). The same results were obtained by

Nilsen and Falck [2006] and Fedorov et al. [2019

where in situ, model, and satellite data were used for



calculations of MLD. shows that the values
of MLD in the LB exceed 400 m in the area of the LV

location. In the TOPO3 experiment, the maxima of
MLD are located in the NB and correspond to the lo-
cation of the quasi-permanent vortex. In the TOPO4,
the maxima of MLD are distributed across the LB and
Vgring Plateau as well. Notice that the Vgring Plateau
exists only in the TOPO1 and TOPO4, and there are
significant values of MLD in the Vgring Plateau in these
experiments.

3.5. Eddy Kinetic Energy in the TOPO Experi-
ments

Eddy Kinetic Energy (EKE) is calculated based on hor-
izontal fluctuations in the flow rate (¢ and V/):

u/2 4+ v/2

2
here u’ and v/ are the anomalies of the flow components
u and v relative to their average values in each cell of
the grid net for 1993 to 1997. In the TOPO1 experi-

ment, the maximum EKE reaching about 600 cm? 52
is observed in the central part of the LB and near the

continental slope of Norway (Figure 11)). Large EKE

EKE =
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Figure 10. Spatial distribution of MLD (m) in

February averaged for 1993-1997 in the TOPO ex-
periments.

values of up to 300 cm? s~2 are also seen over the
Vgring Plateau, while in the NB EKE is very small and
does not exceed 50 cm? s~2. In the TOPO2 exper-
iment, there is an increase of eddy activity over the
Norwegian continental slope, especially in the southern
part of the Norwegian Sea ([Figure 11|), and there is
also a slight increase along the boundaries of the NB,
and in the western parts of the LB and NB. In the
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in February averaged for 1993-1997 in the TOPO
experiments.

TOPQO3 experiment, the maximum EKE is observed in
the eastern part of the LB along the continental slope
and in the central part of the NB ([Figure 11]). In the
central part of the LB, the EKE values are smaller than
in TOPO1 and TOPO2. In the TOPO4 experiment,
there are no EKE values greater than 400 cm? s=2 in
the LB, and there is a shift in the area of the highest

values of EKE to the eastern part of the LB. Based on



the numerical experiments, it is possible to conclude
that the topographic depression in the LB and the to-
pographic boundary with the adjacent NB in TOPO1
and TOPO2 lead to the concentration of EKE in the
LB and to small EKE in the NB. If there is no boundary
between the basins, eddies freely enter the NB and form
a quasi-permanent anticyclonic vortex, associated with
high EKE in the center of the basin. However, when
the boundaries in the form of the Voring Plateau and
the Helgeland Ridge are restored in TOPO4, the vortex
does not form and EKE in the center of the NB is very
small as in TOPO1 and TOPQO2. Thus, the TOPO ex-
periments show that bottom topography plays a crucial
role in the localization of mesoscale eddy activity in the
Norwegian Sea.

3.6. Eddy and Slope Convection (Linkage of EKE
to MLD in the TOPO Experiments)

Comparison of [Figure 10| and [Figure 11| shows that the
regions of maximum MLD mostly coincide with the re-
gions of maximum EKE. Vertical vortex mixing con-
tributes to the strengthening of convective processes,
so the maximum values of MLD in the Norwegian Sea
are located in vortices with maximums of EKE. In the




TOPO1 experiment, the maximum values of MLD ex-
ceeding 400 m are located in the LV area with a maxi-
mum of EKE of 600 cm? s~2, also shows the
increased values of MLD in the north-eastern part of
the LB near the Scandinavian slope. These local max-
ima correspond to the increased values of EKE in [Fig]
[ure TI} There is also some correlation over the Vgring
Plateau. However, there are also differences, e.g. in
[Figure 10, the MLD up to 300 m is not accompanied
by an increase in EKE along the Mohn Ridge in the NB.
This suggests that other types of vertical mixing not as-
sociated with eddies, and this is the slope convection.
Slope convection can exist simultaneously with convec-
tion in eddies, and this leads to the fact that the areas
of increased values of MLD are significantly larger than

the areas with increased values of EKE (see [Figure 10
and [Figure 11]).

In TOPO2, the spatial location of the main maxima
of MLD and EKE is similar. They are located in the
area of the LV, as well as in the eastern part of the
LB along the 1000 and 2000 m isobaths. A distinctive
feature is the maxima of MLD in the western part of
the LB near the slope of the Mohn Ridge, which is not
accompanied by an increase in EKE. Note that such
a discrepancy is also typical for the NB, where some



increase in MLD is not due to eddy activity.

In TOPO3, the maximum values of EKE as well as
MLD shift to the central part of the NB, while the
southern and eastern parts of the NB exhibit minimum
values of EKE and MLD. It is worth noting that a sig-
nificant increase in eddy activity in the eastern part of
the LB near the continental slope of Norway does not
lead to a similar increase in MLD. Moreover, in the
TOPO3 experiment, as well as in TOPO2, the values
of MLD are even lower here than in TOPO1, where
the bottom topography corresponds to the real values.
This may be because of slope convection, the condi-
tions are more favorable when there is a gradual low-
ering of the bottom relief, rather than abrupt, as in
TOPQO2 and TOPO3. Changes in the topography of
the continental slope contribute to an increase in EKE
in the southern part of the Norwegian mainland slope,
which, however, does not lead to an increase in MLD
in this area. Such a decrease in eddy activity leads to
a weakening of the process of intense deep convection
and maximum convection in the LB in February in the
TORO4 experiment does not exceed 325 m. Since the
maxima of EKE are not observed in the area, the con-
vection here is mainly slope type where the high values
of MLD are confined to the isobaths, and they are not



connected with maxima of EKE.

4. Discussion and Conclusions

We analyzed a series of topographic experiments us-
ing a regional configuration of the MITgcm driven by
the same lateral and surface boundary conditions, but
with different bottom topography in the Norwegian
Sea. Our main findings are: (1) A bowl-shaped bottom
topography is a necessary condition for the formation
of the Lofoten Vortex of the Norwegian Sea; (2) The
existence of a boundary between the LB and NB (Hel-
geland Ridge) is crucial for the generation of the LV
as eddies do not leave the LB for the adjacent NB.
When the boundary between the basins is removed, a
quasi-permanent anticyclonic vortex is formed in the
NB.

As shown in the numerical experiments of Shchep-
etkin [1995], the existence of cyclonic circulation at the
periphery of a rectangular idealized basin and the gener-
ation of an anticyclonic vortex in the center of this basin
is due to bowl-shaped bottom topography. Our experi-
ments confirmed this result. The quasi-permanent an-
ticyclonic Lofoten Vortex is generated only then when
the basin is bounded from all sides. Moreover, Be-



nilov [2005], using a two-layer quasi-geostrophic model,
showed theoretically that the bottom topography in
the form of a bowl determines the stability of this
anticyclonic vortex which is generated in TOPO1 and
TOPO2.

When the boundary between the basins is removed,
the vortex does not form in the LB but it is generated
in the NB instead. Mesoscale eddies generated mostly
by the dynamic instability of the NwASC [K&h/, 2007}
Isachsen, , ; Volkov et al., move west
across the LB and reach the NB where the bowl-shaped
bottom topography promotes the generation of an an-
ticyclonic vortex in the NB (TOPO3). However, the
generated vortex in the NB in the TOPO3 experiment
is weaker than the LV in TOPO1 and TOPO2.

Another possible mechanism influencing the intensity
and stability of the quasi-permanent anticyclonic vor-
tex is the winter deep convection [Alexeev et al., 2016}
Fedorov et al., 2019} Sgiland et al., 2016} Travkin and
Belonenko, 2020]. The stabilization of the vortex is due
to a periodic increase of the horizontal gradients of po-
tential vorticity across its boundaries [Bloshkina and
Ivanov, ; Bashmachnikov et al., . Thus,
it is possible that the topography of the LB and NB
is favorable for the development of convection in the



spring-winter period. The roughness of the seafloor in
the NB hinders the intensity of convection (TOPO4),
while a flat bottom in the LB with depths of more than
3000 m has a beneficial effect on the development of
convection and the high values of MLD. It was found
that MLD in the NB is much less than in the LB. Be-
sides, the maximum development of dep convection for
all TOPO experiments is most pronounced in February
and somewhat weaker in March.

The spatial distribution of MLD indicates the devel-
opment of the maximum intensity in the area where
the LV is located which is shown in the TOPO1 and
TOPO2 experiments. When the topography of the LB
changes, the maximum convection areas shift either
towards the western part of the LB and the Vgring
Plateau and the mainland slope (TOPO4) or to the
central part of the NB (TOPO3). The Vgring Plateau
is characterized by high values of MLD, while the pro-
cess of winter-spring convection in this area practi-
cally does not occur when the Vgring Plateau is re-
moved from the bottom topography data (TOPO2 and
TOPO3). Such an increase of MLD in the area of the
Vgring Plateau is also described by Nilsen and Falck
[2006] who explained the increase of MLD with an in-
creased residence time of the Atlantic Waters in this



region due to divergence of the branches of the NwWAC.

The topographical isolation of the LB and the pres-
ence of a decrease in the bottom relief in its central
part leads there to the formation of EKE maxima in the
central part of the LB and almost complete absence of
eddy activity in the NB (TOPO1 and TOPO2). The
winter convection is accompanied by intense horizontal
eddy mixing on several scales. Killworth noticed
that the winter convection with a horizontal scale of 1
km is accompanied by eddies of scales of 5 to 50 km.
Our results fully support this idea.
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