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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. KEYWORDS: Norwegian

Sea; Lofoten Basin; Norwegian Basin; bottom topography; MITgcm; topography experiments.
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1. Introduction

The bottom topography has an important in-
fluence on ocean circulation, especially in high-
latitude basins, such as the Norwegian Sea. Due
to the conservation of potential vorticity in a spin-
ning ocean
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where the planetary vorticity 𝑓 tends to be much
larger than relative vorticity 𝜁, 𝑓/𝐻 becomes nearly
constant, i.e. barotropic flows follow the 𝑓/𝐻 con-
tours. Because the gradient of planetary vorticity
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at high latitudes is small, bottom topography be-
comes the dominant component of the 𝑓/𝐻 field,
so that the large-scale circulation here tend to fol-
low the contours of constant depth [Isachsen, 2003;
Nøst and Isachsen, 2003]. The importance of topo-
graphic steering in the Nordic Seas has been con-
firmed by observations with surface drifters, Argo
and RAFOS floats [Bosse et al., 2019; Dugstad et
al., 2019; Gascard and Mork, 2008; Jakobsen et al.,
2003; Koszalka et al., 2011; Orvik and Niiler, 2002;
Poulain et al., 1996; Rossby et al., 2009; Voet et al.,
2010].
The Norwegian Sea consists of two basins, the

Norwegian Basin (NB) in the south and the Lofoten
Basin (LB) in the north, separated from each other
by the Vøring Plateau and the Helgeland Ridge
(Figure 1). These topographic boundaries make
the basins relatively isolated with distinct dynamic
and thermohaline characteristics. The LB repre-
sents a bowl-shaped topographic 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

ES1006 1 of 15



ES1006 belonenko et al.: topographic experiments ES1006

Figure 1. The study area. The color indicates
bottom topography (m). The arrows indicate the
main currents. NwAFC – Norwegian Frontal Cur-
rent, NwASC – Norwegian Slope Current, and
NCC – Norwegian Coastal Current. The white
circle marks the location of the quasi-permanent
anticyclonic Lofoten Vortex.

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 Cur-
rent (NwAC), which forms three main branches:
the Norwegian Atlantic Slope Current (NwASC),
the Norwegian Atlantic Front Current (NwAFC),
and Norwegian Coastal Current (NCC). The main
characteristic of the LB, which makes it different
from the NB, is a local maximum of mesoscale ac-
tivity and significant heat exchange with the at-
mosphere [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 to-
wards the central part of the LB [Köhl, 2007; Raj
and Halo, 2016; Volkov et al., 2013, 2015]. They
transport heat and salt from the periphery to the
central part of the domain (see estimations in [Be-
lonenko et al., 2020]. A shape of the LB like a deep
bowl and monotone increasing of depth towards the
center leads to increasing the thickness of the At-
lantic Water layer in the center of the LB, whereby
the speed of water transfer northwards falls there
[Rossby et al., 2009]. Orvik [2004] indicated 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) lo-
cated over the deepest part of the basin [Alekseev
et al., 1991; Belonenko et al., 2018; Ivanov and
Korablev, 1995a, 1995b; Rossby et al., 2009]. 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 vortex can reach the bot-
tom (e.g. [Volkov et al., 2015]). Based on observa-
tions with Seagliders, collected between July 2012
and July 2015, Yu et al. [2017] estimated the dy-
namical radius of the Lofoten Vortex core equals
18± 4 km and the maximum orbital velocities 50–
70 cm s−1. Bashmachnikov et al. [2017b] estimated
the dynamical radius of the Lofoten Vortex as 30
km. Ivanov and Korablev [1995a] and Søiland et
al. [2016] describe the LV as a convective lens of
warm and saline water between 300–1000 m depth
with a diameter of up to 100 km (see also [Volkov
et al., 2015]).
Because the conservation of potential vorticity

favors cyclonic circulations over topographic de-
pressions in the Northern Hemisphere, the local-
ization 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 sta-
bility of the LV. The first was initially proposed by
Ivanov and Korablev [1995a, 1995b]), who showed
that deep convection in winter and further summer
relaxation could be responsible for the annual re-
generation of the LV [see also Alexeev et al., 2016;
Bashmachnikov et al., 2017b, 2018; Belonenko et
al., 2017; Bloshkina and Ivanov, 2016; Søiland
et al., 2016]. They claimed that the influence of
bottom topography 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 rein-
forces mainly due to merges with other mesoscale
eddies, generated by the NwAC and propagated to
the center of the LB [Isachsen, 2011, 2015; Köhl,
2007; Raj et al., 2020; Rossby et al., 2009; Volkov
et al., 2015]. The combined effect of these two pro-
cesses in the presence of bottom topography is con-
sidered by Zinchenko et al. [2019] and Gordeeva et
al. [2020], who provided the complex statistical
analysis of mesoscale eddies in the basin.
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Although a number of studies have been dedi-

cated to the dynamics and thermohaline proper-

ties of the LV, the role of bottom topography in

its formation has not been experimentally assessed.

Using idealized numerical experiments with a bowl-

shaped basin, Shchepetkin [1995] reported that an

initially turbulent flow tends to organized in a cy-

clonic circulation along the periphery of the basin

and forms an anticyclonic vortex in its center. Ear-

lier, based on experiments with a rotating tank,

Carnevale et al. [1991] showed that if the horizon-

tal scale of eddies is smaller than that of the basin,

the topographic 𝛽-effect attracts anticyclonic ed-

dies downslope in a cyclonic spiral towards the cen-

ter of a topographic depression, while cyclones tend

to move upslope. Thus, the cyclonic propagation

of anticyclones 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 ad-

ditional 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 anticy-

clonic LV is stable and does not leave the LB, only

moving along a quasi-cyclonic trajectory within it

[Benilov, 2005].
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
anticyclonic eddy is generated in the LB but is
not generated in the NB? (ii) Would the charac-
teristics of the anticyclonic eddy in the center of
the basin differ for different types of bottom to-
pography? (iii) How does mesoscale eddy variabil-
ity 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
realistic lateral boundary conditions and forcing.

2. Methods

2.1. Numerical Experiments

The numerical experiments are based on a re-
gional configuration of the Massachusetts Institute
of Technology general circulation model [MITgcm;
Marshall et al., 1997]. The model setup is similar
to the one described in Nguyen et al. [2011] and
Volkov et al. [2015]. The regional domain was de-
signed for multi-purpose applications and includes
the North Atlantic and the Arctic Ocean (see Fig-
ure 2 in [Volkov et al., 2015]). The model has 50
vertical levels with intervals ranging from 10 m at
the surface to 456 m at depth. Bathymetry rep-
resents a blend of the Smith and Sandwell [1997]
and the General Bathymetric Charts of the Oceans
(GEBCO) one-arc minute bathymetric grid. The
model uses partial cell formulation of Adcroft et
al. [1997], which permits the accurate represen-
tation of the bathymetry. Vertical mixing follows
the K-profile parameterization (KPP) of Large et
al. [1994]. The ocean model is coupled with the
MITgcm sea-ice model described in Losch et al.
[2010]. The model is integrated into a volume-
conserving configuration using a finite volume dis-
cretization with a C-grid staggering of the prog-
nostic variables. The topography of the seafloor is
based on a digital bathymetric map of the World
Ocean (GEBCO) with a spatial resolution of 1 mile.
To assess the influence of topography on the in-
tensity of deep convection, numerical experiments
were performed: TOPO1, TOPO2, TOPO3 and
TOPO4 with different variants of the topography
of the Norwegian Sea (Figure 2). The TOPO1 ex-
periment has a realistic bottom topography. In the
TOPO2 experiment, 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 Vøring Plateau and no Hel-
geland Ridge (Figure 2). The topography of the
TOPO3 experiment (Figure 2) is similar to that of
TOPO2 for the NB, but there is no topographic de-
pression in the area of the LB. The bottom topogra-
phy of the NB is represented by a flatter area com-
pared to TOPO2 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
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Figure 2. Bottom topography for topographical experiments. Isobath carried out after
every 1000 m.

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).

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; Köhl, 2007; Nilsen and Falck, 2006; Travkin
and Belonenko, 2020]. Köhl [2007] using the MIT-
gcm 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 MITgcm and
Argo data, Fedorov et al. [2018, 2019] 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 𝑇𝑟 and
salinity 𝑆 at the sea surface 𝑟 (or 10 m) and the
density with the same salinity 𝑆 and temperature
𝑇ℎ:

Δ𝜎 = 𝜎(𝑇𝑟, 𝑆)− 𝜎(𝑇ℎ, 𝑆).

Kara et al. [2000] indicated that one must care-
fully choose a criterion for determining the MLD,
taking into account hydrological conditions in the
study area. We use the temperature criterion (dif-
ference) equal to 0.1∘C, so that 𝑇ℎ = 𝑇𝑟−0.1. The
reason for the criterion is given in the Supplement
747-s01.png. The horizon, where the density dif-
ference exceeds Δ𝜎, is considered as MLD. This
method takes into account the nonlinearity of the
equation of state since the value of the criterion de-
pends on the salinity and temperature [Nilsen and
Falck, 2006].
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Figure 3. Time-mean spatial distribution of velocities, m s−1 (shown in color) and the
corresponding streamlines the 95 m layer.

3. Results

3.1. The Time-Mean Circulation in the
Norwegian Sea

Streamlines, constructed using the mean veloci-
ties at 95 m depth (Figure 3), show the main struc-
tures of the large-scale circulation in the TOPO ex-
periments. As expected, the main currents in the
experiments tend to follow isobaths. Clearly, the
absence of the Vøring 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 unobstructed water ex-

change between them. The anticyclonic LV is gen-
erated in TOPO1 and TOPO2, 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 TOPO3, a
quasi-permanent 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 by removing sea mountains and
ridges. In TOPO4, in which the bottom of the NB
is made realistic, an anticyclonic vortex in the NB
does not form. Thus, it is clear that favorable bot-
tom topography represents a necessary condition
for the formation of a quasi-permanent vortex in
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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.

the center of a topographic depression. The anticy-
clonic vortex formed in TOPO3 has a comparable
size and intensity to the LV in the NB in TOPO1.

3.2. Vertical Cross-Sections in the
Norwegian Sea

Since the quasi-permanent vortex in the Norwe-
gian Sea is the main focus of this paper, we con-
sider two vertical cross-sections. The first goes
along 69.72∘N and crosses the center of the LV in
the LB (see Figure 3 for TOPO1). The second
stretches along 67.02∘N and crosses the center of
the quasi-permanent vortex generated in TOPO3
in the NB (see Figure 3 for TOPO3). Figure 4
shows that maximum velocities in the LB are ob-
served in the area of the LV (see Figure 4 for
TOPO1 and TOPO2). Increased velocities asso-
ciated with the LV can be traced to the bottom,

but maximum velocities 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. TOPO1 also demonstrates the stronger
NwASC although maximum velocities are only vis-
ible in the upper 500 m, which is much less than
in TOPO2. Velocities in TOPO3 are small except
near the Scandinavian 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 tem-

perature (Figure 5) and salinity (Supplement 747-
s02.png) illiustrate the distribution of warm and
salty water westward from the branch of the NwASC.
The vertical extent of the LV in TOPO1 and TOPO2
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Figure 5. Temperature at the 500 m horizon (top) and vertical cross-sections of tem-
perature along 69.72∘N (a) and 67.02∘N (b) in the TOPO experiments.

exceeds 1300 m while the vortex in the NB has less
depth visible in temperature and salinity character-
istics. In TOPO3, the vortex in the center of the
NB forms with temperature and salinity anomalies
1100 m. In TOPO4, the vortex does not form in
any of the basins.

3.3. Vorticity Maps and Generation of an
Anticyclonic 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 be-
ginning of the simulation of MITgcm. In July 1992,
a large anticyclone is observed in the center of the
LB around 69.8∘N, 5.9∘E. This vortex moved sub-
sequently within the basin and existed until the
end of the experiment (Figure 6). It is important

to note that several large anticyclonic vortices can
be observed simultaneously at any given time in
TOPO1. (Figure 6) 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;
Ivanov and Korablev, 1995b; Volkov et al., 2015].

In TOPO2 (Supplement 747-t02.mp4), the gen-
eration of the LV occurs a month earlier than in
TOPO1. Analysis of vorticity maps shows that the
concentration of anticyclonic vorticity in the cen-
ter of the basin is absent in May 1992, but it is
formed by 17 June 1992 and exists until the end of
the experiment. Despite the bottom topography in
TOPO2 corresponds to TOPO1 at depths greater
than 3000 m, there is no smooth change in depth in
TOPO2 since the values of the bottom topography
𝐻 in the range from 1000 < 𝐻 < 3000 m are re-
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Figure 6. Relative vorticity (color) and velocities (arrows) at the 95 m horizon in
TOPO1.

placed with values of 3000 m. Perhaps this is what
leads to faster formation of the LV in TOPO2 in
comparison to TOPO1.
While mesoscale variability in TOPO3 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 following the 𝑓/𝐻 con-
tours (Figure 7).
The experiment TOPO4 (Supplement 747-

t04.mp4) shows the significant role the bottom to-
pography plays and, in particular, the topographic
boundary separating the Norwegian sea into two

basins. The Helgeland Ridge and the Vøring Plateau
divide the Norwegian Sea into two basins. When
the Helgeland Ridge and the Vøring 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. Unlike
TOPO3, the boundary between the basins exists in
TOPO2 and TOPO4, and mesoscale activity in the
LB is rich and almost absent in the NB (Figure 7).
It seems that the smooth bottom topography and
lack of seamounts and ridges are the most impor-
tant for the generation of the quasi-permanent vor-
tex in the NB. The period of the quasi-permanent
anticyclone generation in the Norwegian Sea is dif-
ferent for two basins (see Table 1).
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Figure 7. Relative vorticity (color) and velocities (arrows) at the 95 m horizon in
TOPO3 and TOPO4.

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

Figure 8 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 the MLD in the NB in TOPO1,
TOPO2, and TOPO4, while in TOPO3, the simi-
lar values of the MLD are observed in both basins.

Figure 8. Temporal variability of MLD averaged for the area of the LB (red), NB
(blue), and Norwegian Sea (black) in the TOPO experiments.

This similarity in the TOPO3 is due to the lack of
topographic boundaries between the basins wherein
in the TOPO3 experiment, mesoscale eddies accu-
mulate 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
convection 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 ex-
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Figure 9. Seasonal variability of the mean val-
ues of MLD from 1993–1997 for the TOPO exper-
iments.

ceed 125 m, but in February they become bigger
and reach their maximum (Figure 9). Then, MLD
slightly decreases in March, while in April the pro-
cess of deep convection almost 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 [Ivanov and Korablev, 1995a]. The
spatial distributions of MLD in the TOPO exper-
iments 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 calcula-
tions of MLD. Figure 10 shows that the values of
MLD in the LB exceed 400 m in the area of the
LV location. In the TOPO3 experiment, the max-
ima of MLD are located in the NB and correspond
to the location of the quasi-permanent vortex. In
the TOPO4, the maxima of MLD are distributed
across the LB and Vøring Plateau as well. Notice
that the Vøring Plateau exists only in the TOPO1
and TOPO4, and there are significant values of
MLD in the Vøring Plateau in these experiments.

3.5. Eddy Kinetic Energy in the TOPO
Experiments

Eddy Kinetic Energy (EKE) is calculated based
on horizontal fluctuations in the flow rate (𝑢′ and
𝑣′):

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
TOPO2 5.5 is not generated
TOPO3 is not generated 22
TOPO4 is not generated 14

𝐸𝐾𝐸 =
𝑢′ 2 + 𝑣′ 2

2
,

here 𝑢′ and 𝑣′ are the anomalies of the flow com-
ponents 𝑢 and 𝑣 relative to their average values
in each cell of the grid net for 1993 to 1997. In
the TOPO1 experiment, the maximum EKE reach-
ing about 600 cm2 s−2 is observed in the central
part of the LB and near the continental slope of
Norway (Figure 11). Large EKE values of up to
300 cm2 s−2 are also seen over the Vøring Plateau,
while in the NB EKE is very small and does not
exceed 50 cm2 s−2. In the TOPO2 experiment,
there is an increase of eddy activity over the Nor-
wegian 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 TOPO3 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 cm2 s−2 in the LB,
and there is a shift in the area of the highest val-
ues of EKE to the eastern part of the LB. Based
on the numerical experiments, it is possible to con-
clude that the topographic depression in the LB
and the topographic boundary with the adjacent
NB in TOPO1 and TOPO2 lead to the concentra-
tion 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 bound-
aries in the form of the Voring Plateau and the
Helgeland Ridge are restored in TOPO4, the vor-
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Figure 10. Spatial distribution of MLD (m) in February averaged for 1993–1997 in the
TOPO experiments.

Figure 11. Spatial distribution of EKE (cm2 s−2) in February averaged for 1993–1997
in the TOPO experiments.
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tex does not form and EKE in the center of the NB
is very small as in TOPO1 and TOPO2. Thus, the
TOPO experiments 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 coin-
cide with the regions of maximum EKE. Vertical
vortex mixing contributes 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 experi-
ment, the maximum values of MLD exceeding 400
m are located in the LV area with a maximum of
EKE of 600 cm2 s−2. Figure 10 also shows the in-
creased values of MLD in the north-eastern part of
the LB near the Scandinavian slope. These local
maxima correspond to the increased values of EKE
in Figure 11. There is also some correlation over
the Vøring Plateau. However, there are also differ-
ences, 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 associated with eddies,
and this is the slope convection. Slope convection
can exist simultaneously with convection in eddies,
and this leads to the fact that the areas of increased
values of MLD are significantly larger than the ar-
eas with increased values of EKE (see Figure 10
and Figure 11).
In TOPO2, the spatial location of the main max-

ima 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 not-
ing that a significant 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 cor-
responds to the real values. This may be because of
slope convection, the conditions are more favorable
when there is a gradual lowering of the bottom re-
lief, rather than abrupt, as in TOPO2 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, how-
ever, 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 convec-
tion and maximum convection in the LB in Febru-
ary in the TORO4 experiment does not exceed 325
m. Since the maxima of EKE are not observed in
the area, the convection 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
using a regional configuration of the MITgcm driven
by the same lateral and surface boundary condi-
tions, 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 Nor-
wegian Sea; (2) The existence of a boundary be-
tween the LB and NB (Helgeland 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 generation of an anticyclonic vortex in the cen-
ter of this basin is due to bowl-shaped bottom to-
pography. Our experiments confirmed this result.
The quasi-permanent anticyclonic Lofoten Vortex
is generated only then when the basin is bounded
from all sides. Moreover, Benilov [2005], using a
two-layer quasi-geostrophic model, showed theoret-
ically that the bottom topography in the form of
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a bowl determines the stability of this anticyclonic
vortex which is generated in TOPO1 and TOPO2.
When the boundary between the basins is re-

moved, 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 [Köhl, 2007; Isachsen, 2011, 2015; Volkov
et al., 2015] move west across the LB and reach
the NB where the bowl-shaped bottom topography
promotes the generation of an anticyclonic vortex
in the NB (TOPO3). However, the generated vor-
tex in the NB in the TOPO3 experiment is weaker
than the LV in TOPO1 and TOPO2.
Another possible mechanism influencing the in-

tensity and stability of the quasi-permanent anti-
cyclonic vortex is the winter deep convection [Alex-
eev et al., 2016; Fedorov et al., 2019; Søiland et al.,
2016; Travkin and Belonenko, 2020]. The stabi-
lization of the vortex is due to a periodic increase
of the horizontal gradients of potential vorticity
across its boundaries [Bloshkina and Ivanov, 2016;
Bashmachnikov et al., 2017a]. 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 develop-
ment of convection and the high values of MLD. It
was found that MLD in the NB is much less than
in the LB. Besides, 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

development of the maximum intensity in the area
where the LV is located which is shown in the
TOPO1 and TOPO2 experiments. When the to-
pography of the LB changes, the maximum convec-
tion areas shift either towards the western part of
the LB and the Vøring Plateau and the mainland
slope (TOPO4) or to the central part of the NB
(TOPO3). The Vøring Plateau is characterized by
high values of MLD, while the process of winter-
spring convection in this area practically does not
occur when the Vøring Plateau is removed from the
bottom topography data (TOPO2 and TOPO3).
Such an increase of MLD in the area of the Vøring
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
NwAC.
The topographical isolation of the LB and the

presence 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 al-
most 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 [1983] 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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