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Abstract—The paper provides a joint analysis of Aqua/MODIS data, global ocean reanalysis GLORYS12V1,
and atmospheric reanalysis ERAS. We consider the quasi-permanent Lofoten Vortex located in the Norwe-
gian Sea. Analysis of SST maps reveals the existence of a cold spot in the area of the Lofoten Vortex in the
summer—autumn period. A joint analysis of satellite maps and GLORYS12V1 data shows that the main rea-
son for the formation of the cold spot is the rise of the isopicns of the upper dome of the vortex and the
destruction of the heated layer, as a result of which colder isopicns come to the surface. It is revealed that in
many cases the cold spot shifts to the periphery of the vortex in a southeasterly direction, and the shift can be
several tens of kilometers. The reason may be the vortex advection of particles in an anticyclonic vortex. It is
shown that along with the formation of the cold spot, there is a 10—30 m decrease in the depth of the upper
quasi-homogeneous layer above the Lofoten Vortex in the summer—autumn period. The formation of a cold
spot on the water surface is accompanied by a decrease in temperature in the drive layers of the atmosphere.
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INTRODUCTION

The interface between the ocean and the atmo-
sphere is a complex thermodynamic system in which
processes of various physical nature continuously
occur, transferring energy from one area of the system
to another. The World Ocean is the largest underlying
surface of the atmosphere, playing a key role in its vari-
ability by absorbing and releasing most of the solar
energy into the atmosphere (Sun and Wu, 2021). The
redistribution of heat in the World Ocean from the trop-
ics to the polar regions is significantly affected by the
meridional thermohaline circulation (Richards and
Straneo, 2015). The development of deep convection in
winter at high latitudes leads to the vertical sinking of
warm and saline waters and the subsequent formation
of deep currents, which are the lower branch of the
meridional thermohaline circulation. At the same time,
a significant effect of mesoscale eddies on changes in
the thermohaline characteristics of local water masses is
observed (Richards and Straneo, 2015; Belonenko et al.,
2020). When the water surface interacts with the atmo-
sphere, part of the heat is released and passes into the
atmosphere. Particularly active regions of the ocean,
where the exchange of energy with the atmosphere
occurs most intensively, are called “ocean—atmosphere
interaction centers” (Timonov et al., 1970; Lappo et al.,
1990). In the North Atlantic, in the current conditions
of global warming and the formation of short-term cli-

mate fluctuations, the centers of interaction between
the ocean and the atmosphere are of great importance.
One of them is the Norwegian energy-active zone, with
its center in the Lofoten Basin, located in the deep part
of the Norwegian Sea. The proximity to the Arctic
Basin and the role of the Lofoten Basin as a transit
region for Atlantic waters leads us to consider its cli-
matic significance to be extremely important (Malinin
and Shmakova, 2018). In the central part of the basin,
where an increase in the thickness of Atlantic waters in
the intermediate layer is observed and where the quasi-
permanent anticyclonic Lofoten Vortex is located, there
is an active heat transfer from the ocean to the atmo-
sphere (Richards and Straneo, 2015; Novoselova and
Belonenko, 2020; Fedorov et al., 2021). This contrib-
utes to the active development of deep winter convec-
tion and the renewal of deep Atlantic waters.

The estimate of the average annual values of the
total heat transfer (the values of the turbulent heat flux
and heat losses due to evaporation) in the Norwegian
energy-active zone with the center in the Lofoten
Basin is 125 W/m? (Malinin and Shmakova, 2018). In
winter, the Lofoten Basin is characterized by heat
losses on the order of 80 W/m? (Isachsen et al., 2007;
Richards and Straneo, 2015), which contributes to the
development of convection down to depths of more
than 1000 m (Yu et al., 2017; Raj et al., 2015; Fedorov
et al., 2019).
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Heat loss in the ocean is associated with its cooling.
Changes in the stability and roughness of the sea sur-
face, as well as fluctuations in wind speed, contribute
to the development of surface heat-flux anomalies. An
increase in sea surface temperature (SST) leads to an
increase in heat flow, while a decrease in it contributes
to less upward heat flow, while lower wind speeds lead
to a significant adaptation of atmospheric humidity
and temperature to the rapidly changing SST, which in
turn contributes to smaller heat-flow anomalies
(Hausmann et al., 2017).

The passage of the wind over relatively strong SST
gradients associated with vortices and ocean fronts
promotes the development of vertical and horizontal
movements in the underlying layers due to the weak-
ening of stratification. This leads to a further increase
in the difference between SST and air temperature
near the sea surface, especially at high background
wind speeds (Small et al., 2019). The net heat flux at
the ocean—atmosphere interface is equal to the sum of
the solar heat fluxes (long-wave and short-wave radi-
ation) and turbulent fluxes (latent and apparent heat
fluxes). The SST values have a direct impact on the
estimates of long-wave radiation and apparent heat
fluxes into the atmosphere (Kumar et al., 2011).

The work (Sun and Wu, 2021) investigates the spa-
tial relationship between turbulent heat flow at the
surface and water temperature at the surface. Numer-
ical modeling results show a correlation between SST
and assessments of apparent heat flux, indicating a
close relationship between the ocean and the atmo-
sphere. On the other hand, the negative correlation
between these characteristics indicates that heat loss
from the ocean surface contributes to a decrease in
SST, which is indicative of the influence of the atmo-
sphere on the ocean. Other studies point to differences
between the ocean—atmosphere flows associated with
mesoscale vortices and much larger forms. At scales
less than 1000 km, the wind speed is proportional to
the SST anomalies, and the divergence and vorticity of
the wind stress is proportional to the zonal and merid-
ional SST gradients (Schneider et al., 2015). The
Lofoten Basin is a thermal reservoir of Atlantic waters,
the deepening of which in the basin determines not
only the structure of its water masses, but also the fea-
tures of the ocean—atmosphere interaction processes
(Novoselova and Belonenko, 2020; Fedorov et al.,
2021). Surface heat transfer in the Lofoten Basin is
dominated by the contribution of the mean flow from
the south and eddy advection from the east.

BRIEF INFORMATION
ABOUT THE LOFOTEN VORTEX

The Lofoten Vortex (LV) is located in the deep part
of the basin (Fig. 1). The most probable position of the
center of the vortex according to the contact data is
70°N, 3.5°W (Seiland et al., 2016), and according to
modeling data, LV localization occurs in the region of
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69°—70°N, 3°-5° E. The LV is characterized by a local
maximum of sea level and vortical kinetic energy
(Volkov et al., 2015; Travkin and Belonenko, 2021).
Winter convection is a necessary condition for the
existence of this unique natural phenomenon, as it
creates favorable conditions for its annual regeneration
(Bloshkina and Ivanov, 2016; Bashmachnikov et al.,
2017). Another mechanism that contributes to the
maintenance of high anticyclonic vorticity in the cen-
ter of the basin is the capture of mesoscale vortices
detached from the Norwegian Current (Belonenko
et al., 2014; Volkov et al., 2015). The thermohaline
characteristics of the LV with a warm and saline core
differ significantly from the characteristics of the sur-
rounding waters (Yu et al., 2017; Belonenko et al.,
2018; Travkin and Belonenko, 2019).

In this paper, satellite maps of SST (Sea Surface
Temperature) and SSH (Sea Surface Height) are ana-
lyzed together. Analysis has revealed that the SST val-
ues are lower in the area of the LV. This means that a
cold spot is formed on the surface of the water, as well as
in the near-water layer of the ocean above the warm LV.
An analysis of the possible causes of the observed phe-
nomenon is the aim of this work.

DATA AND METHODS

All analyzed data are obtained from open sources.
Their description is presented in Table 1.

We used GLORYS12V1 data on the Mixed Layer
Depth (MLD) calculated by the Kara method (Kara
et al., 2000), which allows us to define the depth of the
mixed layer as the value of the depth at which the tem-
perature of the water has changed by a certain amount
compared to the surface:

AG = G(T;‘:Sr) - G(E’Sh);

where Ac is an empirical criterion for the density of
sea water, equal to the difference between the density
on the sea surface 6(7,,5,) and 6(7,,.S,), the density
of water with the same salinity, but at a temperature
that is 0.2°C less than on the sea surface. The first
horizon where the density difference exceeds AG is
considered the depth of the MLD. This method can
only be used for high-resolution vertical profiles.

RESULTS

Observations of a Cold Spot

over the Lofoten Vortex and Its Seasonal Course
according to the GLORYS DATA

The map of average SST satellite data
Aqua/MODIS in the study area, constructed with
averaging for 2002—2019, reveals a cold spot above the
LV with a temperature of 1—2°C below the surround-
ing waters (Fig. 2). The frequency of occurrence of the
given cold spot has a seasonal variation. The maps
based on average monthly data show that the cold spot
Vol. 58
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Fig. 1. Study area. The position of the anticyclonic Lofoten Vortex is shown as a circle. The area of the most probable location
of the LV is shown by the dotted line. The bottom topography (m) is shown in color, and the branches of the Norwegian Cur-
rent are shown in black arrows (international designations are used (Volkov et al., 2015)): NwASC—Norwegian Slope Current;
NCC—Norwegian Coastal Current; N\wAFC—Norwegian Frontal Current.
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Fig. 2. Average SSTs according to Aqua/MODIS data for the period 1999—2019.
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Table 1. Data used
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Product

Description

Source

Aqua/MODIS
(Level 3 Stan-
dard Mapped
Image (SMI)

Average monthly SST measurements for the period 2002—2019. Spatial
resolution—4.63 km. The data were obtained using channels 31 and 32
(daytime observations, IR range, a wavelength of 11 and 12 um, respec-
tively) of the scanning spectroradiometer of medium resolution (Mod-
erate-resolution Imaging Spectroradiometer, MODIS). MODIS
provides global coverage of the Earth’s surface every 1—2 days with
high radiometric resolution (12 bits). The Level 3 array (SMI) is data
for a certain period of time, projected onto a spatial grid, while at each
point there is an average value of the desired parameter for the specified
period

http://oceandata.sci. gsfc.nasa.gov

GLORYS12V1

Monthly average temperature data, zonal and meridional velocity
components # and v, MLD estimates of the GLORYS12V1 reanalysis
for the period 1999—2019. The data is available on the CMEMS
(Copernicus Marine Environment Monitoring Service) portal. The
GLORYS12V1 product is a vortex-resolving reanalysis of the World
Ocean with a spatial resolution of 1/12° at 50 horizons. The reanalysis
is based on the NEMO model with ECMWEF ERA-Interim forcing.
The GLORYS12V1 data assimilate together satellite altimetry data, sea
surface temperature (Reynolds 0.25°C AVHRR), sea ice concentra-
tion, and in situ vertical profiles of temperature and salinity. Observa-
tions are assimilated using the Kalman filter. The time discreteness of
the data is one day

https://resources.marine.copernicus.eu

ERAS

ERAS is a fifth-generation reanalysis of ECMWEF for global weather
and climate analysis over the past 40—70 years. ERAS replaces the pre-
viously used ERA-Interim reanalysis. The reanalysis combines model
data and observational data through their assimilation. It is based on
the method used by numerical weather-prediction centers where every
few hours (12 hours in ECMWE), the previous forecast is optimally
combined with newly available observations to produce a new best esti-
mate of the state of the atmosphere, from which an updated, improved
forecast is produced. ERAS provides hourly estimates of a large num-
ber of atmospheric, oceanic, and terrestrial parameters. The spatial res-
olution of the reanalysis data is 0.25° % (0.25°

https://cds.climate. copernicus.eu

exists only in the summer—autumn period, while it is
absent in winter and spring. The formation of the cold
spot above the LV begins in June. During this period,
a seasonal thermocline gradually forms, the vortex
begins to acquire a lenticular shape and a vast area of
low SST values appears on the water surface. By July,
this area is localized in the area of the location of the
LV and the cold spot appears most clearly in August—
October.

In November, a decrease in temperature over the
LVis also noted on the average monthly maps (Fig. 3).

A decrease of several degrees in the water surface
temperature in the area of the Lofoten Vortex is con-
firmed by multiple satellite SST images in different
seasons; however, in most cases, a “cold spot” above
the eddy is observed in the warm season, most often in

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

August—September. We analyzed the SST maps for
individual months (MODIS for 2002—2019 and GLO-
RYS12V1 for 1999—2019) and found that the average
temperature anomaly above the eddy is 1—2°C, but in
some years it is as high as 4°C.

Vertical Structure of LV and Its Features
in Different Seasons according to GLORYS Data

To analyze the causes of the appearance of the cold
spot and the seasonal variation of SST in the vortex,
the vertical structure of the vortex was studied based
on the reanalysis GLORYS12V1. These data demon-
strate that the LV has a pronounced lenticular struc-
ture, in agreement with previous works (see, e.g.,
Volkov et al., 2015; Bloshkina and Ivanov, 2016;
Vol. 58
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Fig. 3. Average monthly SST maps (September—November) for the period 1999—2019.

Belonenko et al., 2018; Travkin and Belonenko,
2019). The lens core is located at depths of 200—800 m
(Fig. 4a). At the top of the dome, positive vertical veloc-
ities cause deep water to rise. This process pushes cold
waters to the surface and causes the observed cold
anomaly to appear on the surface. In all cases, a cold
spot in the region of the LV is formed during periods
when the lens is already formed and well-developed. In
August and September, the lens reaches its maximum
values (Novoselova, 2022), and these months show the
largest SST gradients in the area of the LV (Fig. 4b).
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Displacement of the Cold Spot Relative
to the Center of the Vortex

A joint analysis of the SST and SSH maps reveals
the following feature: in many cases, the cold spot on
the vortex surface shifts to its periphery relative to the
center. For example, Fig. 5 shows that the center of the
SSH anomalies has the coordinates 70.08° N, 3.08° E,
while the center of the SST anomalies is 69.73° N,
4.06° E; i.e., the cold spot is located to the southeast
of the LV center and the distance between the centers
Vol. 58
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Fig. 4. Vertical section through the core of the Lofoten Vortex at 69.8°N. Temperature fields according to GLORYS12V1 reanal-
ysis data for August 2010 (a) and SST map according to MODIS data (b).

is 46 km. In the Lofoten Basin, colder waters are
located in the northern and northwestern parts of the
vortex (Sandalyuk et al., 2020), and this is consistent
with the scheme of the main currents in the region
(Richards and Straneo, 2015). The LV scale on the
surface can reach 100 km (Fig. 5a), and the cold spot
moves from the north to its southeastern periphery
(Fig. 5b).

We analyzed jointly the SSH and SST images
constructed from monthly average data for each
month of 1999—2019 and found that the shift of the
cold spot to the southeast is typical mainly of August
and September, i.e., when the lens reaches its maxi-

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

mum size (Novoselova, 2022). In total, we consid-
ered 199 pairs of joint distributions of SSH and SST,
of which in 102 cases (51%) the distance between the
centers did not exceed 10 km (Fig. 6). In other cases,
the negative SST anomalies corresponding to the cold
spot above the vortex shifted to a greater extent relative
to the SSH anomalies to the southeast. In 19% of cases,
the cold spot shifted over a distance in the range of 10—
20 km, in 7%, over distances in the range of 20—30 and
40—50 km, and in 4%, over distances of 30—40 km. It
should be noted that the distances between the centers
were determined automatically, and when the dis-
tances between the centers of the anomalies exceeded
Vol. 58
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Fig. 5. SSH maps according to GLORYS12VI (a) and SST according to Aqua/MODIS data (b) for August 2004. The dots show

the geometric centers of the anomalies.

the vortex radius of 50 km, it is possible that the
method would take into account the centers of anom-
alies related to different vortex structures, so we will
not consider them further.

Near-Surface Air Temperature
over the Lofoten Vortex

Figure 7 shows that the cold spot above the LV,
formed as a result of a decrease in surface water tem-
perature, leads to a decrease in air temperature in this
area. ERAS atmospheric reanalysis data confirm the
presence of negative anomalies in the surface air tem-
perature at a height of 2 m during the existence of the
cold spot above the vortex. All this means that during
the formation of the cold spot, heat fluxes into the
atmosphere decrease.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

Mixed Layer Depth above the Lofoten Vortex

The appearance of the cold spot in the summer—
autumn period above the LV is accompanied by a
decrease in the depth of the upper quasi-homoge-
neous layer (MLD) in the vortex. Figure 85 shows that
the minimum MLD values in September 2003 are
observed directly above the LV lens. The cold spot is
localized at 69.8° N, 1° E (Fig. 8a). It can be seen that
the minimum values of the MLD are also achieved here
(Fig. 8b). While in the vortex the UQL values are only
20 m, outside the vortex they exceed 30 m (Fig. 8b).
This is what contributes to the reduction of the MLD
over the vortex.

A joint analysis of the satellite maps and vertical
sections based on the GLORYS12V1 data shows that
the minimum MLD values above the lens are charac-
teristic of the summer—autumn months and persist
2022
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Fig. 6. Number of shift observations between SSH and SST anomaly centers on satellite maps.

until the onset of winter convection. In autumn, the
MLD values above the lens gradually begin to increase.
In November, the lens still retains its shape (Fig. 9a),
but the MLD estimates in the region of the vortex
location are as high as ~70 m. It can be seen that indi-
vidual isopycnals above the lens come to the surface in
November 2000, which subsequently leads to the
destruction of the lens and the onset of winter convec-
tion (Fedorov et al. 2018; Travkin and Belonenko,
2020). Outside the vortex area, the MLD estimates are
much larger and exceed 90 m (Fig. 9b), although even
in September the MLD depth above the lens does not
exceed 10—20 m, and outside the vortex region, these
estimates are 30—40 m greater (not shown).

DISCUSSION AND CONCLUSIONS

The warm and salty Atlantic water in the Lofoten
Basin occupies a vast area, forming a huge thermal
reservoir in the Norwegian Sea (Belonenko et al.,
2020). When the water surface interacts with the atmo-
sphere, part of the heat is released and passes into the
atmosphere. The LV is the center of the Norwegian
energy-active zone, where the maximum heat transfer
to the atmosphere occurs. An increase in heat transfer
occurs mainly in winter and is characterized by a neg-
ative buoyancy flux in the upper layers of the ocean
(Isachsen et al., 2007; Richards and Straneo, 2015;
Malinin and Shmakova, 2018). In the summer—
autumn period, heat-transfer processes weaken, and
in the area of the LV location, according to satellite
images, a cold spot is observed with a temperature that
is lower than the water temperature outside the vortex.
At the same time, the reference temperature of the air
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Fig. 8. Ocean surface temperature distribution according to GLORYS12V1 (a), UQL estimate (b), and a vertical temperature sec-
tion along the latitude 69.8° N. in the LV (c, d) in September 2003.

in contact with the water surface also has lower values
in the summer period.

The work (Bloshkina and Ivanov, 2016) reproduces
in detail the annual life cycle of the LV, the shape of
which changes throughout the year. In the winter—
spring period, convective processes dominate, when
the seasonal thermocline collapses, and winter con-
vection determines the evolution of the vortex, reach-
ing 1000 m at the center of the vortex (Fedorov et al.,
2019). During this period, the vortex acquires the
shape of a semi-ellipsoid (Mikaelyan et al., 2020). In
the summer—autumn period, the LV is represented in
the form lenses with warm and salt water.

The formation of a lens is accompanied by the
destruction of the upper heated layer with elevated
temperatures and the emergence of underlying iso-
therms with lower values relative to the surrounding
water. We analyzed the monthly average distributions
of MODIS over the period 2002—2019 and plotted
the corresponding vertical sections through the cen-
ter of the LV using the GLORYSI2VI data with
monthly averages. A joint analysis of satellite maps
and GLORYS12V1 data shows that the outer dome of
the lens compresses the isopycns, lifting them up and
destroying the surface heated water layer. Colder
water from the lower horizons rushes upward, and a
“spot” with lower temperatures forms on the surface.

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

As aresult, in the vortex area, isopycnal surfaces cor-
responding to the lower layers with lower tempera-
tures come to the surface (see Figs. 4a, 8b, and 9a).
Thus, the main reason for the appearance of the cold
spot above the lens is the rise of isopycnes directly
above the lens in the summer—autumn period.

The seasonal modulation of the manifestation of a
cold spot is associated primarily with the conditions of
vertical mixing: in summer, sharp heating masks the
rise of the isopycnes above the lens, and in winter,
deep convection destroys the upper part of the dome.
The cold spot most clearly manifests itself in August
and September, during the period of thermocline
destruction and MLD deepening.

A joint analysis of the SSH and SST maps based
on the Aqua/MODIS and GLORYSI2V1 data
reveals a southeastward shift of the SST cold spot rel-
ative to the SSH. This mismatch of centers is a con-
sequence of vortex advection, in which the anticy-
clonic rotation of particles with low temperatures
located in the north and northwest transfers these
particles to the southeastern periphery of the Lofoten
Vortex. It was shown by (Kubryakov et al., 2016) that
the distribution of temperature anomalies in a vortex
depends on the vortex polarity. Cold water entering
the anticyclone from the north and northeast is
mechanically transported to the southeast of the vor-
Vol. 58
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Fig. 9. Density distribution (a) and MLD estimate (m) (b) in LV in November 2000 according to GLORYS12V1 data.

tex during its evolution, thereby creating a shift of the
SST anomalies relative to the SSH anomalies. This
shift is most often observed in August and September
(see Fig. 5).

The raising of the isopycnal in the vortex contrib-
utes to the decrease in the MLD depth in the vortex.
This effect is most typically observed at the begin-
ning of the summer season and reaches its maximum
parameters in August and September, during the
period of the greatest development of the intrather-
mocline lens; it continues through November. In this
case, a decrease in the water surface temperature is
accompanied by a decrease in the MLD in the area of
the Lofoten Vortex. Indeed, the MLD decrease by
10—20 m directly above the lens is observed in
August—September and reaches 30 m by November.
Note that the observed MLD decrease above the vor-

IZVESTIYA, ATMOSPHERIC AND OCEANIC PHYSICS

tex in the summer—autumn season has not been
noted anywhere before. Perhaps this is due to the fact
that MLD estimates are usually analyzed only for the
winter months.
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