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Abstract: The Lofoten Vortex (LV) is a quasi-permanent anticyclonic eddy with the characteristic
of periodic regeneration in the Lofoten Basin (LB), which is one of the major areas of deep vertical
mixing in the Nordic Sea. Our analysis of the LV contributes to our understanding of the variations
in convective mixing in the LB. Based on drifter data and satellite altimeter data, the climatological
results show that the LV has the sea surface characteristics of relative stability in terms of its spatial
position and significant seasonal variations in its physical characteristics. Combined with the temper-
ature and salinity data of Argo profiles, the vertical structures of the LV are presented here in terms
of their spatial distribution and monthly variations. The wavelet analysis of the satellite sea surface
temperature (SST) data shows that the period of SST anomaly (SSTA) in the LV sea area is 8-16 years.
In the stage marked by a decreasing (increasing) trend of SSTA, the vertical mixing is strengthened
(weakened). Current vertical mixing is clearly revealed by the Argo profiles, and the SSTA shows
a significant impact of cooling. However, against a background of warming and freshening, this
vertical mixing will be greatly weakened in the next increasing trending stage of the SSTA.

Keywords: the Lofoten Vortex; Argo profiles; sea surface temperature; vertical mixing

1. Introduction

Located at approximately 70°N in the eastern Nordic Seas, the Lofoten Basin (LB)
is surrounded by the Norwegian Atlantic Slope Current (NWASC) and the Norwegian
Atlantic Front Current NWAFC) (shown in Figure 1a). The LB is filled with warm and
salty Atlantic water, which occupies the upper 800 m [1-3] and serves as the primary
heat reservoir in the Norwegian Sea [4]. However, the LB undergoes significant heat loss,
rendering it the Nordic Seas’ largest heat loss site [5]. Prior to reaching the Barents Sea and
the Fram Strait [6], the Atlantic water has already lost approximately half of its heat content
(250 TW) due to strong sea—air interactions and the lateral mixing of vortices. Additionally,
the LB is a significant area of deep vertical mixing in the Nordic Seas [7], contributing to
the formation of the North Atlantic Deep Water (NADW) [8-10] and playing a crucial role
in maintaining Atlantic meridional overturning circulation [11]. Consequently, the LB has
become one of the focal study areas in the pan-Arctic region [12].
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Figure 1. Map of the Nordic Seas, together with the climatological currents derived from the GDP
data. (a) Climatological Lofoten Vortex (CLV), Norwegian Atlantic Slope Current, and Norwegian
Atlantic Front Current. Loop trajectories of drifters captured by the LV: (b) ID 94202, (c) ID 94202,
and (d) ID 94206.

Mesoscale eddies are active in the LB [13,14]. This activity is supported by the local
maximum of eddy kinetic energy in the Nordic Seas. Some eddies are separated from
the NwASC [15-18]. Barotropic energy conversion rates reveal the energy transfer from
the slope current to the eddies during winter [13]. These eddies play a significant role in
extracting warm and salty water from the NwASC and redistributing it throughout the
LB. Some eddjies are generated from various frontal zones, such as the NwAFC [14]. The
mesoscale eddies strongly affect the thermohaline structure of the LB [19] and regulate the
transportation of heat and salt by the Atlantic water to the polar region [20-22].

One of the eddies present in the LB is called the Lofoten Vortex (LV), which is easily dis-
tinguishable from the climatological flow field (Figure 1a) and the periodic loop trajectories
of the drifting buoys (Figure 1b—d). The LV is an anticyclonic eddy located at approximately
70° N and 4° E in a region of the sea with a depression in terms of its topography. Its
average radius is around 37 km, and it has an average tangential velocity of approximately
30 cm s~ 1 [13]. In the vertical direction, the LV can be identified by its positive temperature
and salinity anomalies found between the depths of 400 and 2000 m [23-27], with the
strongest signal at approximately 800 m [23,28].

Seasonal variation in the LV is evident, exhibiting higher activity during the winter
and spring months. Previous investigations based on marine surveys between 1985 and
1991 have shown that the temperature and salt anomalies of the LV become more prominent
during these seasons [24]. This observation has been further confirmed by data obtained
from drifting buoy trajectory and satellite altimetry [29,30]. During winter, the LV radius
contracts and its rotation speed increases, whereas during summer, the radius expands and
the rotation speed decreases. The LV is surrounded by long-lived cyclonic eddies (CEs),
which serve as a protective barrier [14]. Due to its interaction with ambient cyclonic eddies,
in general, the LV follows an anticyclonic trajectory [17].

The LV is considered as a periodic rejuvenation or quasi-permanent eddy [14,24,25,31].
The quasi-permanence of the LV can be attributed to two dynamic mechanisms. One
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mechanism involves winter convection, whereby strong convective mixing during winter
strengthens the LV and enhances its abnormal density. The other mechanism involves
merging with other anticyclonic eddies (ACEs) [13,17,32]. These ACEs are shed from
the intensified NwASC, and the basin’s depression attracts them toward the basin center.
Repeated merging events enhance and stabilize the LV [17,33], resulting in a new, axisym-
metric, double-core vortex through vertical alignment [32]. A similar double-core structure
was also observed by Belkin et al. [34]. Wintertime convection primarily serves to vertically
homogenize and densify the vortex, rather than intensifying it [32]. The combination of
these two mechanisms explains the strengthening of the LV.

The LV’s relatively stable spatial position and periodic regeneration make it an ideal
eddy for studying theoretical concepts about eddies. Although many studies have focused
on eddy-induced heat and salt transport, an investigation of the LV’s stable spatial varia-
tions could provide insight into dynamic variations in vertical mixing and eddy merging.
As the vertical mixing of the LV may be a potential indicator of the strengthening of, and
periodic variations in, the NADW, it is worth studying.

In this paper, we use surface satellite data and vertical Argo profile data to study the
surface and vertical structures of the LV, establish a relationship between SST and vertical
mixing, and then determine the long-term variations in the surface and vertical structures
of the LV.

2. Data
2.1. Drifter Data

The drifter data were obtained from the Global Drifter Program (GDP, https://www.
aoml.noaa.gov/phod/gdp/index.php accessed on 15 September 2022). The data files
record the position, time, and locations (latitude and longitude) of the drifters, sea surface
temperatures (SSTs), and current velocity components every 6 h.

We extracted the records of 989 drifters in the Nordic Seas from 11 April 1991 to
18 February 2022 (60°N-80°N, 20°W-20°E) and 437 drifters in the Norwegian Sea from
05-06-1991 to 18 February 2022 (65°N-72°N, 2°W-12°E).

The climatological flow field was averaged within 0.1° x 0.1° bins using the drifter
velocity data from 11 April 1991 to 18 February 2022. We only chose bins for which the data
record number was larger than 15. We obtained information on the center and location of
the CLV and its basic circulation from the climatological flow field. We also determined the
looper trajectories from the drifter data [35].

2.2. Sea Surface Height (SSH) Data

The SSH data we used concerned the absolute dynamic topography (ADT) from
AVISO. The ADT is a daily global level-4 product, which covers the period from September
1981 to the present and has a 0.25° x 0.25° horizontal resolution. The ADT and its derived
geostrophic current data were obtained from the Copernicus Marine Environment Moni-
toring Service (CMEMS, http://marine.copernicus.eu/ accessed on 22 September 2022).
Our study area, the LB, is at a high latitude at approximately 70°N. Compared with the
zonal grid space, the meridional grid space is lower. To properly present the flow field,
we interpolated the data into 0.125° x 0.125° horizontal grid data. The final data we used
covered approximately 5 and 15 km in the longitude and latitude directions, respectively.
To display the images properly, we plotted the vector field in every two grids in the zonal
direction to render it generally uniformed with the meridional direction. It should be noted
that the interpolation did not affect our results.

2.3. SST Data

The SST data we analyzed were based on observations from multiple infrared satellite
sensors, including a series of Advanced Very High Resolution Radiometers, a series of
Along-Track Scanning Radiometers, and a Sea and Land Surface Temperature Radiometer.
The SST data are daily global level-4 products, which cover the period from September 1981


https://www.aoml.noaa.gov/phod/gdp/index.php
https://www.aoml.noaa.gov/phod/gdp/index.php
http://marine.copernicus.eu/

Remote Sens. 2023, 15, 1903 40f16

to December 2021 and have a 0.05° x 0.05° horizontal resolution. The SST data were also
download from CMEMS (https://marine.copernicus.eu/ accessed on 22 November 2022).

2.4. Argo Buoy Data

The vertical temperature and salinity profile data were obtained from Argo buoy
observations. The daily products were downloaded from ftp:/ /ftp.ifremer.fr/ifremer/
argo/geo, accessed on 25 September 2022. The Argo profile files provided quality control
flags. We only chose data of “good level” quality. It should be noted that absolute salinity is
the appropriate representation of salinity for use in dynamical physical oceanography [36].
Here, we used the potential temperature and the practical salinity. All profile data were
interpolated into standard vertical grids with a 2 m resolution, ranging from 20 m to 2000 m
in depth.

3. Methods
3.1. Composite Analysis of the Vertical Structure of LV

To investigate the vertical structure of the LV from an observational point of view, we
sorted and classified all the available Argo profiles of areas within and around the LV from
Jan. 2002 to Mar. 2022.

Based on the averaged flow field from the velocities measured by the drifters and the
geostrophic currents derived from the ADT, the center of the climatological LV (CLV) was
identified as 69.8°N, 3.3°E. The spatial distribution of the Argo buoys around the CCLV is
shown in Figure 2a. From a circle with a radius of 60 km, 632 “good level” Argo profiles
(blue dots) were selected. From a ring with a radius of 60-120 km, 1188 Argo profiles (pink
dots) were chosen.
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Figure 2. Spatial-temporal distribution of the Argo profiles of areas around the CLV from Jan. 2002
to Mar. 2022. (a) Position of Argo floats. (b) Argo profile numbers with increasing distance from the
CCLV. (c) Seasonal quantity distribution and (d) monthly quantity distribution of the Argo profiles
from Jan. 2002 to Mar. 2022. The blue dots or bins are the Argo positions or numbers within the CLV
with a radius of 60 km, and the pink dots or bins are the Argo positions or numbers within a cyclic
ring with a radius of 60-120 km.

To investigate the spatial structure of the CLV, the Argo profiles were sorted according
to the geographical distribution of the ring with a radius difference of 10 km around
the CCLV. The Argo profile numbers within the ring are shown in Figure 2b. These
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classified profiles are used to analyze the climatological vertical characteristics of the CLV
in Section 4.2.

To investigate the temporal variation in the vertical structure, the Argo profiles were
also sorted by month. The climatological monthly quantity and the month-to-month
quantity of the Argo profiles are shown in Figure 2c,d. The blue bins are the monthly
numbers of Argo buoys in the CLV within a radius of 60 km, and the pink bins are the
monthly numbers in a ring within a radius of 60-120 km. These classified profiles are used
to analyze the seasonal variations in the CLV in Section 4.3 and the long-term trend change
in Section 4.4.

3.2. Wavelet Analysis of the SST Time Series of LV

Wavelet analysis is a common tool for analyzing a time series [37]. By decomposing a
time series into time-frequency space, we can determine the dominant modes and their
variations over time. We used wavelet analysis to analyze the LV SST time series [38].
Compared with the Paul wavelet and the Morlet wavelet, the wavelet basis function we
used was the DOG wavelet. This wave is modulated by the m-order derivative of a
Gaussian envelope, as follows:

(=)™t g
#’0(77) = 7111177(6 U /2>
T (Wl + 7)
where y = t/s, t is time, and s is the wavelet scale. We chose m = 6.
The MATLAB code, including the statistical significance tests, can be downloaded
from https://paos.colorado.edu/research /wavelets/wavelet]l.html accessed on 26 Novem-
ber 2022.

4. Results
4.1. Climatological Surface Characteristics

Theoretically, eddy signals should be abstracted from disturbed velocity fields by
removing the background (time-averaged) current from the original flow current fields.
The LV is a quasi-permanent ACE. It is relatively spatially stable. Removing the mean
background velocity will eliminate the LV signals. It is more reasonable to use the ADT
and its derived geostrophic velocity data to present the LV. Here, the ADT data from 1
January 1993 to 9 February 2022 are averaged, and the spatial graphics of the physical
characteristic parameters of the CLV are shown in Figure 3a—c. The CCLV was identified as
being positioned at 69.8°N and 3.3°E. The coherent cores of the CLV are encircled by black
boundary lines within a radius of 60 km.

The SSH difference (SSHD) in the LV is defined by the center zone and boundary zone
(Figure 3b). The former is determined by the mean height in the black circle within a radius
of 10 km. The latter is determined by the mean height in the dashed ring within a radius of
50-60 km. The climatological SSHD is approximately 12 cm. The outer tangential velocity
is approximately 30 cm s~ 1. The kinetic energy of the CLV is approximately 300 cm?s 2.
The vorticity of the CLV core is approximately —10~° s~!. There is a positive vorticity
zone around the CLV with a local negative vorticity. Almost all the physical parameters
demonstrate that the LV is a strong ACE.

The environmental variables of the LV show strong seasonal changes. The highest
value of the ADT is reached in September, and the lowest value is observed in March. The
strength of the LV is not determined by the ADT, but by the SSHD.

The climatological monthly variation in the SSHD features the maximum value in
May and lower values from September to February in the following year. Correspondingly,
the kinetic energy shows similar monthly variations. The variation in KE is similar to that
seen in the previous results but concerns eddy kinetic energy [39]. The negative vorticity of
the LV exhibits an opposite trend of variation, reaching the minimum value (strongest) in
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May. These parameters are all averaged within a circle with a radius of 60 km. Although
attracted by the depression terrain, the position of the LV is only partially stable. The LV
moves and evolves through interactions with its surrounding CEs and merges with other
ACEs. Not all physical variables of the LV have totally matched variations.
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Figure 3. Spatial graphics of the climatological (a) kinetic energy, (b) ADT, and (c) vorticity of the
CLV derived using daily AVISO sea-level data from 01-01-1993 to 09-02-2022. (d) Climatological
monthly variation in the ADT, height difference, kinetic energy, and vorticity in the CLV. The height
difference is the amplitude between the mean height within the black circle with a radius of 10 km
and the mean height within the dashed ring with a radius of 50-60 km. The other parameters are
averaged within the circle with a radius of 60 km.

4.2. Climatological Vertical Characteristics

Around the CCLYV, 69.8°N and 3.3°E, the Argo profile number in the center zone is
approximately 30, with a radius of 10 km, while it is approximately 60 in the first ring, with
a radius of 10-20 km, and slightly increases from 120 to 200 in the successive rings, with a
radius difference of 10 km, ranging from 20 km to 100 km (Figure 2b). These Argo profiles
were selected between Jan. 2002 and Mar. 2022. We averaged these sorted profiles in rings
to investigate the climatological vertical structure of the LV.

Generally, with an increasing depth from 20 m to 1500 m, the salinity range within the
LV (0-60 km) ranges from 35.1 PSU to 34.9 PSU, the potential temperature ranges from 6 °C
to —0.5 °C, and the potential density ranges from 27.6 kg m 2 to 28.05 kg m > (Figure 4).
Traditionally, the AW is defined as having a water mass with S > 35.0 while it flows through
the Norwegian seas toward Arctic [40]. The LV significantly deepens the AW within its
sea area.
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Figure 4. Climatological profiles derived from Argo: (a) practical salinity, (b) potential temperature,
and (c) potential density profiles with increasing distance from the center of the CLV.

The vertical mixing characteristic is significant in the center zone, and its influence
can reach a depth of 900-1000 m. This is the climatological result. Raj et al. [13] analyzed
the Argo profiles of ACEs in the western LB and found that the penetration depth of the
Atlantic water can reach 1200 m. Far from the center of the LV, the vertical mixing effect
decreases. The vertical effective influence can reach a depth of approximately 400-500 m
outside of the LV. In particular, in the center zone, with a radius of 10 km, the salinity
maintains a value of 35.1 PSU, and the temperature is kept at 5 °C in the vertical direction
at a depth of more than 900 m.

Correspondingly, the potential density is approximately 27.8 kg m > below the depth
of 500 m and approximately 27.75 kg m 2 in the subsurface layer. These values are compa-
rable with the overflow density values (cy > 27.8 kg m %) of the Denmark Strait. These
values show their potential importance for convection, deep-water formation, and global
overturning circulation [10,41].

The ACE has the characteristics of horizontal convergence and vertical subsidence.
Normally, horizontal convergence induces surface water within the eddy that is “warmer”
and “saltier” than the surrounding water. Nevertheless, due to the strong vertical mixing
effect, in the upper 500 m, the vortex shows the characteristic signals of being “colder” and
“fresher” in the horizontal level. The LV is the “cold core” ACE in the upper layer. In the
western LB, due to its being well mixed, the temperature inside the ACEs even tends to be
slightly colder than that inside the CES in the upper ocean. However, the warmer waters
can penetrate deeper into the ACEs, and their heat content is still greater than that of the
CEs [13].

While the core of the LV is concentrated at the depth of 500-1300 m, it presents
anomaly signals of being “warmer” and “saltier.” At a depth of 900 m, the salinity anomaly
is AS = 0.2 PSU, the potential temperature anomaly is AT = 5.5 °C, and the potential
density anomaly is Ap = —0.25 kg m >,

The surface merging evolution of the LV and one ACE (OAE) is shown by the vorticity
and geostrophic current fields from 10 Jan. to 30 Jan. 2012 (Figure 5). Before 10 January
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2012, these two ACEs had their own closed rotation flow fields. As the OAE gradually
approached the LV, the two closed flow fields began to open up to one another. They were
enveloped by a large rotating flow field. The flow field of the OAE stretched and deformed,
and the vorticity field of the OAE gradually weakened. By 30 January 2012, the surface
merging was completed. The LV was restored to a relatively standard shape.
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Figure 5. Merging evolution of the LV and OAE. The vorticity fields and geostrophic currents from
10-01-2012 to 30-01-2012 are shown.

In the Lagrangian view, it is important to know whether the intensity of the LV has
regularity. The frequency rate of merging processes should depend on the attracted ACEs,
which are partially born from the local area and partially shed from the NwASC. Additional
statistics about the ACEs’ generation, tracking, and merging are needed. Eddy detection,
together with merging data, is necessary for the LB.

4.3. Seasonal Variations in Spatial Fields

Following the climatological monthly variations in Figure 3b, we present the spatial
distributions of various physical parameters in two extreme months, May and September
(Figure 6). With similar background values, the kinetic energy can reach higher than
300 cm? s~2 throughout the LV area in May but is approximately 200 cm? s~2 in Sep. The
background ADT is approximately —40-—35 m in May and approximately —30-—25 m in
Sep. Although the ADT is higher in Sep., the surface height difference throughout the LV
area is higher in May. A strong shield with positive vorticity exists throughout the LV in
May. The negative and positive vorticity inside and outside of the LV contrast significantly.
The zero zones refer to the existing intensive ACEs.
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The center positions, coverages, and shapes of the LV are different in the daily com-
parisons (Figure 5). The state of the LV is affected by complex conditions, such as its
own strength, movement through interactions with other CEs, and merging with other
ACEs. Nonetheless, the spatial distributions show that the state conditions of the LV
(the center positions, coverages, and shapes of the LV) are relatively stable, at least in the
climatological months.

Based on the space-stable location, we first employed the Argo profiles to investigate
the climatological monthly variations in the vertical structure. Being limited to the available
profiles, we averaged all the climatological monthly Argo profiles. The climatological
monthly number of Argo profiles is approximately 50 within the LV and approximately
100 within the outer-ring zone (Figure 2c). The climatological monthly salinity, potential
temperature, and potential density profiles are presented in Figure 7. The solid profiles
represent the LV water in the inner circle of the CLV within a radius of 60 km. The dashed
profiles represent the background sea water in the outer ring of the CLV within a radius
of 60-120 km. Here, we took the temperature as an example. In the upper 400 m, the
background sea water temperature starts to warm up in May, reaches the highest value
in September and October, and then cools down from November until the lowest value is
reached in April. The sea water temperature within the LV has a similar seasonal variation
but is cooler than the background sea water due to vertical mixing. At the LV core depth, of
600-1200 m, due to vertical mixing, the vertical penetration of the temperature and salinity
inside the LV is deeper than that of the outside background water. The monthly vertical
profiles of the background sea water have a slight difference. Meanwhile, the monthly
vertical profiles of the area inside the LV show contradictory results. For instance, the
surface CLV is stronger in May and weaker in September. A stronger LV will generate
strong vertical mixing. The May climatological profiles for the vertical temperature of
the CLV should be sharper than the September climatological profile. The position and
quantity distributions of the Argo profiles are different in May and September. The limited
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quantity of Argo profiles is still not enough for a comparison of the monthly climatological
vertical profiles.
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Figure 7. Climatological monthly (a) salinity, (b) potential temperature, and (c) potential density
profiles. The solid profiles are in the inner circle of the CLV within a radius of 60 km. The dashed
profiles are in the outer ring of the CLV within a radius of 60-120 km.

4.4. Long-Term Trend Change

Generally, an ACE will leave footprints of a warm anomaly in the SST fields. However,
due to strong vertical mixing, the LV produces a cold anomaly in the SST fields. The
temperature anomaly (SSTA) and the vorticity are mainly displayed in the LV central
area. However, the negative vorticity is surrounded by positive vorticity. Thus, the spatial
averaged value of the vorticity is more affected by the LV peripheral area. The vorticity,
KE, and SSHD are sensitive to the daily LV boundary. Satellite data for the SST have the
advantages of a high resolution and longer time records. We used daily SST data to analyze
the long-term time series of surface features of the LV.

The original time series is the spatially averaged SST over the CLV sea area. The SST
time series is in the range of 4 °C-11 °C throughout the year and has significant seasonal
variation (Figure 8a). It also has a long-term increasing trend. The SSH has a similar
variation to the SST (not shown). The CLV’s surface temperature shows an independent
cold imprint compared with the background (Figure 8b). The surface temperature of the
CLV’s core is lower than 6.8 °C. The background temperature gradually decreases from
7.2 °C in the southeast to 6.4 °C in the northwest. The southeast sea area is more affected
by the NwASC.
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Figure 8. Wavelet analysis of the time series of the spatially averaged SST throughout the CCLV
sea area. (a) Original SST time series. (b) Spatial field of the climatological SST from 1982 to 2021.
(c) Residual SST time series (with trend and annual cycle removed). (d) Wavelet power spectrum of
the residual SST time series. Statistical significance (p = 0.05, Student’s t test) is shown by thick red
isolines. (e) Global wavelet spectrum and the red noise line.

The residual SST time series was obtained by removing the trend and seasonal cycle
from the original SST time series (Figure 8c). Wavelet analysis was performed for the
residual SST time series. We used the “DOG” wavelet as the wavelet basis function. The
highest energy intensity is shown by black isolines. The wavelet power spectrum shows
that the time series of the SST covers a significant period of 8-16 years (Figure 8d). The
global wavelet spectrum shows that the result passes the red noise test (Figure 8e).

To better display and analyze the SST variations in the LV, we removed only the
seasonal cycle from the daily SST time series (Figure 9a). The 24-month moving average SST
time series shows periodic fluctuations in an increasing trend. This trend shows increases
of approximately 1.5 °C/40 years throughout a period from 1982 to 2021. Although limited
by the length of the time series, the wavelet analysis still shows that the SST covers a
significant period of 8-16 years. In the low-frequency range, we can divide the periods into
1982-1997, 1998-2011, and 2012-2021. The stages of increasing warming include 1982-1991,
1998-2003, and 2012-2017. The stages of decrease toward cooling include 1992-1997, 2004—
2011, and 2018-2021. The first stage, 1982-1991, is one of inclination toward warming, but
the temperature value is at the lowest point in the trending line. To avoid the inefficient
effect of periodic averaging, we divided the periods into new stages depending on whether
they were above or below the trending line.
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Figure 9. Trend and variations in the SST throughout the CLV sea area. (a) Removed annual cycle
SST series (the black thick line) and 24-month moving average SST time series (the blue line). A
long trend throughout the period of 01-01-1982 to 31-12-2021 (black dashed line) and significantly
segmental trends (red lines) can be seen. Spatially averaged SST can be seen throughout the periods
of (b) 1982-1997, (c) 1998-2018, and (d) 2019-2021.

The spatially averaged SST fields throughout the periods of 1992-1997, 1998-2017, and
2018-2021 are presented in Figure 9b—d. Meanwhile, the background temperature fields
display the local trends. From southeast to northwest, the temperature decreases from
6.8 °Cto 6 °C, from 7.6 °C to0 6.8 °C, and from 7.2 °C to 6.4 °C. The surface temperature of
the CLV’s core is isolated from the background and presents as a “cool” anomaly. Here,
we are more concerned with the vertical mixing that causes the surface cool anomaly in
the LV. Thus, we sought to determine whether stronger vertical mixing signals exists in the
decreasing stage of the surface temperature.

The available Argo profile data start from 2002, and the surface temperature of the
LV has shown a “cold” signal since 2018. Accordingly, we divided the Argo profile data
for the CLV sea area into two periods. The first is the period of 2002-2017, and the second
is the period of 2018-2021. The monthly mean Argo profiles for these two periods are
presented in Figure 10. The climatological monthly salinity, potential temperature, and
potential density profiles are averaged within the inner circle of the CLV, with a radius
of 60 km. All the profiles show a deeper vertical mixing in the second period after 2018.
This stronger mixing causes the salinity and temperature to increase and the density to
decrease at the core depth of the LV. In the upper ocean, the salinity of the LV decreases by
0.1 PSU. This large salinity difference in the upper ocean indicates that the salinity of the
North Atlantic Warm Current is decreasing. The temperature of the LV in the upper ocean
is decreased. These results are consistent with the surface temperature fields. The salinity
and temperature have opposite contributions to the density. Under the combined effects of
salinity and temperature, the density change in the upper layer of the LV is not clear, but
the density decreases significantly at the core depth.
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Figure 10. Climatological monthly (a) salinity, (b) potential temperature, and (c) potential density
profiles in the inner circle of the CLV within a radius of 60 km. The dashed profiles are the mean
profiles throughout the period of 2002-2017, and the solid lines are the mean profiles since 2018.

5. Discussions and Conclusions

Our results indicate the seasonal and long-term variations in the surface and ver-
tical structures of the LV. This analysis of the LV, as a strong ACE, contributes to our
understanding of vertical mixing in the LB.

The basic surface physical characteristics of the LV were obtained using drifter data
and satellite altimeter data. The CLV, with a radius of 60 km, is centered at 69.8°N and
3.3°E. The climatological surface height difference induced by the LV can reach 12 cm,
and the derived outer tangential velocity is approximately 30 cm/s. The kinetic energy
of the CLV is approximately 300 cm? s~2. Within the positive vorticity zone, the vorticity
of the CLV core is approximately —10~> s~!. Nearly all the physical parameters show
that the LV is a strong ACE. More importantly, the seasonal analysis of the sea surface
characteristics demonstrates that the LV is relatively stable in terms of its spatial position
but has significant seasonal variations.

Eddies are often tiled along the vertical direction due to their propagation [42]. How-
ever, the LV is a quasi-stationary ACE. The vertical structure of the LV is relatively stable
and nontiled. Given the temperature and salinity data of the Argo profiles are sorted by
the radius range, the vertical characteristics of the LV were explored in terms of the spatial
distribution and monthly variations. At the depth of 20 m to 1500 m, the salinity within the
LV (0-60 km) decreases from 35.1 PSU to 34.9 PSU, the potential temperature decreases from
6 °C to —0.5 °C, and the potential density increases from 27.6 kg m > to 28.05 kg m 2. The
vertical mixing characteristic is significant in the center zone, and the high-mixing depth
of the climatological temperature and salinity profiles can reach 1000 m. Compared with
the surrounding waters, the LV is colder and fresher in the upper layer, while it warmer
and saltier at the core depth of 500-1300 m. This is a typical anomaly structure for an ACE
in the LB. Due to high mixing, the temperature of the ACEs is slightly colder than that
inside the CEs in the upper layer [13]. At a depth of 900 m, the salinity anomaly of the LV is
AS = 0.2 PSU, the potential temperature anomaly is AT = 5.5 °C, and the potential density
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anomaly is Ap = —0.25 kg m 3. Limited by the available records of Argo data, a more
detailed analysis of the three-dimensional structure of the LV, especially the evolution of its
three-dimensional structure, still needs to be carried out using high-resolution numerical
model results.

The LV has significant seasonal variations in the spatial fields. The surface height
difference throughout the LV area is higher in May and lower in September. Hence, various
physical parameters related to the SSHD also reach their maximum extreme value in May
and their minimum value in September. For example, the kinetic energy of the LV is higher
than 300 cm? s~2 in May but is only around 200 cm? s~2 in Sep. The negative vorticity of
the LV core reaches —107° s~ ! and is shielded by a strong positive vorticity of 107> s~ ! in
May. The climatological results of the sea surface fields show that the vortex is strongest in
spring, which differs from the previous study results showing that the LV is intensified in
winter through convection.

The climatological monthly variation in the vertical structure was also investigated
using Argo profiles. In the upper 400 m, the sea water temperature within the LV starts to
warm up in May, reaches the highest value in September and October, and then cools from
November until it reaches its lowest value in April. It is cooler than the background water
throughout the whole year due to vertical mixing. At the LV core depth of 600-1200 m, due
to vertical mixing, the vertical penetration of the temperature and salinity inside the LV
reaches deeper than that of the outside background water. Nevertheless, being limited to
the available profiles, with an uneven distribution throughout the LV, the monthly vertical
profiles for the core depth of the LV do not present the anticipated variations.

To avoid the influences of the central movement and peripherical deformation of the
LV, we used daily SST data (rather than KE, SSHD, and other parameters) to analyze the
long-term variation in the LV. The surface temperature of the CLV’s core is approximately
6.8 °C. The averaged SST time series across the CLV varies from 4 °C to 11 °C. After
removing the seasonal cycle and the increasing trend, the wavelet analysis of the time series
of the SST anomaly (SSTA) shows that the SSTA through the LV shows a period of variation
of 8-16 years. This periodic variation in the SSTA implies variations in the strength of
vertical mixing. The decreasing (or increasing) SSTA can be explained by strengthened
(or weakened) vertical mixing. This strengthened vertical mixing will induce cooling and
freshening in the upper layer of the LV and warming and salinization at the core depth of
the LV.

Since 2018, the vertical mixing has been in a stage of strengthening, accompanied by
decreasing SSTA. If the SSTA has an internal variation, similar to that observed in the year
1998, the SSTA will dramatically increase in the next stage. In the meantime, against the
background of the increasing temperature and decreasing salinity of the North Atlantic,
the degree of vertical mixing will dramatically decrease throughout the LV and in the LB.

The LV is a quasi-permanent eddy with relatively stable spatial variations. In its
seasonal variation, the strengthening of the LV can be attributed to eddy merging and
winter convection. Additionally, high-frequency variations in the LV’s strength may be
affected by eddies shed from the NwASC. To be better understand these processes, further
analysis of eddy tracking and merging is needed. Using 30-year SST satellite data and
the available Argo profile data, we established a relationship between SSTA and vertical
mixing. In terms of its long-term variations, SSTA can serve as an indicator of the LV’s
vertical mixing variations. The LB is one of the major areas of deep vertical mixing in the
Nordic Seas. As a potential indicator of the LB, the vertical mixing of the LV may be a
reflection of the strengthening of, and periodic variations in, the NADW. However, a longer
time series is required to fully explore the relationship between them.
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