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ABSTRACT

Observations from the past decades have promoted the idea of a long-lived anticyclonic vortex residing in
the Lofoten Basin. Despite repeatedly recorded intense anticyclones, the observations cannot firmly decide
whether the signature is of a single vortex or a succession of ephemeral vortices. A vortex persisting for
decades requires some reinvigoration mechanism. Wintertime convection and vortex merging have been
proposed candidates. We examine Lofoten Basin vortex dynamics using a high-resolution regional ocean
model. The model is initialized from a coarser state with a weak eddy field. The slope current intensifies and
sheds anticyclonic eddies that drift into the basin. After half a year, an anticyclone arrives at the center,
providing the nucleus for a vortex that remains distinct throughout the simulation. Analyses show that this
vortex is regenerated by repeated absorption and vertical stacking of lighter anticyclones. This compresses
and—in concert with potential vorticity conservation—intensifies the combined vortex, which becomes more
vertically stratified and also expels some fluid in the process. Wintertime convection serves mainly to verti-
cally homogenize and densify the vortex, rather than intensifying it. Further, topographic guiding of anti-
cyclones shed from the continental slope is vital for the existence and reinvigoration of the Lofoten vortex.
These results offer a new perspective on the regeneration of oceanic anticyclones. In this scenario the Lofoten
vortex is maintained through repeated merging events. Fluid remains gradually exchanged, although the
vortex is identifiable as a persistent extremum in potential vorticity.

1. Introduction

The Lofoten Basin is distinct within the Nordic seas in
that the region is exceptionally rich in mesoscale vorti-
ces. The vortex field is dominated by large, buoyant
anticyclones originating from the unstable Norwegian
Atlantic Current (NwAC) flowing along the Norwegian
coast. The eddy shedding from the boundary current is
responsible for spreading Atlantic Water (AW) away
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from the coast, making the basin also significantly
warmer than the surrounding seas. The Lofoten Basin
thus stands out as a hot spot in maps of both sea surface
temperatures (SST) and eddy kinetic energy (EKE).
The study area is indicated in Fig. 1. Shown are observed
time-mean SSTs extracted from the Operational SST
and Sea Ice Analysis (OSTIA) reanalysis (Donlon et al.
2012) as well as time-mean geostrophic surface currents
estimated by differentiating the altimetric mean dy-
namic topography produced by AVISO. Warm, saline
AW enters the Nordic Seas and is carried northward
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FIG. 1. Time-mean SSTs (°C) from the OSTIA reanalysis.
Vectors show time-mean surface geostrophic currents, provided by
AVISO. The study region is marked by the black box, and the
observed Lofoten vortex time-mean position by the blue cross.
Topography is shown in black contours for every 1000 m. The red
lines show approximate paths taken by the NwAC.

toward the Arctic Ocean. On its journey the AW ex-
periences heat loss to the atmosphere and progressively
densifies (Mauritzen 1996). Through eddy activity the
residence time of AW in these areas of major atmo-
spheric heat loss is prolonged. The longest residence
time of AW, about 1-3 years, is thought to occur in the
Lofoten Basin (Gascard and Mork 2008).

In addition to being infused by transitory turbulent
mesoscale features, the Lofoten Basin is home to a
uniquely persistent anticyclonic vortex. Oceanographic
observations gathered during the time span 1970-90
revealed the presence of a large, persistent high pressure
perturbation in the central part of the basin (Ivanov and
Korablev 1995a). Later studies have confirmed the
presence of this high pressure feature which is com-
monly referred to as the Lofoten vortex (LV). What
makes this one vortex remarkable compared with other
vortices is that it somehow manages to sustain its co-
herence in a violent deformation field for long periods of
time. Coherent mesoscale eddies in the ocean typically
have lifetimes of days to months. The LV, however,
leaves an imprint on decadal time-mean sea surface
height (SSH) fields. This imprint suggests an excep-
tionally long-lived mesoscale vortex, observed perhaps
nowhere else in the World Ocean. The dynamics pro-
viding such a resilience to vortex breakup presents a
puzzle and has been the subject of considerable scientific
attention over the last few decades. Sgiland et al. (2016)
speculate that the vortex lifetime may even extend be-
yond the five decades of available observational data.
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Long-lived vortices are rare but have been ob-
served elsewhere. A prevalence of large anticyclones
is found on Jupiter and Saturn. Notably, the Great
Red Spot in the Jovian atmosphere is an anticyclonic
vortex that has survived for over 300 years (Nezlin
et al. 1993). In the Argentine Basin, float trajectories
and satellite altimetry have recorded a permanent,
stationary anticyclone, the Zapiola Anticyclone (de
Miranda et al. 1999). This vortex is, however, not
analogous to the LV as it is driven by completely
different dynamics. While the LV is situated in the
deepest parts of a topographic depression, the Zapiola
Anticyclone is a barotropic feature with a circulation
forced to follow closed potential vorticity contours
over a topographic rise (de Miranda et al. 1999).
Another anticyclonic recirculation considered to be a
quasi-permanent feature is the Mann Eddy, found
along the path of the North Atlantic Current in the
central Newfoundland Basin (Mann 1967; Meinen
2001). The persistence of the Mann Eddy is evidenced
by its sea surface signature showing up in altimetry
climatologies. Still, the dynamics of this vortex has
not been meticulously examined up until the recent
high-resolution (2.5km) model study of Solodoch
et al. (2020), the study also facilitates existing hy-
drographic and altimetry data to complement the
model data. Unlike the LV, the Mann Eddy is surface
intensified but similarly resides within a topographic
depression in which it drifts. Mergers are found to
assist in sustaining the vortex and its origins takes
place within the depression. Perhaps more closely
related to the LV, long-lived vortices have been ob-
served as bulges within and below the thermocline in
various regions of the World Ocean (Prater and
Sanford 1994). These vortices are as a rule all anti-
cyclones. A typical intrathermoclinic (ITV) or sub-
thermoclinic vortex (STV) has a lens-like shape and
an anomalous core with small vertical changes in
water properties that stands out against the back-
ground stratification. The most well-known example
of this type of vortices are Mediterranean water
eddies (meddies). If they do not encounter a major
seamount, meddies may dissipate slowly and stay
intact for several years, some estimated from obser-
vations to last up to 5 years (Richardson et al. 2000).
However, the same study estimated that about 90%
out of 27 meddies analyzed, did collide with sea-
mounts that led them to disintegrate. These collisions
were found to occur on average 1.7 years after a
meddy formation.

Observations show that the LV share similarities with
subthermocline/intrathermocline anticyclonic vortices
reported from other oceanic regions. The core consists
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of a weakly stratified, fast-spinning water mass anoma-
lous with respect to its surroundings.' The core depth is
centered at about 700-900 m and the typical radius at
which the maximum azimuthal velocity occurs is 15-30km
(Yuetal.2017). The vortex commonly resides within the
3000-m isobath, near 3°E and 69.5°-70°N (Rossby et al.
2009; Sgiland and Rossby 2013; Fer et al. 2018). The
observed time-mean vortex position is indicated by a
blue cross in Fig. 1.

Feretal. (2018) report a maximum azimuthal speed
of 0.8ms ™" at 950 m depth. The momentum balance
of the core is highly nonlinear, with the relative vor-
ticity estimated from the observed flow field typically
around —0.5fbut reaching as low as —0.9f (f = 1.37 X
10~* being the Coriolis parameter at 70°N) near the
eddy axis, which is close to the theoretical limit for
anticyclones of —f (Fer et al. 2018).

A continuous rejuvenation of the vortex is apparently
needed to sustain such levels of intensity in an otherwise
violent environment with high deformation rates as well
as dissipation from e.g., bottom friction. Two hypotheses
have been previously proposed for the maintenance of
the vortex. Using observational data, Ivanov and Korablev
(1995a,b) suggested that wintertime convection plays a
key role. They postulate that convection events lead to a
deepening of the isopycnals below the vortex core, causing
the azimuthal velocity to intensify through the increased
radial density gradient. However, in a later model study,
Kohl (2007) suggested that anticyclonic eddies generated
from the unstable boundary current propagate westward
and are attracted to center of the basin by nonlinear drift
under the topographic beta effect. The accumulation of
anticyclones in the center of the relatively small Lofoten
Basin encourages the mergers of like-signed vortices. Thus
in this hypothesis, the slope eddies drift toward the Lofoten
vortex and energize it through a merging process. In this
study we will look closer at the merging hypothesis. We do
not investigate meticulously the role played by convection,
but recognize that it may affect the rejuvenation process.

Obtaining detailed observations of vortex mergers is
an immense challenge. The process has limited pre-
dictability and happens on a very short time scale.
Observations that have captured vortex interactions are
few, and only sporadic accounts exist from in situ obser-
vations. Due to the challenges in obtaining sufficient
amount of observational data, investigations of vortex
mergers have more commonly been conducted in various
numerical and theoretical settings. Many experiments
consider idealized circumstances where the interacting

! Figure 7 shows time-mean profiles of the model simulated LV,
which reproduces main observational features.
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vortices are studied in isolation with only some active
processes. These idealized choices are imperative in order
to assess how a merger is impacted by specific influences,
such as external strain, stratification, and asymmetric
vortex properties. The majority of theoretical works
consider interactions of symmetric anticyclones that
share the same strength and density, with cores situated
on the same vertical level. But a much more realistic
scenario is where the vortices are not necessarily similar
in size, strength nor density.

One of the first records of a vortex coalescence was
taken off the East Australian Current (Cresswell 1982).
Two anticyclones at different depths coalesced by align-
ing vertically over the course of 20 days. Partly motivated
by the observations of Cresswell (1982) and Nof and
Dewar (1994) studied the interaction of two anticyclonic
lenses having different densities. Using laboratory and
numerical experiments, they found that the lenses are
inclined to align vertically rather than undergoing a
horizontal merger where a substantial amount of the two
vortex cores melt together to form a single, larger vortex.
When interacting, the lenses seek a final state where one
is placed on top of the other. The lighter vortex slides on
top of the denser vortex, resulting in a dual core vertical
structure. The notion of vertical alignment was first pre-
sented by McWilliams (1990) in a study of decaying
stratified 3D quasigeostrophic turbulence, where vortices
in the end state largely appeared to be stacked on top of
each other in elongated vertical structures. Sparked by
these results, Polvani (1991) studied the process analyti-
cally in a quasigeostrophic two-layer system. He found
that two vortices from different density classes coalesce
by vertically aligning only if their radii are on the order of
or larger than the Rossby deformation radius.

Over the years, an increasing observational record of dual
core anticyclones emerged (Cresswell 1982; Bogdanov et al.
1985; Belkin and Mikhailitchenko 1986; Armi et al. 1989;
Brundage and Dugan 1986; Prater and Sanford 1994;
Schultz Tokos et al. 1994; Lilly et al. 2003; Rogachev
et al. 2007; Dmitrenko et al. 2008; Itoh and Yasuda 2010;
Carton et al. 2010; Baird and Ridgway 2012; Barcel6-
Llull et al. 2017; Garreau et al. 2018; Belkin et al. 2020).
While the limited amount of data does not give direct
evidence that these double cores arise from vertical
alignment, several studies hypothesize that this could be
the case. In an eddy census from the Labrador Sea, Lilly
et al. (2003) found a strong dominance of anticyclonic
vortices. The observed anticyclones were grouped into
two categories, surface-intensified Irminger rings and
middepth-intensified ‘“‘convective lens” type eddies.
Among both types of anticyclones, several exhibited
vertically aligned cores. The hydrographic signature of
the cores strongly suggested that they originated from

Unauthenticated | Downloaded 02/18/21 11:07 AM UTC



2692

two initially separated eddies, rather than originating
from, e.g., wintertime convection. The study concluded
that the only tenable mechanism of joining the two
cores was through vertical alignment.

Observations have also revealed that the Lofoten
vortex core does at times have a dual core structure (Yu
et al. 2017; Fer et al. 2018). In this paper, we study the
mesoscale eddy field in the Lofoten Basin, with the focus
on the regeneration mechanism of the LV. Specifically,
we revisit the hypothesis of Kohl (2007) and investigate
the role of vortex mergers. Benefiting from a model with
unprecedentedly high temporal and spatial resolution,
we bring new insights to this discussion by studying
vortex interactions in detail. We investigate whether the
observed occasional double-core structure of the LV
may result from the kinds of vortex coalescence dis-
cussed by Nof and Dewar (1994). We find that vertical
alignment episodes are indeed occurring, and moreover
we find that these are common not only for the LV, but
also for Lofoten Basin anticyclonic vortices in general.
The vortices resident in the basin have generally been
subject to different cooling and warming periods, and
have originated in different seasons, and consequently
reside at different vertical levels. We will give a high-
resolution account of how merger events with the LV
play out in a realistic setting with all complexity of the
flow field present. The net result strongly supports the
hypothesis that a vortex merger is the primary mecha-
nism for the regeneration if the LV.

2. Data and methods
a. Model

Our study employs a numerical simulation using the
Regional Ocean Modeling System (ROMS; Shchepetkin
and McWilliams 2005; Haidvogel et al. 2008). ROMS is a
hydrostatic, primitive equation model formulated with a
horizontal near-orthogonal staggered C grid and a verti-
cal coordinate system, called the s coordinate (Shchepetkin
and McWilliams 2005), in which the model layers follow
the variations of the seabed terrain. The model domain is
shown in Fig. 1.

The model’s lateral grid spacing is 800m. At this
resolution, mesoscale eddies on the scale of the internal
Rossby deformation radius of about 6-7km would be
well resolved throughout the domain, except on the very
shallow parts of the continental shelf. The vertical grid
consists of 60 layers distributed so as to obtain a finer
resolution near the surface. The vertical spacing is at a
minimum 0.3 m near the surface and up to 80m in the
bottom layers. A fourth-order centered scheme is used
for vertical advection, and a third-order upwind scheme
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is used for horizontal advection. No explicit horizontal
eddy viscosity or diffusion is applied, but the upwind
advection scheme includes some implicit biharmonic
diffusion. The k—¢ version of the general length scale
(GLS) scheme is employed for small-scale vertical mixing
(Umlauf and Burchard 2003; Warner et al. 2005). The
open lateral boundaries are relaxed toward the global
Forecast Ocean Assimilation Model (FOAM; MacLachlan
et al. 2015) with a 15-day relaxation time scale, and atmo-
spheric forcing is taken from the ERA-interim atmospheric
reanalysis (Uppala et al. 2005). Runoff from major rivers
are supplied by monthly climatologies from a river dis-
charge model from the Norwegian Water Resources and
Energy Directorate (Beldring et al. 2003).

The model is started in January 1993 and run for 10
years. The initial model state is given by FOAM,
which has a resolution of 25km. After two years of
spinup, the last 8 years of the model simulation (1995-
2003) are analyzed to ensure that the dynamics are
consistent with the boundary conditions. Model out-
putis stored every 6 h. For parts of the analysis we use
daily mean fields, whereby tides and other motions
excited by fast atmospheric forcing are mostly filtered
out. Nevertheless, a high temporal resolution was
found to be necessary to capture the details of the
eddy interactions, so merging processes are studied
with the 6-hourly model fields.

Figure 2 shows the time-mean SST and surface flow
field extracted from observations [the Climatological
Atlas of the Nordic Seas and Northern North Atlantic
(1950-2012) (Korablev et al. 2014) and AVISO] and
also the model. The model contains finer structures than
the observations, reflecting the coarser effective reso-
lution of the observational dataset. However, the gen-
eral structure of the two fields agree well. The model
captures the Mohn Ridge frontal zone as well as the
warm water carried by the Norwegian Atlantic Current
closer to the coast. A discrepancy between the obser-
vations and the model is seen north of the Lofoten
Basin, around 5°-10°E and 72°N, where the model
exhibits a tongue of cold water. This feature is seen in
the wintertime observational data but is less prominent
in the annual mean fields. The apparent lack of a cold
tongue in the observations may plausibly be related to
resolution or under sampling during winter. In the
model, this feature seems to arise due to the steering of
the time-mean current along the bottom topography.
Alternatively, this might indicate that the model cur-
rents are too constrained by topography, an effect not
uncommon in models with terrain-following vertical
coordinate systems (Haney 1991).

Estimates of geostrophic surface EKE from satellite
altimetry data (AVISO) and model are given in Figs. 2¢c
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FIG. 2. Time-mean SSTs (°C) from (a) the Climatological Atlas of the Nordic Seas and Northern North Atlantic
(1950-2012) and (b) model (1995-2002), together with square root of geostrophic EKE (ms™') obtained by dif-
ferentiating along-track SSH anomalies provided by (c) AVISO and (d) the model. Vectors show time-mean
surface geostrophic currents. Topography is shown with black contours in this and subsequent maps with 500-m

increments, starting at the 200-m depth contour.

and 2d. The altimeter data contains instrumental
noise, which produces artificially high EKE levels at
high wavenumbers (Le Traon et al. 1990). This is
likely responsible for a general higher EKE level in
the observations compared to the model, as seen es-
pecially in relatively quiescent regions in the model.
However, the main observed spatial patterns of vari-
ability are well captured by the model, including the
EKE tongue extending from the steep slope region off
the Lofoten Islands (around 10°-12°E and 68°N).
Model EKE levels in the Lofoten Basin are close to

those of the observations, giving us confidence in the
eddy dynamics represented in the model.

b. Eddy detection

We extract coherent mesoscale vortices from the
model flow field using the eddy detection method of
Penven et al. (2005) (for more details see the appendix).
This method is based on the facts that a coherent vortex
is a pressure perturbation with closed streamlines
around its center and that the interior of a coherent
vortex is characterized by strong relative vorticity. By
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contrast, the boundary of the vortex, as well as the
regions between separated vortices, are typically subject
to large deformation rates. The method used is a hybrid
scheme that involves locating closed contours of both
SSH and of the Okubo-Weiss (OW) parameter (see
Fig. 3). The OW parameter compares the strength of
deformation to that of rotational motion taking the form

OW =252 +8> -2, (1)

where the normal strain §,, = d,u — d,v and shear strain
Sy = d,v + 9,u measure the fluid deformation, while
relative vorticity { = d,v — d,u represents rotation of the
fluid about a vertical axis. Essentially, regions in the flow
field where OW = 0 are potentially coherent eddy cores.
Although the OW parameter was originally designed to
identify coherent structures in idealized 2D turbulent
flows, it is also commonly applied to identify vortices in
more realistic geophysical flows (Isern-Fontanet et al.
2003; Penven et al. 2005; Chelton et al. 2007). For de-
tection purposes, we use the OW contour calculated
from horizontal velocities at 100-m depth. We chose to
do the detection a bit below the surface to avoid some
noise in the OW parameter. Computing the OW directly
at the surface produces more small-scale noise.

3. Results
a. Model spinup

The model is initialized from FOAM fields inter-
polated to the model grid from lateral resolution of
25km. The dynamical inconsistencies caused by the
interpolation give rise to an initial shock creating
some domain-wide gridscale noise. However, it takes
less than a week before this shock has settled and the
noise is smoothed out.

The deformation radius (f(i yNdzlf), where N is the
square root of the buoyancy frequency computed using
the ambient density field, in the area ranges from 2 to
8km (as shown in Fig. 7a). Hence, the initial state drawn
from a coarse model that has a weak mesoscale eddy
field and no identifiable Lofoten vortex. Once the higher-
resolution ROMS model begins running, the Norwegian
Atlantic Slope Current (NwASC) off the Lofoten Islands
quickly intensifies and via instabilities becomes a source
of anticyclonic eddies that move into and energize the
relatively quiescent initial model state in the Lofoten
Basin. Figure 4 shows a snapshot of 1) model temperature
and 2) at 400-m depth in the basin, one month into the
simulation. No large anticyclones have reached the cen-
tral Lofoten Basin at this point, the LV has not appeared
yet. Originating from the slope, anticyclones shed from
the NwAC trap and carry warm Atlantic water in their
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FIG. 3. (a) OW = 0 contours and (b) outermost SSH contour
extracted daily around the LV center found each day during 1995-
99, the first 4 years after the spinup period. Colors are arbitrary.

cores. The lateral westward spread of this water mass is
readily seen in the figure.

As time proceeds, more slope anticyclones reach the
central basin, which then accumulate there. At later
stages in the simulation, the basin hydrography has
undergone a substantial modification compared to the
initial field. Figure 5a shows a vertical transect through
the basin from the initial model state, the 15 January
1994. Figure 5b shows the same transect at the same date
8 years into the simulation. The fine resolution of the
ROMS model produces sharper fronts and slender
boundary currents. The initially broad NwAC is now
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FIG. 4. Snapshot of (a) model temperature and (b) relative vorticity at 400-m depth on the 1 Feb 1994, one month
after initialization. White areas are shallower than 400 m.

confined to the continental slope, in agreement with  with salinity above 35 psu and temperatures above 3°C,
observations showing current width on the order of tens  occupied the top 400 m at the start of the simulation, and
of kilometer (Orvik and Niiler 2002; Rodionov et al. later occupies the top 700 m. This indicates that when
2004). The observed vertical extent of the AW typically the high-resolution and eddy-rich simulation is initial-
lies between 500 and 700m (Yu et al. 2017). The AW, ized from the coarser model fields with a weaker eddy
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FIG. 5. Vertical transect through the basin at 70°N of model temperature taken from the initial
field on (a) 15 Jan 1994 and (b) 15 Jan 2001. Temperature contours are shown in white.
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field ocean heat-flux divergence due to anticyclonic
eddies propagating toward deeper waters, originating
from the Lofoten continental slope, results in the gen-
eral warming of upper Lofoten Basin.

Before discussing the life cycle of the Lofoten vortex
in the model, we present a basin-wide census for all
detected anticyclones.

b. Propagation and hydrography of Lofoten Basin
anticyclones

Figure 6 shows the trajectories of all detected anticy-
clonic vortex centers that we were able to trace for 1)
1 month or longer, 2) 3 months, and 3) 7 months after the
initial 2-yr spinup period. The majority of the vortices
originating from the boundary current have drifted
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FIG. 6. (a) Anticyclonic vortex trajectories with durations longer than (a) 1, (b) 3, and (c) 7 months. (d) Binned
(25km X 25km) vortex displacement vectors derived from these trajectories. Bins containing less than 8 counts
were discarded. The 3000- and the 3200-m topographic contours surrounding the Lofoten Basin are highlighted in
color. The blue box indicates a source region for anticyclonic vortex generation.

westward along cyclonically arching routes into the
central Lofoten Basin. In other words, the trajectories
spiral in a counterclockwise sense toward the deepest
part of the basin, where they typically terminate. Longer
trajectories, lasting 3—6 months, can be traced back to
the slope region associated with the elevated EKE
values seen in Figs. 2¢ and 2d, indicating a source region,
shown by the blue square. Three major areas of anticy-
clone generation and accumulation is seen off the slope,
with the associated tracks following somewhat different
paths into the basin. The southernmost tracks lie right
off the 3200-m isobath. Some of these break off and
follow a direct route into the central Lofoten Basin,
while the rest move along a curved path and then turn
cyclonically later. The tracks found farther north move
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FIG. 7. (a) The first internal Rossby deformation radius (_[(;,‘)N dz/f) computed using the ambient density field and
(b) vortex radii estimated from the mean distance between the eddy center and the OW contour of anticyclonic
eddies. The white color indicates regions with no identified eddies.

along outer routes, tracing more or less out the 3000-m
isobath. Their travel times are longer, which will likely
alter their hydrographic structure. In the winter season,
the vortices spending more time to reach the central
basin are subject to longer cooling periods and would
therefore be expected to be denser than the vortices
taking the direct route from the boundary current.

Theoretical studies from the midlatitudes have shown
that anticyclones tend to move southwest and cyclones to
the northwest due to the planetary beta effect (McWilliams
and Flierl 1979). Planetary beta effect is, however, very
weak at the latitudes of the Lofoten Basin. Still, pro-
vided the slope is broad relative to the vortex length
scales, the mechanism on the beta plane can be trans-
lated to vortex motion relative to topographic contours,
the topographic beta effect. Taking the average magni-
tude of the slope within the area enclosed by the 2800-m
isobath gives the following estimate of the topographic
beta effect Bz = fVA/H ~ 2 X 107 °m~'s™!, which is
more than an order of magnitude larger than the plan-
etary beta effect 8 ~ 6 X 10~ ?m~'s~!. Topographic
beta causes anticyclones to propagate toward the
center of a topographic depression while cyclones
tend to move upslope, also moving in the pseudo-
westward direction (Carnevale et al. 1991). Although
their study considered barotropic vortices, we find a
tendency for anticyclones to move downslope with
shallow water to the right after they are released from
the boundary current. The binned drift of anticyclonic
tracks, shown in Fig. 6b, demonstrate a movement
toward deeper regions.

The core radii of the tracked anticyclones are shown
in Fig. 7b. The radii are estimated from the OW contours
and radii values are bin averaged over 10km X 10km
grid boxes. Earlier studies have shown that strong anti-
cyclones with scales larger than the deformation radius
can become very robust and have long lifetimes com-
pared to their cyclonic counterparts. The internal Rossby
radius, L, = f_HNdz/f, computed from the model’s
time-mean hydrography where N is square root of the
ambient buoyancy frequency, is shown in Fig. 7a.
Anticyclonic vortices are here indeed generally 24
times larger than L,. We also note that the distribution
of radii displays some resemblance to L,, indicating a
possible linkage to linear growth theory. However, the
length scales share an even stronger resemblance with
the EKE field shown in Fig. 2d. Such a similarity sug-
gests that the equilibrated eddy scales are rather set by
some form of Rhines scale arrest (Held 1999; Vallis
2006), which predicts an eddy length scale on the order
of \/UIB, where U is the eddy velocity scale. If we take
the topographic beta 87 and U ~ 0.2ms ™', this Rhines
scale is about 30 km.

c¢. Origin and characteristics of the Lofoten Basin
vortex

For the remainder of this study, we focus on the
characteristics and history of the Lofoten vortex. We
start by looking at a statistical description, and follow up
with an investigation of the vortex life cycle.

Convection has been proposed as a generation mech-
anism of the LV (Ivanov and Korablev 1995b). However,
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convection creates vertically aligned dipole vortices with
cyclonic circulation in the upper ocean and anticyclonic
circulation in the lower ocean (Send and Marshall 1995).
Accordingly convection alone cannot create the LV,
which has surface intensified anticyclonic circulation that
extends to the bottom (see Fig. 9).

In our simulation, an anticyclonic vortex first appears
in the center of the basin 170 days into the simulation
during the spinup period. It is possible to trace this
vortex back to the boundary current, in agreement with
the hypothesis of K6hl (2007). On its way to the central
basin, the initial LV is also subject to several mergers
between smaller-scale vortices, by which it grows in size
both laterally and vertically. The vertical thickness of
the vortex in May is 800 m after experiencing a couple of
months of winter. When it first appears near the conti-
nental slope in February—March, it is a shallow structure
with a thickness of 300 m. From tracking other anticy-
clones throughout winter seasons, it seems doubtful that
wintertime mixing alone can explain this rate of a deep-
ening penetration of the vortex core, approximately
250m per month. Instead, the process that allows the
vortex to become a deep structure quite rapidly will be
discussed in the next section.

The vortex signature grows stronger with time, fol-
lowing consecutive mergers after it settles in the central
Lofoten Basin as the LV. From the beginning of the post
spinup period, starting in 1995, a well-established anti-
cyclonic vortex exists in the center of the basin. Close
examination reveals that the LV remains coherent
throughout the entire tracking period, i.e., for 8 years.
The distribution of the LV positions during model
years 1995-2002 are shown in Fig. 8. The time-mean
position agrees well with observations (the observed
location is indicated by the red cross in Fig. 1) (Fer
et al. 2018). The vortex commonly resides near 2°-3°E
and 69.5°-70°N, with occasional small geographical
excursions. The excursions stay within the region
bounded approximately by the 3200-m-depth con-
tour. To a large extent, the shape of the distribution
appears trace out the shape of the enclosing topo-
graphic contours.

Binned displacement vectors of the vortex center are
also shown in Fig. 8 along with time-mean depth-av-
eraged currents from the model. The average drift
speed of the LV is about 1.7 km day !, which is close to
the model-based estimate by Volkov et al. (2015) of
1.5kmday'. The vortex movement is weak with no
distinct propagation direction in the deepest part of
basin with the highest number of counts. This area has a
fairly flat bottom topography. According to the topo-
graphic beta mechanism discussed earlier, a pseudo-
westward movement is, however, evident farther out
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FIG. 8. Distribution of estimated LV center location (color
shading) and the mean estimated center translation velocity in
15-km bins (black vectors), detected and tracked at 500-m depth
over the years 1995-2003. Gray vectors show depth-average time-
mean currents. Unlike earlier maps, topographic contours are
drawn every 100 m in black, and the 3200-m isobath is indicated by
thicker teal contours. The red cross indicates the time-mean posi-
tion of the LV.

where the counts are lower. Here, the vortex might
start to feel the effect of stronger topographic slopes
and be forced to move cyclonically. The cyclonic drift
has been mentioned in previous studies as possibly
governed by the topographic beta effect (Raj et al. 2015;
Sgiland and Rossby 2013; Yu et al. 2017). Another pos-
sibility was suggested by Ivanov and Korablev (1995b),
namely, that the LV is kept in place, within the 3000-m
isobath, by its interaction with the time-mean cyclonic
gyre circulation and that a cyclonic drift of the vortex
center arises from the advection by the cyclonic time-
mean current. The ambient depth averaged circulation
simulated in the basin is indeed cyclonic, aligning with
the vortex drift, and cannot be ruled out as a potential
mechanism. But, importantly, the vortex drift typically
exceeds the background currents, suggesting a combined
effect of the topographic drift added to the advection by
from the ambient circulation. The vortex detection was
also carried out for cyclonic eddies (not shown here). In
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FIG. 9. Time-mean radial profiles of (a) vortex Rossby number ¢/f (color) and azimuthal velocity (black contours), with the velocity
maxima and sign reversal highlighted (teal contours), (b) temperature, and (c) salinity in the Lofoten vortex core (color) together with
isopycnals (gray contours). The 28.0 kg m ™~ isopycnal is shown in red.

agreement with Kohl (2007) and Volkov et al. (2015), we
found frequent occurrences of cyclonic eddies in a band
around the LV. In addition to the systematic westward
drift relative to topographic contours, these cyclones and
other neighboring vortices will likely contribute to a
chaotic component in the LV movement. From model
analysis, Kohl (2007) found the drift to occur in the op-
posite direction, anticyclonically, and attributed this drift
to the interaction with surrounding cyclonic vortices.
Figure 9 displays the LV time-mean vertical structure
of azimuthally averaged properties. The vortex Rossby
number /f, where { = k - V X u is relative vorticity, and
azimuthal velocity are shown in Fig. 9a. At the center,
the time-mean Rossby number reaches —0.7. The min-
imum instantaneous value reaches —0.94. For compar-
ison, Yu et al. (2017) reported a minimum value of
{min = —0.91 ffrom their 3 years of Seaglider data. Similar
values have been noted in other studies. With shipborne
measurements, Sgiland et al. (2016) estimated a minimum
core vorticity of —f, and using 2 years of glider data Fer
et al. (2018) found ¢, = —0.87 * 0.12f. Thus our model
reproduces LV core vorticity within the observed range.
The azimuthal velocity and the vorticity have pro-
nounced subsurface maxima at a depth of about 500 m
around 17km from the center. The location roughly
corresponds to the maximum isopycnal slope seen in the
hydrography in Figs. 9b and 9c. The depth of the velocity
maximum oscillates over time as the vortex evolves
(not shown), mostly staying within the depth range of
400-900m, and thus does at times reach the larger

depth observed in other studies (Bosse et al. 2019). The
maximum time-mean azimuthal velocity approaches
0.6ms ' and its peak instantaneous value exceeds
0.9ms~'. Below 1500 m, the velocity stays nearly con-
stant, with significant bottom velocities, stronger than
0.13ms ™' at 3000-m depth. Thus the vortex currents
are expressed throughout the water column, and since
the vortex is not isolated from the bottom, we can in-
deed expect bottom topography to assist in guiding the
vortex movement.

d. Mergers

We will now return to the question regarding the
vortex’s regeneration mechanism, focusing on a time
span after its formation.

Since the LV is subject to cooling periods, its core will
likely exhibit different hydrographic properties than
most other vortices in the basin. Figure 10 display oc-
currences of the density in all anticyclonic vortices
identified within the 3000-m depth contour during win-
ter and summer, respectively. Core densities, computed
from vertical profiles of temperature and salinity, are
extracted from the position of maximum relative vor-
ticity in the vortex centers. The seasonal mean density of
the LV core is displayed by the dashed line. The peak in
occurrences at or near the dashed line reflects the LV’s
presence in the collection of basin vortices. The LV,
being a deep and moreover denser feature, encounters
anticyclones with mostly lighter cores centered on various
depths but on lighter isopycnals. A vertical alignment
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FI1G. 10. Histogram of vortex core densities, extracted at depth of
the maximum vorticity in the vortex center of all anticyclones
identified in the central Lofoten Basin (within the 3000-m depth
contour) during (a) winter and (b) summer. The dashed black lines
show the time-mean density of the LV core at 400-m depth during
the respective seasons.

should then be a common outcome in the case when an
encounter leads to a coalescence.

Daily vertical profiles of stratification and relative
vorticity taken through the estimated center location of
the LV core are shown in Fig. 11. The vertical density
structure undergoes strong seasonal changes. During
winter, the vortex has a well-mixed core that extends
from the surface down to 800-1000 m. There is a sharp
pycnocline below the core. This lower pycnocline is
typically found around 1000-1200 m, in agreement with
observations (Sgiland et al. 2016). During summer, the
LV has a lens-like signature in the density field (Fer et al.
2018). Upper and lower lobes of increased stratification
create a lens-shaped subsurface structure. Starting in
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FIG. 11. Daily vertical profiles of (a) stratification and (b) absolute
relative vorticity taken at the estimated LV core center. Solid gray
lines mark complete merger events while dashed gray lines mark
partial merger events. The translucent light blue bands denote ver-
tical stacking events.

April/May the ocean surface experiences solar heating
that puts a cap of restratified waters above the core,
leading to an upper pycnocline. The surface warming
extends down to approximately 200 m. When wintertime
convection commences, the upper water column is again
homogenized, the mixed layer grows, and the seasonal
pycnocline gradually deepens. As a result of this deep-
ening, the L'V has two vertically stacked cores of weakly
stratified water in early winter. In late winter, the surface
undergoes strong cooling leading to vigorous vertical
mixing which erodes all the way through the remains of the
seasonal pycnocline, leading to the isopycnals outcropping
at the surface, and the core reconnecting to atmospheric
influences. The maximum depth of the summer-heated
layer rarely exceeds 150-200m, and its remnants are
maintained through October/November before it deteri-
orates within a week due to vertical mixing.

Figure 11b show the corresponding relative vorticity
profiles. These profiles do not show signs of distinct
seasonal variations, but rather episodic burst of in-
creased intensity. As there is little indication of a sea-
sonal spinup, wintertime convection does not seem to be
implicated in the main vortex regeneration. But we do
not rule out a second-order impact convection might
have. Next we will examine what effect merging events
have on the intensity of the LV.

The conservation of potential vorticity is a key con-
cept to consider as it is central to vortex dynamics.
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FIG. 12. Sequences of horizontal maps of relative vorticity at a 400-m depth displaying examples of (top) an asymmetric merger where
the approaching vortex is smaller in size, but stronger than the LV, and (bottom) a partial merger event, where the LV is repelled from the
approaching vortex after a brief interaction. The LV and the approaching vortex (E1) are labeled in all columns. The white dashed line

shows 70°N.

Below, we will present the time evolution of the two
main terms that constitute the quasigeostrophic poten-
tial vorticity (PV)—the stratification and the rate of
spin—along the vortex trajectory. Following the vortex,
in a Lagrangian framework, conservation of PV can be
assumed as a first-order balance. In the absence of
forcing and dissipation, the tendency equation for PV is

D
1=

(02
Po 9z)”
where q is the vertical component of the Ertel PV (Vallis
2006). Here pg is a reference density and —dp/dz is a
measure of the strength of the stratification. Owing to
the small geographical displacements in the LV position,
variations in f can be neglected. So, if the stratification
increases, relative vorticity must become more negative,
acting to intensify the current of an anticyclone. During
violent events such as vortex mergers or in wintertime
when the core is in contact with the atmosphere, we do
not expect PV to be strictly conserved, but we will look
for signs of correlation between two terms as we do
expect to see a tendency toward such conservation.
Some examples of different types of mergers are
shown in the horizontal vorticity maps at 500-m depth in
Fig. 12. In the top row, the smaller vortex gets destroyed
by LV, elongating strongly and eventually getting
wrapped around it. The merger involves a neighboring
cyclone that possibly assists in decreasing the separa-

tion distance between the two anticyclones. The cy-
clone forms a dipole with the smallest anticyclone which

acts to propel it toward the LV through mutual advec-
tion. In addition to such complete merger events, the
merger process is observed several times to be initiated
but only partially completed. In a partial merger (PM), a
filament of the weaker vortex is drained out and ab-
sorbed by the stronger vortex (Yasuda and Flierl 1995).
An example of such an interaction is presented in the
bottom row in Fig. 12. The southern vortex is the LV. A
dipole approaches from the north, and as the separation
distance between the anticyclones decrease, they start
exchanging fluid. After a minor exchange, they separate.
The cyclone is entrained in the interaction, and couples
briefly to the LV, possibly leading to mutual advection
away from the other anticyclone. It appears that the PM
here leaves a more intense LV that has been reduced
somewhat in size.

On average, three or four major merging events with
other anticyclones are observed each year. Complete
eddy merging events are marked by gray solid lines and
partial merging events by gray dashed lines in Fig. 11.
During some of the merging events, indicated by thicker
gray bands, a double-core vertical structure suddenly
appears. In such structures, two weakly stratified cores
are separated by a layer of high stratification occurring
at a variable depth. However, in contrast to early winter
conditions, the intermediate pycnocline separating the
two cores is not related to a deep seasonal pycnocline.
The transition to a double-core structure is swift and is
observed in all seasons, unlike the gradual, monthly
transition into a double-core over the course of the
winter season. This suggest a different mechanism at
work. Importantly, the dividing layer is frequently
deeper than the range of the seasonal pycnocline depth,
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FIG. 13. (a)—(e) Isovolumes confined by the 2 X 10~ s~ ! vorticity contour during the merger event in April/May 2002, with density shown
in colors. The time from the previous plot is 12 h in (b) and (c), 10 days in (d), and 20 days in (e). The LV is labeled in (a).

situated well below 200 m. It typically persists for some
months, before it erodes and the single-core structure is
restored. The restoration into single vertical core happens
substantially faster than when it occurs in other seasons.
Occurrences of layers vertically separating two cores are
evident in February 1997, December 1999, January 2000,
and April 2002. Brief manifestations are also observed
in January 1996 and December 1998, where initially the
separation is situated around 200m before it is shifted
downward in time. Even more subtle incidents can be
detected within the summer restratification caps by the
staircases occurring in stratification. The most profound
cases are seen in May 1996, June 1996, and October 2000.
These abrupt downward shifts of stratification values are
found on closer examination linked to the appearance of
double cores.

The deep double-core structures arise from a vertical
alignment of two anticyclones, in which one vortex slides
on top of the other. Prior to the alignment the L'V is 600—
900 m deep. During the alignment, the core undergoes a
massive vertical compression of typically 100 m or more,
and from conservation of PV one would expect to see a
response in relative vorticity as a result of this com-
pression. As shown in Fig. 11b, the transitions are indeed
connected to vigorous changes in relative vorticity. A
rapid and substantial increase in negative vortex spin
follows after a merger in all of the vertical alignment
cases mentioned above. The spinup often shows a
maximum increase in vorticity at around 600-700m.
However, in July 1996 only the upper part of the vortex
strengthens significantly. Here, the vortex that slides on
top of the LV experience greater squeezing than the LV
core, while both upper and lower parts are squeezed and
intensify after the January 1997 event and the April
2002 event.

Most of the partial mergers seem to have minor effects
on the vortex rotation. But, there are some exceptions.

Partial merger events in December 1998, June 1999 and
June 2002 are all accompanied by a significant vorticity
increase. The June 1999 event was illustrated in the
horizontal transects in bottom panel of Fig. 12. In all
cases, the cores interacting with the LV are situated on a
shallower isopycnal. As they draw close to the LV, a
vertical alignment is initiated but not completed. The
process reaches the point at which the cores have started
to compress, but no connection between the cores is
established. The result is a brief interaction after which
the cores detach and evolve as two separate entities,
both intensified from the compression. In a fully turbu-
lent field, it is difficult to determine what causes the
vortices to separate instead of proceeding with the
alignment. One speculation is that the cores may, for
example, be too vertically offset, inhibiting the merger.

e. A three-dimensional view of vertical alignment

Next we will take a closer three-dimensional look at
one instance of the vertical alignment process. We ex-
amine the alignment event with the largest impact, the
spring 2002 event. Figure 13 shows isovolumes of the LV
and the approaching vortex (E1) confined by the —2 X
1073 vorticity contour at different stages of the align-
ment process.

The LV is well mixed throughout the core as the two
vortices meet. In Fig. 13a, the two vortices approach
each other and have started to corotate. In Fig. 13b, both
vortices develop tentacles that extend to the other vor-
tex. These tentacles do not evolve on the same hori-
zontal plane. The denser vortex rather extends its
tentacle below the lighter vortex’s arm. As these fast-
moving handles advance, they curl around the opposite
vortex body allowing the vortices to latch onto each
other. The deepest tentacle, from the LV, then creates a
bridge to the dense part of E1, and the LV begins to
submerge. The LV makes a dive and merges with the
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FIG. 14. Vertical transects of Ertel PV multiplied, for display purposes, by a factor of 10'!, taken during the April/
May 2002 merger event along a line connecting the center of both vortices. Isopycnals are shown in gray contours

with the 1027.82 isopycnal marked in red. Shown are day (a) 0, (b) 6, (c) 8, (d) 14, (e) 19, and (f) 24. The LV is
labeled in all panels.

lower part of E1. In Figs. 13c and 13d, an adjustment
process follows where the two cores wobble back and
forth until they finally align about the same vertical axis.
One month after the merger is initiated, in Fig. 13e, the
end product is an axisymmetric double-core vortex.
The vertical motion of the vortices during the align-
ment is more clearly depicted in vertical transects that
cut through the centers of the vortex cores. Figure 14
shows Ertel PV along such transects through the two
vortex cores at different stages of the merger. The
transects rotate along with the two vortices as they orbit
around a common mass center. A deep structure, the
LV, meets a double-core vortex, E1, of comparable size
and strength. E1 was shed from the boundary current a
couple of months earlier and has a lighter upper core.
Prior to the LV encounter, E1 has already undergone a
vertical stacking, giving it two cores separated by an
intermediate pycnocline. The lower core belongs to
nearly the same density class as the LV and is the re-
mains of a basin vortex that endured the winter season.
The lightest isopycnal in the LV core is highlighted by a
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thicker red contour, and it connects to the upper boundary
of the lower E1 core. In Fig. 14b, the vortices draw near
and an intersecting layer composed of high values of
PV shoals and tilts toward the surface, acting as a
barrier between the LV and the upper E1 core. The LV
then seems to slide adiabatically under the divide,
shown in Figs. 14c—e, along the isopycnal connecting it
to the lower E1 core. A subsequent adjustment toward
an axisymmetric structure follows in the month ahead,
see Fig. 14f.

The spring 2002 merger is not unique. The winter 1997
event is very similar, for example, in that the alignment
leads to a reinvigorated vortex. The resemblance is ev-
ident in Figs. 15 and 16, showing radial plots of Ertel PV
and relative vorticity averaged over a 5 day period be-
fore (panels a and c¢) and a 5 day period after (panels b
and d) the mergers. Prior to the alignment, the core is
subsurface intensified centered at approximately 600 m
and with a total thickness of 1000 m. After the align-
ment, the LV is half this thickness, having experienced
massive compression in the process. The two cores
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FIG. 15. Radial transects of azimuthally averaged LV Ertel PV multiplied by a factor of 10'!.
Shown is the time mean over 5 days, (a) before and (b) after the merger in winter 1997 and
(c) before and (d) after the merger in spring 2002. Density is shown in gray contours with the

1027.82 isopycnal drawn in red.

of different strengths, separated by a high PV layer,
create a structure with a greater vertical extent. The
28.0kgm > isopycnal below the initial core plunges
down 100-200 m. Comparing initial and final conditions,
the vorticity response is unmistakable: an upsurge in
anticyclonic vortex rotation following the coalescence is
clearly demonstrated.

Vertical alignment also occurs between two single-
core structures. Nonetheless, the given examples serve
as representative cases of the alignment process because

the impact is the same even when two single cores join to
share the same vertical axis. The cores are compressed
and a spinup follows.

f- Integrated time series

To sum up, we present an aggregated view of the
vortex evolution. Figure 17a displays a time series of
volume-integrated Rossby number, Ro = {/f, computed
from radial profiles of relative vorticity through the
identified LV core. The volume of integration is bounded
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FIG. 16. Radial transects of azimuthally averaged LV relative vorticity multiplied by a factor
of 10%, and averaged over 5 days. (a) Before and (b) after the merger in winter 1997 and
(c) before and (d) after the merger in spring 2002 shown in Fig. 14. Density shown as gray
contours with the 1027.82 isopycnal drawn in teal. Intensification is clearly seen, as is an in-

crease in stratification.

laterally by the vorticity sign reversal at each model level
and vertically by the thickness of the vortex core. The
thickness of the core is defined by the vertical distance
between the 1027.795 isopycnal and the 1027.895 iso-
pycnal. The upper isopycnal outcrops in the winter sea-
sons. Here, complete mergers are again denoted by solid
lines and PM events by dashed lines. Vertical alignments
are highlighted by teal bands.

The LV vorticity varies episodically through time as
seen earlier in Fig. 17a. The variations show no clear
seasonal cycle. Rather, sharp bursts of increased vortex

intensity accompany each vertical alignment. Generally,
the peaks in vorticity are followed by a steady decay
period until another reinvigoration take place. The es-
timated slope of the decline is a decrease of 2%—-4% per
month, indicating a vortex decay time of 2-5 years.
Belonenko et al. (2017) found a similar decay time of
2-3 years by evaluating the change in the LV rotation in
between regeneration events. They suggested either
baroclinic instability or a mixed baroclinic-barotropic
instability as a likely cause of the gradual decay. Primitive
equation calculations showed that perturbations developed
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FIG. 17. Time series of (a) volume integrated Rossby number,
(b) depth of the LV bottom isopycnal, and (c) LV mixed layer
depth. Solid gray lines mark complete merger events, and dashed
gray lines mark partial merger events. Teal bands indicate vertical
alignment events.

on the rim of the vortex without penetrating deep into
the core, giving rise to a decay time of 5-12 months.
They noted that this time scale allowed for either eddy
mergers or deep convection to interrupt further growth
of the perturbations and to regenerate the LV. Finding
most mergers during wintertime, they were not able to
distinguish between the regeneration impact of the two
mechanisms. Longer decay times have been reported
in other studies considering the effect of small-scale
turbulent diffusion (Sgiland and Rossby 2013; Fer et al.
2018). Calculations from summertime observations
suggested that the L'V’s total energy would be depleted
in 14 years, whereas it would take 9 years for the kinetic
energy to deplete (Fer et al. 2018). Our documentation
of faster decay times suggests other processes are
at work.

An overall gradual increase in LV Rossby number
occurs during wintertime in 1998, 1999, and 2001. In
1998 and 2001, it could be linked to the vertical align-
ments, but there is no alignment in 1999. We are not sure
why this slower, more gradual intensification occurs and
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we cannot exclude the possibility that convection has
some impact here.

Time series of the depth of the 28.0 kg m ™2 isopycnal,
representing the bottom of the LV, is displayed in
Fig. 17b. Comparing this to Fig. 17a, we see that the
depth variations of LV bottom boundary largely fol-
low the evolution of relative vorticity. In particular,
depressions of this lower LV isopycnal associated with
vertical alignments typically occur contemporane-
ously with the increases in negative relative vorticity,
as expected as a consequence of the vortex alignment
process.

Figure 17c shows surface mixed layer depth recorded
in the LV core. The mixed layer depth is taken as the
depth where pyrp = ps + 0.03kg m 3, where ps 1s the
surface density at each time step. The depth of the mixed
layer serves as a proxy for the strength of the wintertime
convection. As discussed earlier, we do not see a clear
seasonal signal in the vortex strength, as one would ex-
pect for a response to periods of convection. Specifically
there is no systematic deepening of the lower vortex
boundary during the winter seasons. Wintertime mixing
appears commonly not to penetrate to the bottom of the
vortex. Also, we note that the creation of an interme-
diate pycnocline through the vortex stacking act as a
barrier to deep convective mixing. The role of winter-
time convection thus seems mainly to act to vertically
homogenize and densify the LV, rather than intensify it.

4. Discussion and conclusions

A particularly unique feature exists in the Lofoten
Basin—a quasi-permanent anticyclonic vortex located
in the deepest part of its topography depression. Extensive
research in the area since the 1970s established the
Lofoten vortex’s existence and broad-scale features.
However, several questions regarding the vortex’s dy-
namics have remained outstanding. In this study we
have examined in detail one of two mechanisms pre-
viously suggested for maintaining the vortex: vortex
mergers (Kohl 2007). Using a model simulation with
much higher resolution than previously utilized in this
region has enabled us to study Lofoten vortex evolu-
tion in detail, both temporally and spatially.

The model was initialized from a coarser-resolution
model simulation with fairly smooth hydrography and a
weak eddy field that lacks a Lofoten Basin anticyclonic
vortex. At the start of the simulation, the poleward
flowing current of warm Atlantic Water along the
Norwegian Continental Slope intensifies and begins to
shed anticyclonic eddies that drift into the Lofoten
Basin. The Lofoten vortex forms just 160-200 days into
the simulation spinup, seeded by anticyclones that can
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be traced back to the boundary current. The simulated
vortex characteristics compare well with observations.
The model’s LV has a deep and well-mixed core with
a strength in agreement with previous observational
findings (Sgiland and Rossby 2013; Yu et al. 2017; Fer
et al. 2018). The velocity signal is found to be non-
negligible at the bottom. In our model, the LV moves
in a cyclonic sense at a faster rate than implied by the
mean currents, suggesting topographic beta drift as an
additional factor.

We found that anticyclones shed from the boundary
current propagate westward and make their way into the
deepest parts of the basin along generally cyclonic
routes, in agreement with earlier studies (Volkov et al.
2013, 2015). Here, they interact with the LV, and some
interactions lead to a coalescence. In our simulation, 3—4
merger events occur each year, with no clear seasonal
bias. While there might still be favorable conditions for
mergers during wintertime, we did not find this in our
analysis. Kohl (2007) also found three to four yearly
events. However, he observed slightly more mergers
occurring during the period February—-May, and none in
November-December. Belonenko et al. (2017) identi-
fied one to two mergers per year with a distribution
skewed toward wintertime. They analyzed the response
of wintertime convection and mergers on the LV rela-
tive vorticity and energy budget. The fact that most
mergers in their study happened in the same period as
wintertime convection made it difficult to discern which
mechanism was responsible for the vortex regeneration.
They found that barotropic and baroclinic potential
energy anomalies intensified during both processes, while
relative vorticity did not always increase following a
merger. In our analysis, the LV relative vorticity is also
not affected by all mergers but importantly, it is
strongly reinforced after vertical alignments. We con-
clude that it is these stacking events that have the
strongest impact on the vortex spinup. The reinforce-
ment take place according to the PV conservation
tendency principle, through the substantial squeezing
of the LV core when it is forced below a lighter core
that slides on top of it. Such squeezing, on the order of
hundreds of meters, was reported earlier by Cresswell
(1982) in their description of the coalescence of two
anticyclonic vortices in the Tasman Sea. After the
alignment, the lower boundary of the lighter vortex was
lifted up 230 m, while the boundary of the denser vortex
was depressed by at least 100 m.

In our simulations, vertical alignment events produce a
double-core structure that persists for weeks to months,
depending on the season. The process we observed is well
described by the experiments by Nof and Dewar (1994).
A complex stacked vertical structure of the LV core has
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indeed been seen in observational studies (Yu et al.
2017; Fer et al. 2018). Figure 6a in Yu et al. (2017) show
the radial distribution of buoyancy frequency in the LV
core. The observed double core structure shown there is
very similar to that found in the model following an
alignment (see Figs. 15b,c). Bearing seasonal and year-
to-year variations in mind, the general vertical structure
of our modeled LV agrees well with the observed LV
(see Figs. 3 and 4a in Fer et al. 2018). The region of
strong stratification separating two cores has, however,
been attributed to the remains of the seasonal pycno-
cline. We find that the seasonal pycnocline does not
extend to a deep enough depth to explain the occasional
deep occurrences of this feature, neither can it explain
the sudden transition into a double-core structure.

We did not look closely into the cases where an in-
teraction is prevented or interrupted. More studies are
needed to identify criteria that allows an alignment to
occur. In a study of the alignment of two three-dimensional
QG vortices, Reinaud and Carton (2020) found that most
vortex states are stable to vertical alignments. However,
they note that alignments are indeed observed in more
realistic settings, and that influences of external flow are
needed for alignments to take place, because the vortices
otherwise stay in stable corotating states. In our study, we
saw quantitative implications of the effects of surrounding
vortices during several vortex interaction events. External
influences seemed to both contribute in bringing the vor-
tices closer and, in some cases, disrupt the interaction. It
seems likely that a coalescence could be interrupted by a
cyclone locking onto one of the interacting anticyclones
creating a dipole effect preventing further core attraction.
This occurs in two of the partial merger events mentioned
earlier. A dipole mechanism preventing mergers of anti-
cyclones without a surrounding flow field was described by
Ciani et al. (2016) and Valcke and Verron (1997). We were
not able to observe this precise mechanism. However, we
did observe a similar repulsive dipole mechanism, in the
examples mentioned above, when a surrounding vortex
field do exist. As pointed out by Reinaud and Carton
(2020), vortex alignment in a weak internal strain field
should be further addressed.

The increasing number of observations of double core
oceanic eddies indicate that what has been referred to
as an unusual eddy structure (Zhao and Timmermans
2015), might not be as uncommon than formerly though.
Indeed, in the Labrador Sea, the number of double cores
vortices observed suggested that they are more common
to find than single cores in that region (Lilly et al. 2003).
Among the observation sites, the most comparable re-
gion to the Lofoten Basin is possibly the Arctic Ocean.
The Canada Basin, in particular, consists of closed to-
pographic contours and is home to nearly exclusively
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anticyclonic eddies. The bowl-shaped basin might have
a similar impact as the one we see in the Lofoten Basin,
where the anticyclones are attracted to the central parts.
Thus, we might expect that there also exist a migration
of anticyclones toward the center of the Canada Basin.
In a recent study by Zhao and Timmermans (2015) 58
eddies, all anticyclones, were identified and analyzed
with mooring instruments and CTD measurements.
They classified three types of eddies: shallow, mid-
depth, and deep eddies. The middepth eddies had two
cores between 200 and 1000 m, and had two velocity
maxima in the vertical. The two cores consisted of
different water masses, the shallower core situated at
the base of the halocline (=200 m) consisted of Eurasian
Water and the deeper core of Atlantic Water. The
authors hypothesize that the entire eddy structure
arise at the front separating Eurasian and Canadian
water masses, and is then advected away from the
front. While this may be an appropriate description, it
is also possible, as shown in this paper, that distinct
eddies that hold Eurasian and Canadian waters in-
teract after their generation, and are forced to verti-
cally align in a coalescence.

The LV is a special case due to its geographical sta-
tionarity and the continuous supply of anticyclones into
the region. However, it is not dynamically unique in its
response to an alignment. In our simulation, the dual-
core structure is not only observed for the LV, but is also
common for other basin anticyclones. Our results
offer a clearly documented and efficient regeneration
mechanism for oceanic anticyclones such as the Lofoten
vortex, in which vertical alignment of a denser nucleus
and a lighter satellite vortex energizes the vortex, with
the two cores being subsequently fused through vertical
convection.

The full picture of the Lofoten Basin vortex dynamics
involves also cyclonic vortices. An extended vortex
census will be presented in a follow-up study with the
focus on the asymmetry between cyclones and anticy-
clones. The study will also present an overview of typical
vertical scales and structures of the vortex field.

Acknowledgments. The Ssalto/Duacs altimeter prod-
ucts were produced and distributed by the Copernicus
Marine and Environment Monitoring Service (CMEMS)
(http://www.marine.copernicus.eu).

APPENDIX

Detection Routine

The detection routine consists of three steps. First,
local extrema are identified in daily model SSH field.
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Each local extremum has to exceed the value of all
neighboring grid points within a square box with edges
20km from the extrema. This requirement ensures a
lower limit on the separation distance between two ad-
jacent eddies. Overestimated eddy counts will also occur
less frequently since smaller-scale variations in the SSH
field are ignored. Second, the largest closed SSH contour
surrounding the extreme is located. Third, within the
closed SSH region, we extract the OW = 0 contour. The
eddy center is defined as the geographical mean position
of all the points inside this OW = 0 contour. Finally,
considering the finite resolution of the model, a mini-
mum eddy effective radius is set to 2km. Features
smaller than this are rejected. A maximum eddy radius
is also set to 100km to prevent gyre-scale flows to be
identified as eddies.

The effective radius of a detected vortex is estimated
using the area of the OW = 0 contour, R = \/Aow/7.
This estimate is a conservative measure because the
contour marks the extent of the inner vortex core, and
will thus yield smaller vortex scales than the area of the
SSH contour. Additionally, the SSH contour is often
more disturbed by the nearby strain field and by the
interaction with the external vortex or current field.
These disturbances give rise to more variability in the
size measure and stronger deformation of the contour.
Laxenaire et al. (2020) shows that the contour associated
with the maximum azimuthal speed, the ““speed radius,”
is a less noisy measure of the vortex radius than that of
the outermost closed SSH contour. Similarly, we find
less variability in the OW contours when compared to
the SSH contours. Figure 3 displays the SSH and OW
contours associated with the LV extracted around the
LV center during the first 4 years of the simulation. The
OW contours are more compact and less elliptical, with
exceptions of occasional features containing tails of high
vorticity.

To follow the detected eddies in time, we use the
tracking algorithm developed by Penven et al. (2005).
Eddies in two subsequent daily frames are linked by a
similarity condition. Two eddies, el and e2, are consid-
ered the same if the generalized distance

(A1)

is minimal. The terms are the normalized differences
in separation distance (Do = 25km), radius (R, =
20km), and vorticity (£, = 107°s™'). To prevent a
change in the vorticity signature, the normalization
factor X, > is set to infinity if two eddies are of op-
posite polarity (Halo et al. 2014). Two eddies are not
connected if the propagation distance between the
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linked eddy positions is larger than twice the mean
radius of the eddies.

During some interactions, eddies briefly share an outer
SSH contour before they repel each other. In other in-
teractions, either with the surrounding field or with other
vortices, deformations cause a major distortion of the
contours. The individual eddy identities are often lost
during such processes. To accommodate this phe-
nomenon, we therefore expanded the tracking routine
to include a search for eddy linkages further back in
time. Anidentified eddy is allowed to disappear for up
to three days before it reappears, otherwise the track
is terminated. We chose three days because by in-
spection this criterion showed to be stable and pro-
duce smooth trajectories, whereas for longer periods
some tracks became unrealistic.
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