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Abstract The Lofoten Basin in the Norwegian Sea is an area where the warm Atlantic Water is subject to
the greatest heat losses anywhere in the Nordic Seas. A long-lived, deep, anticyclonic eddy is located in the
central part of the basin (the Lofoten Basin Eddy, LBE). Here we use observations from Seagliders, collected
between July 2012 and July 2015, to describe LBE in unprecedented detail. The missions were designed to
sample LBE repeatedly, allowing for multiple realizations of radial sections across the eddy. LBE has a mean
radius of 18 6 4 km and propagates cyclonically with a mean speed of approximately 3–4 cm s21. The
anticyclonic azimuthal peak velocity varies between 0.5 and 0.7 m s21, located between 700 and 900 m
depth. The average contribution of geostrophy in the cyclogeostrophic balance is 44%. The relative vorticity
of the core is close to the local Coriolis parameter. The evolution of core water properties shows substantial
interannual variability, influenced by surface buoyancy flux and advection of anomalous low-salinity near-
surface waters that may affect the vertical extent of winter convection. A comparison of the eddy properties
to those inferred from automated tracking of satellite altimeter observations shows that the location of
eddy center is successfully detected to within one half eddy radius, but vorticity is underestimated and the
radius overestimated, each approximately by a factor of 2, because of excessive smoothing relative to the
small eddy radius.

1. Introduction

The inflow of warm and saline Atlantic Water (AW) into the Norwegian Sea with the Norwegian Atlantic Cur-
rent (NwAC) can be considered as the northern limb of the meridional overturning circulation in the North
Atlantic Ocean. The NwAC serves as a two-branch conduit of AW toward the Arctic Ocean and Barents Sea:
an eastern branch as a nearly barotropic flow along the Norwegian continental slope and a western branch
as a topographically steered jet along the Polar Front. Along its path, AW is continuously modified through
heat and salinity loss before it subducts and returns to the North Atlantic as a western boundary current
[Poulain et al., 1996; Orvik and Niiler, 2002].

Lofoten Basin (LB) in the Norwegian Sea acts as a reservoir for the northward flowing AW, with the two
major branches of the NwAC on its eastern and western sides (Figure 1). Observations from Lagrangian
drifters [Poulain et al., 1996; Andersson et al., 2011; Koszalka et al., 2011] and satellite altimetry [Volkov et al.,
2013; Raj et al., 2015] show vigorous eddy activity in this area (see an example at 108E, Figure 3). LB experi-
ences intense heat loss to the atmosphere, losing more heat per unit area than any other region in the Nor-
dic seas. The mean wintertime surface buoyancy flux is 26 (60.7) 3 1028 m2 s23, accounting for
approximately 1/3 of the total buoyancy loss of the Nordic Seas, although it occupies only 1/5 of the total
area [Richards and Straneo, 2015].

A prominent anticyclonic eddy in the center of LB was first discovered by the Russian oceanographic sur-
veys in the 1970s and 1980s [Alexeev et al., 1991]. We call this anticyclonic eddy the Lofoten Basin Eddy
(LBE). Since then, several studies addressed the mesoscale activity in the basin using observations of
hydrography [Ivanov and Korablev, 1995b,1995a; Rossby et al., 2009a; Raj et al., 2015], numerical models
[K€ohl, 2007; Volkov et al., 2015], satellite altimetry [Raj et al., 2015, 2016; Søiland et al., 2016], and surface
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drifters and subsurface floats [Rossby et al., 2009b; Voet et al., 2010; Andersson et al., 2011; Koszalka et al.,
2013; Søiland and Rossby, 2013]. Lagrangian studies described the pathways, eddy kinetic energy, lateral
mixing rates in the basin, as well as position and radius of LBE. Satellite altimeter studies exploited extensive
sea level archives to quantify the regional statistics on cyclones and anticyclones, eddy-eddy interactions,
and eddy advection, lifetime, and spatial distributions. Hydrographic and ocean current observations have
been limited to cruises of opportunity and short duration surveys. The present consensus is that LBE is
maintained by merging of anticyclonic eddies which drift westward after being shed off the eastern branch
of the NwAC [K€ohl, 2007; Raj et al., 2015; Volkov et al., 2015; Raj et al., 2016; Søiland et al., 2016]. The geome-
try of the basin attracts the anticyclones to the bottom depression and enables dynamical stability for the
vortex. Winter convection plays an important role by providing a positive feedback, preconditioning for the
subsequent winter and progressively deepening the core [Ivanov and Korablev, 1995b; K€ohl, 2007]. LBE con-
tributes to deep ventilation in the basin by promoting deep mixed layer and pooling of AW to depths
exceeding 1000 m, thereby maintaining the substantial heat loss that occurs here. The understanding of
the driving forces, seasonality, evolution, and maintenance of LBE is incomplete, and one plausible reason is
a lack of robust winter observations.

A brief summary of the LBE characteristics emerging from the aforementioned studies is a stable anticy-
clonic vortex with a doubly convex lens structure, maximum swirl velocity at O(10) km radius, and a 1000–
1200 m deep central core in solid body rotation with a relative vorticity close to the negative Coriolis param-
eter. Direct observations based on trajectory of a RAFOS float captured in LBE for 9 months [Søiland and
Rossby, 2013], show a cyclonic drift along the 3250 m contour, of approximately 4 cm s21. These observa-
tions agree well with earlier hydrographic surveys [Ivanov and Korablev, 1995b,1995a], satellite altimetry
results [Raj et al., 2015], and eddy-resolving numerical simulations of Volkov et al. [2015], whereas K€ohl
[2007] suggests an anticyclonic drift.

Figure 1. Map of the Lofoten Basin with the pathways of the Atlantic Water (dark red arrows), and tracks of the six Seaglider missions conducted between July 2012 and July 2015 (M1–
M6). The white rectangle indicates the general area of LBE (18E–68E, 698N–718N) used for obtaining the background hydrography profiles.
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Resolving the radial gradient in the eddy core that extends only to about 15 km from the center requires a
high-resolution sampling strategy, which is rather difficult and expensive for classical shipboard measure-
ments, especially during winter. Autonomous, relatively low-cost platforms such as ocean gliders can fill this
gap [Rudnick, 2016]. Here we study LBE using Seaglider observations from six consecutive deployments
from July 2012 to July 2015. The data set allows us to describe the evolution of the vertical and horizontal
structure of LBE in time, and quantify its dynamical properties in detail, which was not possible before. Fur-
thermore, we use the glider data set to evaluate the accuracy of satellite remote sensing measurements of
the eddy parameters such as location, radius, relative vorticity, and kinetic energy.

2. Data and Methods

2.1. Seaglider Data and Methods
2.1.1. Seaglider Missions and Sampling
The hydrographic data were acquired using Seagliders during six missions covering from July 2012 to July
2015. The Seagliders [Eriksen et al., 2001] are autonomous, remotely piloted vehicles designed for multi-
month missions, and sample the ocean along a sawtooth trajectory from sea surface to a maximum depth
of 1000 m. They measure hydrographic parameters (e.g., temperature, conductivity, and pressure) while
profiling vertically by changing their buoyancy and pitch angle. The vertical motion is translated into hori-
zontal movement by wings. Depth-average currents (DAC) in the upper 1000 m are estimated from the dif-
ference between the Seaglider’s dead reckoning and actual displacements as measured from surface GPS
fixes.

A typical section in LB covers a distance of approximately 900 km from 168E to 88W along 698400N (Figure
1). Some missions covered the section back-and-forth twice, whereas others employed dedicated sampling
within LBE and its surroundings. Duration of missions varied between 212 and 248 days (Table 1). These
long-term missions required economic power consumption and a limited sampling rate, normally every 14–
32 s. Typical glider vertical velocities varied between 7 and 10 cm s21 during the missions, giving a vertical
resolution of 1–3 m. All gliders were successfully deployed and recovered close to the shelf break.

The Seaglider offers a navigation mode well suited for piloting inside eddies whereby the glider steers rela-
tive to the DAC measured during the previous dive. By selecting this mode, the glider can be programmed
to steer within 6908 relative to the current set up by the eddy and thus moves into or out of the eddy in
spiraling tracks. By using low angles, it is also possible to follow the current and dive at a relatively fixed dis-
tance from the eddy core. Spatial sampling was increased by using shorter and steeper dives within the
LBE, with a dive time of about 4 h versus 9 outside. Gliders were first guided toward the approximate posi-
tion of LBE, near 70degN, 3degE. Then, when caught by intense currents, the navigation mode enabled the
gliders to spiral in and out of the eddy core, which could be identified as a warm deep layer with DAC val-
ues lower than 10 cm s21.

Details of the six missions (M1–M6) are listed in Table 1. The mission tracks are shown in Figure 1. The spiral-
ing and circular tracks, especially in the central part of the basin (hereafter referred to as Eddy Sampling
Tracks, ESTs) are generated by the navigation mode outlined above. All missions except M1 contain ESTs in
the central LB. These ESTs are listed in Table 2, forming eight realizations (e1–e8) of the eddy, which will be
analyzed for seasonal and annual variability of LBE.

The ct-sail (the part where the conduc-
tivity and temperature sensors are
installed) of all gliders were either new
or calibrated few months ahead of
each mission. The ct-sail of sg562 was
not calibrated between its two succes-
sive missions. Temperature and salinity
measurements were compared to
available hydrographic data managed
by the Institute of Marine Research in
Bergen, Norway (253 casts between
July 2012 and 2016, within 698N–718N

Table 1. Details of the Six Seaglider Missions (M1–M6)

Seaglider Mission
Period (Deployed/

Recovered)
Duration

(days)
Number
of Dives

Number
of Dives

(<500 m)

sg559 M1 4 Jul 2012/25 Jan 2013 205 617 38
sg562 M2 14 Feb 2013/16 Sep 2013 214 680 5
sg561 M3 11 Oct 2013/17 Feb 2014 129 457 51
sg563 M4 26 Feb 2014/1 Nov 2014 248 831 4
sg562 M5 18 Dec 2014/19 Mar 2015 91a 340 3
sg559 M6 18 Dec 2014/18 Jul 2015 212 699 9

aM5 lasted 212 days, including sampling near the Mohn Ridge. Here the
duration relevant to LB and LBE is listed.
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and 08E–158E). The glider tempera-
ture data are assumed to stay accu-
rate to within 0.0058C according
to the manufacturer calibration
absolute accuracy (0.0028C) and drift
(0.00028C/month). Absolute Salinity
was corrected by small offsets, con-
stant for each mission, respectively,
0.0720, 0.0046, 20.0023, 0.0183,
20.0100, and 0.0022 g kg21. The off-

set values were obtained by a least squares fitting of the glider data between 700 and 1000 m to a refer-
ence linear T/S relationship corresponding to the mixing line between AW and the deep waters below
700 m. This method is similar to that previously used in Bosse et al. [2015, 2016] and provides a simple way
to make large data sets carried out by different autonomous platforms consistent. The T/S relation was
obtained from the available shipboard hydrographic data LB. The glider raw data were processed using the
University of East Anglia Seaglider toolbox (http://bitbucket.org/bastienqueste/uea-seaglider-toolbox). The
Conservative Temperature, H, and Absolute Salinity, SA, were calculated using the thermodynamic equation
of sea water [IOC, SCOR, and IAPSO, 2010].
2.1.2. Detection of Eddy Core and Generation of Radial Sections
Following the method used in Bosse et al. [2015], we determine the position of the LBE center, using profiles

from ESTs. The method uses DAC and minimizes the cost function, c x; yð Þ5 1
n

Pn
i51 vi � ri x;yð Þ

kri x;yð Þk

� �2
, where vi

is the DAC velocity at the given position (xi;yi;) and ri x; yð Þ is the vector extending from (x, y) to (xi; yi;). Here

advection of the eddy center was not removed from DAC, because the advection is one order of magnitude
smaller (about 5 cm s21) than the azimuthal eddy velocity exceeding 50 cm s21. The eddy center then cor-
responds to the location where DACs are the most perpendicular to the vectors joining their positions to
the eddy center. Here we define the eddy radius as the radial distance from the core to where the orbital
velocity reaches its maximum. We apply this method to moving sets of five consecutive velocity estima-
tions, ensuring that the eddy drift over the minimization procedure is small (2–3 km) compared to its radius
(15–20 km).

Once the LBE core is detected, the eddy is assumed symmetric, and the temperature, salinity, density pro-
files, and DACs are sorted according to their radial distance to the eddy center. LBE radial sections are then
generated by gridding at 0.5 km radial bins and 1 m vertical bins, and smoothed over 10 km horizontally
and 20 m vertically. The smoothing scales are chosen to remove the high-frequency and wavenumber vari-
ability associated with internal waves and other fine-scale processes, while retaining the dynamics associ-
ated with the O(10) km radius of LBE.
2.1.3. Dynamical Parameters and Cyclogeostrophic Velocity
The Rossby number can be written to represent the relative importance of the nonlinear terms in the
momentum equation: Ro5U=Lf where ƒ is the local Coriolis parameter and U and L are scales for azi-
muthal velocity and eddy size, respectively. The nonlinearity becomes important as Ro approaches
unity, implying a violation of purely geostrophic balance. As will be shown below, LBE is highly nonlin-
ear, and its momentum equation can be represented by a balance between the centrifugal, Coriolis,
and pressure gradient forces. In cylindrical coordinates, the cyclogeostrophic balance can be written
as

2
vc

2 r; zð Þ
r

2fvc r; zð Þ52
1
q0

@p
@r

52fvg r; zð Þ; (1)

where vc is the cyclogeostrophic azimuthal velocity, r is the distance to the eddy center, z is depth, p is pres-
sure, q0 is density, and vg is the geostrophic velocity field. The vertical component of the relative vorticity is
f5 @vc

@r 1 vc
r .

For eddies characterized by relatively strong horizontal shear (greater than 0.1f), nonlinear terms (e.g., the
centrifugal force) become important in the radial force balance. Elliott and Sanford [1986] showed that the
peak azimuthal velocity in a subthermocline lens was underestimated when based on purely geostrophic
balance.

Table 2. Details of Eddy Sampling Tracks (ESTs) for Eddy Realizations e1–e8

Eddy Mission EST Dives EST Period Duration (days)

e1 M2 89–129 12 Mar 2013 to 23 Mar 2013 11
e2 M2 319–370 29 May 2013 to 12 Jun 2013 14
e3 M3 122–157 18 Nov 2013 to 27 Nov 13 9
e4 M3 308–350 17 Jan 2014 to 27 Jan 2014 10
e5 M4 108–128 25 Mar 2014 to 31 Mar 2014 6
e6 M4 270–755 17 May 2014 to 6 Oct 2014 142
e7 M5 85–308 11 Jan 2015 to 10 Mar 2015 58
e8 M6 282–575 3 Mar 2015 to 11 Jun 2015 100

Journal of Geophysical Research: Oceans 10.1002/2017JC012982

YU ET AL. THE LOFOTEN BASIN EDDY 6817

http://bitbucket.org/bastienqueste/uea-seaglider-toolbox


From equation (1), we have solutions

vc r; zð Þ5 rf
2

3 216

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
114

vg r; zð Þ
rf

r !
: (2)

The negative root of equation (2) is centrifugally unstable [McWilliams, 2006], and we use the positive root
to compute the cyclogeostrophic velocities [see also Pelland et al., 2013]. To estimate the cyclogeostrophic
velocities from the glider data, we follow the method outlined in Bosse et al. [2016]. Decomposing the veloc-
ities vc and vg into depth-averaged (vc and vg ) and baroclinic (v0c and v0g) components, and then vertically
averaging equation (2) results in terms including the depth-averaged velocities and the geostrophic shear,
v0g r; zð Þ: vc can be approximated by the DAC measured by the glider. v0g r; zð Þ is obtained by vertically inte-
grating the thermal wind balance from the radial density sections generated as described in section 2.1.2.
The unknown geostrophic component of DAC, vg rð Þ, can be solved for from the vertically averaged form of
equation (2). This geostrophic depth-average velocity is then used to infer absolute geostrophic velocities
vg r; zð Þ5vg rð Þ1v0g r; zð Þ. Finally, cyclogeostrophic velocities are computed from equation (2).
2.1.4. Mixed-Layer Depth and Columnar Buoyancy
The mixed-layer depth (MLD) is calculated following de Boyer Mont�egut et al. [2004], as the depth where the
potential density anomaly, rh, first exceeds the near surface value (upper 10 m average) by 0:03 kg m23.
LBE has a weakly stratified core, which can easily be mixed by convection. During winter, the LB loses buoy-
ancy, resulting in convective mixing of the initially stratified water column down to some depth. To quantify
the preconditioning of the water column to vertical mixing, we compute the columnar buoyancy, IS zð Þ5

Ð z
0

N2 Zð ÞZdZ [Bosse et al., 2015] where N2 zð Þ52
g
q0

@rh
@z is the buoyancy frequency squared, computed from the

smoothed density over 20 m vertical scale. When the lateral advection of buoyancy is negligible, IS corre-
sponds to the time-integrated buoyancy loss required for mixing the water column down to z. Therefore,
for a uniform buoyancy loss across LBE, a smaller IS indicates the potential for deeper convective mixing.
2.1.5. Heat and Salt Content Anomaly
The heat and salt content anomaly of LBE are evaluated with reference to a background field. Background
temperature and salinity, H and SA , are constructed by averaging all profiles collected outside the eddy,
but within an area encompassing the LBE drift, and within 615 days around each ESTs (see Figure 1 for the
extent of background field). The anomalies of Conservative Temperature and Absolute Salinity are com-
puted along isopycnal layers from the gridded fields for each eddy realization. The heat content anomaly
per volume is qCP H2H

� �
r, and similarly, the salt content anomaly per eddy volume is q SA2SA

� �
r, where

the operator �ð Þr indicates difference along an isopycnal layer. The volume integration for heat and salt con-
tent is then performed from surface to 1000 m vertically, around a full circle (0–2p), and in two distinct
radial ranges exhibiting different water mass properties: the core region, including the velocity maximum
(0< r< 20 km) and the rim of the eddy (20< r< 40 km).

LBE has a deep core extending approximately 200 m further below the maximum depth of the glider sam-
pling. The core is typically warmer and saltier than the background field for this deep isopycnal, hence the
heat and salt content anomaly of the LBE core are underestimated.

2.2. Eddy Detection From Satellite Altimeter Data
We use the ‘‘all-sat-merged’’ absolute dynamic topography (ADT) satellite altimeter product from January
2012 to September 2015 to independently quantify the LBE sampled by Seagliders. The merged products
are available every 7 days in a 1/48 3 1/48 grid. ADT contains the contents of gridded sea surface heights
above geoid, and is the sum of sea level anomaly (SLA) and mean dynamic topography. Following the auto-
mated algorithm described by Halo [2012], we detect LBE according to two criteria: closed contours of sea
surface height (SSH) [Chelton et al., 2011], and a negative Okubo-Weiss parameter, W [Isern-Fontanet et al.,
2006; Chelton et al., 2007]. Halo [2012] showed that the two-criteria method is more robust than using any
one of them separately. The Okubo-Weiss parameter is defined as W 5Sh

21St
22x2, with

Sh5
@Vg

@x
1
@Ug

@y
;

St5
@Ug

@x
2
@Vg

@y
;
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x5
@Vg

@x
2
@Ug

@y
;

where Ug and Vg are the surface geostrophic velocities deduced from ADT. Sh is the shearing deformation
rate, St the stretching deformation rate, and x the relative vorticity of the geostrophic current. Note the dif-
ferent notation used here for the surface velocity and vorticity. These variables are based on the geo-
strophic balance only, unlike the glider measurements, which take into account the cyclogeostrophic
balance.

Halo et al. [2014] conclude that the use of SSH data rather than sea level anomaly (SLA) data has two advan-
tages. Spurious detection of current meanders, which are often related to the closed sea level anomaly
loops, are excluded, and erroneous interpretation of negative SLA as cyclonic eddies in a system dominated
by large anticyclonic eddies is avoided.

Eddies in the LB are identified in three steps. First, we calculate W based on the geostrophic velocity, use
two passes of a Hanning filter to reduce the grid-scale noise, and then select regions dominated by vor-
ticity (W< 0). Second, regions inside a closed loop of SSH are selected by choosing the interval between
successive contours of 2 cm, consistent with the altimetry precision in this region [Volkov and Pujol,
2012]. A diameter limit of 500 km is set to prevent selecting a basin-scale gyre as a closed loop. Third, we
select the regions of negative W embedded in closed SSH contours. We obtain a more consistent pattern
than the spurious detection associated with noisy W signal, and the ambiguities in multipoles/elongated
closed loops are excluded. More details about the method can be found in Halo [2012] and Halo et al.
[2014]. In this study, we only concentrate on LBE, and choose this eddy manually from the resulting set of
eddies.

The radius of LBE from the altimeter data is calculated from the respective surface area (A), as
Rsat5

ffiffiffiffiffiffiffiffi
A=p

p
. As noted by Isern-Fontanet et al. [2006], the closed lines with W 5 0 (the eddy edge) is

approximately equivalent to the location of maximum orbital velocities, consistent with our definition for
the Seaglider data.

2.3. Surface Buoyancy Flux
The surface buoyancy flux, B0, affects the distribution of density in the near-surface waters and is the domi-
nant driver of winter variations in MLD in the Lofoten Basin [Nilsen and Falck, 2006]. A destabilizing buoy-
ancy flux (B0< 0) leads to convection whereas a stabilizing buoyancy flux strengthens the surface
stratification. The surface buoyancy flux B0 which depends on the heat and freshwater fluxes can be written
as [Richards and Straneo, 2015]

B05
ga

q0Cp
Qs1Ql1QRð Þ1 gb SSS

q0
P2Eð Þ; (3)

where g59:8 m s22 is the acceleration due to gravity, a and b are the thermal expansion and haline
contraction coefficients for seawater, q0 5 1027 kg m23 is the reference density, Cp is the specific heat
for seawater, and SSS is the sea surface salinity (measured in practical salinity scale). The terms Qs, Ql,
and QR are the sensible, latent, and net radiative heat fluxes (QR is the sum of the surface net longwave
radiation Qlw and the surface net shortwave radiation Qsw), and P and E are the precipitation and evapo-
ration, respectively. Radiation terms, heat fluxes terms, P, and E are obtained from ERA Interim [Dee
et al., 2011]. SSS is obtained from the 1/128 resolution operational Mercator global ocean analysis and
forecast system (Copernicus, Marine Environment monitoring service, product GLOBAL_ANALYSIS_FORE-
CAST_PHY_001_024). B0 is calculated at the grid point (708N, 38E), representative of the typical position
of LBE.

3. Environmental Conditions During Missions

3.1. Atmospheric Forcing
Atmospheric forcing (2 weekly moving averaged values) during the measurement period is shown in Fig-
ures 2a and 2b. At the location (708N, 38E), the largest wind speeds (from ERA Interim) occur in late January
to early March every year, with the 2 week averaged speeds of 10 m s21 (instantaneous values exceed 20 m
s21). The LB loses buoyancy during almost 8 months from late August to late April every year. The buoyancy
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flux averaged over the 8 month-long periods of buoyancy loss each year from 2012 to 2014 is 23.2 3 1028

m2 s23, and varies to within 10% interannually. The 2012–2013 and 2014–2015 winters, however, lose more
buoyancy than in 2013–2014, with the cumulative buoyancy loss of 0.64 m2 s22 (in 2012 and 2014), com-
pared to 0.57 m2 s22 in 2013. For comparison, Richards and Straneo [2015] reported December–January–
February average buoyancy flux of 26.0 (60.7) 3 1028 m2 s23 in LB, and 23.8 (60.5) 3 1028 m2 s23 in the
entire Nordic Seas, using ERA Interim data between 1979 and 2012. In this location, precipitation typically
exceeds evaporation. The averaged heat flux contribution (the first term in equation (3)) is 3 times greater
than the averaged freshwater contribution (the second term) in winter time (here defined as periods of neg-
ative surface buoyancy flux), and 4 times larger in summer time, indicating that the surface heat fluxes are
dominating terms in B0.

3.2. Mixed-Layer Depth
The MLD values during times when Seagliders sampled in LBE realizations e1–e8 are marked with red dots
in Figure 2c, whereas the background values in the general LBE region (but outside the eddy), bounded by
698N–718N and 18E–68E (see Figure 1) are shown in blue. Both inside and around LBE, the MLD shows

Figure 2. Time series of (a) 10 m wind speed, U10, (b) surface buoyancy flux, B0, and (right axis) time-integrated buoyancy loss for each winter period, (c) mixed-layer depth, MLD, (d)
mean Conservative Temperature and (e) Absolute Salinity of the Atlantic Water (rh< 27.9 kg m23), and 2 weekly moving averaged SSS from global reanalysis (here converted to Abso-
lute Salinity, black line, right axis). Surface forcing is derived from ERA Interim at (08E, 708N), and presented as 14 day moving averages. In Figures 2c–2e, data are bin-averaged over 2
days and profiles carried out within LBE are plotted in red, in the LBE region but outside the eddy in blue (see Figure 1 for the definition of the eddy area), and outside the LBE region in
gray. Time coverage of glider missions (M1–M6) are marked in Figure 2a). Eight eddy realizations sampled during ESTs are marked by e1–e8 in Figure 2b).
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seasonal and interannual variability caused by surface buoyancy forcing and preconditioning of the water
column. The MLD starts to deepen by mid-October each year and reaches its maximum depth between
mid-March in 2013 and mid-April in 2015. MLD is deeper inside LBE relative to the background (see red and
blue dots in Figure 2c). The deepest MLD is observed by the end of March 2014 (798 6 19 m, mean and one
standard deviation observed within 1 week centered around the MLD maximum). This period is followed by
restratification and stabilizing surface buoyancy forcing, until October, when the MLD is the shallowest, typi-
cally 10–60 m deep. Winter 2014 is the most intense in terms of vertical mixing, compared to MLD of
667 6 17 m in 2013, and 570 6 10 m in 2015. However, the cumulative buoyancy loss is 10% smaller than
during the other winters (Figure 2b). This can be attributed to uncertainties in the surface forcing, but also
stress the importance of oceanic preconditioning to deep mixing by the mesoscale. This is well illustrated
by the shallower MLD maxima observed outside LBE (319 6 95 m, 453 6 52 m, and 348 6 27 m from 2013
to 2015) in a region experiencing similar atmospheric forcing.

Figure 3. Zonal temperature and salinity section from the M2 mission (15 February to 16 April 2013) crossing LBE (between the blue and green circles). (a) The glider track together with
the 1000 m depth-averaged currents (DAC). (b) Conservative Temperature and (c) Absolute Salinity section along the track from surface to 1000 m, with the 27.9 isopycnal contour in
black delimiting the lower part of the Atlantic Water layer. Times of entrance and exit of LBE are indicated by vertical lines and corresponding blue and green circles. Note the time axis
is reversed to roughly correspond with the mission direction from east to west.
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3.3. Atlantic Water Evolution From 2012 to 2015
Thanks to an intense effort in deploying gliders, water mass properties could be sampled almost continu-
ously for 3 years. AW is usually defined as temperatures above 38C and salinity above 35 in the practical
salinity scale (corresponding to about 35.2 g kg21 in SA). Here we define AW as waters lighter than 27.9 kg
m23, which is slightly more restrictive than the H-SA thresholds (see sections shown in Figure 3). Figures 2d
and 2e shows the interesting evolution of AW properties over the study period. Apart from temperature
fluctuations that can be explained by winter cooling, there is a general trend toward fresher AW: salinity
dropped from 35.34 6 0.01 to 35.29 6 0.01 g kg21, from summer 2012 to summer 2015. The average and
one standard deviation are calculated over the first half of June each year, a common period when data
were collected each year. Inside LBE (red markers), the evolution is quite different, especially for tempera-
ture which increased from 4.97 6 0.11 to 5.23 6 0.128C, reaching values observed in the basin. However,
AW salinity observed within LBE stayed always about 0.02 6 0.01 g kg21 above the background values and
followed the exterior freshening. The drop in salinity does not follow a gentle trend, but occurs mostly
between spring and summer 2014. SSS from the global reanalysis (see the black line in Figure 2e) shows a
freshening each summer in the center of the basin, consistent in terms of amplitude and timing with the
freshening observed with the gliders. In the model, fresh waters appear along the Norwegian coast in
spring and further migrate toward the basin in summer, typically by the lateral advection by mesoscale
eddies (observed in the time-lapse fields of SSS, not shown). The anomalous low salinity is much stronger in
Spring 2014 compared to other years, even affecting the AW salinity in the basin interior. The effect of these
fluctuations on the heat and salt content of LBE is discussed further in section 4.

4. Lofoten Basin Eddy Observations

4.1. An Example Transect
Figure 3 shows an example of a cross-basin section, from mission M2, including ESTs in the central basin
between 698N–708N and 18E–58E. Warm and salty AW typically occupies the upper 500–700 m with temper-
atures exceeding 38C, and with relatively warmer waters on the eastern part of the transect. As the glider
samples through LBE in the central part of the basin, DAC exhibits large values with a mean speed of 0.5 m
s21 (maximum 0.8 m s21), and the Conservative Temperature (H) and Absolute Salinity (SA) are quasi-
uniform from surface to 1000 m, with average values of 4.758C and 35.15 g kg21, respectively. The 29.7 iso-
pycnal (representative of the lower boundary of AW) plummets inside the eddy. LBE thus forms a deep,
voluminous heat and salt reservoir. The AW layer within LBE exceeds 1000 m. This transect is representative
of the other crossings of the basin.

4.2. Radial Structure of LBE
Before presenting the detailed radial sections for each LBE realization, we exemplify the data coverage and
DAC values from e7. Figure 4 shows the distribution of total DAC and vg rð Þ with respect to the radial dis-
tance, as well as the depth-average vorticity. Typically, there are more than 10 dives in each 2 km radial bin
out to two LBE radii. As expected, DAC amplitude is greater than its geostrophic component, by approxi-
mately 20% (with average values of 20.39 and 20.32 m s21, respectively) and is the largest at a distance of
15–20 km from the detected eddy center. The geostrophic DAC vorticity almost reaches the –f /4 limit
within the eddy core (i.e., 4vg=rf approaches 21; cf. equation (2)). Using shipborne measurements of cur-
rents, Søiland et al. [2016] described a solid-body rotation of 7–8 km of the core with vorticity of –f . In agree-
ment with this, Figure 4c shows a solid-body rotation extending to about 5 km from the center. Values of
vorticity averaged within 5 km of the core (Table 3) reach as low as 20.91f , very close to the limit prescribed
by the inertial instability limit for barotropic vortices [Kloosterziel et al., 2007; Lazar et al., 2013]. Vorticity rap-
idly approaches zero after the velocity maximum; in the example shown in Figure 4, the vorticity drops
below 10% of its peak value at 22 km, only 6 km from the velocity maximum. This is comparable to where
the relative vorticity of an isolated Gaussian vortex changes sign, i.e.,

ffiffiffi
2
p

R [Bosse et al., 2017]. In LBE, instead
of becoming positive, the vorticity stays around zero toward the background, and the velocity decreases
less rapidly.

Figure 5 shows the radial distribution of H and SA of eight ESTs from e1 to e8. The deep water close to the
LBE core (within 10 km) is warm and salty, with the mean H and SA exceeding 4.68C and 35.34 g kg21,
respectively. While the core temperature and salinity in the deeper part of the water column is rather stable
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in time, the values in the surface layer are highly variable, especially those of salinity. Note the presence of a
50 m thick layer of salinity in summer 2014 reaching values as low as 35.2 g kg21 (Figure 5l), the surface
layer gets clearly fresher by the end of the study period.

The maximum velocity is observed well below the surface, at depths between 700 and 900 m, and at a
radial distance of 14–24 km from the eddy center. This corresponds to the buoyancy equilibrium depth,
where the eddy buoyancy anomaly relative to the background vanishes. Heavier fluid is above the equilib-
rium depth (and lighter fluid is below). It is important to note that while the surface layers are becoming
fresher and lighter, deeper isopycnals are progressively pushed down. For instance, the 27.85 kg m23 iso-
pycnal is depressed from about 500 m depth in 2013 to deeper than 1000 m 3 years later. The mean orbital

Figure 4. (a) The number of profiles in 2 km radial distance bins collected when sampling e7. (b) The radial distribution of 2 km bin-averaged (blue) total depth-average currents, DAC,
and (red) its geostrophic component, DACgeo, together with a red dashed line showing a slope of –f/4. Individual DAC values are shown in gray. (c) Vorticity structure from DAC, normal-
ized by local Coriolis parameter, f.

Table 3. Seaglider-Inferred Eddy Propertiesa and Comparison to Satellite Measurementsb for Eddy Realizations e1–e8

Eddy
vcmax

(m s21) rmax 5 R (km)
zmax

(m)
(vc2vg)/vc

(%) N/f Bu Rsat (km) x/f (31021) f/f (<5 km) Ro

e1 20.63 20 767 34 21 6 2.5 1.6 6 0.6 36 6 2 20.88 6 0.15 20.63 6 0.01 20.49 6 0.13
e2 20.69 16 826 47 22 6 2.3 2.7 6 0.9 41 6 2 20.88 6 0.15 20.83 6 0.00 20.69 6 0.14
e3 20.56 24 689 45 14 6 1.5 0.5 6 0.2 38 6 4 20.73 6 0.07 20.77 6 0.00 20.44 6 0.22
e4 20.52 14 843 45 23 6 0.7 3.9 6 1.4 38 6 3 20.66 6 0.15 20.74 6 0.04 20.60 6 0.18
e5 20.61 15 850 48 24 6 0.6 3.7 6 1.3 38 6 1 20.88 6 0.07 20.89 6 0.00 20.68 6 0.23
e6 20.66 20 761 47 23 6 0.6 1.9 6 0.7 38 6 4 20.88 6 0.15 20.88 6 0.00 20.59 6 0.25
e7 20.71 16 857 47 23 6 1.4 3.0 6 1.0 40 6 4 20.80 6 0.15 20.88 6 0.00 20.71 6 0.19
e8 20.73 14 908 47 24 6 1.0 4.2 6 1.5 41 6 3 20.95 6 0.15 20.91 6 0.00 20.80 6 0.15

avcmax is the cyclogeostrophic velocity maximum; rmax and zmax are the radial distance and depth where the cyclogeostrophic velocity
reaches its maximum; the eddy radius R is equivalent to rmax. (vc-vg)/vc is the contribution of geostrophy in the cyclogeostrophic bal-
ance. N/f is averaged (61 standard deviation) within a 100 m window centered at the depth of the LBE core 40–45 km far away from
the LBE center. Bu5 NH=fRð Þ2 is the Burger number. Error estimate is obtained by propagating a 10% error in N/f, H, and R, assuming
independent random error. f/f is core vorticity in solid-body rotation within the first 5 km. Ro 5 fR/f is the Rossby number, where fR is
the vorticity averaged out to the position of the velocity maximum.

bRsat and x/f are the eddy radius and relative vorticity (x normalized by the Coriolis parameter; compare to Ro) from satellite obser-
vations. Error estimate is 61 standard deviation over values obtained for the duration of each eddy realization.
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Figure 5. (continued)
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velocity is 0.64 m s21, with the largest speed of 0.73 m s21. The minimum in vorticity is found near the
eddy axis and reaches large negative values (–0.7 to 20.91f ) very close to –f (see also e7, Figure 4).

4.3. Rossby Number, Deformation Radius, and Burger Number
Eddy properties for each realization of LBE are listed in Table 3. The eddy radius, R, from the Seaglider obser-
vations is defined as the radial distance from the core to where the orbital velocity reaches its maximum.
The mean eddy radius is 18 (64) km, where the standard deviation is over the eight realizations of the
eddy. Note that the orbital velocities decrease slowly outside the eddy, to 20–30 cm s21 at 40 km (Figure 5).
LBE thus influences a horizontal extent of over at least two radii from its center, but has a very confined
core of high vorticity. The Rossby number here is computed from Ro5fR=f , where fR is the vorticity aver-
aged from the eddy center to the eddy radius R, where the cyclogeostrophic velocity is maximum. The val-
ues of Ro range between 20.4 and 20.8 and emphasize the nonlinearity of this eddy. The average
percentage accounted for by geostrophy in the cyclogeostrophic balance is 44%, which indicates the
importance of the nongeostrophic effects. More detailed information can be found in Table 3.

The deformation radius Rd5NH=f , where H is the vertical extension of the eddy, is representative of the hor-
izontal scale of oceanic eddies. Here H is defined as depth of the base of the eddy core, estimated as
1200 m using the full-depth CTD casts from Søiland et al. [2016] (the Seaglider data cover only the upper
1000 m). Figure 6 shows the radial stratification at e2. Close to the eddy center, the stratification is 10-fold
weaker with N/f of 2 (60.2) than in the surroundings where N/f reaches 22(62.3). The average and 61 stan-
dard deviation values are computed over a 100 m vertical range centered at the equilibrium depth of the
eddy core. The Burger number, Bu5 NH=fRð Þ25 Rd=Rð Þ2, can thus be computed and quantifies the ratio of
the deformation radius to the eddy radius. Using N outside the eddy (40–45 km) and at its equilibrium
depth, and the radius of 16 km for e2, we obtain Bu 5 2.7 6 0.9. The error is estimated by propagating inde-
pendent random errors of 10% in H, R, and N/f. The stratification and Burger number of seven other ESTs
can be found in Table 3. The average Burger number is 2.7 6 1.0, indicating that the LBE radius is compara-
ble to the deformation radius. This result is in agreement with other estimates of Burger number observed
for the subthermocline anticyclonic eddies [D’Asaro, 1988; Timmermans et al., 2008; Bower et al., 2013;
Pelland et al., 2013; Bosse et al., 2015, 2016]. Note however that the length-scale convention used in the defi-
nition of Bu is not universal (e.g., D’Asaro [1988] uses diameter instead of radius).

4.4. Structure and Evolution of the LBE Core
The radial section of stratification shown for e2 (Figure 6) is typical for LBE. It shows that the deep stratified
thermocline below AW at the periphery of LBE deepens from 700 m to the base of the eddy (typically at
around 1200 m [Søiland et al., 2016], not resolved with the glider observations). A complex vertical structure
with a distinct intermediate thermocline is observed.

Time evolution of the weakly stratified layers observed within 5 km of the eddy center, reveals the forma-
tion of a new core layer each winter from 2013 to 2015 (Figure 7). Using the density profiles, quasi-uniform
vertical layers are identified, and their average H and SA are obtained. In total, four such core layers are
detected (marked in Figure 7a). As time progresses, the cores deepen and temperature and salinity proper-
ties change; however, cores can still be tracked with their distinct H/SA clustering (Figure 8). The evolution
of each core in time is marked by letters a, b, c, and so on in Figure 7a, and color shading varies from dark
(early) to bright (later after formation). A newly formed layer usually replaces the one from the previous win-
ter. The deepest part of the eddy, however, is not affected by deep vertical mixing for the whole study
period and can be identified as the core formed in winter 2012 [Søiland et al., 2016]. The surface contact of
the deep core in 2013 was not sampled with our data set, but its evolution and deepening can be followed
by 1a–1e (Figure 7). In winter 2013, the mixing stopped at approximately 600 m and formed the core
dubbed 2, by entraining the properties from the prevailing deep core. Then a new core (dubbed 3) with
fresher and warmer characteristics completely replaces core 2 in winter 2014. The warming and freshening
trend of the upper core is comparable for these two winter events: 10.158C and 20.01 g kg21. Finally, in

Figure 5. Radial distance versus depth distributions of Conservative Temperature, H, and Absolute Salinity, SA, for eddy realizations e1–e8.
For each eddy set, upper panel shows H and the lower panel shows SA. The white contours are drawn for potential density at 0.05 kg m23

intervals on temperature panels, and for cyclogeostrophic velocity at 0.1 m s21 intervals on the salinity panels. The occupation times of
Eddy Samplings Tracks (ESTs) from e1 to e8 are marked on the time axis in the uppermost panel. For these sections data are gridded at
0.5 km radial bins and 1 m vertical bins, and smoothed over 10 km and 20 m.
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winter 2015, convection did not even reach the base of this 600 m thick core from 2014 and formed a less
saline (–0.03 g kg21) and warmer (10.48C) upper layer (core 4), green shades in Figures 7 and 8. This abrupt
change can be partly attributed to vertical mixing that penetrated shallower, implying weaker entrainment
at the base of the mixed layer. A major obstacle to vertical mixing was the strong near-surface layer stratifi-
cation with the appearance of fresh water at the surface. This is also manifested in the observed change in
the AW characteristics in summer 2014. In the past, the presence of a large pool of cold and fresh intermedi-
ate layer was reported to inhibit deep-reaching convection in the Irminger Sea in the 1990s [Våge et al.,
2011]. The origin and consequence of the freshening observed in LBE needs to be further investigated and
is beyond the scope of this study.

It is worth noting that the deep core 1 (magenta shades) disappears from the resolved part of the water col-
umn (upper 1000 m) in 2014. This is not related to the vertical extent of convection and might be a result of
the change of buoyancy anomaly of the upper part of the eddy. Deepening isopycnals (Figure 5) could be
the result of an increase in the buoyancy anomaly related to the appearance of lighter waters in the upper
part of the eddy. The equilibrium depth of deep cores can be affected by changes in the eddy buoyancy
anomaly in the upper part of the eddy, which is influenced by a combination of freshwater input (such as
the appearance of a fresh layer, as reported here) and winter mixing. There could also be fine-scale turbu-
lence driving vertical and/or lateral exchanges between the core and the rim of eddy, but quantifying this
aspect requires ocean microstructure profiles.

4.5. Heat and Salt Content Anomaly
Anomalies of heat and salt content (HCa, SCa) associated with LBE are computed using the gridded radial
sections of each LBE realization (Figure 5) and assuming a radially symmetric eddy, as described in section
2.1.5. Figure 9 shows the heat and salt content anomaly of the core and of the rim of LBE. It is important to
stress while HCa and SCa have approximately similar values when averaged within the LBE core or rim (e.g.,

Figure 6. (a) Radial distribution of buoyancy frequency, N (in 10-base logarithm) for e2 with white contours showing the potential density at 0.05 kg m23 intervals. (b) Profiles of stratifi-
cation (buoyancy frequency normalized by the Coriolis parameter, N/f) near the eddy core (r< 10 km) and near the eddy periphery (40< r< 45 km). Single profiles are shown in gray,
and the average profiles are in green and red for the eddy core and periphery, respectively. The equivalent depth of the eddy core (826 m) and a 650 m range over which N/f was aver-
aged is marked in black.
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HCa is 1.1 3 1018 and 1.2 3 1018 J, respectively), the rim region has a much larger volume. The heat content
anomaly per volume is thus smaller in the rim, as temperature values do not deviate largely from the back-
ground (an analogous statement can be made for the salt content anomaly). Figures 9b and 9e show the
content anomalies divided by the corresponding volume of the rim and core regions. Magnitude and vari-
ability of the heat and salt content in the rim region could be indicative of the contribution from merging
eddies shed from instability of the slope current.

An interesting feature is that prior to the freshening event reported in 2014, the heat and salt content of
the rim is larger than that of the core. Following the freshening, the pattern is reversed, i.e., core has larger
heat and salt content anomaly after 2014. This indicates that advection and lateral and vertical mixing
might have been very effective in removing a large part of the heat and salt content from the rim into the
core. Note that the deepest part of the core region between 1000 and 1200 m is not sampled, which leads
to an underestimation of its heat and salt content by approximately 20%. While the observed evolution is
robust, the absolute value of HCa and SCa within the core should be interpreted with caution.

The variability (manifested by the large error bars) is large, however, we note a general decrease in the heat
and salt content anomaly per unit volume (about 0.01 kg m23 and 2 3 108 J m23 over 3 years) which sug-
gests that the eddy signature is substantially affected by the changes in hydrographical conditions of the
basin. The background profile shows indeed an interesting evolution characterized by stable HC, but a sig-
nificant SC decrease of 0.04 6 0.04 kg m23 (see Figures 9c and 9f), about four times larger than that of the
rim of LBE. The observation that the LBE rim follows the general trend in the basin, but with a smaller ampli-
tude, suggests that the rim acts like a buffer zone for merging of eddies that transport anomalously low-
salinity water from the slope toward the basin and eventually into LBE.

Figure 7. Water mass properties of the LBE core: Conservative Temperature, H (upper row), Absolute Salinity, SA (middle row) and potential density, rh (lowest row) sampled within 5 km
to the center of LBE. The weakly stratified parts of the profiles are identified where N/f< 3 and colored according to a H-SA identification of the cores (similar color represents the same
core). In total, four cores are marked (1–4), with letters a, b, and so on for each core’s evolution. The color is shaded with time (darker shades early in time) and use the same color scale
as in Figure 8 with gray color corresponding to the first detection when the layer was in contact with the atmosphere.
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4.6. Comparison With Eddy Properties Inferred From Satellite Altimetry
Several of the earlier studies that concentrated on LBE and the mesoscale energetics in LB were based on
satellite altimeter data [e.g., Raj et al., 2015, 2016]. In these studies, the eddy parameters such as location,
radius, relative vorticity, and kinetic energy inferred from the satellite observations were not evaluated
against in situ observations, and their accuracy is uncertain. The glider data set offers a unique opportunity
to evaluate the accuracy of remote sensing observations. The eddy center position is obtained indepen-
dently from SSH measured by satellite, and from DAC measured by gliders. Figure 10 shows that the eddy
position is detected satisfactorily by the satellite observations. For the e6 in the mission M4, the difference
between two eddy center trajectories is small, with an average discrepancy of 7 km. Over all eddy realiza-
tions, the average difference is 8.5 km. Relative to the Seaglider measurements, the error in eddy position
measured by satellite is approximately half the eddy radius defined from peak velocities, and is small com-
pared to the overall extension of the eddy, which is typically larger than two radii. This accuracy is quite sat-
isfactory. It is worth mentioning that in recent missions (not reported here), we successfully used remote
sensing products to guide the gliders toward the LBE center.

For this anticyclonic LBE, the satellite based method using the geostrophic balance without taking account
of the nonlinear effects is expected to underestimate the peak azimuthal velocity [Elliott and Sanford, 1986].
Furthermore, gridding and optimal interpolation methods used to produce SSH maps will lead to an overes-
timation of the eddy radius (Table 3). This leads to a much smaller vorticity and Rossby number inferred
from the altimeter products. The LBE radii inferred from satellite vary between 30 and 50 km with a mean
value of 40 km, i.e., about a factor of 2 larger than the value computed from glider observations
(18 6 4 km).

The eddy center trajectories from both methods (satellite and glider) are used to calculate eddy translation
speeds. Figure 11 shows the trajectories and the calculated eddy propagation velocity for all LBE realizations

Figure 8. H-SA diagram of the core profiles collected within 5 km to the LBE center. Slanted contours are for rh. The four distinct weakly
stratified cores identified in Figure 7 are plotted with color scale in time. Selected core clusters are labeled following Figure 7. Emphasized
gray markers correspond to the first detection when the core was in contact with the atmosphere (not measured for core 1, March 2013).
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Figure 9. Time evolution of the (a) heat and (d) salt content anomaly of the LBE core (0< r< 20 km) and rim (20< r< 40 km) relative to the background hydrography in the area defined
in Figure 1. Figures 9b and 9e show the anomaly per unit volume. Figures 9c and 9f show the heat and salt evolution of the background. Data points are obtained after integrating the
temperature and salinity anomalies along isopycnals, whereas error bars are after integrating the 6 one standard deviation of temperature and salinity anomalies along isopycnals.

Figure 10. Comparison of the LBE center detection using Seaglider and satellite altimetry data for the eddy realization e6. (a) Eddy center trajectory from (red) glider and (black) altime-
try. Background color is the ADT field at the start of e6, and the gray line shows the glider track spiraling around the time-varying eddy center location. Green stars and dots show the
start and end point of the eddy center trajectory. (b) Histogram of horizontal distance between the glider and satellite detected eddy center location.
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sampled by Seagliders. Both Seaglider and satellite data sets show an apparent cyclonic translation of LBE,
especially during the long period of ESTs from January 2015 to July 2015 (e7 and e8). The averaged drift speed
from satellite observation is 4.3 cm s21, in agreement with that from gliders (3.4 cm s21), and both are similar
to the eddy propagation speeds reported in Volkov et al. [2013] and Raj et al. [2015].

5. Discussion

5.1. Winter Mixing Preconditioning
The integrated wintertime buoyancy losses in the basin for the three observation years are 0.64, 0.57, and
0.64 m2 s22, respectively. The prewinter stratification index, IS, during summer (6 May to 25 June 2013) in mis-
sion M2 (Figure 12) suggests that inside LBE, the convection in response to integrated buoyancy loss of winter
2014 exceeds 1000 m. In the surrounding region of the eddy, the vertical mixing is predicted to be much shal-
lower with 593 6 51 m. For the similar buoyancy loss around the eddy site, vertical mixing is inhibited by the
stronger stratification of the deep pycnocline at the base of AW. This is consistent with the deepest MLDs of the
basin observed within the eddy core (Figure 2c). Furthermore, the integrated buoyancy flux needed for the
MLD to reach 500 m is about 3 times greater outside of the eddy than inside. This is mainly due to the shift in
the deep thermocline at the base of AW. However, we have seen that the eddy and the basin gradually lose
their salt content over the study period. When excess salt is present at intermediate depth, it can play an impor-
tant role in the water column preconditioning to deep mixing [Grignon et al., 2010]. The discrepancy between
the actual integrated buoyancy loss in winter and the prewinter stratification index can be attributed to error in
buoyancy fluxes from ERA Interim, the period of calculation (June–July, before winter begins), and the role of lat-
eral advection of buoyancy, such as buoyant eddies shed from the shelf.

5.2. Comparison to the Labrador Sea, Greenland Sea, and Mediterranean Sea
LBE observations can be compared to other persistent deep subsurface eddies found in high latitudes
(Greenland and Labrador Seas), as well as in the Mediterranean Sea.

Long-term evolution and dynamics of a long-lived warm core eddy in the Eastern Mediterranean Sea [Bren-
ner, 1993] was related to winter mixing and relatively small changes in its position. Topography might play
an important role in trapping such eddies within a certain area. While both eddies are affected by renewal

Figure 11. The propagation of the LBE center detected using glider data for all eight LBE realizations, indicated by e1–e8. The arrows represent the LBE translation velocity inferred from
rate of change of the center position, and averaged in 10 km square bins. All eight tracks of the eddy centers are colored by their duration based on the start date of each realization.
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or exchange of upper core water by winter convection, unlike LBE which is located in the deepest part of
the basin, the warm core Cyprus eddy stays in the vicinity of a seamount located south of Cyprus.

Postconvective submesoscale vortices were found to play an important role in the dispersion of convected
water in deep water formation regions in the Labrador Sea [Lilly and Rhines, 2002] and the northwestern
Mediterranean Sea [Testor and Gascard, 2006; Bosse et al., 2016]. They have many similarities to LBE, such as
a deep velocity maximum, small radius and intense velocity (i.e., Rossby number near unity). A notable dif-
ference is that, in contrast to LBE, they move over long distances [Lilly and Rhines, 2002; Testor and Gascard,
2006; Bower et al., 2013]. Their velocity distribution is also more confined and decreases rapidly toward the
background field [Bosse et al., 2017], whereas LBE is characterized by an important radial extension, reach-
ing beyond its hydrological core. The periphery of LBE forms a buffer zone for interaction with other eddies.
Similar to LB, the Labrador and the northwestern Mediterranean Seas experience significant wintertime
destabilizing surface buoyancy fluxes, but the vertical mixing inside LBE is restricted to the AW layer in the
upper 600–700 m. Some of the relevant dynamics common between the Labrador Sea and LB have been
discussed in Richards and Straneo [2015]. Irminger Current Anticyclones (or Irminger Rings) play an impor-
tant role in the advection of heat into the central Labrador Sea due to their anomalous warm cores, and are
argued to account for between 25 and 100% of the heat needed to balance the surface heat loss during
wintertime [Lilly et al., 2003; Katsman et al., 2004; H�at�un et al., 2007; Rykova et al., 2009; Fan et al., 2013]. Sim-
ilar to Lofoten Eddies (see an example at 108E, Figure 3) shed from the slope current [K€ohl, 2007; Raj et al.,
2015, 2016; Søiland et al., 2016], Irminger Rings are triggered from the west Greenland boundary current
over steep topography [Lilly et al., 2003; Katsman et al., 2004; H�at�un et al., 2007; Rykova et al., 2009].

Richards and Straneo [2015] show that despite lacking a cyclonic boundary current (compared to the Labra-
dor Sea), the eddy-flux per unit length is larger in LB and leads to vigorous boundary-interior lateral

Figure 12. Columnar buoyancy, IS, section from the M2 mission (6 May to 25 June 2013) crossing LBE (between the black crosses and vertical lines). (top) Glider track from west to east
together with the IS at 950 m. (bottom) IS along the track from surface to 1000 m, with selected contours in white and the IS 5 0.57 m2 s22 contour in red.

Journal of Geophysical Research: Oceans 10.1002/2017JC012982

YU ET AL. THE LOFOTEN BASIN EDDY 6831



exchange that maintains a pool of warm water and substantial densification there. The vertical structure of
LBE and its role on the deep layer ventilation can be compared to the long-lived (2–3 years) Greenland Sea
coherent vortices described by Bud�eus et al. [2004] and Ronski and Bud�eus [2006]. Different from LBE, the
vertical homogeneity in the Greenland Sea vortices is established mainly by vertical mixing in winter with
negligible lateral exchange. Convective history in a vortex leads to multiple layers depending on the previ-
ous winter’s forcing and hydrographic conditions of the surrounding waters. This is reminiscent of the lay-
ered structure we observe in the LBE core. LBE shows evidence of substantial interannual variability in
water properties (Figures 7, 8 and 9), and is potentially influenced by surface buoyancy flux and advection
of anomalous low-salinity near-surface waters that may affect the extent of winter convection. Conclusions
about the interannual variability of LBE, and possible winter amplification through convective processes
cannot be drawn given the limited duration of our observations.

6. Summary and Conclusions

A detailed description of the vertical and radial structure, evolution in time, and dynamical characteristics of
the Lofoten Basin Eddy (LBE) is given using 3 years of Seaglider observations from July 2012 to July 2015.
LBE has a mean radius of 18 6 4 km and peak azimuthal velocity of 0.5–0.7 m s21 located at the depths
between 700 and 900. LBE is nonlinear and characterized by Rossby number varying between 20.4 and
20.8. Geostrophy accounts for 44% in the cyclogeostrophic balance. Vorticity near the core approaches –f,
the theoretical limit for centrifugal instability for barotropic eddies. Burger number is 2.7 6 1.0, on the aver-
age, indicating that the deformation radius is comparable to the LBE radius.

Using the Seaglider observations from eight realizations of LBE as a baseline, the accuracy of basic eddy
characteristics (for LBE) obtained from standard, gridded satellite altimetry products is evaluated. The loca-
tion of the eddy center is successfully inferred from satellite altimetry to within one half LBE radius. The
accurate positioning of the eddy center also allows for reliable estimates of eddy translation track and
velocity, which compare well with the glider data. Altimeter-based results, however, overestimate the radius
and underestimate the vorticity by a factor of 2.

The time evolution of the weakly stratified layers observed within 5 km of the eddy center, reveals the for-
mation of a new core layer each winter from 2013 to 2015. As time progresses, the cores deepen. The obser-
vation period experienced a freshening event in 2014, which likely played a role in inhibiting deep
convection the following winter. Through the period of observations, the salt content of the background
surroundings outside the eddy decreases significantly. The heat and salt content anomaly in the core com-
pared to the background decreased less rapidly. This implies that the rim region, characterized by higher
variability and more rapid reaction to changes in the basin, is a buffer zone for lateral exchange and interac-
tions with other eddies. The interannual variability, effect of winter convection, the mechanisms of lateral
and vertical mixing, role of eddy periphery, and interactions with eddies shed from the boundary current
merit continued investigation for multiple years throughout the annual cycle. Persistent autonomous obser-
vations such as demonstrated here are feasible in winter and can yield detailed information.
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