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ABSTRACT: The boundary current system in the Labrador Sea plays an integral role in modulating convection in the
interior basin. Four years of mooring data from the eastern Labrador Sea reveal persistent mesoscale variability in the
West Greenland boundary current. Between 2014 and 2018, 197 middepth intensified cyclones were identified that
passed the array near the 2000-m isobath. In this study, we quantify these features and show that they are the downstream
manifestation of Denmark Strait Overflow Water (DSOW) cyclones. A composite cyclone is constructed revealing an
average radius of 9 km, maximum azimuthal speed of 24 cms ™!, and a core propagation velocity of 27 cms™ L. The core
propagation velocity is significantly smaller than upstream near Denmark Strait, allowing them to trap more water. The
cyclones transport a 200-m-thick lens of dense water at the bottom of the water column and increase the transport of
DSOW in the West Greenland boundary current by 17% relative to the background flow. Only a portion of the features
generated at Denmark Strait make it to the Labrador Sea, implying that the remainder are shed into the interior Irminger
Sea, are retroflected at Cape Farewell, or dissipate. A synoptic shipboard survey east of Cape Farewell, conducted in
summer 2020, captured two of these features that shed further light on their structure and timing. This is the first
time DSOW cyclones have been observed in the Labrador Sea—a discovery that could have important implications for
interior stratification.
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1. Introduction can occur directly within the western boundary current of the
Labrador Sea (Pickart et al. 2002). By contrast, the overturning
in depth space is limited to the boundary. This is because
planetary geostrophic dynamics limit the degree of sinking in
the interior, while dissipation and eddy fluxes over the conti-
nental slope can allow such constraints to be broken (Spall
2010; Cessi and Wolfe 2013).

The boundary current system of the Labrador Sea, part of
the cyclonic circulation of the subpolar gyre, is composed of
several components. On the eastern side there is the West
Greenland Coastal Current on the shelf (WGCC;e.g., Lin et al.
2018), the West Greenland Current (WGC) in the vicinity of
the shelf break (e.g., Lazier and Wright 1993; Rykova et al.
2015), and the deep western boundary current at depth
(DWBC; Dickson and Brown 1994) (Fig. 1). Part of the WGCC
and WGC continue northward into Baffin Bay, while the re-
maining portion of these two components, along with the
DWBC, flow cyclonically around the top of the basin to the
Labrador side. There the flow is joined by the outflow from
Baffin Bay. This consists of the Labrador Coastal Current and
the Baffin Island Current near the shelf break, which merges
with the recirculated WGC to form the Labrador Current.

A recent study of the West Greenland boundary current
system, using four years of mooring data from the Overturning
in the Subpolar North Atlantic Program (OSNAP) array west
of Cape Farewell [Fig. 1; OSNAP West Greenland (WG)],
quantified the different water masses and their transports (see
Fig. 5 of Pacini et al. 2020). Altogether there are five water
masses in the boundary current system (Fig. 2b), which vary in
Corresponding author: A. Pacini, apacini@whoi.edu properties and transport on a seasonal basis. Cold and fresh

The boundary current system encircling the Labrador Sea
plays a pivotal role in the warm-to-cold water mass transfor-
mation that occurs in the sea, which contributes to the Atlantic
meridional overturning circulation (AMOC). In the interior
of the basin, newly ventilated Labrador Sea Water is formed
through deep convection (e.g., Clarke and Gascard 1983; The
Lab Sea Group 1998; Pickart et al. 2002). This weakly stratified
water mass helps to maintain the hydrographic structure of the
subpolar North Atlantic (Talley and McCartney 1982; Sy et al.
1997; Rhein et al. 2002) and serves to sequester carbon at depth
(Takahashi et al. 2009; Khatiwala et al. 2013). The ability of the
rim current to flux heat and freshwater into the interior basin
(e.g., Pickart 1992; Lilly et al. 1999; Kawasaki and Hasumi
2014) modulates the convection by influencing both the pre-
conditioning and restratification process (Katsman et al. 2004;
Chanut et al. 2008).

Observations and models indicate that the overturning in
depth and density space in the Labrador Sea are not collocated,
though both are impacted by boundary current processes
(Spall and Pickart 2001; Pickart et al. 2002; Spall 2004; Pickart
and Spall 2007). While the deepest mixing occurs in the middle
of the basin (Clarke and Gascard 1983), the diapycnal trans-
formation there is impacted by eddies emanating from the
boundary current that flux heat and freshwater to the interior
(e.g., Lilly et al. 1999,2003). At the same time, deep convection
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FIG. 1. (a) Irminger and Labrador Sea circulation schematic, with the OSNAP WG, OSNAP
EG, and DS arrays labeled. Currents are labeled as follows: Irminger Current (IC); East
Greenland Coastal Current (EGCC); East Greenland Current (EGC); deep western boundary
current (DWBC); West Greenland Coastal Current (WGCC); West Greenland Current
(WGC); Labrador Coastal Current (LCC); Labrador Current (LC). The red lines denote warm
currents. (b) Zoomed-in schematic [gray box in (a)] of the circulation near Cape Farewell,
Greenland, with the moorings of the OSNAP EG and OSNAP WG arrays labeled. The

bathymetry is from ETOPO2.

Arctic-origin water and meltwater from Greenland combine to
form Upper Polar Water (UPW; Rudels et al. 2002; Sutherland
et al. 2009), which is found in the upper portion of the WGC
as well as the WGCC. Labrador Sea Water (LSW), formed
through wintertime convection in the Labrador and Irminger
Seas, is found offshore of the boundary current and at the
base of the WGC, with seasonally varying transport. Irminger
Water (IW), a form of subpolar mode water, is found in the
core of the WGC (between 400 and 600 m), and its transport is
inversely proportional to that of LSW (Pacini et al. 2020). In
particular, when the transport of LSW is high (at the end of
the convective winter period), the transport of IW is low.
Conversely, when the transport of LSW is low (at the end of
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the summer), the transport of IW is high (Le Bras et al. 2020;
Pacini et al. 2020).

The deep part of the boundary current system advects
roughly equal amounts of Northeast Atlantic Deep Water
(NEADW) and Denmark Strait Overflow Water (DSOW),
both of which are important components of the AMOC
(Dickson and Brown 1994). NEADW represents overflow
waters emanating from the eastern part of the Greenland-
Scotland Ridge (Lee and Ellett 1965), and DSOW repre-
sents overflow waters emanating from the Denmark Strait
(Dickson and Brown 1994; Tanhua et al. 2005; Hopkins et al.
2019). DSOW is denser, colder, and fresher than NEADW,
and neither water mass exhibits seasonality in properties or
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FIG. 2. (a) Instrumentation of the OSNAP WG mooring array. The nominal depths of the sensors are indicated by the solid symbols (see
the legend), and the shading indicates the instrumentation blowdown ranges. MC indicates MicroCAT, AQ indicates Aquadopp, ADCP
indicates acoustic Doppler current profiler. Black contours denote the 4-yr mean along-stream velocity (cm s~ !) in the absence of eddy
activity. The bathymetry is from the shipboard echosounder on R/V Knorr. (b) Mean vertical section of temperature (color; °C) and
isopycnals (contours; kg m ™) in the absence of eddy activity. The locations of the five water masses discussed in the text are labeled.

transport. In the mean, the DWBC transports 5.5 = 0.5Sv
(1Sv=10°m>s"") of NEADW and 5.0 + 0.3 Sv of DSOW
(where the uncertainty is the standard error; Pacini et al. 2020).
It should be noted that overflow waters are typically defined as
waters denser than 27.8kgm > (Dickson and Brown 1994),
but, as shown in Pacini et al. (2020), this definition excludes the
upper portion of NEADW transport in the West Greenland
boundary current. Using this historical definition, the overflow
transport of the boundary current is underestimated by more
than 2 Sv.

The Labrador Sea has long been identified as a region with
high eddy kinetic energy (e.g., Gascard and Clarke 1983;
Lilly et al. 1999, 2003; Eden and Boning 2002; Prater 2002;
Chanut et al. 2008). This has been demonstrated from moor-
ings (Lilly et al. 1999; de Jong et al. 2014), drifting profilers and
gliders (Prater 2002; Hattin et al. 2007; Frajka-Williams et al.
2009), surface altimetry (Heywood et al. 1994; Brandt et al.
2004), and modeling studies (Katsman et al. 2004; Gelderloos
et al. 2011; de Jong et al. 2014; Rieck et al. 2019). The meso-
scale variability has been divided into three main categories: 1)
Irminger rings, which are large (30-60-km diameter) anticy-
clonic features shed from the WGC that carry warm, salty IW
southwestward across the Labrador Sea (e.g., Lilly and Rhines
2002; Lilly et al. 2003; Hattn et al. 2007; de Jong et al. 2016).
They are formed due to the interaction of the boundary current
system with the steepening topography of the continental slope
near 61°N (Eden and Boning 2002; Bracco and Pedlosky 2003;
Wolfe and Cenedese 2006; Bracco et al. 2008). 2) Convective
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eddies, which are small-scale features (20-30-km diameter)
formed via baroclinic instability of hydrographic fronts near
sites of deep convection (Chanut et al. 2008). 3) Boundary
current eddies, which arise due to baroclinic instability of the
cyclonic boundary current as it flows around the basin (Chanut
et al. 2008). Numerical sensitivity experiments have sought to
diagnose the relative importance of these features in the
transport of heat and freshwater to the convective region as
well as their contribution to the stratification of the interior
(e.g., Chanut et al. 2008; Gelderloos et al. 2011; Rieck et al.
2019). While results differ, it is clear that these features, in
particular the Irminger rings and boundary current eddies, are
important for regulating the strength of convection, the pro-
duction of LSW in the Labrador Sea, and the restratification of
the basin in spring/summer.

Upstream, along the east coast of Greenland, a fourth
kind of eddy has been identified: middepth intensified
DSOW cyclones. These are formed as the dense overflow from
the Nordic Seas descends from the Denmark Strait into the
Irminger Sea and stretches, thereby generating cyclonic vor-
ticity (Spall and Price 1998). Similar features have been found
due to cascading of dense shelf water in the northwestern
Mediterranean Sea (Bosse et al. 2016). While these eddies arise
from a steady outflow in the model of Spall and Price (1998),
recent evidence suggests that their formation is triggered by
mesoscale variability in the vicinity of the sill. Two domi-
nant modes of variability have been identified in Denmark
Strait, known as boluses and pulses, based on observations
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(von Appen et al. 2017; Mastropole et al. 2017) and models
(Almansi et al. 2017). Both features are associated with in-
creased DSOW transport through the sill (von Appen et al. 2017)
and are formed by baroclinic instability of the hydrographic front
between the warm northward-flowing water adjacent to Iceland
and the cold southward-flowing water in the strait (Spall et al.
2019). von Appen et al. (2017) argue that boluses lead to strong
DSOW cyclones downstream, while pulses result in weaker
DSOW cyclones. Using a high-resolution numerical model,
Almansi et al. (2020) found a one-to-one correspondence be-
tween boluses/pulses and the downstream cyclones.

Using data from a yearlong mooring array 280 km south of
Demark Strait (Fig. 1a; DS array), von Appen et al. (2014)
quantified the statistics of the DSOW cyclones and found that,
on average, the features passed by the array every other day,
most often near the 900-m isobath. They propagate faster than
the mean current and experience a vortex stretching of 40% as
they descend from the sill to the array site. The self-propagation
of these features is consistent with the topographic Rossby
wave speed (Nof 1983; Pedlosky 2003), indicating that the self-
propagation of DSOW cyclones is due to the restoring force
provided by potential vorticity gradients to a vortex column
stretching (Spall and Price 1998; von Appen et al. 2014). Evidence
from satellites indicates that they move offshore as they progress
southward (Bruce 1995). Previously, the DSOW cyclones were
thought to dissipate before reaching the southern tip of Greenland.
However, during the initial deployment of the OSNAP mooring
array east of Cape Farewell [Fig. 1; OSNAP East Greenland
(EG)], shipboard measurements detected one of these
features. Since then, the cyclones have been measured during
subsequent OSNAP mooring recovery/deployment cruises,
on both sides of Cape Farewell.

The extensive body of work on eddies of the Labrador Sea,
described above, rarely documents instances of middepth in-
tensified cyclonic features in the boundary current. This leads
to questions such as the following: Do DSOW cyclones regu-
larly progress around Cape Farewell? If so, how often and in
what manner do they influence the boundary current and in-
terior Labrador Sea? This study addresses these questions by
first quantifying the statistics of cyclonic eddy presence in the
OSNAP EG and OSNAP WG mooring arrays. Subsequently, a
composite cyclone for the West Greenland boundary current is
constructed, which highlights the relevant spatial and temporal
scales associated with these features, as well as the azimuthal
and core propagation velocities. The influence of the cyclones
on the transport of the boundary current is then investigated,
and, finally, a comparison with shipboard hydrographic data
is presented. Together, this evidence reveals that DSOW cy-
clones are a ubiquitous feature of the Labrador Sea boundary
current system and constitute the dominant source of subsur-
face mesoscale variability in the region near Cape Farewell.

2. Data and methods
a. Mooring and shipboard data

We focus on the OSNAP mooring array located on the
West Greenland shelf and slope in the eastern Labrador Sea,
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to investigate cyclonic eddy activity (Fig. 1; OSNAP WG).
The array was deployed in August 2014 and has been ser-
viced every two years since then. It consists of 10 moorings:
three bottom tripods on the shelf (LS1-LS3), five full-depth
moorings (LS4-LS8), and two bottom-instrumented moor-
ings (DSOW3-DSOW4). The moorings are spaced ~15km
apart, with tighter station spacing on the shelf and larger
distances off the shelf and slope. In this study, we use the
first four years of data, from August 2014 to September 2018
(subsequent to 2018, more shelf tripods were added to the ar-
ray). The instrumentation in the array consists of 49 Sea-Bird
SBE37 MicroCATs that measure pressure, temperature, and
conductivity; 33 Nortek Aquadopp current meters providing
point measurements of velocity; and eight acoustic Doppler
current profilers (RDI ADCPs, 300 and 75kHz) that obtain
vertical profiles of velocity (Fig. 2a).

Hourly vertical sections were constructed using Laplacian—
Spline interpolation (Smith and Wessel 1990). The gridded
product has 100-m vertical resolution and 5-km horizontal
resolution. The variables are potential temperature referenced
to the sea surface (hereafter referred to as temperature), prac-
tical salinity, potential density referenced to the sea surface
(hereafter referred to as density), and along-stream and cross-
stream velocity. The processing, data return, accuracy, and
gridding are discussed in detail in Pacini et al. (2020). Overall,
the data return and quality were excellent and provide hourly
renderings of the boundary current system from August 2014
to September 2018. The velocity data were detided using the
harmonic tidal routine T_TIDE (Pawlowicz et al. 2002), and
then rotated such that the cross-stream velocity of the array
was minimized. Positive along-stream velocity u is directed
toward the northwest (318°T), and positive cross-stream ve-
locity v is directed offshore, toward the southwest (228°T).
Unless specified, the data presented in this study are from in-
dividual instrument time series. The gridded product is used to
obtain transport estimates of the boundary current. Additionally,
the gridded product is used to compute Ertel potential vorticity 11,
defined as

_fob_loudb  loudb

== =,
goz gaz dy

gaydz M

where the buoyancy is b = —gp/p,, p is the density, p, is the
reference density, the cross-shelf direction is y, and the vertical
direction is z (e.g., Pickart et al. 2005; Spall and Pedlosky 2008;
Lin et al. 2018). This formulation neglects downstream varia-
tions, which cannot be measured with a two-dimensional array.
We note, however, that assuming du/dy = —dv/dx, as would be
the case for a symmetric eddy, does not impact the results
presented below. The value of II is smoothed using a 300-m
filter in the vertical and a 3-h temporal filter.

Additionally, the detided, nongridded data from the OSNAP
EG moorings are used to compare cyclone statistics between
the east and west sides of Cape Farewell. Details on the
processing of these data, as well as the mean conditions and
seasonality at the array site, can be found in Le Bras et al.
(2018) and Hopkins et al. (2019). The detiding has been
performed using the same harmonic tidal routine as the
OSNAP WG data.
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FIG. 3. Example of a cyclonic eddy at LS6 in the GUI on 17 Nov 2014. (top) Along-stream velocity, (middle) cross-stream velocity, and
(bottom) temperature (color) with density contoured (kg m ™). The depth of the 500-m instrument is plotted in each row (thick line) to
highlight instrument blowdown. The user selects the start point, end point (filled circles), and center of feature (dashed line).

Last, shipboard hydrographic data are used from the
OSNAP mooring servicing cruise in summer 2020 aboard
the R/V Neil Armstrong from 23 June to 27 July. Conductivity—
temperature-depth (CTD) casts were occupied using a Sea-
Bird 911+ mounted on a 24-position frame with 10-L Niskin
bottles at 5-km station spacing. Salinity samples were taken
from the bottles to calibrate the conductivity sensors. The
accuracy of the temperature and salinity measurements are
estimated to be 0.001°C and 0.002, respectively. Armstrong’s
hull-mounted Ocean Surveyor 38-kHz ADCP provided ve-
locity profiles of the upper 1000m. Vertical sections were
constructed in the same manner as for the mooring data. The
hydrographic variables have a horizontal spacing of 3km and
vertical spacing of 5 m, and the velocity data have a horizontal
spacing of 5 km and vertical spacing of 30 m.

b. Eddy identification graphical user interface

Following the method used by von Appen et al. (2014) to
identify eddy variability at the DS array (Fig. 1), we designed
and implemented a graphical user interface (GUI) to select
instances of cyclonic and anticyclonic eddy activity, as well as
the presence of dipole pairs. Only the cyclones are addressed in
the present study. The anticyclones and dipole pairs are a dy-
namically distinct phenomenon and are being investigated in a
separate study.
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Dynamically, if the center of the feature passes close to a
given mooring, the along-stream velocity is enhanced due to
the core propagation speed of the eddy (the azimuthal flow is
in the cross-stream direction in this case). If the eddy center
passes offshore (onshore) of the mooring, the azimuthal flow
enhances (reduces) the along-stream velocity. A feature must
satisfy three criteria to be considered an eddy:

1) an intensification or reduction in the along-stream velocity;

2) areversal in the cross-stream velocity (offshore to onshore
for cyclonic; onshore to offshore for anticyclonic; offshore
to onshore to offshore or vice versa for dipole pair); and

3) an increased presence of dense water in the bottom 500 m
of the water column, as deduced from the temperature
record and isopycnal displacements (discussed in more
detail below).

An example of a cyclonic eddy passing by mooring LS6 is
shown in Fig. 3 (details of these features are discussed in the
results section below). The GUI displays time series of along-
stream and cross-stream velocity as well as temperature at four
different moorings, plotted over three days. The user selects
the type of feature (cyclone, anticyclone, or dipole pair) and
then chooses the start point, end point, and center time of
the feature. In general, features only appeared at one mooring,
meaning that the spacing of the mooring array was not sufficient
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FIG. 4. (a) Statistics and lateral distribution of the cyclones, as determined from the GUI. Individual features are plotted as discrete
symbols. The left axis is the isobath, and the right axis indicates the corresponding mooring (blue lettering for the OSNAP EG moorings;
black lettering for the OSNAP WG moorings). (b) Histogram of identified cyclones per mooring.

to fully resolve the eddies. This indicates that the radius of the = by the OSNAP EG array. However, it was impossible to match
various features is smaller than the distance between moorings.  individual eddies at the two sites using this approach. At the
However, the features typically have diameters close to 18km  OSNAP WG array, the focus of this study, cyclones typically
[derived in section 3b(3)], while their cross-stream signals ex- take 70h to transit past the mooring array, and, in total,
hibit anomalously large values (>10 cms~!) at diameters of up  instances of cyclonic activity account for 29% of the 4-yr
to 30km. At the EG array, the maximum spacing between mooring record as defined by the identification method
moorings is 17km (17 km between CF6 and CF7 and 16km  described in section 2b.
between CF7 and M1), and at the WG array, the maximum
spacing between moorings is 26 km (14 km between LS5 and
LS6 and 26 km between LS6 and LS7, see Fig. 2). Hence it is 1) MODEL EDDY
unlikely that an eddy would pass the mooring array (either EG
or WG) without detection. The user can select more than one
feature at a given time step (e.g., an anticyclone at LS5 and a
cyclone at LS7).

Using the GUI, all four years of OSNAP WG and EG
mooring data (2014-2018) were inspected and periods of eddy
activity identified.

b. Cyclone characteristics

Of the 197 cyclones identified at OSNAP WG, 134 passed
the array near LS6, which is located at the 2000-m isobath and
is offshore of the main core of the WGC (Fig. 2). To create an
unbiased composite feature, we identified all of the instances
where the center of the cyclone passed close to LS6, and only
these realizations were used in the average. This was done
based on a criterion of double blowdown of the mooring and
using a model eddy to test the sensitivity of this metric to a
3. Results range of parameters.

When the center of an eddy passes close to the mooring, it
blows the instrumentation down twice—once at the leading

Using the GUI described in section 2b, all middepth cy- edge and once at the trailing edge—associated with the maxi-
clones were identified at the two arrays, revealing 324 features ~ mum offshore and onshore azimuthal velocity, respectively. By
at OSNAP EG and 197 features at OSNAP WG. This trans-  contrast, if an eddy passes onshore or offshore of the mooring,
lates into one cyclone every 4.5 days at EG and one cyclone such that its center remains farther than the eddy radius away
every 7.6 days at WG. Assuming that the moorings donot miss ~ from the mooring location, it only blows the instrumentation
features (see section 2b) and that all of the features originate at  down a single time, associated with the southward or north-
Denmark Strait [see section 3b(2)], this indicates that 60% of  ward azimuthal velocity. In our analysis, to be considered a
cyclones identified along East Greenland are also observed centered feature, the eddy had to blow down the mooring’s top
along West Greenland (Fig. 4). This reduction in the number of  float at 100 m to a depth of 240 m twice, with a rebound above
cyclones may be related to the observed loss in transport of 215 m between these maxima. Using a Gaussian model eddy,
the WGC and DWBC due to retroflection at Cape Farewell ~we can evaluate how successful this criterion is at capturing

a. Statistics

(Holliday et al. 2007, 2009). the centered features.
There was no seasonality in the occurrence of the cyclones. For a perfect Gaussian eddy, the azimuthal flow is given by
At both arrays, the features were predominantly found off-
shore of the East Greenland Current (EGC)/WGC near the ur r\’
2000-m isobath, at moorings CF6/CF7/M1 (EGC) and LS6 w( =% eXp{O'S {1 - (Rj) } @

(WGC) (Figs. 4a,b). Feature tracking between the EG and WG

arrays was attempted in order to connect the cyclones around  where R, is the radius of maximum azimuthal velocity v,, and
Cape Farewell. We considered a range of core propagation rindicates the distance from the center of the feature (Martin
speeds [discussed in more detail in section 3b(3)] to estimate  and Richards 2001). We prescribed the radius and azimuthal
when a given eddy sampled at OSNAP WG might have passed  velocity of the model eddy to be 9km and 24 cms ™, respectively
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FIG. 5. Model Gaussian eddy (a) azimuthal speed and (b) speed as a function of offset and time (axis
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mooring top float (nominally at 100 m, in actuality, the first deployment was at 89 m and the second deploy-
ment was at 97 m) and the speed sampled by the mooring. A quadratic fit is shown in red, and the standard
deviation of the fit is indicated by the red dashed lines. (d) Blowdown as a function of offset and time, fol-
lowing the quadratic relationship in (c). Gray dashed lines indicate the thresholds the instruments must meet
to be considered centered. The curve for zero offset is colored red. Positive (negative) offset indicate the

onshore (offshore) side of the eddy.

(Fig. 5a). Next, a background velocity u;, = 23 cms ™! was applied
throughout the domain, and a propagation velocity u. = 27 cms !
was imposed within the feature. These values are based on the
mooring observations detailed below in sections 3b(2) and
3b(3). The three velocities, up, u., and v, were then used to
calculate the along-stream and cross-stream velocity at each
grid point according to the following equations,

u(r,0) =u, +u (r=2R))+uv,(r)cosd, and 3)
v(r,0) = v, (r)sin, 4

where r = y/x2 + )2 is the distance from the center of the fea-
ture, and 6 is the angle measured clockwise from y = 0 (von
Appen et al. 2014). The y axis is converted from distance to
time utilizing u;, + u., which is necessary in order to compare
the results of the model to the mooring time series. As shown
in Fig. 5b, the projection of the azimuthal velocity onto the
along-stream velocity at locations away from x = 0 produces
a resultant speed larger (smaller) than u; + u. at locations
onshore (offshore) of the center of the feature.
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Subsequently, using the hourly mooring data, we derived a
relationship between average speed measured by the mooring
between 500 and 1500 m and the depth to which the mooring
instrumentation was blown down. This relationship is qua-
dratic and has previously been documented for other moorings
(e.g., Hogg 1986, 1991). While the quadratic relationship is
consistent among mooring arrays, the specific coefficients of
the fit will vary as a function of mooring design. As shown in
Fig. 5c, the quadratic fit to our mooring data is robust, with an
r* of 0.7, and provides a way to convert speed into blowdown
depth for the model eddy. Doing so produces a map of blow-
down as a function of time and offset from the center of the
model eddy. Finally, we took slices through the feature at given
offsets, where the resulting blowdown time series are shown in
Fig. 5d. This reveals that only features sampled less than 1 km
from their center meet the specified criterion (blowdown to
240 m twice, with a rebound to shallower than 215 m between
the two). To gauge the uncertainty, we performed the same
analysis using the upper and lower confidence bounds on the
quadratic relationship in Fig. Sc, which indicate that only
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features sampled less than 2 km away from the center exhibit
the blowdown signature described. This information is used
below to compute error bounds on our eddy observations.

2) COMPOSITE FEATURE

Using the above blowdown criteria, we identified 26 features
that passed by the array centered at LS6 (i.e., the eddy centers
were within 1km of the mooring). Since each of them took
approximately 70 h to do so, as the core propagation velocity
was similar [see Fig. 7a, described in section 3b(3)], no time
normalization was necessary. Using the identified start, stop,
and center points, these features were aligned, and a composite
eddy was created. We note that the features do not exhibit
significant differences between the OSNAP EG and WG lines,
hence only the WG composite is presented.

As seen in Fig. 6, the cyclones are associated with middepth
intensification of the along-stream and cross-stream flow, co-
incident with pinching of the isopycnals and anomalously high
Ertel potential vorticity with respect to noneddy times. This
region of high potential vorticity is the core of the eddy,
bounded by the 27.65 and 27.8kgm ~* isopycnals, and repre-
sents water that emanated from Denmark Strait (Spall and
Price 1998) that became warmer and more saline due to en-
trainment downstream of the sill. Between the OSNAP EG
and WG arrays, the 7/S properties of this density class remain
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consistent. Additionally, the features exhibit a lens of anoma-
lously dense water in the bottom 800 m of the water column
(note, for example, the 200-m displacement of the 27.8 kgm >
isopycnal). The along-stream velocity has a maximum, be-
tween 500 and 1000 m, as the center of the feature passes by.
The cross-stream velocity has a maximum directed offshore
(onshore) approximately 10 h before (after) the center of the
feature goes by.

The cross-stream velocity signature of the composite feature
is not completely symmetric. In particular, at the leading edge
of the cyclone there is a single core of maximum azimuthal
velocity around 800 m, while at the trailing edge, the feature
has two cores of maximum velocity—one centered at 500 m
and the second at 1200 m (Fig. 6d). This is true of 22 of the 26
features used to create the composite. It is important to note
that this minimum in the azimuthal velocity is sampled by the
instrumentation (i.e., it is not an artifact of interpolation), as
the 750-m MicroCAT and Aquadopp are blown down during
eddy passage to sample this minimum. One possible explana-
tion for this asymmetry is due to the fact that the cyclones
typically pass the mooring array at a different angle than that of
the mean flow, hence part of the along-stream flow of the eddy
is projected into the cross-stream direction. This enhances the
azimuthal velocity on one side of the feature and reduces it on
the other side, while also altering the vertical distribution of the
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FIG. 7. (a) Decomposed depth-averaged velocity components for centered cyclones at LS6 (see the legend).
(b) The azimuthal velocity from (a) (green curve) and the fitted perfect Gaussian (blue curve). The radius of
maximum azimuthal flow R, is indicated. The black dots in (a) and (b) are the values of u. + u;, and v,, respectively,
from the individual eddies used to compute the composite feature.

velocity signal. We investigated this effect by constructing a
series of composites where the along-stream velocity was taken
to be directed at an angle with respect to the mean flow (for
a range from —15° to 15° off the direction of mean flow).
However, this was not enough to explain the observed asym-
metry. Another possibility is that the speed measured by the
mooring, and thus the degree to which the instruments are
blown down in the water column, is not symmetric over the
course of the feature. This would lead to different sampling
depths on either side of the feature, which could bias the re-
sults. While there were differences in some of the cases, overall
the instrumentation blowdown was not significantly differ-
ent on either side of the feature. As such, the asymmetry of
the azimuthal flow structure of the eddies remains an open
question.

3) VELOCITY STRUCTURE

Using the composite centered cyclone, we seek to decom-
pose the flow field (u, v) in order to determine the propagation
speed and azimuthal speed of these features. For the following
calculations, the time axis has been converted to a distance axis
using the propagation speed derived below, and we consider
the depth-averaged flow. Following von Appen et al. (2014),
the flow is decomposed into

u(x) =u, +u(x), and 5)
v(x) =v, +v,(x), (6)

where u;, and v, indicate the background along-stream and
cross-stream velocity, in the absence of eddy activity (including
anticyclonic and dipole activity), u. represents the along-
stream propagation of the cyclones, and v, is the azimuthal
flow of the eddy. The maximum of «, is the core propagation
velocity, which represents the flow at which the volume of
trapped water in the eddy moves along the slope. Given the
ability of our criterion to identify centered features, the offset
(6) in Egs. (3) and (4) is 90° and thus the projection of the
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azimuthal velocity onto the along-stream direction can be ne-
glected, resulting in the simplified formulation presented in
Egs. (5) and (6). The sum of the background flow and the core
propagation velocity is the translation speed of the feature. We
note that in von Appen et al. (2014) the moorings were spaced
close enough together that the lateral structure of a feature
could be described (i.e., cyclones were observed simulta-
neously at more than one mooring), but they did not resolve
the depth structure due to moored CTD profiler failure during
strong blowdowns. This allowed them to create a lateral
composite eddy (in the x—y plane), as opposed to the depth
composite (in the x—z plane) presented here.

Figure 7a shows the components of depth-averaged flow in
Egs. (5) and (6), where the time axis has been transformed to a
distance axis using the deduced translation speed, u; + u,. The
background time- and depth-averaged along-stream velocity in
the absence of eddies (i) is on the order of 20 cms ™!, much
larger than the background time- and depth-averaged cross-
stream velocity (v,), which is near zero. Subtracting u; from
the composite along-stream velocity of the centered features
(Fig. 6¢) gives the propagation velocity of the cyclone u.(x).
This reaches a maximum of 27 = 8cms ™! at the center of the
feature (the core propagation velocity), then returns to near
zero outside of the core radius of the eddy. In the region out-
side of the core, u, reflects the dynamically induced circulation
due to the translation of the eddy. A similar u.(x) profile is
obtained when doing the analogous calculation at mooring LS5
(Uemax = 30cm sfl) and LS7 (¢¢max = 35cm sfl). It should be
noted, however, that only one feature passed centered at LS5
and one at LS7. Subtracting v, from the composite cross-
stream velocity of the centered features (Fig. 6d) gives the
azimuthal flow of the cyclone v,(x). This reveals a maximum
azimuthal velocity of 24 + 0.6cms™ ' at a radius of 9 = 1km
(21cms™! at 6km for LS5; 25cms™! at 12km for LS7).
Additionally, included in Figs. 7a and 7b are the depth-averaged
velocity profiles for each of the 26 cyclones that constitute the
composite feature. Table 1 presents the derived velocities for
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TABLE 1. Composite properties and statistical average and standard deviation for the 26 centered eddies.
Total along-stream flow Core propagation velocity ~Azimuthal speed Radius DSOW Rossby
Up + Uemax (€M sh Uemax (€M sfl) Ugmax (€M 571) R, (km) transport (Sv)  number
Composite cyclone 518 27 =8 24 + 0.6 9+1 0.44
Individual cyclones 5127 28 £7 30£8 105 55+1.7 0.62 =03

the composite cyclone, as well as the average and standard
deviation of these properties for the 26 individual features that
make up the composite. As these statistics reveal, the derived
properties (U¢ max, Vamax, and R,) are consistent between the
composite and the average of the individual features.

Returning to the perfect Gaussian eddy introduced in
Eq. (2), we take R, to be 9km and v, to be 24 cm s~!, based on
the composite at LS6 (Fig. 7a). The resulting azimuthal flow of
the perfect Gaussian eddy shows excellent agreement with the
data (cf. the blue and green curves in Fig. 7b). The value of R,
(for each of the moorings) is consistent with the fact that the
cyclones were only detected at a single site; that is, their radii
are smaller than the mooring spacing (~15 km). Using both the
composite feature and the individual features, Rossby numbers
are found to lie between 0.4 and 0.6, indicating that the cyclo-
strophic effects are important and the centrifugal term impacts the
velocity structure within the features (e.g., McWilliams 1985).

The derived core propagation velocity of these cyclonic
features (27 cms ™ ') can be compared to that of a topographic
Rossby wave in the long-wave, linear limit,

_gdH

fdy’

where g is the reduced gravity and dH/dy is the topographic
slope (Nof 1983; Pedlosky 2003). Using the mooring and
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shipboard echosounder data, respectively, to determine values
of g (9.5 X 10"*ms™2, calculated using a layerwise approxi-
mation near the 27.75kgm > isopycnal) and dH/dy (0.03),
a Rossby wave propagation of 23cms™! is estimated. This
compares well with the observed core propagation velocity of
the cyclones.

It is enlightening to compare these derived eddy properties
to those discussed in von Appen et al. (2014) for DSOW cy-
clones 280 km south of Denmark Strait. Using their mooring
data (Fig. 1; DS array), von Appen et al. (2014) diagnosed a
mean radius R, of 7.8km, a maximum azimuthal velocity of
22cms !, and an eddy core propagation velocity of 45 cms ™.
While the first two estimates are very similar to the values
deduced here (9km and 24 cms™’, respectively), the core
propagation velocity near Cape Farewell is significantly slower
(27 cms™ ). This is important because at the DS array the cy-
clones are less able to kinematically trap water, that is, 1, max >
U, max (Flierl 1981). By contrast, one sees in Fig. 7a that u, max iS
comparable to v, max at the WG array. This suggests that, as
the features progress southward, they slow to the point where
they may be able to trap water in a wider radius. However, in
both regions the water mass at the core of the eddies must be
translated with the features since it is this high potential vor-
ticity water that is responsible for the eddy itself. We note
that both the translational speed and azimuthal flow of the
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FIG. 8. Depth-dependent velocity structure of composite cyclone. (a) Depth-dependent
profiles of u. from 10 h before to 10 h after the center of the feature (gray lines), average profile
of u, during this 20-h period (black line), and the Gaussian fit to the depth-dependent u,. (red
line). Black squares indicate mean instrument depths. (b) Depth-dependent ratio of v,/u,.
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composite eddy are depth dependent (Figs. 6¢,d). However,
the background velocity is also depth dependent, such that
the vertical profile of u, max/Vs max Temains of order one versus
depth (Fig. 8). Hence, water can be trapped throughout the
water column, including the DSOW in the bottom layer.
Using the vertical profiles of velocity obtained from the
observations, we extended the formulation of the model eddy
in section 3b(1) so that it varies with depth. To do so, we fit a
Gaussian to the vertical profiles of u. and v,, and applied a
linear fit to the vertical profile of u, (see Fig. 8a for the
Gaussian fit to u.). In the reference frame moving with the
eddy, the streamlines were then computed at different depths.
Closed streamlines represent regions where fluid can be trap-
ped, and our calculation revealed that the model cyclone traps
water at all depths below 400 m, with a maximum trapping

radius of 20 km from the center at 900-m depth. This further
demonstrates that these features can trap water throughout
much of the water column.

c. Influence on transport

We now investigate the impact of the cyclones on the
transport of the boundary current system. The OSNAP WG
array measures all of the components of the West Greenland
boundary current, as well as an offshore cyclonic recirculation
gyre (Pacini et al. 2020). The division between the boundary
current regime and the gyre can be defined as the contour of
10% of the maximum boundary current velocity, which on
average is the 8cms ™! contour (Pickart and Spall 2007; Pacini
et al. 2020). Using this criterion, Pacini et al. (2020) calculated
a total boundary current transport of 29.9 = 0.3Sv and a

TABLE 2. Four-year mean transports for the different components of the West Greenland boundary current system, with standard error.

Total (Sv) Without all cyclones (Sv) Only centered cyclones (Sv) Difference (Sv)
Total 299 =03 29.7 =04 325+ 0.7 2.8
NEADW 55*05 55*04 6.6 04 1.1
DSOW 50=*03 47 03 55+03 0.8
o9 >278kgm > 83x02 8.0 0.2 94 +02 1.4
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FIG. 10. Results from the EGC survey performed during the July 2020 OSNAP mooring cruise. (a) Map of the survey, where blue lines
indicate ADCP sections, and red stars mark the stations of the two hydrographic sections. The two green stars indicate the center of the
EG1 and EG2 eddies. Vectors are depth-mean velocity vectors from 0 to 1000 m. The bathymetry is from ETOPO2. (b) Temperature
(color) overlain by isopycnals (contours; kg m ) for the EG2 transect. The bathymetry is shown in gray (from the multibeam echosounder
on R/V Neil Armstrong), and inverted triangles indicate the locations of the CTD stations. (c) Along-stream velocity from the 38-kHz
ADCEP for the EG2 transect. (d) As in (b), but for the EG1 transect. (e) As in (c), but for the EG1 transect. Note that the hydrographic

casts extend to 500 m, while the ADCP coverage reaches 1000 m.

recirculation transport of 1.2 = 0.2 Sv using the gridded prod-
uct described in section 2a. Following Pacini et al. (2020), we
define NEADW as water more saline than 34.92 and denser
than 27.74kgm ™3, and DSOW as water fresher than 34.92 and
denser than 27.8 kgm . These definitions account for the re-
duction in density of NEADW through entrainment along its
pathway around the subpolar gyre.

As discussed in section 3b, each cyclone is associated with an
anomalous lens of overflow water at the base of the feature.
This can be seen in the composite cyclone of Fig. 6, as well as
for individual features propagating past the array. Shown in
Fig. 9 is a depth versus time plot of along-stream velocity,
cross-stream velocity, and temperature over a three-month
period (September—-November 2014), where the passage of
cyclones is indicated along the top. All but one of the cold
anomalies at depth (between 1200 and 2000 m) were associated
with an identified cyclone.

We assess the influence of the eddies on the transport by
considering only the centered cyclones at LS6. This is because
the core propagation velocity of noncentered features will be
misrepresented by the mooring, since some of the azimuthal
flow will be folded into the alongstream transport and the
mooring could sample outside the region of core propagation.
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The results are presented in Table 2, where only the water
within the boundary current is considered (i.e., excluding the
recirculation gyre). The first column is the 4-yr mean transport
of the specified component of the boundary current, discussed
in detail in Pacini et al. (2020). When the 26 centered cyclones
identified and described in section 3b(2) are considered, it in-
dicates that the cyclonic eddies enhance the total transport of
the boundary current by 2.8 Sv. Broken down by water mass,
0.8 Sv of this increase is found in the DSOW, while the trans-
port of NEADW increases by 1.1Sv. Hence, the overflow
water transport is enhanced by 1.9 Sv over that of noneddy
periods, a 19% increase. (When considering the traditional
definition of overflow water, p > 27.8kg m 3, the increase is
1.4Sv or 18%).

von Appen et al. (2014) estimated that the DSOW cyclones en-
hance the transport of overflow waters (denser than 27.74kgm )
by 0.7-1.2 Sv at the DS mooring array south of Denmark Strait,
seemingly consistent with our result. However, when restrict-
ing their density criterion to 27.8 kg m >, they calculate an in-
crease in DSOW transport of 0.01-0.26 Sv due to the cyclones,
significantly less than that measured here. It is worth noting
that the CTD profilers on their moorings did not function when
an eddy center passed close to a mooring (due to the significant
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mooring blowdown). Hence, their transport estimates are bi-
ased low by not measuring the full extent of the dense water
lens. This makes a transport comparison between our site and
the DS array problematic. Interestingly, most of the features
measured at the DS array were located near the 900-m isobath,
while the vast majority of cyclones detected at both OSNAP
arrays were near the 2000-m isobath. It is plausible that
these are the same train of cyclones since the eddies move
downslope as they progress equatorward (Bruce 1995). In
particular, Bruce (1995) deduces a descent rate of 23mkm ™!
from satellite SST imagery, and von Appen et al. (2014) deduce
a downslope motion of 2.7 mkm ™. Integrated over the 750 km
between the DS array and OSNAP EG, this suggests the cy-
clones would descend from 900 m to approximately 2800 m
by the time they reach the OSNAP EG array (where they are
sampled at 2000 m). While this predicted descent is somewhat
larger than the actual descent observed, it is important to note
that the descent rate, which is a function of local topography,
translational velocity of the feature, and background along-
and cross-stream velocity, likely changes along the feature’s
trajectory. There were also a significant number of cyclones
sampled deeper on the continental slope at the DS array, ex-
tending to nearly 1600 m (von Appen et al. 2014). We saw no
such offshore spread of cyclones at the OSNAP WG array,
suggesting that these deeper features did not progress around
Cape Farewell.

d. Synoptic realization of cyclones from shipboard data

High-resolution hydrographic surveys of the boundary cur-
rent east and west of Cape Farewell have been performed
during each of the OSNAP mooring turnaround cruises (2014,
2016, 2018, and 2020; e.g., Lin et al. 2018). Notably, during
three of these four cruises at least one middepth intensified
cyclonic eddy, transporting enhanced overflow water at depth,
was sampled. During the 2020 cruise, a synoptic survey of
the EGC was carried out over a period of 56h (Fig. 10a).
Shipboard ADCP data were collected along each of the lines,
including measurements from the 38-kHz instrument that ex-
tended to 1000 m, while CTD stations extending to 500-m
depth were occupied on two of them (the goal was to carry out
the velocity survey quickly, with limited hydrographic cover-
age). As it happens, on both of the CTD lines we sampled a
DSOW cyclone.

These synoptic crossings of cyclones are consistent with the
individual and composite features observed at the OSNAP EG
and WG arrays. Shown in Fig. 10 are the temperature and
along-stream velocity vertical sections for both transects.
The southern cyclone, sampled at transect EG1 (Figs. 10d,e)
was sampled first. In this realization the surface-intensified
EGC was flowing southward (order 50cms™') associated
with upward-sloping isopycnals extending offshore of the
shelf break (Figs. 10d,e). Seaward of this, the isopycnals plunge
200 m and then rebound over a 20-km range, indicating the top
portion of a cyclonic feature with a radius of ~10km. This is
corroborated by the ADCP data, which extend deeper than the
CTD data and reveal a symmetric region of enhanced flow
centered near 800 m (where we would expect to see the iso-
pycnals pinching if the hydrographic coverage extended this
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deep). The velocities are directed strongly to the south on the
onshore side of the bowling isopycnals and to the north on
the offshore side. This is consistent with our observations of
DSOW cyclones at the LS6 mooring (Fig. 6), suggesting that
this transect sliced the eddy close to its center.

The EG2 transect did not sample through the core of the
northern cyclone, as evidenced by the discrepancy between its
northward and southward flow (the velocity at the offshore side
of the feature was barely reversed; Fig. 10c). The bowling of the
isopycnals was much less pronounced, again consistent with
the notion that the transect did not pass through the center
of the feature. The isopycnal bowling was closer to the
shelf break than for the EG1 transect, indicating that the
cyclone was situated closer to the EGC than the feature to
the south. Again, the cyclonic flow measured by the ADCP
was situated directly below the bowling isopycnals, where
the pinching of isopycnals of a cyclonic feature is expected.
The shallow signature of the cyclone is masked by the
EGC. While the northern cyclone is immediately adjacent
to the EGC and the southern cyclone is 20 km offshore of
the jet, the two features were propagating along the same
isobath, 2030 m, in line with the OSNAP EG and WG mooring
data indicating that the majority of cyclones pass near the
2000-m isobath.

The OSNAP EG data revealed that a cyclonic feature goes
by the array on average every 4.5 days. Is this consistent with
the two cyclones sampled during our synoptic EGC survey?
Using the background and core propagation velocity for the
composite feature computed above, we assume that the two
cyclones measured in the EGC survey are traveling southward
ataspeed of i, + U max. This allows us to estimate the distance
that the southern feature traveled between the time it was
sampled and when the northern feature was sampled. Adding
this to the distance between the two CTD sections gives the
spacing between the cyclones, which, when divided by u, +
Ucmax, provides the temporal offset between the cyclones.
Using u, = 23cm s™! and Uemax = 27cm s~! from the LS6
composite (Fig. 7a), this gives a separation time of 4.3 days,
which agrees well with the value of 4.5 days deduced from the
OSNAP EG mooring data.

4. Discussion and conclusions

Using four years of mooring data from the OSNAP WG
mooring array, abundant cyclonic eddies have been observed
throughout the length of the deployment. These features have
not been described in the Labrador Sea prior to this study,
either from an observational or modeling perspective. The
features are middepth intensified, have no apparent season-
ality in presence, can kinematically trap water, and are asso-
ciated with a 2.8 Sv increase in boundary current transport,
1.9 Sv of which corresponds to overflow waters. Most of the
features were detected by the mooring situated near the 2000 m
isobath. A composite centered eddy was constructed for this
site, revealing the structure and relevant length scales of these
features. On average they have a radius of 9 = 1km, core
propagation velocity of 27 + 8 cm s !, and maximum azimuthal
velocity of 24 + 0.6cms™ .
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These same features are also found upstream at the OSNAP
EG mooring array. Their kinematic and hydrographic proper-
ties, as revealed by the mooring arrays and a synoptic shipboard
survey, indicate that they are downstream manifestations of
DSOW cyclones, which are middepth-intensified features formed
by mesoscale variability in Denmark Strait. von Appen et al.
(2014) reported that these features occur every 2 days at a mooring
array 280km south of Denmark Strait at the 900-m isobath, while
the OSNAP EG array measures them every 4.5 days at the 2000-m
isobath and the OSNAP WG array samples them every 7.6 days,
also near the 2000-m isobath. Thus, not all DSOW cyclones are
able to reach the OSNAP EG array, and fewer still are able to
round Cape Farewell into the Labrador Sea. This leads us to
hypothesize that the remainder of the eddies either dissipate, are
shed into the interior Irminger Sea, or are retroflected at Cape
Farewell along with part of the mean EGC/DWBC.

The equatorward flow of dense water constitutes the lower
limb of the AMOC, and this study has revealed that DSOW
cyclones in the Labrador Sea contribute significantly to the
export of overflow water (a 19% increase at OSNAP WG
during cyclonic activity). Using repeat occupations of the
ARTW section across the Labrador Sea, Pickart and Spall (2007)
observed increased variance of the boundary current near
the 2000 m isobath along the west coast of Greenland. While
the authors speculated that this variability is driven by bottom-
trapped topographic Rossby waves, it is possible that the
deduced variability can be attributed to the presence and propa-
gation of DSOW cyclones (see Fig. 3b, Pickart and Spall
2007). Given the role of the Labrador Sea as a site for deep
convection, it is critical that we understand the variability of
the boundary current system encircling the sea and how this
could affect the interior stratification. Now that these features
have been discovered, we need to understand how they in-
fluence the boundary current and what role they might play
in transporting heat and freshwater into the interior of the
basin—and ultimately how they dissipate. This must be fac-
tored into modeling studies in order to properly simulate and
quantify the overturning in the Labrador Sea.

Acknowledgments. The authors thank the captain and crew
of the R/V Knorr and R/V Neil Armstrong for the success of
the OSNAP deployment and recovery cruises. John Kemp,
Jim Ryder, Brian Hogue, Andrew Davies, and Rick Trask
designed, fabricated, and deployed the moorings and instru-
ments. Leah McRaven processed the shipboard CTD data and
Frank Bahr processed the shipboard ADCP data. We would
like to acknowledge the two anonymous reviewers whose input
substantially improved the paper. A. P. and R. S. P. were
funded by National Science Foundation Grants OCE-1259618
and OCE-1756361. I. L. B. and F. S. were funded by National
Science Foundation Grants OCE-1258823 and OCE-1756272.
N. P. H. was supported by the Natural Environment Research
Council UK. OSNAP program (NE/K010875/1 and NE/K010700/1).
M. A. S. was supported by NSF Grants OCE-1558742 and
OPP-1822334.

Data availability statement. The calibrated mooring and hy-
drographic data are available at www.o-snap.org. Specifically,

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 10/19/21 07:27 PM UTC

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 51

the 2014-2016 OSNAP WG data can be found at https://doi.org/
10.7924/r4fj2dr7k and the 2016-18 OSNAP WG data can be
found at https://doi.org/10.35090/fz80-6¢32. The OSNAP EG
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