OCTOBER 2020

PACINI ET AL. 2849

Mean Conditions and Seasonality of the West Greenland Boundary Current System near
Cape Farewell

ASTRID PACINL*® ROBERT S. PICKART,® FRANK BAHR,® DANIEL J. TORRES,” ANDREE L. RAMSEY,”
JAMES HOLTE.® JOHANNES KARSTENSEN,Y MARILENA OLTMANNS,Y FIAMMETTA STRANEO,®

ISABELA ASTIZ LE BRAS,® G. W. K. MOORE,® AND M. FEMKE DE JONG"#

# MIT-WHOI Joint Program in Physical Oceanography, Woods Hole, Massachusetts
® Woods Hole Oceanographic Institution, Woods Hole, Massachusetts
¢ Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California
4GEOMAR Helmholtz Centre for Ocean Research, Kiel, Germany
¢ Department of Physics, University of Toronto, Toronto, Ontario, Canada
ENIOZ Royal Netherlands Institute for Sea Research, Texel, Netherlands
& Utrecht University, Texel, Netherlands

(Manuscript received 23 April 2020, in final form 1 July 2020)

ABSTRACT

The structure, transport, and seasonal variability of the West Greenland boundary current system near
Cape Farewell are investigated using a high-resolution mooring array deployed from 2014 to 2018. The
boundary current system is comprised of three components: the West Greenland Coastal Current, which
advects cold and fresh Upper Polar Water (UPW); the West Greenland Current, which transports warm and
salty Irminger Water (IW) along the upper slope and UPW at the surface; and the Deep Western Boundary
Current, which advects dense overflow waters. Labrador Sea Water (LSW) is prevalent at the seaward side of
the array within an offshore recirculation gyre and at the base of the West Greenland Current. The 4-yr mean
transport of the full boundary current system is 31.1 + 7.4 Sv (1 Sv = 10° m>s '), with no clear seasonal signal.
However, the individual water mass components exhibit seasonal cycles in hydrographic properties and
transport. LSW penetrates the boundary current locally, through entrainment/mixing from the adjacent re-
circulation gyre, and also enters the current upstream in the Irminger Sea. IW is modified through air-sea
interaction during winter along the length of its trajectory around the Irminger Sea, which converts some of
the water to LSW. This, together with the seasonal increase in LSW entering the current, results in an an-
ticorrelation in transport between these two water masses. The seasonality in UPW transport can be ex-
plained by remote wind forcing and subsequent adjustment via coastal trapped waves. Our results provide the
first quantitatively robust observational description of the boundary current in the eastern Labrador Sea.

1. Introduction

Convection at high latitudes in the North Atlantic
produces intermediate and overflow waters (Dickson
and Brown 1994; Lazier et al. 2002) and is responsible
for the downwelling branch of the global overturning
circulation (e.g., Killworth 1983; Vége et al. 2008). The
resulting meridional flux of heat helps regulate Northern
Hemisphere climate. Furthermore, the convection is an
important mechanism for carbon sequestration from the
atmosphere to the deep ocean (Takahashi et al. 2009;
Khatiwala et al. 2013). Due in part to the small Rossby
radius of deformation at high latitudes, more extensive
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observations are needed to quantify the extent to
which the regional current systems contribute to these
processes.

There are two locations where open-ocean convection
forms the intermediate water mass known as Labrador
Seawater (LSW): the western Labrador Sea (Clarke and
Gascard 1983; Lab Sea Group 1998; Pickart et al. 2002)
and the southwestern Irminger Sea (Pickart et al.
2003a,b). The strength of convection, due to large heat
fluxes and wind stress curl, varies greatly from year to
year and is intimately connected with the North Atlantic
Oscillation and the associated westerly winds (Hurrell
1995; Vage et al. 2009). The mechanisms that govern
convection in the two basins differ. Convection in the
Labrador Sea is predominately driven by passing low
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pressure systems that draw cold air off of the Labrador
landmass and increase the surface heat loss from the
ocean, in conjunction with changes in ice cover (Vage
et al. 2009). Convection in the Irminger Sea is more
tightly coupled to the presence of the forward Greenland
tip jet, a localized, narrow atmospheric jet that results
from the interaction of passing atmospheric cyclones with
the high topography of southern Greenland. These fea-
tures act to enhance surface buoyancy loss and produce
LSW (e.g., Pickart et al. 2003a; Vage et al. 2008).

The newly ventilated intermediate waters are expor-
ted from the subpolar gyre by way of the boundary
current system of the Irminger and Labrador Seas
(Pickart 1992; Dickson and Brown 1994; Fischer et al.
2010) and also via interior pathways (Lavender et al.
2000; Bower et al. 2009). In the Irminger Sea, the
boundary current system consists of the following
components, progressing from onshore to offshore:
the East Greenland Coastal Current (EGCC) (Bacon
et al. 2002; Sutherland and Pickart 2008); the East
Greenland/Irminger Current (EGC/IC) in the vicinity
of the shelfbreak (Sutherland and Pickart 2008); the
East Greenland Spill Jet on the upper continental
slope (e.g., von Appen et al. 2014b); and finally the
Deep Western Boundary Current (DWBC) at the
base of the slope (Dickson and Brown 1994) (Fig. 1).
The EGCC transports Arctic-origin water and gla-
cial runoff from Greenland between the surface and
200m (Bacon et al. 2002; Sutherland and Pickart 2008).
The EGC/IC advects a combination of Arctic waters
exported through Denmark Strait and Atlantic-origin
waters from the Irminger Sea (Cuny et al. 2002; Pickart
et al. 2005; Fratantoni and Pickart 2007). The East
Greenland Spill Jet is believed to combine with the
EGC/IC as the two currents flow southward toward Cape
Farewell (Brearley et al. 2012; von Appen et al. 2014b).
The DWBC advects overflow waters that are ventilated
in the Nordic Seas (Dickson and Brown 1994).

The EGCC, EGC/IC, and DWBC from the eastern
side of Greenland persist around the southern tip of
Greenland, known as Cape Farewell, to form the West
Greenland boundary current system (see Fig. 1b).
Northwest of Cape Farewell, the EGCC becomes the
West Greenland Coastal Current (WGCC), and the
EGC/IC becomes the West Greenland Current (WGC).
While previous studies have considered the WGCC and
WGC as a single flow (e.g., Rykova et al. 2015), here we
distinguish the two components based on their water
mass characteristics. It has recently been shown that, as
the coastal current rounds Cape Farewell, it gets di-
verted close to the shelfbreak due to the local bathym-
etry. This allows some of the freshwater advected by the
current to be fluxed seaward into the basin via baroclinic
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instability (Lin et al. 2018). Additionally, Holliday et al.
(2007, 2009) argue that approximately one-third of both
the EGC/IC transport and DWBC transport recirculate
into the Irminger Sea at Eirik Ridge, the seaward pro-
trusion of the 2000-3500-m bathymetric contours south
of Cape Farewell.

Progressing northward, some portion of the WGCC
and WGC flows through Davis Strait into Baffin Bay
(Cuny et al. 2005; Curry et al. 2011, 2014), while the
remainder circulates around the northern edge of the
Labrador Sea and turns southward along the Labrador
and Newfoundland coasts. In addition to advecting wa-
ter masses equatorward via the mean flow, strong me-
soscale variability (e.g., Lilly et al. 1999) and Ekman
transport play important roles in the exchange of waters
between the boundary current and the interior Labrador
Sea (Luo et al. 2016; Schulze Chretien and Frajka-
Williams 2018). This is vital for modulating the con-
vective overturning during winter, restratifying the
interior during spring (e.g., Straneo 2006), and fluxing
the newly ventilated LSW to lower latitudes (e.g., Le
Bras et al. 2017).

Unlike the western Irminger Sea and the western
Labrador Sea, the boundary current system in the
eastern Labrador Sea has not been well studied. The
observations to date have consisted of limited shipboard
sections, taken mostly during the warm months of the
year. Repeat occupations of the AR7W line, extending
from the Newfoundland shelf to the West Greenland
shelf, have been performed annually since 1990 (see
Fig. 1b; note that the western end of this line was omitted
in some years; see Lazier et al. 2002). In addition, a set of
boundary current sections across the West Greenland
shelf/slope is carried out each year (Ribergaard 2013).
Several studies have used these data, plus a smaller
amount of wintertime shipboard sections, to investigate
the mean, seasonal, and interannual variability of the
WGCC and WGC. Rykova et al. (2015), using 18 oc-
cupations of the AR7W line (5 in wintertime) and
altimeter-derived surface velocity, concluded that the
WGCC exhibits a maximum in transport in the summer
months (May-July), while the Atlantic-origin water in
the WGC exhibits a maximum in temperature, salinity,
and transport in the winter months (October—February).
Using a diagnostic model for barotropic velocities to-
gether with the West Greenland sections, Myers et al.
(2007) showed that the Atlantic-origin water is highly
variable on interannual time scales in volume transport,
lateral position, and salinity signature, with maxima in
temperature, salinity, and transport in the 1960s. Using a
similar approach, Myers et al. (2009) investigated the
interannual variability of the presence of low-salinity
waters on the shelf.
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FIG. 1. (a) Schematic circulation around the Irminger Sea and in the East Greenland boundary
current system. See (b) for enlarged view within the gray box. (b) Schematic circulation around
the southern tip of Greenland, with the OSNAP West Greenland moorings marked by the gray
circles. Dark gray indicates full-depth moorings, and light gray indicates bottom-instrumented
moorings. The black dashed line indicates the AR7W hydrographic line.

A region of high eddy kinetic energy on the West
Greenland slope has been observed from satellite data
and Lagrangian profilers (e.g., Prater 2002; Lilly et al.
2003). Anticyclonic features called Irminger Rings,
with a core of warm, saline Atlantic-origin water, are
spawned from this location and travel southwestward
across the Labrador Sea, before spinning down in the
interior of the basin (Lilly et al. 1999; Prater 2002;
Rykova et al. 2009; de Jong et al. 2014). Modeling

studies have addressed the role of the boundary cur-
rent, and this hot spot in particular, in fluxing prop-
erties into the interior Labrador Sea. It has been
determined that the Irminger Rings, together with
convective eddies (spawned by convection within the
Labrador Sea) and boundary current eddies (spawned
by instabilities all along the WGC), help balance the
wintertime heat loss in the interior Labrador Sea (e.g.,
Gelderloos et al. 2011).
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While the studies to date have advanced our un-
derstanding of the boundary current system west of
Greenland, the observational description is largely in-
complete. This is in part due to the lack of mooring time
series, which provide information throughout the seasonal
cycle. Here we present results from the first high-resolution
mooring array deployed across the West Greenland
boundary current system. The array is maintained as part
of the Overturning in the Subpolar North Atlantic
Program (OSNAP) (Lozier et al. 2017). We report on
the first four years of data, 2014-18, and quantify the
mean conditions and seasonality of the component wa-
ter masses and velocity cores comprising the boundary
current system. We further explain the nature of the
seasonal signals and their connection to upstream condi-
tions. The structure of the paper is as follows. In section 2
the data and processing are reported; the mean conditions
are described in section 3a; the water masses are identified
in section 3b; the transports are quantified in section 3c;
the seasonality is diagnosed in section 3d; and a summary
and conclusions are presented in section 4.

2. Data and methods

a. West Greenland mooring array

1) MOORING CONFIGURATION

The data analyzed in this study come from 10 moor-
ings, referred to as LS1-LS8, DSOW3, and DSOW4
(Fig. 1b), deployed as part of OSNAP. This is a six-
nation observational program that seeks to measure the
time-varying meridional overturning circulation, heat
flux, and freshwater flux in the northern North Atlantic,
at approximately 60°N. It consists of a suite of platforms,
including moorings, gliders, floats, and hydrographic
surveys (Lozier et al. 2017, 2019). The West Greenland
mooring array presented here is referred to as the
OSNAP WG array.

The configuration of the OSNAP WG array in the
vertical is shown in Fig. 2. Moorings LS1-LS3 on the
West Greenland shelf are tripods that sit on the seafloor
and contain an upward-facing acoustic Doppler current
profiler (ADCP) and a MicroCAT measuring temper-
ature, conductivity, and pressure. A second MicroCAT
was situated on a buoyant tether at 50 m and connected
to the tripod with a weak link. The link was designed to
break free in case of an encounter with an iceberg.
Moorings LS4-LS8 are tall moorings with top floats
situated at 100 m containing an ADCP and MicroCAT.
Beneath this were pairs of MicroCATs and Aquadopps
spaced every 250-500 m. The Aquadopps provide point
measurements of velocity. Each of the tall moorings
contained a weak-link tether 50m above the top float
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FIG. 2. OSNAP WG instrument configuration (see the legend).
The eight LS moorings were deployed by the Woods Hole
Oceanographic Institution, and the two DSOW moorings were
deployed by GEOMAR, Helmholtz Centre for Ocean Research,
Kiel. Shading indicates the maximum vertical displacement of the
instrumentation due to mooring blow downs.

with a MicroCAT. The final two moorings, DSOW3 and
DSOW4, are short bottom moorings with Aquadopp—
MicroCAT pairs extending to 500 m above the bottom.
The total instrumentation consisted of 49 MicroCATs,
33 Aquadopps, and 8 ADCPs (the ADCPs recorded
temperature as well).

The overall data return over the 4-yr period was 86%.
Separated by instrument type, it was 80.7% for MicroCAT
temperature, 80.8% for MicroCAT salinity, 99.8% for the
Aquadopps, and 99.6% for the ADCPs. The largest data
loss was associated with the tethered MicroCATs. A sig-
nificant number of these were torn off (presumably by
icebergs), although in some cases the MicroCAT flotation
was destroyed and the instrument settled at a deeper
depth. Excluding the tethered MicroCATs, the overall
data return was 91.9%. The 2014-16 hydrographic time
series from the 50-m MicroCAT at LS6 and the bottom
MicroCAT at LS4 were removed because of the presence
of sharp salinity jumps, possibly due to biofouling.
Moorings LS4-LS7 experienced regular blowdowns due
to unexpectedly strong currents (Fig. 2). This was most
pronounced at LS6, where, on occasion, some of the
instruments were drawn down as much as 600 m in the
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vertical. Note that this is not generally a data loss, just a
redistribution of the vertical coverage during energetic
events. The details of this are described in section 2a(2).
All of the data were subsampled to hourly resolution, in
order to match the sampling frequency of the ADCPs (the
lowest common denominator for sampling frequency).

2) DATA PROCESSING
(i) MicroCATs

Temperature, conductivity, and pressure were mea-
sured every 15 min using SBE37 MicroCATs. The initial
MicroCAT precision is +0.002°C and +0.0003 Sm ! for
temperature and conductivity, respectively. This means
the instruments provide a precision of =0.0001-0.005 in
salinity given a temperature range of 0°-8°C. The con-
ductivity measurements tend to drift over the course of a
deployment. Shipboard conductivity—temperature—depth
(CTD) casts were used to calibrate the instruments, fol-
lowing the methods outlined by Kanzow et al. (2006). The
MicroCATs were attached to the CTD rosette and
lowered to predetermined depths, then held at these
positions for 10 min. This was done both before the in-
struments were deployed and then immediately upon
recovery. These pre- and postdeployment calibration
casts were then used to remove the drift (assumed to be
linear) associated with the instrument during the 2-yr
deployment.

(ii) Aquadopps

Postdeployment processing of the Aquadopp data
included a velocity rotation to correct for the local
magnetic declination. The manufacturer’s quality flag,
based on an instrument tilt threshold, was triggered
in cases of significant mooring blowdown due to the
anomalously strong velocities. However, when inspect-
ing the full Aquadopp measurement suite, including
horizontal and vertical velocity components as well as
roll and pitch across neighboring instruments, it was
evident that this automatic editing was too restrictive.
Furthermore, during the strongest blowdown events, the
recorded roll/pitch could actually decrease in an ap-
parent roll-over effect of the tilt sensors; in extreme
cases this went below the threshold value. In response,
we edited the data based on visual inspection, particu-
larly during the blowdown events, to identify poor re-
turns. This included assessment of excessive roll/pitch
and vertical velocity, as well as consideration of outlier
horizontal velocities relative to nearby instruments.

(iii) ADCPs

Each OSNAP mooring used either a 75-kHz Teledyne
RD Instruments Long Ranger (LR) or a 300-kHz
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Workhorse (WH) ADCP. Both were processed using
MATLAB software routines developed at the Woods
Hole Oceanographic Institution. Each hourly ensemble
used a sequence of pings (39 pings/ensemble for LR;
60 pings/ensemble for WH) that were internally aver-
aged by the instrument. Instrument-derived percent
good and error velocity criteria were used to flag bad
data. Since all of the ADCPs were upward facing within
range of the surface, a side-lobe interference criterion
was applied to each record to eliminate bad data near
the surface. The top 6% of the ADCP distance to sur-
face was removed by the side-lobe interference flag.
In cases where a MicroCAT was deployed on a tether
above the ADCP, the bin where the flotation buoy was
located was also corrupted and removed from the final
data. A MicroCAT was deployed in combination with
each ADCP. The MicroCAT data were interpolated
onto the same time grid as the ADCP data and used
for depth and speed of sound correction. The depths of
each bin were subsequently remapped using the cor-
rected MicroCAT-derived depths. Error criteria thresh-
olds were designed to maximize the amount of good data.
Finally, all data were visually inspected and manually
corrected for remaining spurious errors not caught by
the automated error detection criteria.

3) DETIDING AND ROTATING VELOCITIES

Tidal constituents were computed for the velocity
time series using the harmonic tidal routine T_TIDE
(Pawlowicz et al. 2002), and the significant constituents
were removed. The signal-to-noise ratio (which indi-
cates significance when less than one) is computed by
squaring the amplitude divided by its error (computed
via bootstrapping). The data were also low-passed with a
36-h Butterworth filter, and the spectral properties of
the detided and low-pass-filtered products were com-
pared. They were found to be consistent, which verified
successful removal of the semidiurnal (largest constitu-
ents: M2, S2) and diurnal (largest constituents: K1, S1,
P1) tides. The data used in the remainder of this study
are the detided time series.

The detided velocities were subsequently rotated
into along-stream and cross-stream components as
follows. Using the direction of the mean vectors as
an initial choice, the rotation angle was varied at
0.01° intervals and the mean cross-stream velocity
was summed across the array at each value. The angle
that minimized this sum (i.e., the cross-stream trans-
port per unit length) was selected as the final rotation
angle, which was 318.1°T (degrees true) (Fig. 3). This
angle is within 5° of the mean flow of the individu-
al moorings and the isobath orientation. All further
velocities are presented in this rotated reference frame,
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FIG. 3. Depth-mean 2014-18 velocity vectors, with standard error ellipses in red. The orientation of the rotated
coordinate system is indicated.

with positive along-stream velocity u directed toward
the northwest and positive cross-stream velocity v directed
offshore toward the southwest.

4) GRIDDING OF VERTICAL SECTIONS

Hourly vertical sections were constructed for poten-
tial temperature referenced to the sea surface (hereafter
referred to as temperature), practical salinity, potential
density referenced to the sea surface (hereafter referred
to as density), and along- and cross-stream velocity. The
data were gridded using a Laplacian-spline interpolator
at each time step (Smith and Wessel 1990). The final
gridding has a resolution of Skm in the horizontal and
100 m in the vertical. This was obtained by first gridding
the offshore data (LS5-DSOW3) at 15km in the hori-
zontal, 200 m in the vertical in order to account for the
larger distances between these offshore moorings, then
subsequently gridding the onshore moorings along with
the coarsely gridded offshore product at the higher
resolution. A bound was applied over the domain to
account for only the data available at each time step,
including a small amount of extrapolation. For example,
if the instrumentation experienced blowdown, the upper
portion of the water column that was no longer sampled
at that time step was not gridded, in order to avoid ex-
trapolating into areas with no available data. The bound
applied to the hydrographic data is slightly different

than that applied to the velocity data, as the 100-m
ADCPs on the offshore moorings (mounted on the
subsurface flotation) returned profiles of the upper wa-
ter column, even when displaced vertically.

b. Additional datasets

The bathymetric data used in the vertical sections came
from a shipboard survey during the initial mooring de-
ployment in 2014, using the 12-kHz Knudsen echosounder
on board the R/V Knorr. The raw bottom data were re-
gressed and visually selected and smoothed to produce the
final bottom topography utilized in this study. The bathy-
metric data in all base maps are ETOPO2v2 (NGDC 2006).

Additionally, the European Centre for Medium Range
Weather Forecasting (ECMWF) ERAS atmospheric re-
analysis product is used to investigate the effects of at-
mospheric forcing—both large scale and regional features
(Herbach and Dee 2016). This new product, which uses the
Integrated Forecast System (IFS), has 3-hourly resolution,
with 0.25° grid spacing in latitude and longitude. Earlier
studies have demonstrated that IFS-based reanalysis
products compare favorably with observations at these
latitudes (Renfrew et al. 2002, 2009).

Data from four other mooring arrays, three deployed
as part of the OSNAP project and one deployed as part
of an earlier field program investigating the EGC/IC
south of Demark Strait (von Appen et al. 2014a) are
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used to investigate upstream connections with regard
to the seasonality of the water masses in the boundary
current. Processing details for the OSNAP data can be
found in Lozier et al. (2019) while processing details
for the northern EGC/IC array are documented in von
Appen et al. (2014a).

3. Results and discussion
a. Mean conditions

The 4-yr mean, depth-averaged velocity vectors re-
veal that the predominant flow is toward the northwest,
following the isobaths (Fig. 3). The flow is remarkably
consistent, as seen by the small standard error ellipses
marked in red (decorrelation time scales of 1-3 days,
depending on the mooring). Moorings LS2 and LS8 in-
dicate slightly higher variability in flow direction and
speed; these signals will be discussed in sections 3d(3)
and 3d(1), respectively. It is evident that the array
bracketed the strongest part of the boundary current,
as is shown by the weak mean flow at the offshore-
most full-depth mooring (LS8) in Fig. 3. Keep in
mind that moorings DSOW3 and DSOW4 (shaded in
light gray in Fig. 3) occupy only the bottom 500 m of
the water column, and therefore only measure the
DWBC. The mean vertical sections presented below
indicate that the array also captured the strongest
flow in this deep layer.

The 2014-18 mean temperature, salinity, and along-
stream and cross-stream velocity vertical sections are
presented in Fig. 4. This is the first year-long render-
ing of the full boundary current system in the eastern
Labrador Sea. The temperature and salinity sections
highlight the strong gradient from warm and salty con-
ditions offshore near the surface to cool and fresh
waters on the shelf. Off the shelf, the temperature
dictates the stratification, with isotherms (and therefore
isopycnals) sloping downward progressing onshore as
deep as 1500 m. There are two cores of high salinity,
one centered near 400-m depth, and a deeper core that
slopes upward progressing onshore. The shallow core
is associated with the Atlantic-origin water, while the
deeper core is part of the dense overflow water from
the Faroe Bank Channel and Iceland-Faroe Ridge.

The mean along-stream velocity section reveals the
bottom-intensified DWBC, centered at LS7 at 2400 m
with velocities exceeding 25 cms ™', This deep core advects
overflow waters with densities greater than 27.8kgm .
Inshore and above the DWBC, the surface-intensified
WGC advects the Atlantic-origin water centered at
LS4 and LS5, with velocities up to 80cms™'. This core
of warm, salty water is offset vertically from the maxi-
mum WGC velocity and detached from the topography.
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The WGC can be seen in Fig. 3 as the two strongest
velocity vectors at LS4 and LS5. The WGC also exhibits
a slight tendency toward positive cross-stream velocities,
meaning that the current is angled slightly toward the
interior of the Labrador Sea compared to the rest of
the flow. The vertical sections in Rykova et al. (2015)
showed the Atlantic-origin water banked against the
topography, in contrast to Fig. 4b where the maximum
salinity is separated from the topography by a wedge
of lower-salinity water. However, the station spacing of
their data was as large as 30 km in the boundary current.
The detached core measured here is consistent with the
high-resolution shipboard hydrographic data presented
by Lin et al. (2018). It is also consistent with the slightly
offshore orientation of the WGC, which would move
this water mass away from the topography as it prog-
resses northward. Furthermore, the majority of the data
used by Rykova et al. (2015) were collected in summer.
It is shown below in section 3d(2) that the banking of the
IW at the OSNAP WG array against the topography is a
seasonal feature, present mainly in summer. It is also
possible that the position of the water mass evolves as
it moves downstream. Myers et al. (2009), only using
summer data, do not show high salinity waters banked
against the topography at Cape Farewell, but they do
observe this feature farther downstream.

The WGCC is a surface-intensified flow of cold, fresh
water that is captured by LS1 and LS2, flowing at 20—
30cms~ . In the mean the WGCC is merged with the
WGC, although instantaneously it often appears as a
separate core. Unfortunately, the OSNAP WG array did
not extend far enough onto the shelf to bracket the
coastal current. This motivated the deployment of two
additional tripods inshore of LS1 when the array was
serviced in 2018 (data not yet recovered).

b. Water masses

The West Greenland boundary current system ad-
vects six different water masses, which are present in
varying quantities throughout the year. The water masses
are as follows, progressing from shallow to deep: 1) cold
and fresh Upper Polar Water (UPW), which is a mixture
of buoyant outflow from the Arctic and Greenland runoff
(Rudels et al. 2002; Sutherland et al. 2009)—this occupies
a wedge that extends from the shelf to roughly mooring
LSS;2) seaward of LSS, Upper Ambient Water (UAW)
is found in the top 200 m, which is a mixture of interior
water and UPW that has penetrated offshore; 3) warm
and salty Irminger Water (IW), which is the Atlantic-
origin water that has circulated cyclonically in the subpolar
gyre (Lazier et al. 2002; Cuny et al. 2002; Pickart et al. 2005;
Myers et al. 2007); 4) weakly stratified Labrador Sea Water
(LSW), which is formed by convection in the Labrador
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FIG. 4. 2014-18 mean vertical sections of (a) temperature, (b) salinity, (c) along-stream velocity, and (d) cross-stream velocity, with
isopycnals overlaid (black contours; kg m>). The nominal instrument positions are indicated by the black dots. The 0cms ™! velocity

contour (thick gray) is indicated in (c) and (d).

and Irminger Seas and exhibits low potential vorticity
(e.g., Lazier et al. 2002); 5) cold and salty Northeast
Atlantic Deep Water (NEADW), which enters the
DWBC via the Faroe Bank Channel overflow (Lazier
et al. 2002; Yashayaev and Clarke 2008) and the

Iceland-Faroe Ridge (Dickson and Brown 1994; Beaird
et al. 2013); and 6) cold and dense Denmark Strait
Overflow Water (DSOW) which is the densest com-
ponent of the boundary current system (Dickson and
Brown 1994).
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TABLE 1. Water mass definitions used in the study; S is salinity, o is potential density, and X is offshore extent.

Water mass

Definition

Irminger Water (IW)

Labrador Sea Water (LSW)

Northeast Atlantic Deep Water NEADW)
Denmark Strait Overflow Water (DSOW)
Upper Polar Water (UPW)

Upper Ambient Water (UAW)

S = 3492 and oy < 27.74kgm >
27.68kgm > < oy < 27.8kgm > and S < 34.92
S >34.92 and o > 27.74kgm >
0o =278kgm > and S < 34.92
S < 34.92 and X < 60 km
0y <27.68kgm ™ ? and § < 34.92 and X > 60 km

The definitions of these six water masses are given in
Table 1. Given that the composition of the boundary
current in this region has not been previously studied,
we used upstream definitions as a first attempt at classi-
fication, but amended these values to reflect the slightly
modified properties in the cores of the water masses at
the OSNAP WG line. In particular, the IW and NEADW
are fresher than their upstream counterparts. For IW, this
is likely due to lateral mixing with LSW (e.g., Lin et al.
2018). For example, IW has previously been defined as
waters between 4° and 5°C and salinities around 34.85-
34.95 (Krauss 1995; Buch et al. 2004). These definitions
were generally applied on the east coast of Greenland.
Buch et al. (2004) cite a different water mass, which they
call Irminger Mode Water (or modified Irminger Water
in the case of Ribergaard 2013), that exhibits slightly
colder, fresher properties than its IW counterpart due to
mixing along the IW pathway. Freshening of the NEADW
could result from vertical mixing with the underlying
DSOW and overlying LSW (e.g., Yashayaev and Clarke
2008; Yashayaev and Dickson 2008). Additionally, it is
possible that these previously used definitions are no
longer appropriate, due to long-term changes to water
mass properties (e.g., Myers et al. 2007).

LSW has a more established definition in the interior
Labrador Sea, which we utilize here as the layer of water
residing between the 27.68kgm > and 27.8kgm * iso-
pycnals (e.g., Clarke and Gascard 1983; Lazier et al.
2002; Pickart et al. 2003a,b). In previous studies, a dis-
tinction was made between upper and deep (also known
as classical) LSW in order to represent waters formed
convectively in the vicinity of the boundary current as
opposed to the interior basin (Rhein et al. 1995; Pickart
et al. 1996, 1997, 2002). For the purposes of this study,
we will not distinguish between vintages of LSW, as we
seek to address the seasonality of all recently formed
LSW, regardless of origin. DSOW has historically been
classified as all water denser than 27.8kgm > (Dickson
and Brown 1994), or sometimes more strictly as water
denser than 27.88kgm ~* (Tanhua et al. 2005). Here we
require that DSOW be denser than 27.8kgm >, but, as
shown below, some of the NEADW is within this iso-
pycnal layer as well.

Computationally, we documented the water masses
present at the OSNAP WG line over the 4-yr period as
follows. For each hourly vertical section, the grid points
associated with the water masses in Table 1 were iden-
tified. We note that water masses are not classified solely
by isopycnal bounds. For example, NEADW is bounded
by an isohaline at its deepest extent, which is often denser
than 27.8kgm 2. Therefore, it is not until the NEADW
has been identified that all of the remaining water denser
than 27.8kgm * is assigned to DSOW. This assures that
the relatively salty overflow water from the Faroe Bank
Channel/Iceland-Faroe Ridge is not mistakenly identi-
fied as originating from Denmark Strait. Similarly, the
boundary between NEADW and LSW corresponds to
an isohaline, which assures that the relatively light, and
fresh, LSW is not identified as overflow water.

The resulting volumetric temperature-salinity (TS)
diagram for the 4-yr deployment is shown in Fig. 5a. The
light upper waters (UPW and UAW) account for the
large spread in properties fresher than 34.92. These
water masses exhibit a large seasonal cycle in hydro-
graphic properties, as might be expected of surface wa-
ters directly subject to varying atmospheric forcing.
Focusing on the denser waters (Fig. 5b), one sees the
volumetric modes (i.e., 7/S bins most commonly sam-
pled by the moorings) associated with LSW and DSOW.
In addition, there are large amounts of IW and NEADW.
This demonstrates that a sizable fraction of the water
denser than 27.8kgm > stems from the Faroe Bank
Channel and Iceland-Faroe Ridge.

To quantify the distribution of the water masses in the
vertical, the percentage of time that each grid point
sampled a given water type was tallied over the 4-yr
mooring deployment (Fig. 6). The IW, corresponding to
the warmest and saltiest water in the boundary current,
is found in the middepth portion of the WGC, spanning
moorings LS4-1L.S6. The LSW is found in high concen-
trations on the offshore side of the array, particularly at
LS8 between 500 and 1500 m. It corresponds to a mini-
mum in planetary potential vorticity, as would be ex-
pected for recently ventilated water (McCartney and
Talley 1984). However, this vorticity signal is too noisy
to use as a robust diagnostic to define the LSW. Notably,
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there is a large LSW presence at mooring LSS within the
deepest part of the WGC, which is discussed further in
section 3d(1). Below the IW, the deep salinity maximum
of the NEADW is present in large quantities between
1250 and 2250 m. Below the NEADW, the DSOW is
transported by the core of the DWBC and occupies the
water column deeper than 2250 m.

c. Volume transport

The 4-yr mean volume transport across the full array,
computed by calculating the hourly transport and subse-
quently averaging these data, is 31.1 = 74Sv (1Sv =
10°m®s™"), where the uncertainty is the standard devia-
tion. The calculated integral time scale is 3 days, which
results in a standard error of 0.4 Sv. The closest comparison
to this mean value is the average transport reported by
Pickart and Spall (2007) using repeat occupations of the
ARTW section from 1990 to 1997, adjusted with an inverse
constraint. They computed a mean transport of 35.5Sv.
However, they did not have data shoreward of the 700-m
isobath. Subtracting the transport measured here inshore
of that isobath reduces our 4-yr value to 30.1 Sv. The dis-
crepancy between our value and the Pickart and Spall
(2007) estimate (30.1 vs 35.5Sv) is sizable. However, the
Pickart and Spall (2007) value is far less robust (computed
using 10 vertical sections versus more than 30000 hourly
vertical sections in our mooring dataset), and the spatial
coverage is different. Nonetheless, the Pickart and Spall
(2007) value falls within the envelope of one standard
deviation of the transport calculated in this study.

The Lagrangian float study of Lavender et al. (2000)
revealed the presence of a trough of absolute dynamic
topography encircling the Labrador Basin, just offshore
of the boundary current system. This corresponds to a
series of cyclonic recirculation gyres that abut the
boundary current. One of the gyres is situated offshore
of the OSNAP WG array (see also Pickart and Spall
2007). In the along-stream velocity section of Fig. 4, one
sees that the zero-velocity contour is located just shore-
ward of mooring LS8. This implies that, in the mean, our
mooring array captured the northward limb of this local
recirculation gyre (instantaneously, this is not always
the case). Here we take the boundary between the re-
circulation gyre and the boundary current to be the ve-
locity contour corresponding to 10% of the maximum
along-stream flow of the WGC at every time step. In the
mean this corresponds to a value of approximately
8cms !, Thisis a reasonable choice in light of the results
of Pickart and Spall (2007), who were able to determine
this boundary objectively because their section ex-
tended across the entire basin and balanced mass.
Further rationale for our choice is presented below in
section 3d(1).

The mean transports (boundary current and recircu-
lation) for the different water masses computed using
the OSNAP WG array are presented in Table 2, based
on the water mass definitions in Table 1. While numer-
ous previous studies have estimated the transport of the
different components of the West Greenland boundary
current system, only a select number have broken this
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TABLE 2. Four-year mean transports of the different water
masses, with their standard deviations, separated into the boundary
current portion and the recirculation portion. The standard errors
are presented in parentheses.

Boundary current Recirculation

Water mass transport (Sv) transport (Sv)
Total 29.9 = 7.1 (0.3) 1.2 =24 (0.2)
w 5.6 = 3.8 (0.6) 0.1 = 0.3 (0.02)
NEADW 5.5 +3.3(0.5) 0.4 = 0.6 (0.04)
LSW 7.5 £3.9(0.5) 0.3 = 1.4 (0.06)
DSOW 5.0 =2.4(0.3) 0.5 = 0.5 (0.02)
UPW 43+1.7(02)  0.01+0.06 (8.8 X10°%
UAW 20+15(01)  0.01 =0.5(0.02)

op>278kgm > 83+28(02) 08+ 08(0.04)

down by water mass constituents. Hence, there is limited
basis for comparison with the results presented here. The
exception is the transport of overflow water. According
to the historical definition of overflow water (denser
than 27.8kgm >, Dickson and Brown 1994), we calcu-
late 8.3 = 2.8 Sv, compared to 10.8 £ 4.9 Sv calculated at
the OSNAP East line northeast of Cape Farewell using
the first two years of data (Hopkins et al. 2019). Using
only the first two years of WG data, to be consistent with
the Hopkins et al. (2019) study, the boundary current
overflow water transport is 8.8 + 2.8 Sv at OSNAP WG.
Although the standard deviations are large, this suggests
that there is a net loss in transport of the dense water as it
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rounds Cape Farewell and interacts with Eirik Ridge,
consistent with the results of Holliday et al. (2009) who
computed a 30% recirculation of transport in this den-
sity class at Cape Farewell. It is also in line with the
findings of Hall et al. (2013) who computed a transport
of 8.6 Sv on the eastern end of the AR7W line for waters
denser than 27.8kgm . The total transport of NEADW
and DSOW found here is 10.5 = 3.9Sv (Table 2). We
conclude, then, that waters stemming from the overflows
across the Greenland-Scotland Ridge contribute 2.2 Sv
more than one would obtain with the historical density
definition. Interestingly, our results imply a similar con-
tribution (after entrainment) from the eastern overflow
versus the western overflow: 5.5 * 3.3 for the NEADW
versus 5.0 = 2.4 for the DSOW.

The yearly time series of boundary current transport
for the different water mass components, along with the
total boundary current transport, are shown in Fig. 7,
where a 30-day low pass has been applied. While the
total transport of the West Greenland boundary current
system does not exhibit a seasonal signal, the individual
water mass components do. This is because the indi-
vidual components compensate each other. For exam-
ple, when the transport of IW is strong, the transport of
LSW is weak (cf. Figs. 7a,b, which is discussed in more
detail in section 3d). Additionally, when the transport
of NEADW declines, the transport of DSOW increases
(cf. Figs. 7c,d). This transport variability, as well as
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FIG. 7. 2014-18 boundary current transport time series for the individual water mass components, as well as the
total boundary current transport. The hourly data have been low-pass filtered with a 30-day Butterworth filter. Each

year is plotted with a different line type (see the legend).
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FIG. 8. Temperature, salinity, and transport of LSW low-passed with a 60-day Butterworth filter. For ease of
presentation, the cold months of the year (November—April) are indicated by gray shading. The data gap in August

2016 is due to the mooring turnaround.

the variability in hydrographic properties, motivate a
seasonal analysis of the boundary current system to
understand how its composition and transport vary
on a month-to-month basis. This will shed light on the
production and export of ventilated waters and the
seasonal transformation of these waters.

d. Seasonality

1) LABRADOR SEA WATER

Using all of the grid points defined as LSW, the mean
temperature, salinity, and boundary current transport
were computed hourly, and the resulting time series
were low-pass filtered using a 60-day second-order
Butterworth filter to highlight the seasonal variability
(Fig. 8). This reveals that the LSW is coldest and freshest
in spring (May-July), slightly after its transport peaks
in April/May. The hydrographic signal is consistent with
active convection ventilating the LSW during the pre-
vious winter. Notably, the changes in transport are
predominantly due to increases in the amount of LSW
present (referred to from here on as area), not to
changes in the velocity of the LSW.

Seasonal renditions of the bin count tallies shown in
Fig. 6 indicate that, during the winter months, LSW is
prevalent at the offshore end of the array (LS7 and LS8),
but can also be found within the WGC. In fact, at times
there are two distinct cores of LSW—one within the
WGC and one at the edge of the array—with a minimum
between the two features (Fig. 9a). In this configuration

the large offshore presence of LSW is confined to the
recirculation gyre. The gyre tends to trap water, allow-
ing it to be subject to air-sea heat loss for a sustained
period. Deep mixed layers are indeed found locally
within the gyre (Lavender et al. 2002). Figure 9a offers
further justification for our choice of the boundary be-
tween the gyre and the boundary current (note the
8cms ! velocity contour in the figure).

The double core structure of Fig. 9a implies that there
is an upstream source of LSW that is distinct from the
LSW in the neighboring recirculation gyre that enters
the current through mixing/entrainment. The instances of
two cores are intermittent and account for approxi-
mately 25% of the 4-yr record. Interestingly, these
occurrences tend to be present in early winter, well
before the springtime peak in LSW transport. Later in
the season there is a single core (Fig. 9b), which in-
dicates that LSW is penetrating into the boundary
current from offshore.

To investigate this further, we divided the LSW
signal into LSWy,. and LSW .., where the subscripts
represent whether the water mass is found within the
WGC or within the adjacent recirculation gyre, using the
10% velocity criterion as described above. This parti-
tioning demonstrates that the seasonal timing of the
hydrographic signal remains the same whether the water
is within the boundary current or gyre (not shown).
However, the LSW within the boundary current tends
to be slightly warmer and saltier. The LSW, transport
dominates that of LSW ... the 4-yr mean transport
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of LSWy, is 7.5 = 3.9 Sv compared to 0.3 = 1.4 Sv for
the LSWiccire. The latter exhibits no seasonal cycle
and has minimal variability. We note that, a priori, this
large difference was not obvious because the area of
the LSWic.i;c is far greater than that of the LSWy,
(Fig. 6). Hence, even though the LSWy, transport
dominates because of its velocity signal (due to the
seasonality in LSW presence in the fast-moving core
of the WGC), its variability in transport—and that of
the total LSW—is due to its area signal.

What is the origin of the LSW within the core
of the WGC that did not emanate locally from
mixing/entrainment from the recirculation gyre? Le Bras
et al. (2020) demonstrate that newly ventilated LSW
enters the boundary current east of Cape Farewell due
to along-isopycnal ventilation, i.e., via isopycnals that
outcrop seaward of the boundary current in the interior
of the Irminger Sea. They identify two water masses,
upper and deep Irminger Sea Intermediate Water,
the latter of which is similar in definition to our LSW.
Le Bras et al. (2020) argue that both types of newly
ventilated water penetrate the boundary current through
eddy exchange. It is likely that the LSW we observe
within the WGC at OSNAP WG (the inner core in
Fig. 9a) is advected in the boundary current around Cape
Farewell. Recall that the inner core tends to be present
early in the winter, before the extensive local penetration
of LSW occurs from the recirculation gyre (Fig. 9b).

An explanation for this is that LSW production in
the southwest Irminger Sea is driven by the forward
Greenland tip jet, which causes strong air-sea heat
fluxes (Vage et al. 2008). In contrast, the heat fluxes in the
eastern Labrador Sea due to the basin-scale westerly
winds are more moderate, since the air has warmed so far
from the Labrador landmass. Hence, convection on the
eastern side of Cape Farewell may develop more rapidly
than that on the western side — although as the winter
season progresses, the convection within the recirculation
gyre clearly dominates (Fig. 9b).

2) IRMINGER WATER

The temperature, salinity, and transport time series of
the IW are shown in Fig. 10. All of the IW properties
exhibit peak values in midfall, between September and
November, and minima in late winter, between March
and May. IW originates in the North Atlantic Current as
subpolar mode water formed during the winter months
(McCartney and Talley 1982, 1984; McCartney 1992)
and circulates around the subpolar gyre, eventually
progressing into the Irminger and Labrador Seas in the
upper portion of the water column (Krauss 1995; Cuny
et al. 2002; Vage et al. 2011). It is of interest to under-
stand what sets the seasonal timing of the IW observed
at the OSNAP WG site. Specifically, where and how are
these properties set and when were the waters last in
direct contact with the atmosphere?
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FIG. 10. As in Fig. 8, but for IW. For ease of presentation, the periods of minimum temperature, salinity, and
transport have been highlighted (January—June).

To address this, we utilize data from five mooring
arrays to investigate the seasonal signal of IW around
the perimeter of the Irminger Sea (Fig. 11). The arrays
MA1, MA2, and MA4 are also part of the OSNAP
mooring line, and thus are synchronous in time with our
measurements (2014-16). The MA3 array was deployed
from 2007 to 2008 (von Appen et al. 2014a,b; Harden
et al. 2014a). At each array we identified a mooring in
the core of IW (indicated by the black circles in Fig. 11).
The temperature, salinity, and density records at these
sites revealed sustained wintertime convection down to
at least 500m at MA1, MA2, and MA3.

An example of this is shown in Fig. 12 for the MA3
array, which contained moored CTD profilers. The
development of the winter mixed layer over the
course of the deployment can be seen by the cooling,
freshening, and densification of the surface warm and
saline layer. By the end of April the mixed layer had
deepened to 500-600 m, ventilating the IW. The same
thing occurred at MA1 and MA2 (which was deduced
using discrete TS sensors). At MA4, intermittent verti-
cal convection was observed down to 300 m for periods
of 1-2 weeks at a time. Le Bras et al. (2020) demon-
strated that the IW at this array is also ventilated later-
ally due to the outcropping of isopycnals seaward of the
boundary current, as noted above. These results dem-
onstrate that the IW is directly ventilated during winter
along its pathway around the Irminger Sea. At each site
along the pathway the mixed layer product is colder,
fresher, and denser than at the previous array. This is in
agreement with the study of Brambilla et al. (2008) that

documented the evolution of this mode water, using
historical shipboard data, as it circulated around the
subpolar gyre, as well as with the coupled modeling and
observational results of Grist et al. (2014).

At MAS (the OSNAP WG array), however, there is
no evidence of local convection into the IW layer at
any of the moorings. This is because, between MA4 and
MAS, the IW has subducted to a depth of 500m and is
capped by a layer of fresh water (UPW; Fig. 4b). This
layer, together with the more moderate atmospheric
forcing in the eastern Labrador Sea, prohibits convec-
tion from penetrating into the IW layer. Consistent with
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FI1G. 11. The five mooring arrays used in the seasonal analysis of
IW. The shaded arrow represents the schematic pathway of the
boundary current. The specific mooring in the core of the IW at
each array is outlined in black. MAS is the OSNAP WG array.
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FIG. 12. Profiles of (a) temperature, (b) salinity, and (c) density every 6 h at the mooring in the central part of the IW at array MA3 (circled
black in Fig. 11). The profiles are shaded by date from September through May.

this subduction of IW, the midfall maxima of IW prop-
erties found at MAS are roughly in-phase with the sea-
sonality of the Atlantic-origin water measured at Davis
Strait (e.g., Curry et al. 2014). On the Labrador slope the
air—sea heat fluxes are strong enough that the IW layer
is ventilated there (Pickart et al. 2002). The pronounced
freshwater surface layer (UPW) at the OSNAP WG
site, which inhibits ventilation of the IW, is thought to be
due in part to freshwater emanating locally from the
shelf. Lin et al. (2018) demonstrated that the coastal
current is diverted to the edge of the shelf as it rounds
Cape Farewell, and that baroclinic instability can flux
the freshwater offshore from the WGCC to the surface
of the WGC.

These results suggest that the seasonal IW signatures
of temperature and salinity at the OSNAP WG array,
documented in Fig. 10, are determined by the cumula-
tive ventilation that occurs upstream in the Irminger
Sea, with the final characteristics being set in the region
of MA4. Comparing the seasonal signals of IW temper-
ature, salinity, and density at MA4 and MAS, the lagged
correlations of these properties exhibit peak values at
20 days, significant at the 95% confidence level. The
distance between MA4 and MAS along the pathway in
Fig. 11 is roughly 350 km. This implies an advective speed
of approximately 20cms ™', which is consistent with the
velocity signature of the IW in the EGC/IC and WGC.

The IW transport at OSNAP WG exhibits the same
seasonal signal as the temperature and salinity, with
maximum values in fall and minimum values in spring
(Fig. 10). As with LSW, the variability in transport of IW
is driven by changes in the amount of the water present
(cross-sectional area), not by changes in its velocity.
Comparing the transports and areas of the two water
masses reveals that they are out of phase (Figs. 13a,b).

This is due to the fact that, when the IW is freshened and
cooled during winter, part of it is converted to LSW. As
described above, some of this conversion is due to the
strong atmospheric forcing directly ventilating the IW
layer in the boundary current. The remaining conversion
is due to LSW laterally mixing into the boundary current
from the recirculation gyre in late spring and modifying
the IW. Both mechanisms lead to less transport of IW
and greater transport of LSW, hence the out of phase
relationship between the two time series—driven by the
cross-sectional area of the two water masses (Fig. 13b).

We return to the fact that Rykova et al.’s (2015) re-
sults show the IW banked against the topography in the
WGC, whereas in our mean section the IW is isolated
in a core between 400 and 600 m without connection
to the topography (Fig. 4b). Inspection of our time series
of vertical sections reveals that, in late summer and early
fall, the IW does make contact with the topography inter-
mittently. This is the time period when the IW is warmest,
saltiest, and greatest in transport (Fig. 10). However, over
the course of the winter, as this water is modified and some
of it transformed into LSW, this newly formed LSW
occupies the bottom portion of the WGC and replaces
the IW as the water mass banked against the topogra-
phy. Since most of the hydrographic sections used by
Rykova et al. (2015) were occupied in summer, their
mean fields were biased toward the configuration where
IW is in contact with the topography.

3) UPPER POLAR WATER

The temperature and salinity of the UPW at the
OSNAP WG array exhibit maxima in October—-November
and minima in March—April of each year (Fig. 14). When
the UPW is coldest and freshest its transport is greatest.
As with the IW, we seek to determine what factors
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FI1G. 13. (a) Time series of LSW and IW transport, with standard deviation shaded. (b) Time
series of area of LSW and IW, with standard deviation shaded. The data gap in August 2016 is

due to the mooring turnaround.

dictate this seasonal timing. Importantly, we note that,
unlike the LSW and IW, the transport of UPW is influ-
enced by both the speed of the water and its cross-
sectional area.

Previous studies have demonstrated that the trans-
port of polar water in the EGCC is dependent on the
along-stream wind stress, both through local and re-
mote forcing. With regard to the former, downwelling-
favorable winds along the east coast of Greenland
intensify the EGCC via Ekman setup (Sutherland and
Pickart 2008; Daniault et al. 2011). With regard to

the latter, the sea surface height anomaly generated
by such winds trigger coastally trapped waves which
propagate southward and lead to the enhancement of
the EGCC downstream of the region of strong winds
(Harden et al. 2014a,b, 2016; Le Bras et al. 2018).
Seasonally, the wind stress field peaks in fall in the
Irminger Sea, which is consistent with the increased
EGCC transport measured at the MA4 array during that
season (Le Bras et al. 2018). We now investigate the role
of wind forcing for the WGCC using the ERAS5 wind
stress fields.
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FIG. 14. As in Fig. 8, but for UPW. For ease of presentation, the winter and spring months have been highlighted
(January-June).
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FIG. 15. Correlation maps of monthly mean UPW (top) transport, (middle) velocity, and (bottom) area with along-stream wind stress.
Positive along-stream wind stress is oriented along the coast of East Greenland. Positive correlation indicates wind stress leads the signal

at the mooring array. Only regions of correlations with p value < 0.01 are shaded.

We considered first if the local winds influence the
UPW transport at the OSNAP WG site. Using the
component of wind stress parallel to the West Greenland
coast, the velocity of UPW and the wind stress were
compared. This revealed that there is indeed a UPW re-
sponse to intensification of local winds on synoptic time
scales (less than a day). This is presumably driven by
storms: for example the reverse Greenland tip jet (Moore
and Renfrew 2005; Martin and Moore 2007; Ohigashi and
Moore 2009), which would lead to downwelling events
and Ekman set up that would impact the along-stream
UPW velocity. On seasonal time scales, however, which is
our interest here, there is no evidence of a local response.

Next, we considered remote forcing associated with
the barrier winds along the east coast of Greenland.
Specifically, we correlated the monthly mean UPW
transport values at 0-, 1-, and 2-month lags with the
30-day low-passed ERAS wind stress, rotated such that
positive wind stress is along the east coast of Greenland,
toward the southwest. This demonstrates that the transport
is significantly correlated with the upstream along-coast
wind stress at all three lag times (Fig. 15, top row; positive
correlation indicates wind stress leads WGCC signal). At
time scales longer than this, the correlation is insignificant.

As noted above, both the cross-sectional area of the
UPW and its velocity influence the transport variability.
Therefore, we made analogous correlation maps for these
two variables. The correlation between along-coast wind
stress and the spatially averaged UPW velocity is stron-
gest at 0 lag (Fig. 15, middle row), whereas the correlation
of along-coast wind stress and UPW area is strongest at
1-2-month lags (Fig. 15, bottom row).

In an effort to explain this, we considered the coastal
trapped wave model of Brink (2006). The model requires
the cross-slope shape of the topography, the velocity
structure, and the background stratification of the cur-
rent in order to solve for the wave speeds. We used
a simplified bathymetric profile, together with a surface-
intensified current and a background buoyancy frequency,
all based on the mean mooring data. Additionally, the user
can select whether the model solves for a rigid lid or free
surface, for open or closed boundaries, and for a strong
or weak value for bottom friction. We chose a free
surface, with a closed boundary on the onshore side of
the domain and open boundary on the offshore side
of the domain. For bottom friction we used a value of
0.05cms ! (weak friction). The solution for the coastal
trapped barotropic wave speed is
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where L is the shelf width (35km), fis the Coriolis pa-
rameter (1.25 X 10~*s™!), His the basin depth (1000 m),
and A, is the shelf depth (200 m) (Brink 1982). Based on
these values, the barotropic wave speed is 3.5ms ™ *. This
is consistent with the short time lag between the wind
stress and velocity of the UPW (Fig. 15, middle row).
Specifically, the distance between 65°N along the East
Greenland coast to the OSNAP WG mooring array is
1100 km. This means that the barotropic wave, traveling
at3.5ms !, would propagate between these locations in
4 days. It implies that the sea surface height anomaly
caused by the intensification of the winds along the east
coast of Greenland travels at the barotropic coastal
trapped wave speed to the OSNAP WG site, and the
WGCC adjusts accordingly.

The area signal instead travels slower, taking 1-2 months
to travel from the Denmark Strait region to the OSNAP
WG array site (Fig. 15, bottom row). The Brink (1982)
model is again used to compute the baroclinic wave speeds.
The third mode has a phase speed of ¢ = 22.6cms™ !,
which is consistent with the time scale of the calculated
area signal propagation (56 days to travel the 1100 km at
this phase speed). We note that Pickart et al. (2011)
found a similar result regarding wave adjustment of the
Beaufort Shelfbreak Jet due to remote wind forcing. In
particular, the adjustment of the sea surface height oc-
curred quickly, on the time scale of the barotropic mode,
while the adjustment of the pycnocline took place on a
slower time scale corresponding to the third baroclinic
mode wave speed predicted by the Brink (1982) model.
In our case the area of the UPW is dictated by the lateral
displacement of the pycnocline associated with the
WGCC, i.e., the movement of the 27.55kg m~3 iso-
pycnal, which corresponds to the seaward boundary of
the wedge of UPW (Fig. 4). When the area is large, this
isopycnal is displaced offshore, and when the area is
small, this isopycnal is found closer to the shelfbreak. It
should be noted that the arrival of the barotropic and
baroclinic waves corresponds to the arrival of fronts, as
derived in Allen (1976). The upstream, downwelling-
favorable winds introduce a continual sea surface and
isopycnal displacement to the water column due to the
onshore Ekman transport, thus inhibiting the return to
preforcing conditions on short time scales associated
with waves of subinertial frequencies.

While these results explain the seasonality in trans-
port of the UPW, it still remains to be determined what
factors dictate the seasonal change in 7" and S docu-
mented in Fig. 14. Unlike the IW, the UPW is not ad-
vected around the perimeter of the Irminger Sea, but
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instead progresses along the shelf and shelfbreak of East
Greenland from Fram Strait to Cape Farewell. Analogous
to our calculation for the IW, we used the mooring data at
the MA3 array to investigate ventilation of UPW, in this
case using the onshore-most mooring in the EGCC. This
revealed that the stratification of the water column is
eroded and the mixed layer deepens over the course of the
winter season, until it is sporadically homogenous from top
to bottom by March. Hence, UPW is actively ventilated at
MA3 during winter. Additionally, onshore Ekman trans-
port along East Greenland should act to modify the UPW
properties along its trajectory. Unfortunately, since neither
MAA4 nor the OSNAP WG array had moored CTD pro-
filers, plus the data return of the tethered MicroCATs at
50m was sparse at both arrays, it is not possible to docu-
ment how much of the UPW was ventilated east and west
of Cape Farewell. However, given that there is no evidence
of an advective lag in UPW hydrographic properties be-
tween MA4 and the OSNAP WG array, it is likely that
UPW continues to be directly ventilated in winter along its
trajectory from the Irminger Sea into the eastern Labrador
Sea. Further insights on this will require additional sensors
on the inshore Cape Farewell OSNAP moorings.

4. Summary and conclusions

Using a high-resolution mooring array deployed be-
tween 2014 and 2018, we have characterized the struc-
ture, water mass composition, and seasonal variability of
the West Greenland boundary current system. The
boundary current system is comprised of three compo-
nents, progressing from onshore to offshore: 1) the West
Greenland Coastal Current (WGCC) advects cold and
fresh UPW in the vicinity of the outer shelf and shelf-
break; 2) the West Greenland Current (WGC) trans-
ports warm and salty IW along the upper-slope (with
some UPW in the surface layer); and 3) the DWBC
advects overflow waters emanating from Denmark Strait
(relatively cold and fresh DSOW) and the Faroe Bank
Channel and Iceland-Faroe Ridge (relatively warm and
salty NEADW). LSW is prevalent at the seaward side of
the array within the offshore recirculation gyre, and also
present in the WGC beneath the IW.

Based on the lateral distribution of LSW, together
with guidance from previous work, we divided the flow
into the boundary current portion versus the northward
arm of the cyclonic recirculation gyre at the edge of the
array. The total mean transport of the boundary current
is 31.1 £ 7.4 Sv. Of the six water mass components, LSW
contributed the largest transport, followed by NEADW,
IW, and DSOW. The remaining two water masses, UPW
and UAW, were associated with smaller, comparable
transports. Using the historical definition of overflow
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water (denser than 27.8kgm ), we find that there is a
loss of transport of this dense water as it rounds Cape
Farewell, consistent with earlier studies. However, we
demonstrated that some of the NEADW is lighter than
27.8kgm >, meaning that this definition does not ac-
count for all of the overflow water (plus entrainment)
emanating from the Greenland-Scotland Ridge. Using
our property definitions, we demonstrated that the true
overflow component transports 2.2Sv more than one
would obtain using the historical density definition. We
also determined that the transport of the entrained
product deriving from the eastern overflow (NEADW)
is comparable to that from the western overflow (DSOW).

While the total boundary current transport does not
have a seasonal signal, the individual water mass com-
ponents do vary seasonally in both transport and in their
hydrographic properties. LSW transport reaches a max-
imum in spring, after strong wintertime convection during
which the water becomes colder and fresher. This sea-
sonality in transport is driven by fluctuations in the
amount of LSW present, not by its velocity. Our results
indicate that LSW penetrates the boundary current lo-
cally, through entrainment/mixing from the adjacent
recirculation gyre, and also enters the current upstream in
the Irminger Sea, where the newly ventilated water is
subsequently advected around Cape Farewell.

In fall, the IW is warmest and saltiest, coincident
with a maximum in transport. Using data from four
different mooring arrays upstream of the OSNAP WG
array, it was determined that IW is consistently modified
through air-sea interaction during winter along the
length of its trajectory around the Irminger Sea. This
means that it is impossible to advectively track a sea-
sonal signal of this water mass from site to site. Near
Cape Farewell, however, the water mass subducts below
cold and fresh UPW shed from the coastal current. As
such, there is a clear advective lag in seasonal IW
properties between the OSNAP WG array and the
OSNAP mooring array northeast of Cape Farewell. The
upstream wintertime ventilation cools, freshens, and
densifies the IW, converting some of it to LSW. This
conversion, together with the seasonal increase in LSW
entering the current, results in an anticorrelation in
transport between these two water masses.

The UPW in the WGCC also exhibits strong season-
ality in its hydrographic properties, as well as its transport.
The water is coldest, freshest, and its transport is maxi-
mum in the spring. The transport variability, which is
dictated by both changes in cross-sectional area and
speed of the UPW, is due to remote wind forcing. In
particular, our analysis suggests that strong northerly
winds off of East Greenland excite coastal trapped waves
that propagate around Cape Farewell and adjust the
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WGCC. The sea surface height anomaly travels at the
barotropic wave speed which enhances the velocity, while
the pycnocline anomaly travels at a slower baroclinic
wave speed which increases the area of the UPW. The
observed timing of these changes agrees with that
predicted by a coastal trapped wave model. It was
documented that, during winter, the UPW is venti-
lated throughout the water column on the outer East
Greenland shelf at the upstream MA3 mooring site
near Denmark Strait. Due to sparse instrument cov-
erage, it was impossible to determine if such ventila-
tion also occurs at the two OSNAP Cape Farewell
arrays. However, the lack of an advective signal be-
tween the two sites implies that UPW continues to be
directly ventilated during winter as it progresses from
the Irminger Sea into the Labrador Sea.

This study has provided the first robust accounting
of the boundary current of the eastern Labrador Sea,
including its mean state and seasonally varying com-
ponents. As the current system in this region is part of
the North Atlantic meridional overturning circula-
tion, its variability has important implications for cli-
mate. Future work will compare the boundary currents
on the two sides of the Labrador Sea using the OSNAP
mooring data on the Labrador shelf/slope. It is also of
interest to investigate further the role of the boundary
current system in influencing the conditions in the in-
terior Labrador Sea, including its role in modulating
wintertime convection and in the subsequent restrati-
fication that takes place in spring and summer. Toward
this end, future efforts will focus on the mesoscale
processes in the current that help dictate shelf-basin
exchange.
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doi:10.4121/uuid:9ae97ceb-39e4-43ec-abdb-614103285¢16;
U.S. eastern Mid-Atlantic-Ridge array, doi:10.7924/
r42n52w51. Mooring data from MA3 can be found at
http://kogur.whoi.edu/php.
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