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Abstract The West Greenland Current System (WGCS) transports heat and freshwater into the Labrador
Sea, influencing the formation of Labrador Sea Water, a key component of the Atlantic Meridional
Overturning Circulation. Notwithstanding its importance, relatively little is known about the structure and
transport of this current system and its seasonal and interannual variability. Here we use historical hydro-
graphic data from 1992 to 2008, combined with AVISO satellite altimetry, to diagnose the mean properties
as well as seasonal and interannual variability of the boundary current system. We find that while the sur-
face, fresh, cold West Greenland Current is amplified in summer, the subsurface warm, salty Irminger
Current has maximum transport in winter, when its waters are also warmer and saltier. Seasonal changes in
the total transport are thus mostly due to changes in the baroclinic structure of the current. By contrast, we
find a trend toward warmer/saltier waters and a slowdown of the WGCS, within the period studied. The lat-
ter is attributed to changes in the barotropic component of the current. Superimposed on this trend, warm
and salty anomalies transit through the system in 1997 and 2003 and are associated with a rapid increase in
the transport of the boundary current due to changes in the baroclinic component. The boundary current
changes precede similar changes in the interior with a 1–2 year lag, indicating that anomalies advected into
the region by the boundary current can play an important role in the modulation of convection in the
Labrador Sea.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is a major contributor to the transport and storage
of heat, freshwater, and other tracers in the ocean. One of the key components of the AMOC is intermediate
water formation in the Labrador Sea. This transformation has been extensively studied over the past few
decades and significant progress has been made toward understanding the processes and forcing mecha-
nisms that contribute to the duration and extent of convection in the interior of the Labrador Sea [Lab Sea
Group, 1998; Marshall and Schott, 1999; Lazier et al., 2002; Pickart et al., 2002]. Similarly, a number of studies
have estimated the production rates and the pathways and transformation as the intermediate water
spreads from the formation site [e.g., Rhein et al., 2002; Bower et al., 2009]. Fewer studies, however, have
focused on the West Greenland Current System (WGCS), the boundary current system that supplies the
Labrador Sea with relatively light waters that are then transformed into Labrador Sea Water (LSW), the
dense water produced in the Labrador Sea. Those that have primarily focused on how these light waters are
transported into the convection region and, in particular, on a high eddy kinetic energy region where warm
buoyant eddies form and advect light waters into the Labrador Sea [e.g., Prater, 2002; Lilly et al., 2003;
Katsman et al., 2004; Bracco et al., 2008; de Jong et al., 2014]. The structure of the inflowing current itself,
and its variability on seasonal to interannual time scales, however, are largely unknown—in part because of
the lack of long-term measurements here. The work by Bacon et al. [2008] summarizes our knowledge about
the inflowing waters and their interannual transport variability up to date.

The inflowing boundary current system, west of Greenland, is composed of several components at different
depths (Figure 1) [Cuny et al., 2002; Pickart et al., 2002]. In the top 200 m, the West Greenland Current (WGC)
carries cold and freshwaters from the Arctic Ocean and from Greenland freshwater discharge. Beneath the
WGC, and to its offshore side, the Irminger Current (IC, 200–1000 m depth range) carries warmer and saltier
subtropical waters from the North Atlantic Current into the Labrador Sea. Beneath the IC, this boundary cur-
rent system carries the intermediate and dense waters formed in the subpolar gyre, including LSW, as well
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as those originating in the Nordic
Seas [e.g., Dickson and Brown,
1994; Pickart and Spall, 2007].
This deeper portion of the
boundary current is known as
the Deep Western Boundary
Current [e.g., Dickson and Brown,
1994]. Here we largely focus on
the buoyant portion of the
inflowing boundary current, i.e.,
the WGC and IC portions, found
inshore of the 3000 m isobath
[Cuny et al., 2002]. Since we are
interested in the source waters
for LSW, we here focus on the
region southward of 62�N, i.e.,
upstream of the high eddy
kinetic energy region where a
significant fraction of the
exchange with the interior by
eddies takes place.

Data-based studies of the WGCS
until now have yield mean recon-
structions, based on summer
hydrography with velocities ref-
erenced to float data [Pickart and
Spall, 2007], estimates of interan-
nual variations based on changes

in single water mass properties [Myers et al., 2007], and studies that combines modeling approaches and
observations [Myers et al., 2009]. Yet, its seasonal variability, or the interannual variability of the entire cur-
rent (including its transport) are largely undocumented—in part due to the limited amount of data col-
lected here. Understanding this current and its variations, however, is crucial to understanding the process
of water mass transformation in the Labrador Sea and how it may be affected by anomalies propagating in
from upstream. As shown by Schmidt and Send [2007], the WGC is a major source of freshwater for the inte-
rior of the Labrador Sea and has the potential to strongly impact the transformation process in the
Labrador Sea interior. Bacon et al. [2008] documents the WGC transport variability in the multidecadal time
series at different locations along the west Greenland coast. This is particularly important in light of the
recent changes that have occurred in the Subpolar Gyre (SPG). Since the mid-1990s, the temperature and
salinity of the entire SPG, including the Irminger Sea and the Iceland basin, have increased [e.g., Yashayaev
et al., 2007; Sarafanov et al., 2010]. This warming and salinization has been accompanied by a weakening of
the SPG circulation observed from altimetry and sparse moored data on the Labrador side [H€akkinen and
Rhines, 2004; Hakkinen and Rhines, 2009] and supported by the modeling studies [B€oning et al., 2006]. These
changes have been largely attributed to the North Atlantic Oscillation (NAO), one of the major modes of
atmospheric variability in the Northern Hemisphere, which transitioned from a positive phase to a mostly
negative or nonpersistent phase in the mid-1990s [e.g., Dickson et al., 2002; Lazier et al., 2002]. Yet, the mani-
festation of these changes in the inflow into the Labrador Sea, and how these may, in turn, have impacted
the Labrador Sea interior and the dense water formation here are largely unknown.

Some indication that remotely advected anomalies are important is provided by studies documenting
anomalous warming of the Labrador Sea in 1996/1997 and 2003 [e.g., Brandt et al., 2004; Avsic et al., 2006;
Hakkinen and Rhines, 2009]. These years were characterized by large lateral heat fluxes between the
boundary current and the interior (estimated as the residual of the interior heat content change minus
the surface heat flux [e.g., Brandt et al., 2004; Avsic et al., 2006]) that led to a rapid warming of the central
Labrador Sea, affecting the amount and properties of LSW [e.g., Bersch et al., 2007; Yashayaev et al., 2007].

Figure 1. Schematic of the Labrador Sea with the surface currents identified. Light blue
region represents interior, purple line is AR7W, the black dots denote the approximate
location of profiles used within the 100 km region of AR7W also denoted by the dashed
black box, and the yellow circles are the eddies, arrows represent the currents: WGC West
Greenland Current (light blue), IC Irminger Current (red); LC Labrador Current (dark blue),
the maximum ice extent indicated in orange. Gray contours represent bathymetry: 1000,
2000, 3000, and 3300 m indicated.
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In at least one of these years, these changes in LSW properties were associated with an increase in the
number of eddies reaching the interior of the Labrador Sea [Lilly et al., 2003]. The associated increase in
lateral heat fluxes, confirmed by an increase in altimeter-derived eddy kinetic energy, led to an anomalous
warming of the interior, an increase in the stratification and, eventually, a reduction in the convection
[Lilly et al., 2003; B€oning et al., 2006]. None of these studies, however, documented changes in the bound-
ary current flowing into the Labrador Sea and what role they may have played in changes in the lateral
heat fluxes.

More recently, studies have begun to address interannual variations in the warm, salty portion of the WGCS
[Stein, 2005; Myers et al., 2007] and its transport [Myers et al., 2007, 2009]. These studies, however, have
largely focused on summer surveys only and the variability of the current is simply inferred from changes in
the top 700 m within the current.

Here we address this gap by investigating both the mean structure of the WGCS, its transport, and its sea-
sonal and interannual variability. Next, we use some simple theory to investigate how this variability may
affect the lateral exchange with the Labrador Sea interior and, ultimately, its properties. In section 2, we
describe the processing and characteristics of the hydrographic and satellite data and describe how the
absolute velocity sections are computed. The mean structure, seasonal and interannual variability of both
components of the current are shown in section 3. It is followed by the discussion and conclusions in sec-
tion 4.

2. Data and Methods

In this section, we describe the in situ hydrographic data and the satellite altimetry products used to obtain
the mean properties and absolute velocities of the WGCS.

2.1. Hydrographic Data
We utilized hydrographic sections of the WGCS from three sources: (1) the Bedford Institute of
Oceanography (data courtesy of I. Yashayaev), including their annual occupation of the World Ocean
Circulation Experiment (WOCE) AR7W section from 1990 to 2004, [e.g., Yashayaev et al., 2007]; (2)
Hydrobase (www.whoi.edu/science/PO/hydrobase/) [Curry and Mauritzen, 2005]; and (3) International
Council for the Exploration of the Sea (ICES, Denmark—www.ices.dk) covering the years up to 2006. We
restrict ourselves to the data collected after October 1992, when satellite altimetry product became avail-
able. Consistent with WOCE standards, the accuracy of the all hydrographic data is 0.002�C for temperature,
0.002 psu for salinity, and 3 dbar for pressure. Most of the sections in the area of interest are aligned with
the AR7W line with stations spaced �20–55 km in the interior of the Labrador Sea and �10–30 km in the
WGCS. To construct a climatology of the boundary current, we only consider sections taken within 100 km
of the AR7W. Our rationale is that along-flow bathymetry does not change considerably over this distance,
especially downstream of AR7W where the majority of the stations were, allowing for averaging along bath-
ymetric contours. Note that the region where the WGCS is known to be highly unstable and produce
numerous eddies (roughly 52�W, 62�N) [e.g., Lilly et al., 2003] is downstream of our sampling box and there-
fore excluded from our climatology. Data from all three sources were compiled and quality controlled.
Duplicate sections, sections which did not have both temperature and salinity data at the same time/loca-
tion, and sections with questionable profiles were all excluded. To ensure coverage of most of the WGCS,
we only considered sections extending deeper than or equal to 1000 m, starting within 30 km of the coast
and extending at least 200 km offshore (i.e., from the 200 to the 3500 m isobaths). A total of 18 sections sat-
isfying the criteria outlined above are used in this study (Figure 1). While most of the cruises occurred dur-
ing late spring and summer, this data set also includes five fall/winter occupations which allows us to
capture part of the seasonal variability (Figure 2) in contrast to the earlier studies which have only focused
on the summertime data [e.g., Stein, 2005; Myers et al., 2007]. The wintertime cruises are described in detail
in Lab Sea Group [1998] and Pickart et al. [2002].

To produce the mean fields of potential temperature, salinity, and potential density, we proceed as fol-
lows. First, we identified profiles within the sections that occurred in the large, warm eddies produced by
the WGCS instability and described in a number of studies [Prater, 2002; Lilly et al., 2003; Katsman et al.,
2004; de Jong et al., 2014]. Many of these were already identified in Rykova et al. [2009] and the same
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criteria are used here. Profiles in
eddies are those that are 0.1�C
warmer and 0.01 psu saltier over a
layer that is at least 100 m thick,
within the 200–1000 m depth range,
and that are separated from the warm
water transported by the boundary
current by at least one hydrographic
station. These profiles are then
removed from the section. Second, we
interpolate the data onto a regular
grid by using the Laplacian-spline
interpolation routine following the
study by Fratantoni and Pickart [2007]
and Våge et al. [2011]. We interpolate
the sections onto a regular grid with
5 km horizontal and 10 m vertical
resolution. To extrapolate the data
down to the bottom topography, we

chose Smith and Sandwell [1997] satellite bathymetry to determine the shape of the topographic slope.
Finally, sections are projected onto the AR7W line, by moving each station to the corresponding isobath
on the AR7W section.

There are two major differences between the climatology presented here and the climatologies from the
previous studies [Stein, 2005; Pickart and Spall, 2007; Myers et al., 2007, 2009]. The first is the inclusion of win-
ter and fall data. The second, and more important, is the method for the estimation of the absolute velocity
described in detail in section 2.3. In the present work, the relative geostrophic velocity for each of the sec-
tions is referenced to the absolute velocity at the surface obtained from AVISO product.

2.2. AVISO Surface Velocity
We use the gridded absolute surface geostrophic velocity from Archiving, Validation, and Interpretation of
Satellite Oceanographic (AVISO) website (www.aviso.oceanobs.com) to estimate the surface velocity data
along the section. In particular, we use the delayed mode gridded absolute geostrophic velocities that are
referenced to the mean state of the current for 1992–2007 (the referencing was provided by the AVISO
team). This product is available from October 1992 to January 2008 and consists of a blend from TOPEX-
Poseidon, ERS-1, ERS-2, Jason-1, and ENVISAT data interpolated onto a regular 1/3� grid. The use of the
gridded product for this study is preferable to using the along-track data for three reasons. First, along-track
data often does not coincide with the hydrographic section occupation. Second, the along-track data con-
tains considerable high-frequency variability (daily to weekly), which makes it difficult to reference the hydro-
graphic section to it. Third, along-track products are based on a single satellite and provide less accurate
results than the combination of satellites generally used in the gridded data product [Ablain et al., 2009]. The
gridded absolute surface velocity product is available every 7 days. However, due to the large variability in
the boundary current even on daily time scales [Pickart, 2013], we choose the gridded mean 28 day averaged
maps for further analysis, thus, filtering out most of the mesoscale variability of the boundary current.

Besides the difference in the temporal resolution between the along-track and gridded products, the
gridded fields have larger uncertainties. To estimate these, we compared the gridded product with the
along-track data in this geographical region. First, since the altimetry product is generally inaccurate along
the tracks propagating from land to the ocean on scales on the order of 100 km (L. Traon, personal commu-
nication, 2008), we made sure that all the tracks, sampling the boundary current, ascend from the Labrador
Sea interior toward Greenland. Then, to evaluate the accuracy of the gridded data product, we compare the
gridded SSH with the along-track SSH data product for several arbitrarily chosen dates. We found that the
two differ by less than 10%. The largest differences occur at the boundary current front and result from the
smoothing of the gridded data product compared to the along-track data. Note that we compare SSH
instead of absolute velocity since there is no along-track absolute velocity product. Finally, we compared
the gridded and along-track based velocities as follows. We compute velocity from the along-track SSH

Figure 2. Hydrographic sections occupation, summer (gray) and winter (black).
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data and compare it to the absolute surface velocity from the gridded data product for several arbitrarily
chosen times. We found that along-track derived velocity has more variability on small scales and higher
velocity (up to twice as large as the gridded product values) at the location of the boundary current front.

Several factors contribute to uncertainties in the absolute velocity estimated from satellite altimetry. These
include uncertainties in the satellite performance such as the measurement noise, the wave height contri-
bution, the tidal and orbit errors [Fu et al., 1994; Fu and Cazenave, 2000]. Another significant error, especially
in the coastal areas (closer than 100 km from the shore), is due to the atmospheric forcing. Most of these
errors are substantially reduced as a result of the data processing by the AVISO team who compute the
atmospheric corrections and minimize the errors via various fitting and filtering (M.-I. Pujol, personal com-
munication and AVISO product documentation, 2010). The pressure and tidal effects are also taken into
account during the data processing stage: there are two tidal gauges on the Greenland coast on both sides
of AR7W. The merging of the along-track data from different satellites and its gridding is based on the
objective analysis that allows producing not only the gridded fields themselves but also the corresponding
mapping error fields. The errors originating from the approximations due to the geostrophic balance
assumption in calculations of the velocity fields (5–8 cm s21) are added to the uncertainties mentioned
above. The maps of these errors are produced for each gridding and are represented in the percentage of
the signal variance that allows us to estimate the relative error as a result of the mapping process. Finally,
the gridded product has several weaknesses. The most relevant to this study are: (i) the limited accuracy
near the shore (in the boundary current region the product is unreliable shoreward of 30 km from the coast
that is roughly equivalent to the 200 m isobath); (ii) low horizontal resolution (1/3�) results in a large uncer-
tainty on the fronts position and width.

2.3. Absolute Velocity From Hydrography and AVISO
We restrict our analysis to the velocity perpendicular to the AR7W section, which is largely perpendicular to
the mean topographic slope and is the main component of the flow [Cuny et al., 2002]. From the mean
property sections, we estimate the geostrophic velocity using the thermal wind relation:

@V
@z

52
g

fq0

@q
@r
; (1)

where V is the alongshore velocity, g is gravity, q0 is reference density, f is Coriolis parameter, q is potential
density, z is vertical coordinate, and r is the distance along AR7W section away from the coast. Integrating
this equation in the vertical, we obtain:

VðzÞ52
g

fq0

ð
@q
@r

dz1CðrÞ; (2)

where C(r) is a constant of integration, or the absolute velocity at a certain depth.

To obtain an absolute velocity, we reference the relative geostrophic velocity for each of the sections to the
surface velocity obtained from the gridded AVISO product. This method is similar to that used by Han et al.
[2010] who referenced their geostrophic velocities to the along-track satellite product for the Labrador
Current, but differs considerably from previous studies of the WGCS that referenced geostrophic velocities
to diagnostic model output [Myers et al., 2007, 2009], to the mean velocity from the float data for 1994–
1999 [Pickart and Spall, 2007] or lowered Acoustic Doppler Current Profiler (ADCP) data [Hall et al., 2013].

To obtain the velocity in the regions shallower than 1000 m, we used the method described in Helland-
Hansen [1934], who suggested extending the isopycnals horizontally into the ground. In this case, the iso-
pycnals below the bottom are parallel to each other resulting in zero velocity. The advantage of this method
is in the continuous velocity field near the bottom that matters both for the velocity field itself and for the
transport calculations.

The resolution of the hydrographic sections (5–10 km) is much finer than the resolution of the AVISO prod-
uct (30 km) so in order to reference the former to the latter we smooth the hydrographic sections to match
the AVISO resolution. Similarly, since it takes several days to complete a hydrographic section and since
there is a lot of daily to weekly variability in the region [Pickart et al., 2002], we use 28 day mean AVISO for
referencing hydrographic sections. A smoothed hydrography matches 4 week mean AVISO perfectly.
Following this procedure, the absolute geostrophic velocity for each section is:
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Vðr; zÞ5VAVISOðrÞ2
g

fq0

ðz

0
qr dz; (3)

The validity of this method is assessed by comparing with existing synoptic and climatological estimates as
well as individual Lowered ADCP velocity data (described in Hall et al. [2013] and Rykova [2010]). AVISO-
derived velocity agrees well with direct measurements (with RMS differences of 2–8 cm s21), although the
ADCP-derived velocity has smaller-scale variability, with amplitudes of up to 0.05 m s21 on scales not
resolved by the hydrography.

3. Results

In this section, we first present the annual and seasonal mean sections of temperature, salinity, and surface
velocity. Then, we describe the absolute velocity sections and discuss the corresponding transport esti-
mates. Finally, we describe the interannual variability.

3.1. Annual and Seasonal Mean Properties From Hydrography
To investigate seasonal changes, we define a summer season (May to July) and a winter season (October to
February), in agreement with the seasonal evolution for the Labrador Sea, where maximum depth of con-
vection is typically observed in April [e.g., Lilly et al., 2003; Straneo, 2006a]. There are 13 sections in the
summer cluster (6 in May, 4 in June, and 3 in July) and 5 in the winter cluster (1 in October, 1 in November,
1 in December, and 2 in February, see Figure 2). Seasonal mean cross sections of potential temperature and
salinity for the period 1993–2006 are obtained by averaging sections within the summer and winter clusters
(Figure 3). To avoid biasing, the annual mean to the summer period when more sections are available, the
annual mean is estimated as the average of the summer and winter means (Figure 3). Although there are
only five occupations of the AR7W section during the fall/winter, they cover the mid-1990s (1993 onward),
with just one wintertime section in the 2000s. We assume these surveys to provide a representative esti-
mate of the full period.

The major characteristics of the boundary current system are visible in all three sections. Cold, fresh Polar
Water (PW) from the Arctic, the main component of the WGC, lies above and onshore of the warmer and
saltier Irminger Water (IW), originating from the subtropical Atlantic and transported by the IC from the
eastern side of Greenland. In the interior of the Labrador Sea, LSW occupies the 500–1500 m depth range.
The dense waters from the Nordic Seas are found beneath LSW in the Deep Western Boundary Current

Figure 3. (top) Mean potential temperature and (bottom) salinity sections across the West Greenland Current System for (left) summer, (middle) winter, and (right) annual (see text for
description).
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[Pickart and Spall, 2007]. In summer,
the layer of PW is thicker and fresher
at the expense of a thinner, less salty
layer of underlying IW. In winter, the
situation reverses with a thinner PW
and a thicker, warmer and saltier IW.
In general, we find that the variability

of the WGCS properties, characterized here by the standard deviation, is the largest at the surface where
the seasonal cycle is the strongest.

Most of the sections used in this study do not extend far enough inshore to capture the full extent of the
shallow, fresh portion of the WGCS. Therefore, we focus primarily on the IC. To compare the IC properties
seasonally and interannually, given that the IC is not fully resolved in each individual section, we consider
mean changes over the IC core—defined here as the region (area), common to all the sections, centered at
depth of 500 m (extending from 300 to 700 m) and distance of 75 km offshore (extending from 65 to
85 km). The upper boundary is set to 300 m to exclude the WGCS fresh component. The lower boundary is
set to 700 m to account for seasonally and interannually varying core temperatures. Using this definition,
we find that the properties of the IC core are characterized by potential temperature of 4.78 6 0.3�C, salinity
of 34.91 6 0.02 psu, and potential density of 27.64 6 0.02 kg m23 (Table 1). A comparison of the core prop-
erties in winter and summer shows that the core of the IC is roughly 0.6�C warmer and 0.01 psu saltier in
winter and given the error bar, the seasons are statistically different.

3.2. Annual and Seasonal Mean Surface Velocity Properties From AVISO
The time-mean surface geostrophic velocity derived from the AVISO gridded product has a maximum of
30 6 4 cm s21 (where the error is estimated as the standard deviation from the mean) located about 50 km
from the shore (Figure 4). Velocity decreases rapidly toward the coast and less rapidly toward the interior of
the Labrador Sea. The maximum velocity in the weekly gridded data can reach up to 60 cm s21. The error
of the mean velocity—based on the signal variance—is 5 cm s21 for most of the section, but up to 8 cm
s21 at the peak of the WGCS. The width of the current, defined here as the distance between the coast and
the location where the mean northward flow is zero, is about 150 km. This estimate is consistent with stud-
ies of surface drifters by Cuny et al. [2002]. The mean AVISO-derived surface velocity from the whole AVISO

data set compares favorably
with the mean surface velocity
obtained by averaging AVISO
surface velocity during the 18
different weeks corresponding
to the hydrographic sections
occupation (Figure 4) suggest-
ing that a 18 section mean is a
good representation of the full-
record mean.

We use the AVISO product to
investigate the seasonal
variations in the surface cur-
rents. To retain the full sea-
sonal variability, we first
consider conventional sea-
sons: January through March
(JFM), April through June
(AMJ), July through
September (JAS), and October
through December (OND).
Both the maximum velocity
and currents width at the
surface vary seasonally. The

Table 1. Summer, Winter, and Annual Mean Properties of the IC Core

Summer Winter Annual

Potential temperature (�C) 4.35 6 0.47 5.00 6 0.34 4.78 6 0.28
Salinity (psu) 34.90 6 0.03 34.91 6 0.03 34.91 6 0.03
Potential density (kg m23) 27.67 6 0.04 27.60 6 0.03 27.64 6 0.04

Figure 4. Weekly surface geostrophic velocity, derived from AVISO along the AR7W line
from October 1992 to January 2008 (gray lines). Overlaid is the time-mean (black thick line;
dashed lines show one standard deviation). The mean surface geostrophic velocity obtained
by averaging AVISO surface velocity for the time corresponding to the occupation of the 18
hydrographic sections is overlaid in red, note that this has been smoothed onto the same
grid as used for the hydrographic data gridding.
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largest velocities occur during
the fall (OND) when the cur-
rent is the widest and the
maximum is located approxi-
mately 50 km offshore. After
that the maximum moves
onshore and the velocities
become weaker to be mini-
mum during spring (AMJ)
(Figure 5).

3.3. Absolute Velocity
To estimate absolute velocities
across the section for summer,
winter, and the annual mean,
we combine hydrography and
AVISO, following the method
described in section 2.3.

3.3.1. Annual Mean and
Seasonal Variability
The absolute velocity section
(Figure 6), obtained by refer-
encing the geostrophic velocity

derived from the hydrographic data to the AVISO surface velocities (see section 2.3), reveals the full two-
dimensional nature of the current system. The interior region is mostly quiescent with a strong, surface inten-
sified flow along the coast of Greenland. Velocities are on the order of 30–35 cm s21 at the surface and
decay to a minimum of 3–6 cm s21 below 1000 m. At the depth of the IC core, the mean velocity is 10–
20 cm s21 consistent with a previous estimate based on float data Lavender et al. [2002]. The offshore portion
of the current is remarkably barotropic, consistent with the summer climatology of Pickart and Spall [2007]
and the individual sections of Hall et al. [2013]. Consistent with altimetry and the hydrographic sections, the
velocities throughout the water column in the summer mean are weaker than those in the winter mean.

3.3.2. Barotropic and Baroclinic Velocity Components
To investigate whether the winter acceleration of the current is due to the changes in the density structure
(baroclinic) or the acceleration of the entire current (barotropic), we decompose the velocity field into a bar-
oclinic and barotropic components. We define the barotropic component as the absolute velocity at
1000 m depth. Accordingly, the baroclinic component is estimated as a difference between the absolute
and barotropic velocities (Figure 7). We choose 1000 m since hydrographic data (our own, as well as those
discussed by Pickart and Spall [2007] and Yashayaev et al. [2007]) show that the horizontal density gradients
are smallest at this depth—since this is where LSW is present both in the interior and in the boundary

Figure 5. Geostrophic surface velocity derived from AVISO for spring (AMJ, lightest gray),
summer (JAS, darker gray), fall (OND, the darkest gray), and winter (JFM, black) as a function
of distance from the coast. Overlaid is the summer (May to July) mean (red) and winter
(October to February) mean (blue) absolute surface velocity obtained by referencing the
geostrophic velocity from the hydrographic sections with AVISO data (see method in sec-
tion 2.3).

Figure 6. Absolute velocity, with isopycnals overlaid as black contours, in (left) summer, (middle) winter, and (right) annually across the West Greenland Current System.
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current. Thus, we expect the vertical shear in the mean flow to be small at this depth, making a depth of
1000 m a good choice for a reference level that separates the surface intensified baroclinic component
from the barotropic component.

This decomposition reveals that the bulk of the seasonal difference is due to the baroclinic component, as a
result of a stronger IC core (Figure 7). Seasonal changes in the barotropic component of the flow are rela-
tively small. Note that the inshore portion of the barotropic flow is not fully resolved due to the fact that
1000 m isobath crosses the section at roughly 65 km offshore (not shown).

3.4. Transport
The total volume transport of the boundary current section that horizontally spans from 0 to 150 km and
extends from the surface to the bottom (not shown) is equal to 29.1 6 4.8 Sv. This value compares well with
the 28.5 Sv estimated by Pickart and Spall [2007] from hydrography referenced to the velocity measured by
PALACE floats in 1995–1999 [Lavender et al., 2002]. Our mean section also compares favorably with the synop-
tic velocity sections derived using lowered ADCP data [Hall et al., 2013]. The total transport does not signifi-
cantly change with season due to compensating changes. In winter, when the upper part of the boundary
current (0–2000 m) accelerates, the deeper part of the current (2000 m–bottom) decelerates (not shown).

In terms of the WGC and IC contributions, a comparison with previous estimates is complicated by the non-
unique definition of these branches. Here we define the upper portion of the boundary current system that
encompasses the WGC and the IC to be that inshore of the 3000 m isobaths (roughly 150 km offshore) and
above 1000 m. The 34.4 psu isohaline is chosen as the optimal way of separating the two currents. After con-
sidering different definitions based on temperature and salinity gradients, velocity, and potential vorticity, we
believe this is the most appropriate choice. For reference, earlier studies used properties to define the IW
core (e.g., Myers et al. [2007] defined the Irminger Current as the water with h> 3.5�C and S> 34.88 psu) but

Figure 7. (top) Geostrophic velocity section averaged (left) annually, (middle) summer, and (right) winter; and (bottom) geostrophic veloc-
ity at different depths for each time period.
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we found that these were ill-suited to
take into account interannual variations.
A more stringent definition of the IW h �
4.5�C was used by Cuny et al. [2002] but
it cuts off the deeper portion of the
Irminger Current. The transport estimates
using the definition described above are
presented in Table 2.

The annual volume transport of the WGC is 1.8 6 0.15 Sv. Consistent with the widening and deepening
of the fresh portion of the current, the WGC transport estimate is larger by about 16% in the summer
than in the winter. The summertime freshwater transport referenced to a salinity of 34.3 psu isohaline is
60.1 6 15.8 mSv, consistent with earlier studies by Myers et al. [2009]. The freshwater is mainly brought
into the region in summer, likely reflecting a seasonal contribution from melting of sea-ice and glacial
melting advected down the east Greenland coast.

The annual IC volume transport is 8.1 6 0.9 Sv, consistent with the estimates of Holliday et al. [2009]
upstream. It decreases by roughly 17% in summer consistent with the estimated lower velocities and the
decreased extent (Figure 7). The IC is the main contributor to heat advection into the basin, while its fresh-
water contribution is negligible. The heat transport variability within the IC is larger because the IC velocity
is less and the temperatures are colder during the summer. The larger winter volume transport, and the
higher IW temperatures and salinities, result in a greater heat transport during the winter (153.4 6 53.1 TW).
While in the winter the volume transport increases only by 17% compared to the summer one, the heat
transport increases by as much as 30%. These estimates indicate that the heat transport variability is equally
influenced by changes in temperature and velocity of the current.

3.5. Interannual Variability
3.5.1. AVISO
We examine the interannual variability of the surface velocity by computing the monthly mean surface
velocities, obtained from AVISO, averaged over the width of the current core (25–75 km offshore; Figure 8).
Both summer and winter (not shown) data show a decrease in velocity from 1994 to 2005 of roughly 5 cm
s21 over this record, consistent with the decline of the SPG, described by H€akkinen and Rhines [2004]. The
decrease in velocity may have reversed after 2004. The reader should note that the interannual decrease in
velocity is comparable to the characteristic amplitude of the seasonal variability (4–8 cm s21). There is also
a significant year-to-year variability superimposed on this trend, and, in particular, 1997 and 2003 are char-

acterized by large positive
anomalies (while 1996 and
2000 are the years with nega-
tive anomalies).

3.6. Hydrography
Next, we use hydrography to
investigate how the interan-
nual changes in the surface
velocity are related to changes
of the boundary current at
depth. Because we have more
summer data, we limit our
analysis to the summer hydro-
graphic sections only. The 13
summertime sections are
grouped into sections
occupied in 1993–1996 and
post-1996. This year is associ-
ated with a rapid transition of
the subpolar gyre to warmer,

Table 2. Volume (T), Heat (HT), and Freshwater Transports (FWT) of the WGC
and IC

T (Sv)

WGC IC WGC FWT (mSv) IC HT (TW)

Annual 1.8 6 0.15 8.1 6 0.9 60.1 6 16 153.4 6 53
Summer 2.0 6 0.17 7.5 6 1.1 56.4 6 19 102 6 54
Winter 1.7 6 0.18 8.8 6 1.6 50.2 6 17 169 6 52

Figure 8. Monthly mean horizontally averaged (25–75 km) surface geostrophic velocity
(thin black line) and low-pass filtered summer (JAS) (bold gray line) from AVISO.
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slower conditions [H�at�un et al., 2005; Hakkinen and Rhines, 2009; Våge et al., 2011]. We show that IW
becomes warmer, saltier, and lighter after 1996 (Figure 9), consistent with the model/data-based findings of
Myers et al. [2007, 2009]. As has been observed on the southeastern side of Greenland [Våge et al., 2011], we
find that past the mid-1990s the Irminger Current extends farther offshore and is deeper. Due the lack of
AVISO product prior to 1993, a reconstruction of the absolute velocity field pre-1996 is impractical (there
are only two sections)—thus, we are unable to estimate the transport change associated with the hydro-
graphic property change.

Both our results and previous studies indicate that both the boundary current and the interior of the
Labrador Sea warmed from the early 1990s to the 2000s. To investigate the relative change, we compare
the IC conditions in the current with those offshore by comparing properties within two boxes in the sec-
tion. The inshore box, i.e., the ‘‘core’’ of the IC, and the offshore box, the ‘‘edge’’ defined by a rectangle cen-
tered at 500 m depth and 150 km offshore (Figure 10d), representing largely the interior properties. Both
boxes are 400 m thick and 20 km wide. The inshore/offshore gradient provides a measure of the property
differences across the boundary current and hence a measure of the baroclinicity of the boundary current
which, in turn, is believed to affect the production of eddies and hence, the heat/freshwater fluxes from the
boundary current to the interior [Spall, 2004; Straneo, 2006b].

Our analysis indicates that comparable warming, salinity increase, and decrease in density trends occur in
the inshore and offshore regions, such that overall, the interior/boundary current gradient remains approxi-
mately constant (Figures 10a–10c). Superimposed on these trends, 1997 and 2003 stand out as years of sig-
nificant anomalies in the boundary current which are not observed in the interior. Hence, during both
years, the interior-boundary current temperature and density gradients were anomalously large. Interior
temperature (density) had a maximum (minimum) 2 years after these anomalies in the boundary current—
suggesting a 2 year lag in the propagation of anomalies. These interior anomalies for 1997–1999 and 2003–

Figure 9. (top) Potential temperature and (bottom) salinity across the West Greenland Current system in summer (left) 1990–1995 average and (right) 1996–2007 average.
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2005 have also been observed by Avsic et al. [2006]. Salinity changes are generally noisier (Figure 10b). The
two anomalous years for the boundary current core (1996 and 2003) are characterized by a reversal in the
salinity gradient between the inshore and offshore boxes, due to a thickening of the fresh layer during both
years which results in a deeper WGC/IC interface. In general, the potential density change in both the core
and the edge boxes is dominated by the changes in temperature (Figures 10a and 10c). The implications of
these changes are discussed below.

Next, we examine possible changes that the WGC and IC exhibit in the context of recent changes occurring
in the SPG. Specifically, the temperature and salinity of the entire SPG have increased since mid-1990s
[H�at�un et al., 2005; Yashayaev et al., 2007], while its circulation has decreased [Hakkinen and Rhines, 2009].
These changes of the SPG have been partially attributed to the NAO, which transitioned from a positive
phase to a nonpersistent phase in the mid-1990s [Hurrell et al., 2001; Dickson et al., 2002; Lazier et al., 2002]
but also to changes in the atmospheric blocking between Greenland and western Europe [H€akkinen et al.,
2011]. The impact of the SPG changes on the properties and transport of the boundary currents around the
SPG, however, is not well documented. For example, no trend has been observed in the transport of the
East Greenland Current (EGC) from 1992 to 2009 [Daniault et al., 2011], while the circulation in the Irminger
Sea has intensified [Våge et al., 2011]. West of Greenland, there are indications that the salinity of the IC has
increased since 1995 [Myers et al., 2007] and its transport decreased [Myers et al., 2009] based on a combina-
tion of sparse hydrographic data and numerical simulations. But there has been no systematic description
of the WGCS changes from data.

In particular, beyond the general trends in speed (decreasing) and temperature (warming) from the mid-
1990s to present day, there are a few years that stand out as years of rapid change such as 1996/1997 and
2003 [e.g., Avsic et al., 2006; Hakkinen and Rhines, 2009]. Since lateral fluxes play an important role in the
restratification [Straneo, 2006b], it is likely that the rapid warming of the central Labrador Sea was related to
a large lateral heat inflow from the boundary current. A potentially related change was observed in the

Figure 10. Time series of (a) potential temperature, (b) salinity, (c) potential density for the inner (core, red) and outer (edge, blue) parts of the IC, and (d) schematic of the boundary
current.
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properties and frequency of the Irminger Current Anticyclones (ICAs), the product of the Irminger Current
instability, which became warmer, saltier, deeper and increased in numbers after 1997 [Lilly et al., 2003;
Rykova et al., 2009]. The links between the boundary current changes and the interior and eddies’ changes
are largely unclear.

4. Discussion and Conclusion

The results presented in this study indicate that the properties and velocity of the West Greenland bound-
ary current system, as it enters the Labrador Sea, vary on seasonal to interannual time scales. We show that
the warm, salty portion of the boundary current, the IC, is intensified in winter (higher temperature, salinity,
and velocity) while the surface portion of the current, the WGC, is faster, thicker, colder, and fresher in the
summer. These changes are consistent with those reconstructed from temperature profiles collected by
tagged marine mammals along the southeast Greenland shelf [Straneo et al., 2010] and with the increase in
freshwater transport into the interior documented by Schmidt and Send [2007]. Likely, both the freshwater
and IC changes are tied to a seasonality in the source waters. For freshwater, this may be associated with a
maximum in the volume flux of the East Greenland Current in Fram Strait in March [de Steur et al., 2009] or
the maximum in sea-ice export in winter/spring [Kwok, 2004]. The seasonality in the IC is less obvious.
Transport measurements across the IC in southeast Greenland indicate that the transport is maximum in
winter [Daniault et al., 2011] but the authors do not discuss the seasonal changes in properties.

Our analysis indicates that the isopycnal slope across the IC portion of the WGCS is larger in winter, consist-
ent with the inferred larger instability of the current in winter as documented by the increase in eddy shed-
ding in January–March [Prater, 2002; Lilly et al., 2003]. This is consistent with the IC being most unstable in
the winter (S. Legg, personal communication, 2009), and with the eddy generation being at least partially
associated with baroclinic instability. The section in this study is upstream of the eddy generation location
so the largest density gradient that we observe in the winter can possibly explain the generation of the
eddies downstream. One should keep in mind that our winter season includes the data from October to
March and hence limits the resolution of the full annual cycle. It highlights the need for more observations
to better understand the transition between the winter and summer regimes.

By considering the seasonal variability, we have been able to explain previously reported inconsistencies in
the current estimates [Cuny et al., 2002; Myers et al., 2007] and improve the overall transport numbers.
Explicitly, we have shown that previous studies, which utilized only summer data, underestimate the prop-
erty and velocity values by not resolving the seasonal cycle and hence, the annual mean values for the heat
and volume transports. Freshwater transports, however, agree well with Myers et al. [2009] as they resolve
the freshwater portion of the current well. In particular, our results indicate that studies that used only the
summer data and restricted analysis to less than 700 m depth underestimate the mean IC temperature and
volume transport by approximately 30%.

The decline in velocity of the boundary current from 1992 to 2008 is accompanied by a warming and salin-
ity increase of the IC. The rates of change in the core of the IC are comparable to those of the interior and
the density gradient remains approximately constant. This suggests that any changes in the volume trans-
port are due to changes in the barotropic velocity. On the other hand, we found boundary current/interior
anomalies in 1997 and 2003, associated with a rapid warming of the current and with its speeding up
(‘‘rapid’’ here refers to processes occurring on time scales on the order of a year). These changes propagate
into the interior with a 2 year lag. This is supportive of the conclusion that anomalies propagating in the
boundary current impact the interior. The implication is that changes in LSW properties and formation can
result from advective anomalies that propagate into the region from upstream. This finding emphasizes the
importance of the boundary current system and impacts our understanding of the heat and freshwater bal-
ances. The observed warming of the boundary current system over the last two decades is consistent with
the previously reported trend in Myers et al. [2007]; however, their study was restricted to 700 m depth in
vertical. Our results here resolve the full two-dimensional changes of the current both in width and depth
space.

The observed slow-down of the surface circulation is consistent with the trend discussed by H€akkinen and
Rhines [2004] and Hakkinen and Rhines [2009]. This change was initially attributed to reduced convective
activity due to a decline in the buoyancy forcing. More recently, changes in the subpolar gyre have been
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attributed to changes in ocean currents (partly tied to changes in wind stress) including anomalous intru-
sions of subtropical waters into the subpolar gyre [H�at�un et al., 2005; H€akkinen et al., 2011]. Our results are
consistent with this latter interpretation since we observe the propagation of anomalies from the boundary
current to the interior. In terms of the slowdown, our study suggests that the slowdown is due to a decrease
in the barotropic flow as opposed to a decrease in the baroclinic portion of the flow—since the interior/
boundary current gradients we estimate did not show a trend.

Finally, an important result of this study is the documented rapid change in the boundary current properties
and velocity of the boundary current in 1997 and 2003, which then propagated in the interior with a 2 year
lag. Other studies have pointed to the uniqueness of these years. For example, Lilly et al. [2003] document
an increase in the eddy activity in 1997 similarly to our study and suggest that prior to that year the eddies
were present in the Labrador Sea in much smaller numbers. Our results suggest that the increase in eddies
may be due to an increase in the baroclinicity of the boundary current in 1997 (and in 2003). The implica-
tion is that anomalies propagating around the subpolar gyre impact the Labrador Sea interior through
changes in the lateral fluxes tied to eddy production [e.g., Straneo et al., 2013, and references therein]. This
means that variations in LSW properties and formation rates are controlled not only by the surface fluxes
but also by changes in boundary currents on interannual time scales.
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