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a b s t r a c t

The circulation and water mass transports north of the Denmark Strait are investigated using recently
collected and historical in situ data along with an idealized numerical model and atmospheric reanalysis
fields. Emphasis is placed on the pathways of dense water feeding the Denmark Strait Overflow Water
plume as well as the upper-layer circulation of freshwater. It is found that the East Greenland Current
(EGC) bifurcates at the northern end of the Blosseville Basin, some 450 km upstream of the Denmark
Strait, advecting overflow water and surface freshwater away from the boundary. This “separated EGC”
flows southward adjacent to the previously identified North Icelandic Jet, indicating that approximately
70% of the Denmark Strait Overflow Water approaches the sill along the Iceland continental slope.
Roughly a quarter of the freshwater transport of the EGC is diverted offshore via the bifurcation. Two
hypotheses are examined to explain the existence of the separated EGC. The atmospheric fields
demonstrate that flow distortion due to the orography of Greenland imparts significant vorticity into
the ocean in this region. The negative wind stress curl, together with the closed bathymetric contours of
the Blosseville Basin, is conducive for spinning up an anti-cyclonic gyre whose offshore branch could
represent the separated EGC. An idealized numerical simulation suggests instead that the current is
primarily eddy-forced. In particular, baroclinic instability of the model EGC spawns large anti-cyclones
that migrate offshore and coalesce upon reaching the Iceland continental slope, resulting in the
separated EGC. Regardless of the formation mechanism, the recently obtained shipboard data and
historical hydrography both indicate that the separated EGC is a permanent feature of the circulation
north of the Denmark Strait.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The meridional exchange across the Greenland–Scotland Ridge is
of key importance for the North Atlantic climate system. Warm,
saline Gulf Stream-origin waters flow northward across the ridge
into the Nordic seas, release heat to the atmosphere, and are
transformed into dense overflow waters. These waters return south-
ward by flowing through gaps in the ridge as overflow plumes,
which form the lower limb of the Atlantic Meridional Overturning
Circulation (AMOC). As part of the horizontal circulation, fresh
surface waters from the Arctic Ocean are fluxed southward along
the western boundary of the Nordic seas and across the ridge. Most
of this freshwater, as well as the densest portion of the AMOC – the
ll rights reserved.
Denmark Strait Overflow Water (DSOW) – pass between Greenland
and Iceland. As such, the Denmark Strait is a critical and complex
choke point in the subpolar circulation, and the pathways and water
mass transports north of the strait help dictate the magnitude of the
exchange between the Nordic seas and the North Atlantic Ocean.

The climatic importance of the deep overflows across the
Greenland–Scotland Ridge was first hypothesized by Cooper
(1955), and about a decade later remarkably accurate estimates
of the overflow transports had been made (see Dickson et al.,
2008, for an overview of the early measurements). The most
recent observations of the DSOW near the sill indicate a mean
transport of 3.4 Sv (1 Sv¼106 m3/s, Jochumsen et al., in press). The
first definitive scenario for the source of the DSOW was put forth
by Swift et al. (1980) who suggested that the water comprising
the plume originated from open-ocean convection in the central
Iceland Sea (Swift and Aagaard, 1981). A later study then steered the
community towards the idea that the transformation of Atlantic inflow
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into DSOW occurs primarily within the boundary current system of
the Nordic seas (Mauritzen,1996). This notion has persisted, supported
by a recent study using over 50 years of historical hydrographic data
(Eldevik et al., 2009).

Consistent with this, it was noted that Atlantic-origin water,
modified by some exchange with the Greenland and Iceland seas,
comprised the bulk of the overflow (Rudels et al., 2002, 2005).
Geochemical tracer data suggest that the DSOW is a complex
mixture of a large set of water masses originating from different
regions. However, it is generally believed that Atlantic-origin
water forms the major part of the overflow (Tanhua et al., 2005,
2008; Jeansson et al., 2008), with some contribution from the
Iceland Sea (Olsson et al., 2005). One common link in all of these
studies is that the primary pathway by which the source waters of
the DSOW enter the strait is the East Greenland Current (EGC,
Fig. 1). There is increasing evidence, however, that this may not be
the case.

A previously unknown current flowing along the continental
slope north of Iceland in the direction of the Denmark Strait
was identified by Jónsson (1999) and Jónsson and Valdimarsson
(2004), which is now referred to as the North Icelandic Jet (NIJ,
Fig. 1). These studies found that the NIJ was potentially of sufficient
strength to account for most of the transport of DSOWacross the sill
if some entrainment of ambient water was included. However, it
was subsequently suggested that the NIJ is not an independent
current, but rather a branch of the EGC. For example, hydraulic
theory predicts that as the deep-reaching EGC approaches the
Denmark Strait and encounters shoaling bathymetry, the Iceland
continental slope becomes a dynamical western boundary due to
the topographic beta effect arising from the sloping bottom, forcing
the EGC to cross from the Greenland side to the Iceland side (e.g.
Pratt, 2004). Another possibility, present in the model simulations
Fig. 1. Two overturning circulation schemes in the Nordic seas in which warm, light s
colors). The first scheme is the boundary current loop around the perimeter of the
hypothesized interior loop north of Iceland (Våge et al., 2011b). (For interpretation of the
this article.)
of Köhl et al. (2007), is that the NIJ is a branch of the EGC that
bifurcates upstream of the strait as part of a time dependent
process. According to their model, the total volume transport of
the two branches is constant and the DSOW may be supplied by
either branch.

By contrast, other model studies suggest that, at times, the NIJ
may not be directly related to the EGC. Köhl (2010) argued that the
magnitude of the cyclonic wind stress curl in the region dictates
the source of the NIJ. In particular, when the curl is strong the NIJ
originates from the EGC, but during periods of weak curl the NIJ
emanates from the northern Iceland Sea. In the latter case the
current stems from an offshoot of the weakening cyclonic circula-
tion in the Iceland Sea. In some of the idealized configurations of a
similar model, Käse et al. (2009) found that the NIJ can originate
from a southward flow of dense water along the Jan Mayen Ridge
northeast of Iceland. Such temporal switching between sources of
the overflow water has also been noted in observational studies
(Rudels et al., 2003; Olsson et al., 2005; Holfort and Albrecht,
2007).

A recent investigation has shed further light on the nature and
source of the NIJ, which suggests that the dense current is neither a
branch of the EGC nor does it originate from the northern Iceland
Sea or the Jan Mayen Ridge. Data from two extensive hydrographic/
velocity surveys along the Iceland slope in 2008 and 2009 imply
that the NIJ advects both the densest overflow water into the
Denmark Strait as well as roughly half of the total overflow
transport (1.570.2 Sv, Våge et al., 2011b). Våge et al. (2011b) traced
the current upstream as far as the northeast corner of Iceland,
where it weakened considerably (recently collected unpublished
data support this view as well). Its distinct hydrographic properties
provide additional evidence that the NIJ is independent from the
EGC. Using an idealized numerical simulation, Våge et al. (2011b)
urface waters (red colors) are transformed into cold, dense overflow waters (blue
Nordic seas identified by Mauritzen (1996). The second scheme is the recently
references to color in this figure caption, the reader is referred to the web version of
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argued that the NIJ mainly originates along the north slope of
Iceland as a deep limb of a local overturning cell whose upper
branch is the North Icelandic Irminger Current (NIIC, Fig. 1), which
flows northward on the eastern side of the Denmark Strait. Specifi-
cally, the warm, salty inflow is exchanged laterally with dense water
transformed via air–sea interaction in the interior Iceland Sea. The
dense water subsequently sinks near the boundary to form the NIJ.
These results place a renewed emphasis on the Iceland Sea as a
potential contributor to the AMOC.

While the transport of dense overflow water through the
Denmark Strait is reasonably well quantified (Jochumsen et al.,
2012), the flow of buoyant freshwater through the strait remains
largely unknown. Only recently have estimates of the EGC fresh-
water volume transport been made (Holfort et al., 2008). The ability
to measure this transport using moored instruments is hampered
by the presence of ice. However, Holfort and Meincke (2005)
successfully deployed moorings at 741N east of Greenland, approxi-
mately halfway between the Fram Strait and the Denmark Strait,
resulting in the first EGC total (liquid and solid) freshwater flux
estimate of 40–55 mSv (referenced to a salinity of 34.9). In the Fram
Strait an extensive mooring array has been maintained since 1997,
and a decade-long time series of liquid freshwater flux was recently
presented by de Steur et al. (2009). Some synoptic measurements
of liquid freshwater flux along the east coast of Greenland also exist
(e.g. Nilsson et al., 2008; Sutherland and Pickart, 2008) as well as
estimates of the solid freshwater export from the Arctic Ocean
through the Fram Strait (e.g. Kwok et al., 2004).

One of the important aspects of freshwater in the high-latitude
climate system is its ability to influence deep convection. However,
in order to impact the convective activity in the Nordic seas and
subpolar North Atlantic, there must be a flux of freshwater from
the boundary current into the interior convective regions. There
are two known direct export pathways of freshwater from the
EGC into the Nordic seas: the Jan Mayen Current north of the Jan
Mayen Fracture Zone and the East Icelandic Current north of
Iceland. However, these pathways together account for only a
small fraction of the freshwater flux through the Fram Strait
(15 mSv or about 13%, Jónsson, 2007; Dickson et al., 2007). Addi-
tional exchange between the EGC and the interior is thought to be
minor (Aagaard and Carmack, 1989; Nilsson et al., 2008), leaving the
bulk of the liquid freshwater to remain within the EGC (this is not
necessarily the case for the solid freshwater, see Jones et al., 2008;
Dodd et al., 2009, 2012). Freshwater volume transports of the EGC
through the Denmark Strait have also been obtained by construct-
ing budgets for the Nordic seas (Dickson et al., 2007; Segtnan et al.,
2011), but these values represent residuals in the basin-wide
balances.

While the importance of the Denmark Strait for the North
Atlantic climate system is well established, the complex circulation
in and upstream of the strait is not fully understood. Oceanogra-
phers have been aware of the northern overflows for a century
(Nansen, 1912), yet a consensus has not been reached regarding
the origin of their source waters. Closed heat and freshwater
budgets for the Nordic seas will not be attainable until reliable
transport measurements throughout the water column have been
made in the vicinity of the strait. The motivation for the present
study is to advance our understanding of the shallow and deep
circulation in this critically important area. Using a collection
of oceanic and atmospheric data sets, together with a numerical
model, we present new aspects of the water mass pathways and
dynamics in this region, with emphasis on the EGC system. We
provide evidence of a heretofore unknown interior branch of the
EGC north of the Denmark Strait that impacts the supply of both
buoyant freshwater and dense overflow water to the strait. We
refer to this current as the “separated EGC”. Our primary objectives
are to establish the existence of the separated EGC, quantify its
structure and transport, and elucidate the dynamics by which it is
formed, including the role of atmospheric forcing.

The structure of the paper is as follows. The various data sets
and methods are presented in Section 2. We use a collection of
high-resolution synoptic realizations of a hydrographic/velocity
transect from Greenland to Iceland in Section 3, along with historical
hydrographic data in Section 4, to investigate the circulation north of
the Denmark Strait. The wind forcing is described using atmospheric
reanalysis fields in Section 5. Finally, a numerical model is used in
Section 6 to explore the internal and external forcing mechanisms
responsible for the separated branch of the EGC and the associated
interior flux of overflow water and freshwater.
2. Data and methods

2.1. Synoptic sections

Four synoptic hydrographic/velocity realizations of a transect
from Greenland to Iceland across the Blosseville Basin (Fig. 2) are
considered in the study. The transect, known as the Kögur section,
was occupied in August 2004, October 2008, August 2011, and
August 2012. Some aspects of two of the occupations have been
previously presented (Sutherland and Pickart, 2008; Våge et al.,
2011b). The hydrographic measurements were obtained using a
Sea-Bird conductivity–temperature–depth (CTD) instrument, and
velocities were measured using acoustic Doppler current profilers
(ADCPs): an upward- and downward-facing lowered ADCP system
in August 2012, and vessel-mounted ADCPs on the remaining
cruises. The vessel-mounted ADCP instrument malfunctioned at
the western end of the August 2004 occupation, and hence no
velocity data were obtained on the Greenland shelf during that
cruise. Vertical sections of potential temperature, salinity, poten-
tial density, and ADCP velocity for each cruise were constructed
using Laplacian-spline interpolation with a grid spacing of 2 km
by 10 m. From the temperature and salinity fields, the relative
geostrophic flow normal to each section was calculated, which was
then referenced by matching this to the vertically averaged ADCP
velocities over the common depth interval at each horizontal
grid point (Pickart et al., 2005). The accuracies of the pressure,
temperature, salinity, and absolutely referenced velocity fields are
estimated to be 0.3 dbar, 0.001 1C, 0.002, and 3.6 cm s−1, respec-
tively. See Våge et al. (2011b) for further details of the data
processing and Appendix A for a description of the de-tiding
procedure and the methodology for calculating transports, includ-
ing errors.
2.2. Historical hydrography

The historical hydrographic data employed in this study cover
the period from 1980 to the present and were acquired from the
archives of the Marine Research Institute of Iceland, the Interna-
tional Council for the Exploration of the Seas (ICES), the World
Ocean Database, the Norwegian Iceland Seas Experiment (NISE)
database (Nilsen et al., 2008), and the Argo global program of
profiling floats (using only delayed-mode data, which have been
corrected for drift in the conductivity and pressure sensors, Wong
et al., 2003). The profiles from these different sources were com-
bined into a single product, hereafter referred to as the historical
hydrographic data set. Only observations obtained during the
summer half-year period of May through October (66% of the total
number of measurements) are considered here due to a dearth of
wintertime data on the Greenland continental shelf and slope. See
Appendix B for details of the quality control and gridding of the
historical hydrography.



Fig. 2. Bathymetry of the Iceland Sea and the Denmark Strait from the ETOPO2 2-min elevation data base. The closed white contour is the 1400 m isobath roughly
delineating the Blosseville Basin, and the black line identifies the Kögur transect (named after the Kögur mountain on the northwest coast of Iceland). Depth is contoured
with 200 m increments starting at 200 m.
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2.3. Meteorological fields

We employ two different reanalysis products in this work. The
Interim Reanalysis (ERA-I) from the European Center for Medium
Range Weather Forecasts is a global product (Dee et al., 2011).
We use the 0.751 interpolated 6-hourly fields for the period from
January 1979 to December 2011. Comparison with aircraft and
ship observations in the southeast Greenland region shows good
agreement with ERA-I (Renfrew et al., 2009; Harden et al., 2011).

For a higher resolution view of the surface wind field in the
region of interest, we also make use of the North American
Regional Reanalysis (NARR) from the US National Meteorological
Center (Mesinger et al., 2006). The NARR is a regional data set that
covers the North American continent as well as adjoining oceanic
regions including southeast Greenland and the Irminger Sea, with
lateral boundary conditions provided by the NCEP-2 global reana-
lysis. The NARR has a horizontal resolution of approximately
32 km. For this paper we use the full 3-hourly resolution data
set for the period from January 1979 to December 2011. Recent
studies of the flow distortion around the topography of southern
Greenland indicate that the NARR surface fields are in good overall
agreement with both aircraft and buoy observations (Moore et al.,
2008; Renfrew et al., 2009).

2.4. Idealized simulations

A high-resolution regional general circulation model is imple-
mented to aid in the interpretation of the observational results
and to provide insights on the dynamics of the circulation. The
model is the MITgcm (Marshall et al., 1997), which solves the
hydrostatic primitive equations of motion on a fixed Cartesian,
staggered C-grid in the horizontal and at constant depths in
the vertical. Bottom topography is treated with a partial cell,
which provides a high-resolution representation of the bottom
topography while retaining accuracy in the calculation of the
horizontal pressure gradient (Adcroft et al., 1997). The model uses
a linear equation of state ρ¼ ρ0 þ βðS−S0Þ, where β¼ 0:8 kg=m3,
ρ0 ¼ 1026:5 kg=m3 is a reference density, and S0¼32.5 a reference
salinity. For simplicity, only salinity is considered (temperature
is constant).

The model domain is a channel oriented along the east coast of
Greenland, extending 864 km in the along-boundary direction, y,
and 480 km in the offshore direction, x (Fig. 3, rotated counter-
clockwise by 331). The Coriolis parameter is f ¼ 1:3� 10�4 1=s,
taken to be constant. The bottom topography has been linearly
interpolated to the model grid from the ETOPO2 2-min elevation
data base and then smoothed with a 5-point filter. The model is
initialized with fresh, stratified water on the shelf (bottom depths
shallower than 400 m) with a minimum salinity of 32 at the
surface, which varies exponentially with vertical scale of 250 m
towards a deep salinity of 35. The basin interior (bottom depths
greater than 575 m) is filled with unstratified water with a salinity
of 35. The salinity at each depth in the transition region between
400 and 575 m bottom depth is linearly interpolated between the
shelf and interior values at each depth. The stratification in the
region between 740 and 840 km in y and the region offshore of
350 km in x are restored towards this initial state with a time scale
of 5 days. This provides a source of freshwater on the shelf and
saline water in the basin interior. The long-time evolution is not
qualitatively sensitive to the details of the initial profile, provided
that freshwater is initialized over the shelf. The bottom topogra-
phy in the region between 804 and 864 km is linearly interpolated
from the value at y¼0 to that at y¼804 km. In this way, the flow
out of the southern end of the channel provides the inflow from
the north and mass is conserved, while the restoring of salinity
maintains freshwater on the shelf. The region offshore of this
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Fig. 3. Model domain and bottom topography. The white regions are land.
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northern restoring region is a solid boundary, provided to prevent
large-scale recirculations in the interior. The offshore boundary of
the model is placed far from the region of interest, and salinity
restoring for x4350 km is used to minimize influences of Ekman
transport interacting with the solid eastern boundary.

The horizontal resolution of the model is 1 km in both the x and
y directions. There are 30 levels in the vertical, with grid spacing
increasing from 5 m over the upper 20 m to 250 m near the
bottom. The maximum bottom depth is approximately 1500 m.
The model incorporates second order vertical viscosity and
diffusivity with coefficients of 10−5 m2=s. Horizontal viscosity is
parameterized as a second order operator with the coefficient Ah

determined by a Smagorinsky closure as

Ah ¼ ðν=πÞ2Δ2D; ð1Þ

where Δ is the grid spacing, and D is the deformation rate defined
as D¼ ½ðux−vyÞ2 þ ðuy þ vxÞ2�1=2, u and v are the horizontal velo-
cities, subscripts indicate partial differentiation, and ν¼ 1. There is
no explicit diffusion of salinity.
1 From here on we use the term shelf break EGC to distinguish the EGC from
the separated EGC in the Blosseville Basin.
3. Synoptic transects north of the Denmark Strait

The Kögur transect (Fig. 2) extends from Greenland to Iceland
across the Blosseville Basin, hence capturing all of the advective
pathways into the Denmark Strait. The transect is sufficiently far
upstream that distinct deep pathways can be distinguished prior
to forming the merged DSOW plume that subsequently overflows
the sill. To investigate the conditions north of the strait, we
first examine the mean flow patterns and hydrography, and then
inspect the individual realizations in more detail. Finally, transport
estimates for each pathway are presented.
3.1. Mean velocity structure

The EGC flows southward from the Fram Strait, roughly
paralleling the east Greenland shelf break, as part of the cyclonic
boundary current system transiting the perimeter of the Nordic
seas. Freshwater exported from the Arctic in the form of Polar
Surface Water (PSW, see Rudels et al., 2005 and Våge et al., 2011b
for water mass definitions) constitutes most of the upper part of
the EGC, while Atlantic-origin overflow water is advected at depth.
At the Kögur transect the EGC is evident as a surface-intensified
shelf break current centered near 185 km with a deep extension
over the Greenland continental slope (Fig. 4a).

Farther to the east, between 75 and 130 km over the deeper
part of the Iceland continental slope, another southward-flowing
surface-intensified current is evident. This transports primarily
water of similar hydrographic properties as the EGC (Fig. 4b, c) and
is located near the shallow hydrographic front separating the Polar
and Atlantic waters. We propose that this current is a separated
branch of the EGC and offer two hypotheses to explain its
existence. The first hypothesis is that the current is wind-driven,
and the second is that it is eddy-driven. (As discussed below,
these two ideas are not mutually exclusive.) With regard to wind
forcing, while most of the Nordic seas is subject to cyclonic wind
stress curl, the region encompassing the Blosseville Basin is in
fact characterized by anti-cyclonic wind stress curl. Due to the
closed bathymetric contours within the basin (Fig. 2), this would
tend to force an anti-cyclonic circulation. In this case the separated
EGC is the southward-flowing branch of the gyre, while the
northward flow between the separated EGC and the shelf
break EGC1 would be the return branch of the gyre (Fig. 4a). This
gyre scenario is presented in detail in Section 5. With regard
to eddy forcing, the numerical simulations presented below
indicate that baroclinic instability of the shelf break EGC just
north of the Blosseville Basin results in a continuous spawning
of anticyclonic eddies. These eddies then migrate offshore and
equatorward until encountering the shoaling topography of the
Iceland continental slope, at which point they coalesce to form a
surface-intensified southward current. This eddy scenario is dis-
cussed in Section 6. Either way, it appears that the separated EGC
is a permanent and substantial part of the circulation north of the
Denmark Strait.

The separated EGC abuts, but is dynamically distinct from, the
NIJ (in the 2004 occupation the two currents were also geogra-
phically separated). The NIJ is characterized by isopycnals that
diverge westward from Iceland in the middle of the water column,
consistent with a mid-depth intensified southward-flowing cur-
rent (Våge et al., 2011b). By contrast, the separated EGC is surface
intensified with uniformly downward sloping isopycnals to the
west. This transition in isopycnal slope is taken to represent the
boundary between the NIJ and the separated EGC (indicated by
the dashed line in Fig. 4). The other major current present in the
Kögur section is the NIIC, which is the poleward extension of the
Irminger Current. It advects warm, saline Atlantic Water (AW)
northward through the Denmark Strait in the vicinity of the shelf
break, and influences the climate and ecosystem north of Iceland
(e.g. Jónsson and Valdimarsson, 2012b). The NIIC is also believed to
be the surface component of a regional overturning loop whose
lower branch consists of Arctic-origin overflow water transformed
within the central Iceland Sea and transported equatorward by the
NIJ (Fig. 1; Våge et al., 2011b).



Fig. 4. Mean vertical sections along the Kögur transect. (a) Absolutely referenced geostrophic velocity (color, cm/s, equatorward flow is negative), overlain by potential
density (thin gray contours, kg/m3). The 27.8 kg/m3 isopycnal and the 0 1C isotherm are highlighted in white. The dashed vertical line indicates the boundary between the
separated EGC and the NIJ. The thick black line in (a) is the zero velocity contour. The acronyms are: EGC¼East Greenland Current; NIJ¼North Icelandic Jet; NIIC¼North
Icelandic Irminger Current; PSW¼Polar Surface Water; AW¼Atlantic Water; Atl¼Atlantic-origin overflow water; Arc¼Arctic-origin overflow water. (b) Potential
temperature (color, 1C) and (c) Salinity (color). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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3.2. Mean hydrographic structure

In the mean Kögur section, cold, fresh PSW dominates the
upper water column on the Greenland shelf. This water mass
extends far offshore into the interior of the Blosseville Basin, more
than halfway across the transect (Fig. 4b, c). Warm, saline AW is
found over the Iceland shelf and slope.

Below the surface layer, water denser than sθ ¼ 27:8 kg=m3

(the upper white contour in Fig. 4) has traditionally been identi-
fied as overflow water (e.g. Dickson and Brown, 1994). Following
Våge et al. (2011b), we distinguish two types of overflow water:
Atlantic- and Arctic-origin overflow waters, warmer and colder
than 0 1C, respectively, (the 0 1C contour is highlighted white in
Fig. 4). These names refer to the geographic domain in which
the transformation from surface to overflow water takes place
(Swift and Aagaard, 1981). The Atlantic-origin overflow water is
identified by an intermediate maximum in temperature and
salinity, and is primarily found between 27.9 and 28.0 kg/m3

isopycnals. In the mean Kögur transect this layer extends from
the Greenland continental slope and shoals towards the surface
front of the separated EGC. Two cores of Atlantic-origin overflow
water, near 100 and 170 km, appear to be associated with the
separated EGC and the shelf break EGC, respectively. On the
eastern side of the Kögur section the Arctic-origin overflow water
is banked up high on the Iceland continental slope. This forms
the densest component of the DSOW plume (generally denser
than 28.03 kg/m3), and is primarily supplied by the NIJ (Våge et al.,
2011b).

The PSW and Atlantic-origin overflow water are generally
associated with the EGC and hence largely confined to the Greenland
shelf and slope (this is particularly true for the shallow waters,
Aagaard and Carmack, 1989; Nilsson et al., 2008). However, our data



Fig. 5. Vertical sections along the Kögur transect of absolute geostrophic velocity (color, cm/s, equatorward flow is negative) overlain by potential density (contours, kg/m3).
The panels show the (a) August 2004, (b) October 2008, (c) August 2011, and (d) August 2012 realizations. The 27.8 kg/m3 isopycnal and the 0 1C isotherm are highlighted in
white. The dashed vertical line indicates the approximate boundary between the separated EGC and the NIJ. The black line is the zero velocity contour. The black triangles
indicate station locations. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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reveal that, associated with the separated EGC, these water masses are
clearly found in the interior of the Blosseville Basin as well (Fig. 4b, c).
Regardless of the process by which the separated EGC is formed, this
current provides another means of shelf–basin exchange in addition to
the direct advective pathways represented by the Jan Mayen Current
and the East Icelandic Current.
3.3. Temporal variability

The major flow features present in the mean Kögur transect –
the two branches of the EGC, the NIJ and the NIIC – are evident as
well in each of the individual realizations (Fig. 5).2 On the western
side of the transect one sees the shelf break EGC, although it is
variable in magnitude from section to section. This is likely due in
part to the strength of the wind forcing. For example, in October
2008 the shelf break EGC was quite strong because it was under
the influence of northerly winds, while in August 2012 the winds
were predominantly from the south, which likely resulted in the
poleward flow at depth that “split” the shelf break EGC in two. The
deep extension of the shelf break EGC, which carries the overflow
water, seems to vary both in strength and in lateral position in the
individual realizations.

On the eastern side of the Kögur section the NIIC was sampled
on three occasions (the August 2011 occupation did not extend
onto the Iceland continental shelf), evident as a surface-intensified
poleward flow. In October 2008 and August 2012 the current was
located near the shelf break, while in August 2004 it was found
farther inshore on the shelf. Seaward of this, in all four realiza-
tions, the NIJ was situated near the 650 m isobath, which is also
the depth of the Denmark Strait sill. This is consistent with the
results of Våge et al. (2011b) who demonstrated that the NIJ feeds
the DSOW. At times the NIJ consisted of distinct filaments of
equatorward flow, the reasons for which remain unclear. However,
we note that the NIJ's characteristic isopycnal divergence and mid-
depth intensification were present in each realization.
2 This provides justification for computing a mean section based only on four
realizations.
Seaward of the NIJ, in the eastern part of the Blosseville Basin
over the deep Iceland continental slope, the separated EGC is
present in each occupation of the Kögur transect. This current
resides at the hydrographic front where the bulk of the PSW layer
ends. As is true for the shelf break branch of the EGC, the lateral
salinity gradient dominates the temperature gradient, resulting
in a density front that supports a surface-intensified southward-
flowing jet. One sees that the penetration depth of the separated
EGC can be quite extensive. Interestingly, the first two realizations
of the Kögur section (2004 and 2008) are more reminiscent of the
above-mentioned gyre scenario. In those two cases there is a well-
defined deep-reaching poleward flow to the west that could be
construed as the northward branch of the gyre. By contrast, the
latter two realizations of the transect (2011 and 2012) suggest
the presence of eddies. In particular, note the lens of cold PSW
centered at 105 km in the 2011 occupation (Figs. 6c and 7c),
corresponding to an anti-cyclonic surface-intensified circulation
(Fig. 5c). This is indicative of a large eddy that might have been
shed from the shelf break EGC. These two scenarios, eddy-forced
vs. wind-forced, are elaborated on later in the paper.
3.4. Transports

We now document the volume transport, and, where appro-
priate, the freshwater transport of each of the equatorward
currents present in the Kögur transect. This demonstrates the
importance of the NIJ as well as the separated EGC – both newly
revealed features – in the circulation system north of the Denmark
Strait. Averaged over all four realizations, the shelf break EGC
transported 108724 mSv and the separated EGC 2977 mSv of
freshwater relative to a reference salinity of 34.8 (Fig. 8a). Hence,
nearly one quarter of the total freshwater transport within the EGC
system takes place in the interior of the Blosseville Basin, which
must be considered in order to obtain accurate estimates of the
freshwater export through the Denmark Strait. Most ð495%Þ
of this freshwater transport takes place within the upper 200 m
of the water column, while a negligible amount is transported by
the NIJ.



Fig. 6. Same as Fig. 5, but for potential temperature (color, 1C). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of
this article.)

Fig. 7. Same as Fig. 5, but for salinity (color). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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There have been no mooring-based estimates of liquid fresh-
water transport in the vicinity of the Denmark Strait because of
the inherent risks due to pack-ice and icebergs. As such, the
most relevant numbers for comparison were obtained assuming
balanced Nordic seas freshwater budgets. Relative to reference
salinities of 35.2 and 34.9, Dickson et al. (2007) and Segtnan et al.
(2011) computed freshwater fluxes through the Denmark Strait
of 151 and 130 mSv, respectively. Our corresponding numbers for
the composite EGC are 223737 mSv and 159728 mSv. While the
estimates of Dickson et al. (2007) and Segtnan et al. (2011) are
total freshwater flux (liquid and solid), only small amounts of sea
ice were encountered during our realizations, hence it is reason-
able to compare our estimates with the earlier studies. The volume
transport of water lighter than sθ ¼ 27:8 kg=m3 across the Kögur
transect is 2.670.3 Sv in the shelfbreak EGC and 1.370.1 Sv in the
separated EGC. The combined transport is substantially larger
than the 1.3 Sv of surface outflow in the EGC reported by Hansen
and Østerhus (2000).

The hydrographic analysis of Mauritzen (1996) suggested that
the main path of overflow water into the Denmark Strait is along
the continental slope of east Greenland via the EGC. Our results
imply instead that the majority of the overflow water approaches
the strait from the Iceland continental slope through a combina-
tion of the NIJ and the separated EGC. While this is consistent with
predictions from hydraulic theory (e.g. Pratt, 2004), we will show
in Sections 5 and 6 that the separated EGC has not simply
switched to the Iceland side due to shoaling bathymetry of the
strait. Furthermore, Våge et al. (2011b) have previously documen-
ted that the NIJ originates along the Iceland continental slope far
upstream of the Denmark Strait. Hence the topographic beta effect
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does not seem to play an important role in the pathways of dense
water leading to the sill. Our calculated average overflow water
transports (sθ ≥27:8 kg=m3 and depth o650 m) are 0.870.3 Sv
in the shelf break EGC, 1.370.4 Sv in the separated EGC, and
1.470.3 Sv in the NIJ (Fig. 8b). The combined sum of 3.5 Sv
corresponds well with the long-term mean overflow water trans-
port through the Denmark Strait of 3.4 Sv estimated by Jochumsen
et al. (in press), and our NIJ overflow water transport is in good
agreement with the previous estimate of 1.570.2 Sv from two
synoptic surveys (Våge et al., 2011b).

In the gyre scenario outlined above, some of the equatorward
transport of freshwater and overflow water in the separated
EGC would recirculate before reaching the Denmark Strait sill.
The poleward return flow is weaker, however, resulting in a net
equatorward throughput. Based on the present set of sections, the
poleward return flow is approximately half of the equatorward
flow in the separated EGC. Even if no permanent gyre exists in the
Blosseville Basin, the synoptic sections indicate that there is some
transient northward flow between the shelf break EGC and the
separated EGC. This would tend to reduce the composite EGC
contribution to the total overflow transport, although this smaller
total transport is still in good agreement with the value calculated
by Jochumsen et al. (in press) when considering measurement errors.
The northward flow would similarly tend to reduce the composite
EGC freshwater transport, but the resulting net throughput is still
higher than the previous calculations that assume a balanced Nordic
seas freshwater budget. It is worth noting that sparse measurements
on the inner Greenland shelf indicate that the freshest water is found
adjacent to the coast, possibly associated with a southward flow.
Such a coastal current could have a significant freshwater transport,
but this cannot be properly assessed with the present set of sections.

The poleward flow of AW through the Denmark Strait in the
NIIC has been monitored for a number of years using moorings
located roughly 80 km to the east of the Kögur transect. The long-
term mean transport at that location (known as the Hornbanki
line) is 0.88 Sv (Jónsson and Valdimarsson, 2012b). Delineating the
AW by a salinity greater than 34.9 and temperature warmer than
3 1C (after Swift and Aagaard, 1981), we obtain a three-section
mean NIIC transport of 1.170.2 Sv. AW is the only warm and
saline water mass along the Kögur transect (Fig. 4), and the
transport estimate is not very sensitive to the precise criteria
used. Our larger value of NIIC transport may be due to synoptic
variability, or there may be leakage of AW from the NIIC between
the two locations (Jónsson and Valdimarsson, 2005). On the other
hand, the mooring-derived value at the Hornbanki line could be an
underestimate due to inadequate spatial coverage (Jónsson and
Valdimarsson, 2012b).

The process of aspiration, by which dense water upstream of a
ridge is raised above sill level to participate in an overflow, is
believed to occur in the Strait of Gibraltar and in the Faroe Bank
Channel (Stommel et al., 1973; Kinder and Parrilla, 1987; Hansen
and Østerhus, 2007). In our occupations of the Kögur line the
geostrophic velocities are generally weak at depths greater than
the Denmark Strait sill. In fact, the mean transport below 650 m is
not significantly different from zero. This implies that aspiration is
not important in the Denmark Strait. Therewas, however, considerable
variability in the deep flow from section to section (not shown).
4. Historical hydrography north of the Denmark Strait

The synoptic sections presented above reveal that the EGC has
two branches north of the Denmark Strait, and, accordingly, PSW
occupies much of the interior Blosseville Basin. Furthermore, a
significant fraction of the Atlantic-origin overflow water is trans-
ported by the separated EGC. We now use the historical hydro-
graphic data set to demonstrate that our results are consistent
with previous measurements. The dynamic topography of the sea
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surface relative to 500 m is shown in Fig. 9, which reveals features
of the upper ocean circulation in the region. The broad minimum
in the central Iceland Sea indicates the presence of a cyclonic gyre,
and is consistent with earlier findings using a more sparse
hydrographic data set (Swift and Aagaard, 1981) and direct
velocity measurements (Voet et al., 2010). In the northwest part
of the domain, along the east Greenland shelf break (marked by
the gray contour following the 500 m isobath in Fig. 9), a sharp
increase in dynamic height is evident which implies surface-
intensified equatorward flow. This is the shelf break EGC. However,
at the northern end of the Blosseville Basin near 691N the high
values of dynamic topography extend into the interior. Here the
separated EGC splits from the shelf break EGC. Farther south, over
the length of the Blosseville Basin (marked by the closed gray
contour following the 1400 m isobath in Fig. 9), the two branches
can be identified by regions of enhanced gradients in dynamic
topography: along the Greenland shelf break, and in the interior
along the base of the Iceland continental slope. Interestingly,
a consistent northward return flow is not visible in the mean
map of dynamic topography. If it exists, it may not appear in the
mean due to a weaker baroclinic signature than the surface-
intensified separated EGC (see Fig. 4) or due to sparse data in
the western Blosseville Basin. We note that inspection of along-
track altimeter sea surface height also does not reveal a northward
flow, but this product is not expected to perform well in partially
ice-covered waters and on such small spatial scales.

The distribution of polar waters north of the Denmark Strait
closely resembles the dynamic topography. Near-surface potential
temperature and salinity fields (Fig. 10) show that the PSW is
closely confined to the shelf north of 691N, whereas in the
Blosseville Basin this water mass spreads far into the interior to
the base of the Iceland slope. (A slightly deeper level is considered
for temperature than for salinity in order to avoid the summertime
Fig. 9. Dynamic height of the surface relative to 500 db. The gray lines are the 500 m
contour delineating the Blosseville Basin. The gray crosses mark the locations of data p
contoured as black lines.
surface warming due to insolation, evident in Fig. 4.) Presence of
PSW over the deep Iceland slope is regularly observed at the Kögur
transect, and some of this water mass is likely mixed into the AW
transported by the NIIC along the shelf north of Iceland (Jónsson
and Valdimarsson, 2012b).

While PSW was confined to the Greenland shelf north of 691N,
the Atlantic-origin overflow water transported by the EGC in this
region extends some distance offshore (Fig. 11). The temperature
and salinity maxima indicate, however, that the core of the
overflow water is found along the continental slope. (The stron-
gest signature of the Atlantic-origin overflow water is found in the
density range 27:9 kg=m3osθo28:0 kg=m3, used to isolate this
water mass in Fig. 11.) South of 691N, temperature and salinity
maxima along the slope are no longer visible, and Atlantic-origin
overflow water is observed throughout the Blosseville Basin. The
hydrographic properties of the overflow water in this region
have been modified, probably by the same process forming the
separated EGC.

The historical hydrography supports the inference from the
synoptic Kögur sections that the separated EGC is a permanent
feature in the Blosseville Basin and that it provides a means of
shelf-basin exchange impacting the circulation of both surface and
overflow water masses north of the Denmark Strait. However, it is
difficult to discern the details of how these water masses approach
and pass through the Denmark Strait from this analysis. In the
vicinity of the sill warm, saline AW from the Irminger Current
dominates the surface layer, even extending at times onto the
Greenland shelf, and undiluted PSW appears to be found only near
the coast. In the case of the overflow layer the two-branch EGC
system and the NIJ, observed as distinct pathways at the Kögur
transect near the southern end of the Blosseville Basin, merge
prior to forming the DSOW plume exiting the Denmark Strait.
The relative transports of these overflow pathways likely influence
depth contour along the east Greenland shelf break and the closed 1400 m depth
oints. The 200 m, 400 m, 600 m, 800 m, 1000 m, 1400 m, and 2000 m isobaths are



Fig. 11. As in Fig. 10, but for overflow waters (maximum value between 27.9 and 28.0 kg/m3).

Fig. 10. As in Fig. 9, but for near-surface potential temperature (a—vertically averaged between 50 and 100 m) and salinity (b—vertically averaged between 10 and 30 m).

K. Våge et al. / Deep-Sea Research I 79 (2013) 20–3930
the final water mass composition of the plume (e.g. Rudels et al.,
2003). In the next two sections we investigate the processes by
which the separated EGC is formed, which will enable us to better
understand the associated impacts on the overflow product and on
the freshwater budget of the region.
5. Atmospheric forcing

The atmospheric circulation over the western subpolar North
Atlantic is dominated by the Icelandic Low, a semi-permanent
region of low pressure situated southwest of Iceland in the lee of
southern Greenland (Serreze et al., 1997). The cyclonic circulation
around the Icelandic Low and the associated positive wind stress
curl can be seen in Fig. 12. The curl attains its maximum value to
the east of Greenland's southernmost point, Cape Farewell, as a
result of the increased surface wind speeds in this region that are
associated with westerly tip jets (Doyle and Shapiro, 1999; Moore
and Renfrew, 2005; Våge et al., 2009). The low Froude number of
the surface circulation, resulting from the high and steep topo-
graphy of Greenland (Fig 12), leads to the so-called barrier winds
along its east coast that are characterized by southerly flow
directed parallel to the coast (Moore and Renfrew, 2005; Harden
et al., 2011; Moore et al., 2012).

As can be seen from Fig. 12a, surface wind speeds tend to be
lowest near the coastline and over sea ice as a result of an increase
in surface roughness (Moore, 2003; Petersen and Renfrew, 2009).
Due to this reduction in wind speed from the nearshore ice, a
narrow band of negative wind stress curl extends along the entire
east coast of Greenland that is embedded in the generally positive
wind stress curl of the broader subpolar North Atlantic (Fig. 12b).
In the southeast portion of Greenland there are two regions of
particularly steep coastal topography coupled with strong curva-
ture of the coastline: one near 691N and the other near 661N. The
former is associated with the Watkins Range, that contains Green-
land's highest mountain, and is in the vicinity of the Blosseville
Basin. In these regions, there is an acceleration of the barrier
winds because the flow is being forced to move around the



Fig. 12. The annual mean: (a) sea-level pressure (contours, mb), 10 m wind
(vectors, m/s) and 10 m wind speed (color, m/s) and (b) curl of the wind stress
(color, 10−6 N/m2) and the 10 m wind (vectors, m/s) from the ERA-I for the period
1979–2011. In (a) the thick black line represents the annual mean 50% sea ice
concentration contour. In (b) the zero isoline of the curl of the wind stress is
indicated by the thick black contour. The red contour delineates the approximate
extent of the Blosseville Basin as represented by the 1400 m isobath. The blue
contours represent the height of the topography over Greenland (km). (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this article.)

Fig. 13. The curl of the wind stress (color, 10−6 N/m2) and the 10 m wind (vectors,
m/s) for: (a) October, (b) June, and (c) the annual mean from the NARR for the
period 1979–2011. The zero isoline of the curl of the wind stress is indicated by
the thick black contour. The red contour delineates the approximate extent of
the Blosseville Basin as represented by the 1400 m isobath. The blue contours
represent the height of the topography over Greenland (km). (For interpretation of
the references to color in this figure caption, the reader is referred to the web
version of this article.)
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obstacles (Harden and Renfrew, 2012; Moore, 2012). This localized
flow distortion enhances the anti-cyclonic circulation. The combi-
nation of the local topographic steering together with the reduc-
tion in nearshore wind speed due to ice causes a particularly
strong region of negative wind stress curl over the Blosseville
Basin (Fig. 13).

The sea ice along east Greenland expands southwards during the
winter and retreats northwards during the summer (Wadhams,
1981), and so the coastal region of low surface wind speed under-
goes a similar cycle. Also, the Icelandic Low is deepest during
the winter months and so the barrier winds are intensified during
this period. Consequently, the negative wind stress curl over the
Blosseville Basin is strongest in fall/winter (Fig. 13a) and weakest in
spring/summer (Fig 13b). Note, however, that the curl remains
negative even when the circulation is weak, and, as a result, the
annual mean wind stress curl is negative in this region (Fig. 13c).

The strong negative wind stress curl over the Blosseville Basin,
in conjunction with the closed bathymetric contours of the basin,
is conducive for spinning up a local anti-cyclonic ocean gyre. The
model simulation of Spall and Pickart (2003) demonstrated that
positive wind stress curl east of Cape Farewell (Fig. 12b) was
capable of driving the cyclonic Irminger Gyre (Våge et al., 2011a).
This was true even though the wind forcing nearly vanishes during
the summer months. The weak stratification of the Irminger
Sea, in conjunction with the bathymetry of the continental slope,
resulted in a “flywheel” effect whereby the seasonal input of
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vorticity from the atmosphere to the ocean was able to maintain a
nearly steady gyre. At depth, the Blosseville Basin is characterized
by similarly weak stratification adjacent to the continental slopes
of Greenland and Iceland, and the atmospheric circulation imparts
strong negative vorticity to the ocean for nearly half the year. As
such, there is reason to suspect that an anti-cyclonic gyre should
be maintained in the basin, consistent with the mean absolute
geostrophic velocity section of Fig. 4.

As demonstrated in the next section, there is an additional
aspect of the wind forcing that appears to be of importance for the
formation of the separated EGC. To first order the barrier winds
parallel the shelf break of East Greenland, and, as such, there is an
onshore Ekman transport in the surface layer. This shoreward flow
helps maintain the hydrographic front associated with the shelf
break EGC. As noted above, the sharp bend in the coastline near
691N steers the wind towards the southwest (which is part of the
reason for the negative wind stress curl over the Blosseville Basin).
However, because the orientation of the continental slope changes
so abruptly near 691N, the wind cannot adjust quickly enough to
remain parallel to the shelf break at this location. This is demon-
strated in Fig. 14 which documents the degree to which the wind
parallels 500 m isobath (roughly the shelf break) at each latitude
in the domain of interest. One sees that at the northern end of the
Blosseville Basin the winds are more than 401 offset from the
direction of the shelf break. Consequently, the onshore component
of the Ekman transport is reduced in this region. The ramifications
of this are explored below.
3 Note that the model does have anti-cyclonic wind stress curl over the
Blosseville Basin (Fig. 13c).
6. Numerical simulation of the East Greenland Current north
of the Denmark Strait

We now use the idealized numerical model, described in
Section 2.4, to examine the interaction between the East Greenland
Current and the basin interior, and to investigate the cause of the
separated EGC. In an effort to understand themost basic aspects of this
interaction, we force the model with a steady wind stress (no surface
forcing of heat and freshwater). The wind forcing is derived from the
annual mean of the high resolution NARR product (Section 5), and the
model has been run for a period of 2.5 years. The mean sea surface
salinity over the final 2 years of integration is shown in Fig. 15. There is
a sharp gradient in salinity near the shelf break at high latitudes
(although there is some spreading of saline waters onto the shelf
between y ¼ 500 km and 700 km). This gradient corresponds to a
maximum in along-shelf velocity, i.e. a shelf break current. However,
near y¼500 km the freshwater begins to shift offshore of the shelf
break such that by y¼300 km waters fresher than 33.5 are found
almost 100 km offshore of the shelf break. This freshwater remains
offshore of the shelf edge all the way to the Denmark Strait (near
y¼100 km, x¼100 km in the model).

6.1. Salinity and velocity

A representative synoptic section of the along-channel velocity
and salinity from the model at y¼320 km is shown in Fig. 16 for
day 360. This location roughly corresponds with the Kögur section.
There is a maximum southward velocity of just over 1 m/s over the
shelf break, which decreases towards the bottom (Fig. 16a). There
is also southward flow exceeding 50 cm/s centered about 100 km
offshore of the shelf break, over the eastern side of the Blosseville
Basin. This flow is more surface trapped, with a vertical scale only
on the order of 200 m. In between these two southward flows is a
northward current of 50 cm/s near x¼80 km. While it is tempting
to associate the southward flow above the Iceland continental
slope with the separated EGC, the two oppositely flowing jets in
the interior are in fact the signature of an anti-cyclonic ring of
shelf water that separated from the shelf and carried freshwater
across the Blosseville Basin (Fig. 16b). This structure is reminiscent
of some of the synoptic sections along the Kögur line (e.g. Figs. 5c
and 6c) and suggests that the features seen in the data may be
large anti-cyclonic rings of shelf water (i.e. larger than the
deformation radius).

The sea surface salinity on day 770 (Fig. 17) demonstrates that
the shelf break jet south of y¼500 km is very time-dependent,
and is dominated by meanders and eddies with horizontal scales
of O(50 km). These freshwater eddies penetrate well off the
boundary, giving rise to the offshore shift in the mean position
of the sea surface salinity front. The region between the shelf
break and the eastern side of the Blosseville Basin is highly time
dependent and dominated by eddies and filaments.

The spin-up of the offshore front, and the space and time scales
of the variability, are demonstrated by a plot of along-channel
velocity and salinity at 17.5 m depth as a function of x and time
(Fig. 18). The fresh water initially confined to the shelf spreads
rapidly offshore until around day 200, when the offshore front
equilibrates near x¼120 km. Coincident with this salinity gradient
is a region of southward flow with strength O(10–20 cm/s). There is
also a region of stronger southward flow shoreward of x¼50 km,
which is the meandering shelf break jet. The region between
the shelf break jet and the offshore front is dominated by flow
reversals of O(20 cm/s). They generally occur in concert with
southward flow farther offshore, separated by a freshwater anom-
aly. This is the signature of freshwater lenses that have been shed
from the boundary current and have propagated offshore, as seen in
Figs. 16 and 17. The dashed line at day 360 in Fig. 18 shows that the
features seen in the synoptic section (Fig. 16) are quite common.

The model suggests then that the separated EGC arises from
eddies that coalesce when they encounter the Iceland continental
slope. In this scenario the northward flow between the shelf break
EGC and separated EGC is simply the recirculation associated with
freshwater eddies shed from the shelf break jet. Furthermore, the
model suggests that synoptic sections across the Blosseville Basin
should occasionally reveal isolated anti-cyclonic eddies, which, as
noted above, seems to be the case. The alternate hypothesis of a
wind-driven anti-cyclonic gyre, where the offshore branch is the
separated EGC, is not supported by the model.3 However, one must
keep in mind that the data are spatially and temporally sparse,
which makes it difficult to distinguish between these two possi-
bilities; a definitive conclusion will require more field data.
6.2. Role of the wind

Although the curl of the wind stress seems not to play a
central role in the model, the wind stress itself is important in
maintaining the shelf break jet and in determining where the
freshwater is able to penetrate offshore of the boundary. A
calculation was run with the same initial conditions and restoring
but with no wind stress. Freshwater extends farther offshore than
for the case with wind (not shown). As noted earlier, for the most
part the wind is parallel to the coast (Fig. 14), so the Ekman
transport is directed onshore. This advects dense, saline water
towards the shelf break and acts to maintain the baroclinicity of
the jet. Frontal instability acts to reduce the horizontal density
gradient by advecting freshwater offshore near the surface. The
absence of wind forcing thus allows the eddy fluxes to carry the
fresh water farther offshore.

Analysis of the energy conversion terms indicates that the
meanders and eddies are formed primarily by baroclinic
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Fig. 15. Mean sea surface salinity over final 2 years of integration, with bottom
topography (white contours, contour interval (c.i.) 200 m). The dashed white line is
the location of the vertical section in Fig. 16.

Fig. 16. Synoptic zonal sections of meridional velocity (upper panel, c.i.¼0.1 m/s,
bold line is the zero velocity contour) and salinity (lower panel, c.i.¼0.25) on
day 360.

Fig. 14. Difference in angle between the mean wind direction and orientation of the shelf break (color) as a function of latitude. The shelf break is taken to be the 500 m
isobath, and the calculation is carried out along a 50 km swath centered around that isobath. The mean 10 m wind vectors from NARR, used in the calculation, are shown.
(For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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instability. The conversion rate from potential to eddy kinetic
energy was calculated in the region of the Blosseville Basin (20–
150 km in x and 200–500 km in y) and averaged between 10 and
540 m depth. For the case with wind forcing, the average conver-
sion rate is positive at about 1:2� 10−8 m2=s3. This corresponds
with eddy formation via baroclinic instability. The case with no
wind starts at a level above the case with wind forcing, but rapidly
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Fig. 17. Sea surface salinity on day 770, with bottom topography (white contours,
c.i.¼200 m).

Fig. 18. Time/x plots of meridional velocity (left panel, c.i.¼0.1 m/s, bold line is the zero
The bottom topography at this location is indicated at the top. The dashed white line is

K. Våge et al. / Deep-Sea Research I 79 (2013) 20–3934
decreases by about an order of magnitude. This weak level of
energy conversion persists for the remainder of the calculation.
This is consistent with the model result that, in the absence of
wind, the early growth of instabilities spreads the freshwater more
effectively over the basin interior, reducing the potential energy in,
and instability of, the shelf break front. In contrast, when the wind is
present the shelf break front is maintained by a local balance between
frontogenesis
by onshore Ekman transport and frontolysis by baroclinic instability.
This allows for a more continued extraction of energy by the eddies
from the front.

The influence of the Ekman transport on the offshore transport
of freshwater is further demonstrated by calculations with an
idealized coastline. In this scenario, the shelf topography is
represented by two straight regions offset by 80 km (Fig. 19). The
first bend in the continental slope, near 650 km, is meant to
represent the change in the orientation of the East Greenland
shelfbreak near 691N (Fig. 2), whereas the second bend farther to
the south (in the opposite direction) is necessary to smoothly join
the upper and lower boundaries of the model (as was done
for the earlier model). The initial conditions for this simulation
were specified the same as for the cases described above, and no
restoring of salinity was used.

The sea surface salinity on day 100 is shown for a case with
a uniform meridional wind stress of amplitude −0:05 N=m2

(Fig. 19a) and for an otherwise identical calculation with no wind
(Fig. 19b). The shelf break front develops meanders in both cases,
but the offshore transport is confined to the region where the
topography is not parallel to the wind stress for the case with
velocity contour) and salinity (right panel, c.i.¼0.25) at 20 m depth and y¼320 km.
day 360, when the sections in Fig. 16 were taken.
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Fig. 19. Sea surface salinity (color) on day 100 for an idealized shelf. The white contours indicate the bathymetry. (a) The case of uniform meridional wind stress of
−0.05 N/m2. (b) The case of no wind. The offshore freshwater flux is enhanced in the two regions where the wind is not parallel to the shelfbreak in (a) compared to the case
with no wind in (b). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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wind, while it is more uniformly distributed along the shelf break
jet in the absence of wind. This demonstrates the importance of
the abrupt change in orientation of the boundary north of the
Blosseville Basin and the fact that the wind cannot adjust quickly
enough to remain parallel to the shelf break in this region (Fig. 14).
Note that, for the case with wind, eddies also develop where the
topography bends back to the east near 250 km. This indicates that
it is not simply inertial overshoot that causes the anti-cyclones to
form at the northern end of the Blosseville Basin. Frontal instabil-
ities are less inhibited where the Ekman transport is not perpen-
dicular to the front, supporting the previous interpretation. One
also sees in Fig. 19 that the salinity front is located farther offshore
everywhere in the case with no wind, which is consistent with the
previous model results using the realistic topography and wind
stress.
7. Discussion

Our results show that the separated EGC provides a means
for transporting freshwater as well as overflow water from the
western boundary into the interior of the Blosseville Basin. What is
the fate of the freshwater? Two direct pathways of freshwater
export from the EGC into the interior Nordic seas, the Jan Mayen
and East Icelandic currents, have been previously identified (e.g.
Dickson et al., 2007). While the Jan Mayen Current is to some
extent topographically steered by the Jan Mayen Fracture Zone
(Bourke et al., 1992), Fig. 2 shows no corresponding bathymetric
feature farther south that would cause the East Icelandic Current
to diverge from the EGC. Sparse current meter measurements at
the Kögur transect led Jónsson (1999) to conclude that a partial
recirculation of the EGC in the Denmark Strait was not the source
of the East Icelandic Current and that it instead originates north of
the transect. The East Icelandic Current has been traced upstream
only as far as the Spar Fracture Zone (a gap in the Kolbeinsey Ridge
north of Iceland, Fig. 2; Jónsson, 2007; Jónsson and Valdimarsson,
2012a). It is possible then that the mechanism generating the
separated EGC in the northern part of the Blosseville Basin is also
the source of freshwater to the East Icelandic Current. If so, a
portion of the freshwater exported off the Greenland shelf in the
Blosseville Basin would be advected by the East Icelandic Current
into the Iceland Sea. The resulting reduction in surface salinity
and increase in stratification could in turn reduce the extent of
wintertime convection in the Iceland Sea Gyre, with possible



Fig. 20. Schematic circulation in the area northeast of the Denmark Strait, presented in the text. The East Greenland Current (EGC) bifurcates north of the Blosseville Basin
and the offshore branch joins with the North Icelandic Jet (NIJ) to provide most of the dense water feeding the Denmark Strait Overflow Water plume. The shelf break EGC
provides the other portion. The separated EGC is believed to be formed by anti-cyclonic eddies that coalesce, with perhaps a wind-driven anti-cyclonic recirculation north of
the sill (dashed line). As discussed in Våge et al. (2011b), the NIJ represents the lower limb of a local overturning loop: the inflowing North Icelandic Irminger Current –
advecting warm Atlantic Water – forms eddies that are cooled by the atmosphere and disintegrate in the Iceland Sea Gyre. The dense water so formed progresses back
towards the boundary (represented by the short blue arrows) and sinks to form the NIJ. A possible pathway of the upper-layer East Icelandic Current (EIC) is indicated
as well.
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consequences for the AMOC. Another ramification of the fresh-
water export from the boundary is that less of the undiluted PSW
remains within the shelf break EGC equatorward of the Denmark
Strait (Fig. 10) which could potentially impact the convective
regions in the Irminger and Labrador seas.

Our revised circulation scheme is shown schematically in
Fig. 20. Included in the figure are findings from the present study
as well as results from the study of Våge et al. (2011b). As seen in
the schematic, and at odds with the Mauritzen (1996) circulation
scheme, the source waters of the Denmark Strait Overflow Water
plume primarily approach the sill along the Iceland continental
slope. These waters are advected in roughly equal proportions by
the separated EGC and the North Icelandic Jet (NIJ). By contrast,
the shelf break EGC appears to transport a significantly smaller
fraction (roughly 30%) of overflow water along the Greenland
slope. This is perhaps to be expected within the framework of
hydraulic theory (e.g. Pratt, 2004). However, the NIJ originates far
upstream (northeast of Iceland, Fig. 20) and the separated EGC
transposes to the Iceland slope in the northern end of the
Blosseville Basin, not due to shoaling bathymetry in the vicinity
of the sill. At this point it remains uncertain how much water (if
any) recirculates anti-cyclonically from the separated EGC north of
the sill or whether or not there is a permanent gyre within the
Blosseville Basin. A recently deployed mooring array along the
Kögur transect should shed light on this.

We note that the high-resolution numerical simulations of the
flow north of the Denmark Strait in Köhl et al. (2007) have aspects
that are similar to the circulation scheme presented here. For
example, the EGC bifurcates upstream of the Blosseville Basin.
However, the eastern branch of the EGC in their model flows
southward along the Kolbeinsey Ridge and feeds the NIJ far
upstream of the Denmark Strait, which is inconsistent with our
results. Nonetheless, Köhl et al.'s (2007) simulations indicate that
most of the overflow water in the East Greenland Current switches
from the Greenland to the Iceland slope at the northern end of the
Blosseville Basin and that the overflow water primarily approaches
the Denmark Strait sill along the eastern boundary.

Between the Kögur transect and the Denmark Strait sill the three
branches advecting overflow water (the shelf break EGC, separated
EGC, and the NIJ) presumably merge to form the DSOW plume. For
the NIJ and separated EGC, which are governed by different
dynamics and transport different water masses (mid-depth inten-
sified flow of Arctic-origin overflow water and surface-intensified
flow advecting Atlantic-origin overflow water, respectively), the
merging process may lead to the generation of instabilities
upstream of the sill (e.g. Fristedt et al., 1999). Such pre-existing
instabilities may subsequently be amplified during the descent of
the overflow plume (e.g. Spall and Price, 1998).

At present it is unknown which, if any, of these flow branches
feeding the DSOW plume exerts dominant control on the variability
of the overflow. Numerical simulations suggest that changes in the
EGC north of the strait impact the transport and composition of the
overflow plume (Karcher et al., 2011; Hall et al., 2011). However,
comparable studies remain to be undertaken for the recently
discovered NIJ. The mooring array across the Kögur line includes
instruments in all three branches, which may provide some insights
along these lines. More detailed tracer studies will also add to our
understanding of the dominant pathways and upstream sources of
overflow water. We stress that the circulation scheme presented
here needs further confirmation, particularly to elucidate the
merging of the different overflow branches and the fate of the
freshwater exported into the interior.
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Appendix A. Removal of barotropic tides from the synoptic
sections using a tidal model

The most recent version of the Oregon State University Atlantic
Ocean tidal model (Egbert et al., 1994; Egbert and Erofeeva, 2002)
was used to remove the barotropic tidal component from the
ADCP profiles prior to the construction of the absolute geostrophic
velocity sections. The improvements relative to the previous
version used by Våge et al. (2011b) are higher resolution (1/301
vs. 1/121) and more accurate bathymetry. Comparison between
the two versions at the Kögur transect shows that the greatest
difference is found in the western end of the section, primarily due
to the improved representation of the Greenland continental shelf
and slope. For the Iceland slope the difference is less pronounced.
The mean absolute difference in the NIJ transport resulting from
de-tiding using the two models was 0.1 Sv, which is well within
the overall transport error estimates. In particular, the value of NIJ
transport for the October 2008 occupation quoted by Våge et al.
(2011b) differs by only 0.03 Sv when the new tidal model is
applied. Hence the results presented here using the new model
are consistent with previously published results in terms of NIJ
transport. A reduction in the error arising from the de-tiding is,
however, not justified from an overall quantitative comparison
between the tidal model and actual bottom depths along the
Kögur transect.
Appendix B. Quality control and gridding of the historical
hydrography

While most of the data have been subject to preliminary
quality control, additional checks were performed following the
general procedure of previous studies (e.g. Skagseth and Mork,
2012). Temperature and salinity measurements outside the expected
range of values in the Nordic seas (−2–20 1C and 20–36, respectively)
were discarded. Each profile was subsequently inspected for density
inversions, and profiles containing an inversion exceeding 0.05 kg/m3

were excluded (Rossby et al., 2009; Skagseth and Mork, 2012).
(Profiles with a single data spike were included after the removal of
the spike.) Finally, each profile was checked for outliers as follows. All
profiles within an effective radius of 110 km around the station in
question (approximately 11 of latitude) were identified. The effective
radius is increased along isobaths in regions of large topographic
gradients and takes into account the greater correlation length scales
along the bottom topography, which is appropriate given the close
alignment between the circulation in the Nordic seas and the bottom
contours (e.g. Nøst and Isachsen, 2003). The radius was calculated
following Davis (1998):

r2 ¼ jxg−xoj2 þ
�
�
�
�
3λ

Hg−Ho

Hg þ Ho

�
�
�
�

2

: ðB:1Þ

The first term on the right hand side of (B.1) is the geographical
distance between the profile to be checked (subscript g) and all other
profiles (subscript o), and the second term is the increase in distance
determined by the difference in bottom depths (H). The topographic
parameter λ was set to 100 km (Lavender et al., 2005; Voet et al.,
2010; Skagseth and Mork, 2012). A doubling in water depth between
two profiles would lead to an increase in r2 by λ2. Bathymetric data
were obtained from the ETOPO2 2-min elevation data base and
smoothed by convolution with a 20-km Gaussian window. All of the
profiles so identified were then vertically interpolated at 5 m inter-
vals, and the mean and standard deviation of temperature and
salinity calculated at each depth. If the profile in question contained
data points at any depth that differed from themean bymore than six
standard deviations, it was discarded.

For the present analysis, observations from the historical
hydrographic data set of a given property at a given depth level
were anisotropically interpolated onto a regular 0.21 longitude by
0.11 latitude grid using (B.1). For each grid point (subscript g) the
effective distance to each data point (subscript o) was calculated.
The average value of all data points within an effective distance of
50 km or less, weighted by the inverse of the distance (profiles
closer to the grid point than 1 km were weighted equally), was
assigned to that grid point. Using an effective distance increased
by the difference in barotropic potential vorticity (PV¼ f/H, where
f is the Coriolis parameter) instead of difference in depth
(e.g. Böhme and Send, 2005) yielded qualitatively similar results.
Finally, the gridded fields were smoothed by convolution with a
30 km Gaussian window.
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