
RESEARCH ARTICLE
10.1002/2016JC012228

Evolution of the East Greenland Current from Fram Strait to
Denmark Strait: Synoptic measurements from summer 2012
L. Håvik1 , R. S. Pickart2, K. Våge1 , D. Torres2 , A. M. Thurnherr3, A. Beszczynska-M€oller4 ,
W. Walczowski4, and W.-J. von Appen5

1Geophysical Institute, University of Bergen and Bjerknes Centre for Climate Research, Bergen, Norway, 2Woods Hole
Oceanographic Institution, Woods Hole, Massachusetts, USA, 3Lamont-Doherty Earth Observatory, Palisades, New York,
USA, 4Institute of Oceanology Polish Academy of Sciences, Sopot, Poland, 5Helmholtz Centre for Polar and Marine
Research, Alfred Wegener Institute, Bremerhaven, Germany

Abstract We present measurements from two shipboard surveys conducted in summer 2012 that sam-
pled the rim current system around the Nordic Seas from Fram Strait to Denmark Strait. The data reveal
that, along a portion of the western boundary of the Nordic Seas, the East Greenland Current (EGC) has
three distinct components. In addition to the well-known shelfbreak branch, there is an inshore branch on
the continental shelf as well as a separate branch offshore of the shelfbreak. The inner branch contributes
significantly to the overall freshwater transport of the rim current system, and the outer branch transports a
substantial amount of Atlantic-origin Water equatorward. Supplementing our measurements with historical
hydrographic data, we argue that the offshore branch is a direct recirculation of the western branch of the
West Spitsbergen Current in Fram Strait. The total transport of the shelfbreak EGC (the only branch sampled
consistently in all of the sections) decreased toward Denmark Strait. The estimated average transport of
dense overflow water (rh > 27.8 kg/m3 and h> 08C) in the shelfbreak EGC was 2.8 6 0.7 Sv, consistent
with previous moored measurements. For the three sections that crossed the entire EGC system the fresh-
water flux, relative to a salinity of 34.8, ranged from 127 6 13 to 81 6 8 mSv. The hydrographic data reveal
that, between Fram Strait and Denmark Strait, the core of the Atlantic-origin Water in the shelfbreak EGC
cools and freshens but changes very little in density.

1. Introduction

The East Greenland Current (EGC) is a major pathway for transporting freshwater from the Arctic Ocean to
the North Atlantic [Haine et al., 2015], as well as an important supplier of dense overflow water to Denmark
Strait [Strass et al., 1993; Jochumsen et al., 2012; Harden et al., 2016]. Numerous studies have focused on the
EGC in both Fram and Denmark Straits; however, the region in between has only been sparsely observed
and the along-stream evolution of the current remains largely unexplored. As water exits the Arctic Ocean
in the EGC through Fram Strait, it is supplemented by a cross-strait flux of warm and saline water emanating
from the West Spitsbergen Current (WSC). These recirculating waters, which originate from the North Atlan-
tic via the Norwegian Atlantic Current, enhance the annual mean volume transport of the EGC by at least 3
Sv, resulting in a total southward transport of 8.7 Sv at 788500N [de Steur et al., 2014].

Downstream of Fram Strait, Woodgate et al. [1999] estimated the transport of the EGC from a mooring array
deployed across the current at 758N in 1994–1995. They found a throughput of 8 6 1 Sv, with no apparent
seasonal signal. Farther south, the volume transport of the current gradually decreases as water is diverted
into the Jan Mayen Current [Bourke et al., 1992] and the East Icelandic Current [Macrander et al., 2014] (Fig-
ure 1). At the northern end of the Blosseville Basin, the EGC bifurcates into two distinct branches: the shelf-
break EGC and the separated EGC. The former continues southward along the east Greenland shelfbreak,
while the latter veers offshore and follows the base of the Iceland slope toward Denmark Strait [Våge et al.,
2013; Harden et al., 2016]. While the Jan Mayen and East Icelandic Currents flow into the interior of the
Greenland and Iceland Seas, respectively, the two branches of the EGC in the Blosseville Basin pass through
Denmark Strait into the North Atlantic.
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The export of dense overflow water from the Nordic Seas contributes to the deep limb of the Atlantic
Meridional Overturning Circulation. Approximately half of this export takes place through Denmark Strait
[Hansen and Østerhus, 2000], and more than two thirds of that is associated with the EGC [Harden et al.,
2016]. Hence, knowledge of the upstream evolution of the current is essential for understanding the pro-
cesses that dictate the supply of dense overflow water to Denmark Strait. Mauritzen [1996] concluded that
Atlantic Water modified along the perimeter of the Nordic Seas is the main contributor to the overflow
water that enters the strait via the EGC. This warm-to-cold conversion takes place predominantly in the
northeastern Nordic Seas, due to strong buoyancy forcing in that region [Isachsen et al., 2007]. On the other
hand, Strass et al. [1993] argued that as much as half of the transport of dense overflow water through
Denmark Strait can be formed by isopycnal mixing between the recirculated Atlantic-origin Water in the
EGC and the interior waters of the Greenland Sea. However, this mechanism may exhibit large interannual
variability and the transport estimates are based on particular assumptions about the structure of the veloc-
ity field.

The surface layer of the EGC has a high freshwater content due to its origin in the Arctic Ocean, as well as
from seasonal ice melt in the Nordic Seas and Fram Strait [Rudels et al., 2002]. The composition of the fresh-
water has been examined both from transects across the EGC from Fram Strait to Denmark Strait [de Steur
et al., 2015] and within Fram Strait itself from a combination of in situ measurements and an inverse model
[Rabe et al., 2013]. However, due to a lack of velocity measurements, only a few estimates of the EGC fresh-
water transport are available. Holfort and Meincke [2005] obtained a total (liquid and solid) freshwater trans-
port of 40–55 mSv relative to a reference salinity of 34.9 from moorings deployed on the east Greenland
shelf close to 748N in 2001–2002. Using data from the 2002 RV Oden expedition, Nilsson et al. [2008] esti-
mated an average freshwater flux of 60 mSv. They concluded that the freshwater was largely conserved in
the EGC as it progressed from north of Fram Strait to south of Denmark Strait. A decade of moored observa-
tions in Fram Strait indicated that the EGC has a relatively constant annual mean liquid freshwater flux of
40 mSv [de Steur et al., 2009]. Based on model results, de Steur et al. [2009] estimated an additional flux of
freshwater on the Greenland shelf of 26 mSv—emphasizing that the sparse measurements on the wide
shelf could lead to an underestimate of the flux. Rabe et al. [2009] concluded that a considerable part of the

Figure 1. Location of the sections occupied during the two shipboard surveys in summer 2012 and the composite meridional section
obtained from historical data in Fram Strait. The main currents discussed in the Introduction are sketched in green. In the Blosseville Basin,
the EGC bifurcates into the shelfbreak branch and the separated branch. Bathymetric features and geographical locations discussed in the
text are indicated on the map. The bathymetry was obtained from the 2 min resolution Etopo2 product.
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freshwater transport through Fram Strait took place on the shelf rather than along the slope, and estimated
a mean transport from three summer sections of 80 6 6 mSv. An overview of the freshwater fluxes east of
Greenland can be found in Holfort et al. [2008].

To date, there have been relatively few high-resolution transects—especially with velocity measure-
ments—across the EGC in the Nordic Seas, partly because of the presence of pack ice (see Seidov et al.
[2015, Figure 4] for an overview of the historical data). Seidov et al. [2015] calculated climatologies of tem-
perature and salinity on a 0.258 3 0.258 grid for the Nordic Seas to investigate decadal variability of hydro-
graphic properties. However, it is clear that variability on short time and space scales cannot be assessed
from such a climatological data assembly. Numerical models are very powerful tools for evaluating ocean
variability, water mass transformation, and current pathways. Most models capture the southward trans-
port along the coast of east Greenland, but, in order to resolve the more subtle features, fairly high resolu-
tion is required. The model employed by Bacon et al. [2014] of the East Greenland Coastal Current (EGCC)
south of Denmark Strait has a resolution of 1/128, corresponding to around 5 km. They conclude that this
is sufficient to resolve the EGCC which typically has a width between 15 and 20 km. Unfortunately, their
analysis only covers the east Greenland shelf south of Denmark Strait. North of Denmark Strait, K€ohl et al.
[2007] presented results from a model with a resolution of 1/108. Their focus was on the water masses
contributing to the Denmark Strait Overflow Water, and no detailed description of the EGC was provided.
As pointed out in Bacon et al. [2014], it is important to validate the model output against observations, in
particular in this region where there are still many uncertain aspects regarding the circulation and water
masses.

Only two previous cruises have sampled the EGC from Fram Strait to Denmark Strait as part of a single sur-
vey. In fall 1998, five sections across the EGC were measured by RV Polarstern. A detailed description of the
hydrographic properties of the water masses that constitute the EGC is presented in Rudels et al. [2002], but
no velocity measurements or transport estimates are discussed. In 2002, RV Oden traversed the East Green-
land Current 5 times within the same region. Their focus was on the along-stream changes in the water
mass characteristics based on hydrographic and chemical measurements [Rudels et al., 2005; Jeansson et al.,
2008]. The velocity measurements obtained were primarily used to calculate freshwater fluxes [Nilsson et al.,
2008]. As such, no previous studies have robustly characterized the kinematic structure of the current nor
estimated its along-stream changes in volume transport.

In this study, we use a set of eight high-resolution shipboard transects across the EGC occupied during
summer 2012 from Fram Strait to Denmark Strait to investigate the along-stream evolution of the cur-
rent, its velocity and water mass structure, and the transport of both freshwater and dense overflow
water. To address the importance of the recirculating Atlantic-origin Water in Fram Strait to the EGC sys-
tem, we use three sections of the WSC occupied during the same summer, as well as historical data
from the strait itself. We demonstrate that the EGC is in fact a system of distinct branches, from the
inner shelf to the outer slope, which undergo significant modification as they progress equatorward in
the Nordic Seas.

2. Data and Methods

2.1. East Greenland Current
The EGC data set was collected on a survey carried out on the RRS James Clark Ross, which began in Den-
mark Strait in late July and ended in Fram Strait in late August 2012. Here we use eight transects across
the east Greenland shelf and slope (Figure 1), with particular emphasis on section 10 in the southern
Fram Strait, section 6 along the Jan Mayen Fracture Zone, and section 3 in the Blosseville Basin. These
three sections are representative of the general hydrographic structure and kinematic features of the cur-
rent system between Fram Strait and Denmark Strait. The distance between stations was typically 5–7 km,
which is close to the Rossby radius of deformation in this region (approximately 5 km) [Nurser and Bacon,
2014].

A Sea-Bird 9111 conductivity-temperature-depth (CTD) instrument was mounted on a rosette containing
twelve 10 L Niskin bottles. Downcast profiles of temperature and salinity were averaged into 2 db bins,
from which other variables were computed. The accuracy of the CTD measurements was 0.3 db for pres-
sure, 0.0018C for temperature, and 0.002 for salinity [Våge et al., 2013]. Velocity profiles were obtained at
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each site using a lowered acoustic Doppler current profiler (LADCP) system attached to the rosette, consist-
ing of upward-facing and downward-facing RDI 300 kHz instruments. An updated version of the barotropic
tidal model of Egbert and Erofeeva [2002], with a resolution of 1/608, was used to detide the velocity data
before they were rotated into along-section and across-section components. The uncertainty in the tidal
model is mostly related to its representation of the bathymetry. We estimate this error by comparing the
model bathymetry to the measured bathymetry and scale this ratio by the tidal velocity. The tidal currents
were strongest in the southern sections, particularly in section 2, where this resulted in an error of approxi-
mately 2 cm/s. Conservatively, we use this value for all sections although the model likely performs slightly
better farther north.

Vertical sections of potential temperature, salinity, and velocity were constructed by interpolation onto a
regular grid with a resolution of 10 m in the vertical and 3 km in the horizontal using a Laplacian-spline rou-
tine [Pickart and Smethie, 1998]. Absolute geostrophic velocity sections were calculated by referencing the
geostrophic shear obtained from the gridded hydrography using similarly gridded detided velocities from
the LADCP. The mean values of the relative and directly measured velocities were matched between 50 m
and the bottom for each gridded profile. Velocity error estimates were calculated following the method out-
lined in Sutherland [2008]. This method combines the errors from the detiding routine and ageostrophic
effects such as baroclinic tides in a root-sum-square fashion. The error is reduced by the square root of the
number of station pairs covering the current branch in question (equivalent to number of degrees of free-
dom). With this method the error increases if the station spacing is large and the width of the current is nar-
row, i.e., where the current is resolved by only a few stations. This resulted in typical velocity errors of 1–
3 cm/s.

The freshwater transport (FWT) for each section was calculated as

FWT5

ðW

E

ðz50

z5Sref

AGVðx; zÞ � Sref 2SðzÞ
Sref

dzdx; (1)

where Sref is the reference salinity of 34.8 (same as that used in Våge et al. [2013]), AGV is the absolute geo-
strophic velocity, and E and W correspond to the eastern and western ends of each gridded section, respec-
tively. Error estimates for volume transport were obtained by multiplying the error velocity by the area of
the current. For the FWT, this number was reduced by the amount of freshwater present, expressed by the
fraction in equation (1).

2.2. West Spitsbergen Current and Fram Strait
We also use data from a hydrographic/velocity survey conducted in summer 2012 by the Institute of Ocean-
ology, Polish Academy of Sciences (IOPAN) in the northeastern part of the boundary current system of
the Nordic Seas. In particular, three sections are used that were occupied in and south of Fram Strait (see
Figure 1). The cruise took place roughly 1 month earlier than the EGC survey. A similar setup was used con-
sisting of a Sea-Bird 9111 CTD mounted on a 12-bottle rosette with 12 L bottles (only 9 bottles were used
in order to make room for the LADCP). The temperature and pressure sensors underwent precruise and
postcruise laboratory calibrations, and the conductivity sensors were calibrated using the in situ water sam-
ple data. The errors were estimated as 1 db for pressure, 0.0018C for temperature, and 0.002 for salinity.

A single downward-facing RDI 300 kHz LADCP was used to obtain vertical profiles of horizontal velocity.
This resulted in limited data coverage in the upper 50 m, and, due to large instrument tilts during the casts,
there were some instances of data gaps at depth. Nonetheless, the overall data quality was good, and the
velocity profiles were detided using the same model employed for the EGC profiles. The CTD data from the
IOPAN survey were gridded, and the geostrophic velocities referenced, in the same fashion as the data
from the EGC, except with a horizontal grid spacing of 5 km due to the coarser station spacing. Note that
sections E7 and 10 in the southern Fram Strait were approximately along the same latitude (Figure 1), and
the combination of these resulted in a complete transect across the strait.

To complement our analysis of the boundary current system of the Nordic Seas, we collected historical CTD
data from meridional sections in Fram Strait obtained during summers 1997–1999 and 2002–2004 from the
PANGAEA database [Hansen, 2006a,2006b,2006c; Schauer and Bud�eus, 2010; Schauer, 2010; Schauer and
Rohardt, 2010]. The hydrographic variables for each of the meridional sections were gridded using the same
interpolation scheme with a resolution of 0.18 latitude and 10 m in the vertical. Due to the lack of direct
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velocity measurements, we calculated geostrophic velocities from the hydrography relative to a level of no
motion at 1000 m for these sections.

3. Hydrographic Structure of the East Greenland Current

In every crossing of the east Greenland shelf and slope, the hydrography of the EGC had a three-layered
structure. This is illustrated nicely by the temperature and salinity fields from section 10 (Fram Strait), sec-
tion 6 (Jan Mayen Fracture Zone), and section 3 (Blosseville Basin) (first two parts of Figures 2, 3, and 4,
respectively). The surface layer consists of fresh Polar Surface Water (PSW) extending all the way across
most of the sections. In the upper few meters, this layer is warmer due to summer insolation, but the tem-
perature rapidly decreases below that. The outermost station on section 9 and the stations offshore of
approximately x 5 85 km on section 10 were the only ones without this fresh surface layer. On the shelf, the
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Figure 2. Vertical sections of (a) potential temperature, (b) salinity, and (c) absolute geostrophic velocity with contours of potential density
(kg/m3), for section 10 in Fram Strait. The location of the section is shown in the inset in Figure 2a. Positive velocities are toward the south.
The black inverted triangles along the top of each figure indicate the station locations. The white contours in Figure 2a represent the 08C
isotherms. The black vertical lines in Figure 2c enclose the shelfbreak branch of the EGC (see the text for details on how this branch was
defined). The blue contour in Figure 2c is the 27.7 kg/m3 isopycnal which separates the surface layer from the intermediate layer. The dif-
ferent kinematic features present in the section are identified along the top of Figure 2c.
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surface layer is roughly 150–200 m thick, becoming as thin as 50 m offshore. This results in a pronounced
upward tilt of the isopycnals toward the east.

Immediately below the PSW is the warmer and saltier Atlantic-origin Water. This is broadly defined as all
intermediate waters with a temperature above 08C [Våge et al., 2011]. At the two northernmost sections, the
Atlantic-origin Water could be separated into two distinct components: the warm and saline Atlantic Water
originating directly from the WSC in Fram Strait, and the colder and less saline Arctic Atlantic Water that is
generally situated deeper on the east Greenland slope [Rudels et al., 2002]. The latter enters the Arctic
Ocean via the WSC or through the Barents Sea and is modified while flowing through the Arctic Ocean
before exiting Fram Strait in the EGC. South of section 9, these two water masses were difficult to distin-
guish. Rudels et al. [2005] referred to the combination of the two Atlantic-origin Water masses as Return
Atlantic Water but we will refer to the mixture simply as Atlantic-origin Water. The Atlantic-origin layer is
characterized by an intermediate maximum in temperature and salinity and is typically 500–700 m thick.
Below this, i.e., below the deep 08C isotherm, resides the colder and less saline lower intermediate layer.

The water masses at the offshore ends of the transects differed north and south of the Jan Mayen Frac-
ture Zone. In the Greenland Sea, the Atlantic-origin Water was present across the entire sections with a

Figure 3. Vertical sections of hydrography and velocity for section 6 near the Jan Mayen Fracture Zone, otherwise as Figure 2. The lower limit for
the Atlantic-origin Water in the shelfbreak EGC is marked by the thick black contour (section 10 did not extend deep enough to capture this).
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clear intermediate salinity and temperature maximum. From section 6 and southward, however, the off-
shore water mass was less saline and colder, quite distinct from the Atlantic-origin Water (note the
fresher water between 50 and 400 m at the outer two stations in Figure 3b). We generically refer to the
waters offshore of the Atlantic-origin Water as ambient water, even though the characteristics differed
from section to section.

In addition to distinguishing the water masses in terms of their potential temperature/salinity (h/S) char-
acteristics, we divided the surface and intermediate waters by the 27.7 kg/m3 isopycnal following Rudels
et al. [2002]. This is a broader definition than the above separation into PSW and intermediate Atlantic-
origin Water, which was useful offshore of the EGC system where the h/S properties did not allow for
an easy classification of the water masses. Within the EGC, where the boundary between the PSW and
the Atlantic-origin Water was sharp, the density definition to a large degree coincides with the h/S defi-
nition (see e.g., Figure 3b). Rudels et al. [2002] further separated the intermediate layer from the deep
waters by the r0:5 5 30.444 kg/m3 isopycnal. However, due to the limited sampling at depth in the
northernmost sections, we focus the analysis on the intermediate waters down to the deep 08C
isotherm.

Figure 4. Vertical sections of hydrography and velocity for section 3 in the Blosseville Basin, otherwise as Figure 3.
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4. Velocity Structure of the East Greenland Current

As an overview of the current structure adjacent to Greenland, we show the depth-integrated LADCP vec-
tors from the surface to 500 m for each station (Figure 5). At the locations where the bottom depth was
shallower than 500 m, the integration was made to the bottom. In general, the highest velocities in each
section are found in the vicinity of the shelfbreak and upper continental slope. However, note that there
is strong flow on the inner shelf for those crossings that extended close to the Greenland coast (sections
2, 3, and 6). In addition, there are instances of large velocities well seaward of the shelfbreak (e.g., sections
2 and 9).

Inspection of the vertical sections of absolute geostrophic velocity reveals that the EGC can be considered a
system of distinct branches. North of 718N there is an offshore velocity core that we refer to as the outer
EGC. This was observed in sections 10, 9, and 6 (see the bottom of Figures 2 and 3). In section 10, it was
associated with a pronounced thinning of the Atlantic-origin layer, while at sections 9 and 6 it coincided
with the transition from the Atlantic-origin Water to the ambient water farther offshore. In all cases, the cur-
rent was supported by a density front (upward-sloping isopycnals in the offshore direction). There is also a
well-defined jet on the shelf that was present on the transects that extended close to the Greenland coast
(sections 6, 3, and 2; see Figures 3 and 4). This is termed the PSW Jet and is also associated with a density
front, in this case due to a thinning of the cold and fresh surface layer. The presence of both the outer EGC
and the PSW Jet was mentioned by Nilsson et al. [2008]. However, they did not elaborate on the importance
or implications of these separate components, and made no quantitative estimates of their transports. Final-
ly, there is enhanced equatorward flow in the vicinity of the shelfbreak on all of the transects. Keeping with
the nomenclature introduced by Våge et al. [2013], this jet is referred to as the shelfbreak EGC. Immediately
offshore of that the flow was weaker and at times reversed.

In the southern part of the domain, specifically in sections 2 and 3 within the Blosseville Basin, the separat-
ed EGC was readily identifiable as a surface-intensified current centered over the base of the Iceland slope.
These various kinematic components of the boundary current system were manifest differently from section
to section (see e.g. the bottom of Figures 2–4). In addition, mesoscale eddies were sampled on some of the
sections. Due to this variability, an objective measure for delimiting each of the current branches was diffi-
cult to obtain; hence, they were subjectively distinguished using their hydrographic and velocity structure
as detailed below. The distinct components of the EGC current system are labeled at the top of the velocity
sections in Figures 2–4 and will be discussed separately in the following sections.

Figure 5. Depth-integrated velocity vectors for the upper 500 m at each station. For stations at shallower depths the integration was
made to the bottom.
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4.1. The Shelfbreak EGC
The shelfbreak EGC was the most prominent component of the boundary current system. It was characterized
by strong surface-intensified flow close to the shelfbreak with a depth-dependent deep extension. The center
of the current was objectively identified as the location with the highest mean absolute geostrophic velocity
over the top 150 m across the section. In all cases, this was associated with a density front, characterized by a
steep shoaling of the 27.5 kg/m3 isopycnal. It also generally corresponded to the hydrographic front between
the PSW and the Atlantic-origin Water. The bounding limits of the shelfbreak EGC were typically chosen as the
locations where the mean velocity over the upper 150 m was reduced to 20% of the core value. This worked
as a guideline, but in several instances, we subjectively chose the boundaries by combining the characteristic
hydrography of the shelfbreak EGC and the steep slope of the 27.5 kg/m3 isopycnal toward the east. The
resulting borders of the current are marked by the black vertical lines in the velocity sections of Figures 2–4.

The width and strength of the shelfbreak EGC varied considerably from section to section (Figure 6). The core
speed ranged between 0.2 and 0.4 m/s but showed no clear trend from north to south. The width of the current
varied from a maximum value of 80 km at section 9 to only 22 km at section 4, with indication of an overall
decrease as the current progressed from Fram Strait to Denmark Strait. For the most part, the width and the
strength varied out of phase with each other: a strong current core coincided with a narrow jet and vice versa.

4.2. The Polar Surface Water Jet
At each of the transects that sampled close to the east Greenland coast, a surface-intensified jet was pre-
sent within the PSW layer, onshore of—and distinct from—the shelfbreak EGC. This PSW Jet was
completely bracketed on sections 6, 3, and 2, and partly sampled on sections 8 and 4 (the latter two sec-
tions did not extend sufficiently far onshore to fully sample the feature). The jet carried mostly PSW, but a
weak extension to the bottom also resulted in transport of some Atlantic-origin Water that had penetrat-
ed onto the shelf. The velocity of the current was slightly lower than the shelfbreak EGC, with a peak value
close to 0.2 m/s in section 3 (the core was defined in similar fashion to the shelfbreak EGC). Due to the
low salinity of the PSW, this branch of the current system is very important for the freshwater transport
(discussed below in section 5.2).

South of Denmark Strait, the East Greenland Coastal Current (EGCC) is a well-established feature [Bacon
et al., 2002; Sutherland and Pickart, 2008]. The PSW Jet shares some similarities with this current, such as the
proximity to the coast and its hydrographic structure, although the velocities within the PSW Jet were

Figure 6. Volume transport of the shelfbreak EGC at each of the sections. The dark gray bars represent the volume transport where the
entire branch was sampled and for sections 9 and 10 the light gray bars indicate that only the upper 800 m was measured. The orange
and blue bars show the transport of intermediate and surface layers, respectively. Also shown are the core speed (purple line) and the
width (green line) of the shelfbreak EGC. The x axis indicates the along-stream distance from Fram Strait to Denmark Strait.
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generally weaker than those of
the EGCC [Sutherland and Pickart,
2008]. The volume transports of
the PSW Jet in the sections that
fully resolved it were in the range
of 0.54 6 0.28 to 0.83 6 0.27 Sv.
These transports are comparable
to the values obtained by Suther-
land and Pickart [2008] for the
EGCC, ranging from 0.6 to 1.4 Sv,
as well as the estimate by Bacon
et al. [2002] of 1 Sv. Bacon et al.
[2008] suggested that the EGCC
could also be present north of
Denmark Strait. They calculated
the volume transport of the
coastal current observed by Nils-
son et al. [2008] close to 728N to
be 0.77 Sv.

Bacon et al. [2002] described the
formation of the EGCC as a result
of meltwater runoff from Green-
land leading to a strengthening

of the cross-shelf salinity gradient. This process is likely seasonal, with strongest current velocities in sum-
mer when the amount of meltwater is largest. By contrast, Sutherland and Pickart [2008] suggested that the
EGCC is formed by a bifurcation of the shelfbreak EGC south of Denmark Strait due to bathymetric steering
by the Kangerdlugssuaq Trough. If the EGCC is in fact the result of branching of the EGC south of Denmark
Strait, then the PSW Jet is obviously not the same feature as the EGCC. On the other hand, if the EGCC stems
from meltwater runoff as proposed by Bacon et al. [2002] then there is no geographical reason why it can-
not also be present north of Denmark Strait. However, the presence of a coastal current during spring pre-
sented in Nilsson et al. [2008] shows that this feature is not restricted to summer. At present it remains
unclear whether the PSW Jet is connected to the EGCC and what mechanism is responsible for generating
this branch.

4.3. The Outer EGC
Offshore of the shelfbreak EGC, at sections 6, 9, and 10, we observed a distinct branch advecting Atlantic-
origin Water equatorward (see bottom of Figures 2 and 3). As is the case with the shelfbreak EGC, this outer
branch of the EGC is associated with a density front (i.e., shoaling isopycnals offshore), although the baro-
clinic shear is weaker. At section 8, this current branch was not observed and the current velocities offshore
of the shelfbreak current were weak (Figure 5). This could be the result of a meandering of this outer branch
offshore of our section or synoptic variability masking its presence. Using data from a yearlong deployment
of moorings in the EGC, stretching from the slope toward the interior Greenland Sea at 758N, Woodgate
et al. [1999] found that the current had two independent cores: one at the shelfbreak and one above the
base of the continental slope. This was not a persistent feature in their time series, and at times the two
cores appeared to merge.

In order to investigate the relationship of the outer EGC to the boundary current system in the eastern Nor-
dic Seas—specifically to the Atlantic Water approaching Fram Strait—we considered sections E7, E6, and E4
from the IOPAN survey (see Figures 1 and 7b for the IOPAN section locations). In the eastern sections, an
analogous offshore current core, seaward of the eastern WSC, was present (not shown). This is the western
branch of the WSC which constitutes the northward extension of the Norwegian Atlantic Frontal Current
(NwAFC) [Orvik and Niiler, 2002; Walczowski, 2013]. The western branch advects Atlantic Water toward Fram
Strait along the slope of the Knipovich Ridge (Figure 1). To investigate a possible link between the two outer
current cores, we constructed a composite summer section along the 08E meridian in Fram Strait using the
historical CTD data described in section 2.2 (Figures 1 and 7b). The composite section reveals the presence

Figure 7. (a) Potential temperature/salinity diagram of the stations in the NwAFC/western
branch of the WSC and the outer EGC, where the stations from the meridional section
(named Fram Strait) are represented by the profiles from 2003. The three stations in
orange with a temperature maximum just above 28C are from section 6. (b) Map of the
sections where these branches of the current system were detected, with the stations
shown in Figure 7a highlighted in colors. (c) Transport of Atlantic-origin Water in this part
of the current system, where positive transport is in the along-stream direction.
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of a core of warm and saline Atlantic-origin Water located between 788N and 798N (Figures 8a and 8b).
Notably, the hydrographic properties of the Atlantic Water flowing northward toward Fram Strait in the
western WSC closely match both the warm and salty water in the composite section as well as the Atlantic-
origin Water flowing southward in the outer core of the EGC (Figure 7a, where for clarity we show only the
profiles from 2003 in Fram Strait). This suggests that the outer core of the EGC is the continuation of the
western branch of the WSC, in accordance with the notion of a direct recirculation of Atlantic Water in Fram
Strait north of sections E7 and 10 [e.g., Quadfasel et al., 1987; Manley, 1995; Fahrbach et al., 2001; Marnela
et al., 2013].

Unfortunately, there are no corresponding velocity data to the historical hydrographic data, but the baro-
clinic shear relative to 1000 m is consistent with a region of surface-intensified westward flow associated
with the hydrographic front on the northern side of the warm, salty core (Figure 8c). This provides further
evidence that the western branch of the WSC retroflects in Fram Strait and that this is the outer branch of
the EGC that we sample farther downstream. Progressing along this recirculating branch, the transport of

Figure 8. Mean meridional (close to 08E) vertical section of (a) potential temperature, (b) salinity, and (c) geostrophic velocity relative to a
level of no motion at 1000 m, based on Fram Strait summer sections from the years 1997–1999 and 2002–2004. The inset shows the loca-
tion of the section. Positive flow is toward the west. The white contours in Figure 8a are the 08C isotherms and the black contours are iso-
pycnals (kg/m3). The black inverted triangles along the top indicate the locations of the 75 stations contributing to the mean.
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Atlantic-origin Water steadily decreases (Figure 7c). Note that the transports were estimated perpendicular
to the sections, hence, the actual transport might be larger depending on the direction of the flow. We
have made no attempt to estimate the transport across the composite meridional section because of the
lack of direct velocity information there. There is a particularly large drop in transport of the western branch
of the WSC from section E4 to section E6, which may be influenced by a couple of factors. First, Walczowski
and Piechura [2007] found that parts of the NwAFC are diverted offshore well south of Fram Strait. While
their data suggest that this happens south of section E4, it could be a spatially or temporally varying process
and our results may be a reflection of this. Second, a mesoscale eddy was located at the offshore end of sec-
tion E4 which made it difficult to precisely estimate the transport of the western branch at that location;
this is reflected by the large error bar corresponding to the E4 transport value (Figure 7c). Nonetheless it is
clear that, despite the synoptic nature of the two shipboard surveys, there is a systematic decrease in trans-
port of the outer core of Atlantic-origin Water as it flows along the perimeter of the Nordic Seas toward
Denmark Strait.

The notion of a direct recirculation across Fram Strait has been discussed in a number of previous studies,
and this flow is referred to as the Return Atlantic Current [e.g., Paquette et al., 1985; Quadfasel et al., 1987].
Manley [1995] found that the recirculation took place south of 798N. Bourke et al. [1988] estimated the trans-
port from continuity to be 0.8 Sv, which is lower than our value of 1.6 Sv in section 10. Also, based on con-
servation constraints, Marnela et al. [2013] estimated the recirculation of Atlantic Water to be about 2 Sv.
A mooring array has monitored the flow through Fram Strait since 1997 [e.g., de Steur et al., 2009;
Beszczynska-M€oller et al., 2012]. In 2002, the moorings in the western part of the strait were moved from
798N to 788500N, resulting in an increase in the volume transport of the EGC of about 3 Sv. This suggests
that a recirculation of Atlantic-origin Water of this magnitude takes place south of 798N [de Steur et al.,
2014]. It should be noted that this is the total change in the volume transport of the EGC, and not directly
comparable to the recirculation resulting in the outer EGC. Using a high-resolution numerical model, Akse-
nov et al. [2010] referred to the recirculation in Fram Strait as the Knipovich Branch, and calculated a volume
transport of 1.2 Sv. This was supported by Hattermann et al. [2016], who found a similar recirculation in the
southern Fram Strait which they linked to the cyclonic gyre circulation in the Greenland Sea. However, our
measurements indicate that the outer EGC branch is also present south of the Greenland Sea gyre (section
6). In the early studies that first introduced the term Return Atlantic Current, it was depicted as a flow that
merged with the shelfbreak EGC beneath the PSW layer. We have shown instead that these two features
exist side-by-side in the Greenland Sea, at least as far south as the Jan Mayen Fracture Zone.

4.4. The Separated EGC and Eddies in the Blosseville Basin
The separated branch of the EGC in the Blosseville Basin, first identified by Våge et al. [2013], was evident in
sections 2 and 3 (we note that Våge et al. [2013] included section 2 in their study). In section 3, this branch
was situated close to x 5 165 km, identifiable as a distinct surface-intensified current with a deep extension
to the bottom (Figure 4c). This coincided with the hydrographic front between the PSW and the ambient
water (Figures 4a and 4b). Våge et al. [2013] proposed two possible mechanisms for the formation of the
separated EGC. First, they demonstrated that the orography of Greenland, in combination with the predom-
inantly northerly barrier winds [Harden et al., 2011], results in negative wind stress curl across the Blosseville
Basin. It was hypothesized that this, in combination with the closed isobaths of the basin, could spin up an
anticyclonic gyre whose offshore branch is the separated EGC. The moored measurements of Harden et al.
[2016] are consistent with this notion. The second hypothesis of Våge et al. [2013] for the formation of the
separated EGC, based on idealized numerical simulations, is that baroclinic instability of the shelfbreak EGC
at the northern end of the Blosseville Basin generates anticyclonic eddies that migrate offshore and coa-
lesce as they encounter the base of the Iceland slope. In the model, this merging of eddies forms the off-
shore branch of the current.

In the southern part of our domain, in sections 2–5, both cyclonic and anticyclonic eddies were observed.
The anticyclones typically had a core of Atlantic-origin Water, whereas the cyclones had a core of ambient
water. The eddies were likely formed via baroclinic instability of the shelfbreak EGC. This process should
form dipole pairs: the anticyclone associated with the meandering of the current, and the weaker near-field
cyclone adjacent to the meander. The latter features are displaced deeper in the water column and tend to
wrap boundary current water around their edges [e.g., Spall, 1995]. While eddies of both signs are formed
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initially (and are necessary for self-advection offshore), the cyclones tend to spin down more readily so that,
in the far field, anticyclones typically dominate [Lilly et al., 2003].

In section 3, we sampled a 30 km diameter cyclone close to the offshore edge of the shelfbreak EGC, cen-
tered near x 5 100 km where relatively cool and fresh ambient water interrupted the Atlantic-origin Water
otherwise present in this part of the section (Figures 4a and 4b). Note the pinching of isopycnals near
100 m depth (e.g., the 27.8 and 27.95 kg/m3 density contours), consistent with the subsurface maximum in
velocity of this feature, versus the surface-intensified core of the shelfbreak EGC. The lateral boundary
between the eddy and the boundary current was determined by balancing mass in the cyclone. Våge et al.
[2013] identified a critical region north of Denmark Strait for the shedding of eddies from the shelfbreak
EGC associated with the formation of the separated EGC. In their numerical simulations, the eddies originat-
ed from the continental slope at the northern end of the Blosseville Basin near 698N where there is a pro-
nounced curvature in the bathymetry (Figure 1). The eddies that were sampled on sections 2–5 are
generally consistent with this idea that the separated EGC is formed by eddies coalescing along the base of
the Iceland slope.

5. Transports

Our estimates of volume transport depend on the strength of the current as well as our semiobjective
choice of the lateral bounds of the feature in question and how well it is sampled. Of the different compo-
nents identified in the EGC system, the shelfbreak branch was the most important in terms of volume trans-
port and also the best sampled. As such, we focus on the along-stream evolution of the volume transport of
this part of the boundary current system.

5.1. Volume Transport of the Shelfbreak EGC
The large section-to-section variability in core speed and width of the shelfbreak EGC noted earlier (Figure 6)
indicates that the current is very dynamic. However, these two aspects tend to offset each other to some
degree, resulting in a more interpretable signal in volume transport. The current had a significant barotropic
component and hence to estimate the total transport, measurements to the bottom would be required.
Unfortunately this was not achieved in the two northernmost sections where the CTD casts extended only
to 800 m depth (due to time constraints). In light of the fact that the bottom depth at some of the stations
on these sections exceeded 3000 m, the total transports in sections 9 and 10 are clearly underestimates.
Even so, we include the partial estimates for completeness.

Taking into account the underestimated transports in the northern sections, it is evident that the total trans-
port of the shelfbreak EGC decreased from north to south, with variability about this trend (Figure 6). Such a
decrease is to be expected, since water is diverted from the boundary between Fram Strait and Denmark
Strait (e.g., via the Jan Mayen Current [Bourke et al., 1992], the East Icelandic Current [Macrander et al., 2014],
and the bifurcation of the EGC in the Blosseville Basin). When calculating the mean volume transport of the
EGC using mooring data from the Greenland Sea, Woodgate et al. [1999] divided the transport estimates
into a throughput and a recirculation according to whether the temperature was above or below 08C,
respectively. The annual mean throughput estimated by Woodgate et al. [1999] was 8 6 1 Sv, which can be
compared to our value of the transport above the lower 08C isotherm at sections 8 and 9 in the Greenland
Sea of 5.3 6 1.4 and 5.7 6 0.95 Sv, respectively. Our estimates are lower than theirs, but within the short-
term variability exhibited in their time series. (The difference is not due to a sampling issue since the lower
08C isotherm was above 800 m in section 9.)

We apply the throughput definition of Woodgate et al. [1999] outside the Greenland Sea as well as a means
to isolate the part of the shelfbreak EGC that exits the Nordic Seas through Denmark Strait. Although the
depth of the lower 08C isotherm is generally deeper than the sill depth of Denmark Strait (650 m), Harden
et al. [2016] recently demonstrated that a portion of the overflow water aspirates from depths greater than
this. As shown below, the choice of the 08C isotherm appears to be realistic. We further partition the shelf-
break EGC transport into a surface layer contribution and an intermediate layer contribution, where the sur-
face layer extends to the 27.7 kg/m3 isopycnal and the intermediate layer extends from there to the deep
08C isotherm (as described in section 3). This reveals that there are different trends in the two different parts
of the water column.
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As seen in Figure 6, the transport of surface water (which is completely captured in all of our sections) was
more or less constant among the four northernmost sections at approximately 1.2 6 0.1 Sv, with a lower
mean value around 0.6 6 0.1 Sv for the sections to the south. An offshore transport of surface waters in this
area is supported both by observations, showing relatively fresh waters offshore of the shelfbreak in and
north of the Blosseville Basin, and by idealized numerical modeling showing eddies carrying near-surface
EGC water offshore [Våge et al., 2013]. By contrast, the transport of the intermediate water decreased steadi-
ly from north to south, with sections 4 and 2 having particularly low values (Figure 6). This was a result of a
very narrow current in section 4 (not adequately compensated for by the strong velocity) and a region of
northward velocities within the shelfbreak part of the current in section 2. This highlights the inherent vari-
ability in a synoptic survey; indeed, mooring-based studies of the EGC [e.g., Woodgate et al., 1999; Harden
et al., 2016] have indicated that individual realizations can differ significantly from long-term means.

The dense overflow water flowing through Denmark Strait is traditionally defined as having a density great-
er than rh 5 27.8 kg/m3 [Dickson and Brown, 1994], and previous transport estimates in the Iceland Sea [e.g.,
Våge et al., 2011, 2013] have used the sill depth as the lower limit. Here we take the intermediate layer
defined above as an approximate representation of the overflow water (noting that the difference in depth
of the 27.7 and 27.8 kg/m3 isopycnals in each of our sections is small). This results in a mean overflow water
transport of 2.8 6 0.7 Sv, which is close to the annual mean value of 2.54 6 0.16 Sv obtained by Harden
et al. [2016] at the location of section 2. This good agreement supports our choice of the deep 08C isotherm
as the lower limit for the overflow water, and also suggests that any aspiration below this level is limited.

5.2. Freshwater Transport
Most of the freshwater sampled during the survey resided on the east Greenland shelf and in the shelfbreak
EGC. Recall that only sections 2, 3, and 6 covered the entire shelf/EGC system (Figure 1), so for the other sec-
tions, the FWT was calculated only for the shelfbreak EGC. While the 34.8 isohaline shoaled to the east along
each section, it only outcropped at the seaward end of section 9 (last station) and on section 10; hence,
some portion of the FWT relative to this isohaline occurred outside most of the sections. The total calculated
FWT ranged from a maximum of 127 6 13 mSv at section 6 to a minimum of 81 6 8 mSv at section 3
(Figure 9). The FWT of the shelfbreak EGC, calculated for every section, revealed the same pattern as the vol-
ume transport of the surface layer with a clear decrease south of the Jan Mayen Fracture Zone. In the sec-
tions extending onto the shelf, the FWT in the PSW Jet ranged between 29% of the total FWT (section 2)
and 55% (section 3). Due to the very low presence of freshwater in the outer EGC, the contribution from
this branch was less than 5 mSv in sections 6 and 9, and close to 0 in section 10 (not plotted in Figure 9). In
the two southernmost sections where the separated EGC was present, it contributed 25% and 37% to the
total FWT, emphasizing the importance of the bifurcation in diverting freshwater into the interior. This parti-
tioning of the FWT into the different branches of the EGC highlights the importance of sampling the entire
width of the current system, in particular the full width of the shelf as the PSW Jet is responsible for a size-
able fraction of the FWT.

Figure 9. Freshwater transports in the different branches of the EGC system (PSW Jet in green, the shelfbreak EGC in dark blue, and the
separated EGC in light blue), using a reference salinity of 34.8 (see equation (1)). The purple bars show the total FWT for those sections cov-
ering the entire shelf. The residual transport (gray bars) is the transport outside the defined branches. The x axis indicates the along-
stream distance from Fram Strait to Denmark Strait.
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We compare our FWT estimates from section 2 and 3 to previous results based on observations obtained
along our section 2. All estimates are relative to a reference salinity of 34.8. Våge et al. [2013] calculated the
FWT from four high-resolution transects obtained along this section. They divided the FWT between the
shelfbreak branch and the separated branch. The two branches contributed 108 6 24 and 29 6 7 mSv,
respectively. Their mean FWT in the shelfbreak branch was higher than ours, both as a result of synoptic var-
iability and due to the fact that they did not consider the PSW Jet a distinct branch. However, the relative
contribution of the separated branch to the total FWT (25%) was similar to our estimate (31%).

The East Icelandic Current separates from the EGC between section 6 and the Blosseville Basin. Recently
Macrander et al. [2014] estimated the mean FWT in this current from a decade of observations at the Langanes
section northeast of Iceland to be 3.4 6 0.3 mSv (relative to a salinity of 34.93). This is an order of magnitude
lower than the approximate 50 mSv reduction in FWT from section 6 to the Blosseville Basin calculated in our
survey, suggesting that if the East Icelandic Current contributes to this reduction it would have to lose most of
its FWT before reaching Langanes. (The discrepancy is not sensitive to the choice of reference salinity.) The
mesoscale eddy activity south of the Jan Mayen Fracture Zone could transport freshwater off the boundary
and contribute to a freshening of the western Iceland Sea, between the Kolbeinsey Ridge and the Greenland
shelf. We assume that the observed eddies are symmetric and as long as we cover their entire width, our esti-
mates of the total FWT is not susceptible to their presence. Also, we did not sample eddies on the offshore
ends of the sections. We will return to the fate of the FWT diverted offshore in section 7.

6. Along-Stream Water Mass Modification

Thus far, we have discussed water masses in terms of the three-layered structure introduced in section 3:
PSW, Atlantic-origin Water, and the lower intermediate layer. Previous studies [e.g., Rudels et al., 2002, 2005;
Jeansson et al., 2008] have presented details of the water masses of the EGC system and how they are modi-
fied from Fram Strait to Denmark Strait. We do not attempt the same detailed analysis here, but rather focus
on the along-stream modification of the Atlantic-origin Water, which has potential implications for the
dense overflow water passing through Denmark Strait.

6.1. Modification of the Atlantic-Origin Water
All of the CTD profiles in the survey with a temperature maximum above 08C below the 27.7 kg/m3 isopyc-
nal contained Atlantic-origin Water. These are shown in Figure 10 in the h/S plane and are color coded
according to their section number. We also computed a single average profile for each section and these
are included in Figure 10 as solid lines. Section 10 is unique in that there is a large amount of Atlantic-origin
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Figure 10. Potential temperature/salinity diagram of all profiles from the EGC survey where Atlantic-origin Water was present. The dots
are individual measurements and the solid lines represent the mean profile from each section. The end-members discussed in the text are
indicated by the corners of the triangle. AW is Atlantic Water.
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Water extending to the offshore
end of the section, and, notably,
this water mass was in direct
contact with the atmosphere. By
contrast, farther south a thin lay-
er of PSW extended over most of
each of the transects (compare
Figures 2 and 3). Combined with
the fact that the Atlantic-origin
Water generally becomes colder
and less saline enroute from
Fram Strait to Denmark Strait
(Figures 2–4), this means that, in
the northern part of the domain,
the average h/S profiles are sub-
stantially warmer in the upper
part of the water column (Figure
10). This is most extreme at sec-
tion 10 in Fram Strait.

We now focus on the along-
stream change in hydrographic
properties of the core of the

Atlantic-origin Water, which allows us to assess the mixing that has taken place. For each CTD profile, the
core of the Atlantic-origin Water was identified by the intermediate temperature maximum. Figure 11
shows the h/S properties of the core for the entire survey. In the quadrant marked ‘‘shelfbreak EGC,’’ the
properties of the core were predominantly modified isopycnally (approximately along the 27.9 kg/m3 iso-
pycnal). The largest deviation from this was found in some of the offshore profiles on section 10 where the
core density was closer to 27.8 kg/m3. Recall that the Atlantic-origin Water, there was still in contact with
the atmosphere; an additional cooling of 0.5–18C would modify the water enough to reach the 27.9 kg/m3

density level. In the quadrant marked ‘‘offshore’’, the Atlantic-origin Water seaward of the shelfbreak EGC
was undergoing diapycnal mixing resulting in a change in temperature but only small changes in salinity.
Finally, the ‘‘shelf’’ quadrant shows a tail toward low salinities corresponding to stations on the east Green-
land shelf in sections 6, 3, and 2 that are strongly modified by the fresh PSW. We note that all the stations in
the shelfbreak current are found in the quadrant marked ‘‘Shelfbreak EGC,’’ plus some offshore stations
which contain relatively unmodified Atlantic-origin Water (see e.g., Figure 2 where the warm Atlantic-origin
Water had spread well east of the shelfbreak current.) In the other two quadrants, the water is solely from
the indicated region. We will consider in more detail the modification of the Atlantic-origin Water within
and offshore of the shelfbreak EGC separately in sections 6.1.1 and 6.1.2.

What water masses mixed with the Atlantic-origin Water in order to change its core properties as depicted
in Figure 11? The h/S diagram in Figure 10 illustrates the end-member water masses available for mixing. By
drawing a mixing triangle it appears that nearly all of the hydrographic measurements can be represented
by a combination of PSW, Atlantic Water, and a deep water mass. We note that this definition of the deep
water mass is within historical definitions of intermediate waters such as the upper Polar Deep Water and
Arctic Intermediate Water [Rudels et al., 2005]; in the present context, deep water refers to water denser
than the Atlantic-origin Water. From these three end-members, we calculated their relative contributions to
the Atlantic-origin core for each profile. The resulting percentages of each end-member showed large vari-
ability from station to station across the sections (Figure 12), consistent with the variable core properties
described above. PSW typically contributed around 10%, with the exception of some locations on the shelf
where it was more prominent (these also constitute the low salinity tail in Figure 11). The deep water contri-
bution became increasingly important toward the south, and the Atlantic Water fraction, which dominated
in the north, was reduced to around 50% in sections 2 and 3 (the PSW percentage was larger at the shore-
ward ends of these two sections). In sections 2–6, the region offshore of the shelfbreak EGC contained a
larger fraction of deep water.

Figure 11. Potential temperature/salinity values corresponding to the core of the
Atlantic-origin Water for the stations of the EGC survey. The horizontal dashed line is the
28C isotherm and the vertical dashed line is the 34.9 isohaline. The quadrants discussed in
the text correspond to the shelfbreak EGC (also containing some offshore stations), the
offshore water, and the water on the shelf.
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6.1.1. Atlantic-Origin Water Within the Shelfbreak EGC
All of the Atlantic-origin core values within the shelfbreak EGC were characterized by a core temperature
above 28C (all eight sections were represented in this quadrant). In addition, some of the profiles offshore
of the shelfbreak current were characterized by the same relatively high temperature. Since the core prop-
erties of these profiles change in the same manner as those in the shelfbreak region, we focus the discus-
sion on the stations within the shelfbreak current. In general, this water cooled and freshened isopycnally
as it progressed southward. However, core values as far south as section 4 had similar properties to the
Atlantic Water sampled in Fram Strait (Figure 11), demonstrating that some Atlantic Water can be advected
with little modification from Fram Strait all the way to Blosseville Basin. This variability in the degree of
along-stream isopycnal modification within the shelfbreak EGC could be due to sporadic mixing with the
colder and fresher ambient waters stemming from the interior of the Greenland and Iceland Seas.

In order to explore this possibility, we constructed average profiles of temperature and salinity from each of
the two seas using the historical database described in Våge et al. [2013] (not shown). By comparing the typ-
ical hydrographic properties at the 27.9 kg/m3 isopycnal in the interior seas (h 5 0.78C, S 5 34.8 in the Ice-
land Sea and h 5 1.28C, S 5 34.8 in the Greenland Sea) with the corresponding values in the shelfbreak EGC,
the potential for isopycnal modification of the Atlantic-origin Water was evaluated. We found it unlikely
that these interior waters influence the shelfbreak EGC (or even the offshore Atlantic-origin Water), for sev-
eral reasons. This includes the fact that there is a significant mismatch in the hydrographic properties at the
27.9 kg/m3 isopycnal between the boundary current and the interior basins, and the fact that the 27.9 kg/
m3 isopycnal outcrops quite far from the center of the basins over a large part of the year, hence preventing
such an exchange. As an example, most of the Atlantic-origin Water within the shelfbreak current from sec-
tion 5 and southward would need an addition of more than 50% Iceland Sea water to obtain the observed
core hydrographic properties. The Iceland Sea water mass is barely present in any of the casts on our sec-
tions, suggesting that it is not readily available for mixing with the Atlantic-origin Water in the core of the
shelfbreak EGC. Similar mixing ratios are found in the Greenland Sea, though with larger variability from
cast to cast.

In light of the end-member calculation above, it seems more likely that the PSW and deep water mix with the
Atlantic-origin Water in the shelfbreak EGC and modify it isopycnally as it progresses from Fram Strait to Den-
mark Strait. Notably, such modification along density surfaces supports the view, first proposed by Mauritzen
[1996], that the Atlantic-origin Water is mostly densified in the eastern part of the Nordic Seas via air-sea fluxes.
6.1.2. Atlantic-Origin Water Offshore of the Shelfbreak EGC
In the sections south of the Jan Mayen Fracture Zone (sections 2–6), the Atlantic-origin Water offshore of
the shelfbreak EGC was modified diapycnally (lower right quadrant of Figure 11). This was likely due to

Figure 12. Percent contribution of the water mass end-members in Figure 10 to the core properties of the Atlantic-origin Water. The sec-
tions are labeled on top of the z axis and plotted relative to their along-stream distance from Fram Strait.
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mixing with the deep water, considering the relatively high percentage of that water mass in these sections
(Figure 12). Interestingly, the offshore Atlantic-origin Water salinity appeared to reach a threshold value,
marked by the 34.9 isohaline in Figure 11. The depth of the temperature maximum in the Atlantic-origin
Water was shallower offshore than within the shelfbreak EGC, even though the density was higher. This was
due to the strong stratification in the top 50 m. Below that the intermediate salinity maximum, characteristic
of the shelfbreak EGC, was largely eroded.

7. Discussion and Conclusions

A high-resolution hydrographic/velocity survey of the East Greenland Current (EGC), conducted in summer
2012, revealed that the current had three distinct branches: the shelfbreak EGC situated in the vicinity of
the shelfbreak, the Polar Surface Water (PSW) Jet on the continental shelf, and the outer EGC over the mid
to deep continental slope. In Figure 13, we provide a schematic overview of the circulation in the Nordic
Seas that includes these branches and their presumed upstream sources. Atlantic Water enters the Nordic
Seas in the southeast both via the Iceland-Faroe and the Faroe-Shetland inflows [Hansen et al., 2015]. Far-
ther north, this leads to two distinct branches that transport Atlantic Water poleward: the Norwegian Atlan-
tic Slope Current (NwASC) following the continental shelfbreak offshore of Norway and the Norwegian
Atlantic Frontal Current (NwAFC) situated at the hydrographic front between the Atlantic Water in the Nor-
wegian Sea and the colder and fresher water in the Greenland Sea [Orvik and Niiler, 2002]. In Fram Strait,
the two branches appear to continue along different trajectories. The NwASC progresses northward toward
the Arctic Ocean in the eastern branch of the WSC [Beszczynska-M€oller et al., 2012], whereas the NwAFC con-
stitutes the western branch of the WSC which recirculates in Fram Strait and forms the outer EGC. This recir-
culation provides a direct pathway for Atlantic Water across Fram Strait. Previous studies have shown that
Atlantic Water is also fluxed westward in the northern part of Fram Strait by extensive eddy activity, subse-
quently merging with the shelfbreak EGC [von Appen et al., 2016; Hattermann et al., 2016].

The outer EGC and the shelfbreak EGC flow equatorward side-by-side at least as far south as the Jan Mayen
Fracture Zone. Along this pathway, the volume transport of the outer EGC decreases. This gradual

Figure 13. Schematic circulation of warm Atlantic Water in the Nordic Seas. Its transformation to colder, fresher, and denser Atlantic-origin
Water in the rim current of the Nordic Seas and Arctic Ocean is illustrated with a transition from red to green colors. The fresh PSW in the
EGC is indicated in blue. The green circles in the Greenland and Iceland Seas indicate cyclonic gyres. The acronyms are: NwASC 5 Norwe-
gian Atlantic Slope Current; NwAFC 5 Norwegian Atlantic Frontal Current; WSC 5 West Spitsbergen Current; RAC 5 Return Atlantic Current;
JMC 5 Jan Mayen Current; JMFZ 5 Jan Mayen Fracture Zone; NIJ 5 North Icelandic Jet; EIC 5 East Icelandic Current; and NIIC 5 North Ice-
landic Irminger Current.
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disintegration might be a result of baroclinic instability, similar to what is believed to take place in the west-
ern Arctic boundary current [von Appen and Pickart, 2012]. On the other hand, our sampling could be biased
due to temporal variability. In the Blosseville Basin, the separated EGC is associated with a similar baroclinic
front as the outer EGC, and they could potentially be connected. However, this is not evident from our sur-
vey. Also, the separated EGC carries an order of magnitude more freshwater than the outer EGC. At sections
9 and 10, the outer EGC was directed along the shelf break, whereas a more southeastward direction was
observed at section 6 (Figure 5). This could indicate an offshore veering of the current toward the Iceland
Sea south of section 6. In summary, the fate of the outer EGC south of the Jan Mayen Fracture Zone is not
clear and it remains an open question as to whether it disintegrates, continues equatorward toward Den-
mark Strait, or is diverted into the Iceland Sea.

A portion of the surface water in the shelfbreak EGC is fluxed offshore in the Jan Mayen and East Icelandic
Currents (Figure 13). In the northern end of the Blosseville Basin, the above mentioned bifurcation diverts
both surface water and denser intermediate water offshore into the separated EGC. Upstream of Denmark
Strait the separated EGC partly merges with the North Icelandic Jet which transports water originating from
intermediate depths in the Iceland Sea [Våge et al., 2011; Harden et al., 2016]. To complete the overview of
the circulation in the Nordic Seas, we have also included the inflowing North Icelandic Irminger Current
(NIIC) which transports Atlantic Water northward through Denmark Strait and into the Iceland Sea.

The PSW Jet, indicated as a separate current branch on the Greenland continental shelf in Figure 13, is
responsible for a substantial fraction of the FWT (more than 50% in one of the three sections). Unfortunate-
ly, we have no means of evaluating whether this branch is present throughout the year. K€ohl et al. [2007]
presented a 3 year mean meridional section across the EGC close to 688N from a numerical model where a
substantial southward transport takes place on the shelf. However, they did not elaborate upon the tempo-
ral variation of this feature. Due to its origin on the Greenland shelf and its relationship to the density gra-
dients of PSW, the PSW Jet may be most important in summer when the pool of freshwater on the shelf
increases due to runoff from Greenland and ice melt. This could increase the cross-shelf density gradient
and strengthen the PSW Jet.

Between section 6 and the Blosseville Basin, the total FWT of the EGC system decreased significantly, but it
is not clear what caused this decrease. At least two scenarios are possible. Either the FWT could be diverted
into the western Iceland Sea west of the Kolbeinsey Ridge or it could be advected into the central Iceland
Sea by the East Icelandic Current. In the second scenario, the mismatch between the estimates of FWT in
the EIC at the Langanes section northeast of Iceland [Macrander et al., 2014] and the decrease in FWT mea-
sured here suggests that, if the freshwater is transported into the Iceland Sea, it does not reach as far east
as Langanes and instead penetrates into the Iceland Sea. The northwestern corner of the Iceland Sea has
been identified as a possible source region for the densest waters formed by wintertime convection that
supply the NIJ [Våge et al., 2015]. The preconditioning for convection in this area is likely influenced by the
offshore diversion of both fresh surface waters and Atlantic-origin Water from the EGC. The freshwater
could inhibit convection due to the increased surface stratification, or, if it takes part in convection, could
be sequestered at depth. Either way the fate of the freshwater can potentially have important implications
for the formation and hydrographic properties of the dense water supplying the Denmark Strait Overflow.

The shelfbreak EGC carries both light surface water from the Arctic Ocean and denser intermediate water
masses. This current branch was the major source of dense water from the EGC to the Denmark Strait Over-
flow, with an average transport of 2.8 6 0.7 Sv. With a nearly isopycnal along-stream modification of the
Atlantic-origin Water from Fram Strait to Denmark Strait, the density of the overflow water was not very sen-
sitive to these hydrographic changes. As a result, the presence of relatively unmodified water from Fram
Strait in the northern Blosseville Basin did not affect the local density of the overflow directly. However, due
to the differing effect of pressure on warm and cold water, the density at depth in the North Atlantic would
be greatest for the overflow water that was most strongly modified, i.e., the coldest variant. Hence, even
though a warmer and more saline overflow layer has a similar density locally, it may not reach the same
equilibrium depth after crossing the sill and sinking.

With the large section-to-section variability measured in our EGC survey, it is evident that the transport esti-
mates presented here must be treated with some caution. Nevertheless, the high-resolution hydrography
and velocity observations have allowed us to present synoptic flux estimates associated with all three
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branches of the EGC system, as they progress from Fram Strait to Denmark Strait. These are the first sum-
mertime estimates since the RV Oden expedition in 2002 [Rudels et al., 2005; Nilsson et al., 2008], and the
first based on absolute geostrophic velocities. Our results have shed light on the circulation of Atlantic-
origin Water in the Nordic Seas from south of Fram Strait to Denmark Strait, and, at the same time, have
identified several open questions for further study.
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