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ABSTRACT

Dense water masses transported southward along the east coast of Greenland in the East Greenland
Current (EGC) form the largest contribution to the Denmark Strait Overflow. When exiting Denmark Strait
these dense water masses sink to depth and feed the deep circulation in the North Atlantic. Based on one year
of mooring observations upstream of Denmark Strait and historical hydrographic profiles between Fram
Strait and Denmark Strait, we find that a large part (75%) of the overflow water (oy = 27.8kgm™>) trans-
ported by the EGC is of Atlantic origin (potential temperature § > 0°C). The along-stream changes in
temperature of the Atlantic-origin Water are moderate north of 69°N at the northern end of Blosseville basin,
but southward from this point the temperature decreases more rapidly. We hypothesize that this enhanced
modification is related to the bifurcation of the EGC taking place close to 69°N into the shelfbreak EGC and
the separated EGC. This is associated with enhanced eddy activity and strong water mass modification
reducing the intermediate temperature and salinity maxima of the Atlantic-origin Water. During periods
with a large (small) degree of modification the separated current is strong (weak). Output from a high-
resolution numerical model supports our hypothesis and reveals that large eddy activity is associated with an
offshore shift of the surface freshwater layer that characterizes the Greenland shelf. The intensity of the eddy
activity regulates the density and the hydrographic properties of the Denmark Strait Overflow Water
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transported by the EGC system.

1. Introduction

The circulation in and north of Denmark Strait is
complex and exhibits high temporal and spatial vari-
ability (e.g., Vage et al. 2013; Harden et al. 2016;
Behrens et al. 2017; von Appen et al. 2017; Havik et al.
2017b; Almansi et al. 2017). The strongest current
flowing into Denmark Strait is the shelfbreak East
Greenland Current (EGC; Fig. 1; Vage et al. 2013;
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Harden et al. 2016). This current originates north of
Fram Strait and continues southward along the east
Greenland shelf toward the southern tip of Greenland.
At the northern end of Blosseville basin the shelfbreak
EGC bifurcates and a second branch, the separated
EGC, flows southward along the base of the Iceland
slope (Fig. 1). Near the Kogur transect (Fig. 1) the
separated EGC partly merges with the North Icelandic
Jet (N1J) flowing southwestward from the Iceland Sea,
and the combined flow follows the deep part of the
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FI1G. 1. Schematic overview of the currents flowing across the
Kogur mooring array marked by the orange line between Green-
land and Iceland. The abbreviations are EGC = East Greenland
Current, NIJ = North Icelandic Jet, and NIIC = North Icelandic
Irminger Current.

Iceland slope toward Denmark Strait (Harden et al.
2016). The two EGC branches and the NIJ are the pri-
mary pathways of both light surface water and dense
overflow water from the Nordic Seas through Denmark
Strait to the North Atlantic.

The bulk of the freshwater in the western Nordic Seas
is situated on the east Greenland shelf and the south-
ward transport largely takes place in the shelfbreak
EGC (Haine et al. 2015; de Steur et al. 2017), although
the transport on the shelf may be substantial (Havik
et al. 2017a). Some freshwater is also diverted east into
the Greenland and Iceland Seas (Bourke et al. 1992;
Jonsson 1992; Macrander et al. 2014). Both of these
basins are known for deep and intermediate convec-
tion (Vage et al. 2015; Latarius and Quadfasel 2016;
Brakstad et al. 2019; Vage et al. 2018), and the trans-
formed water masses contribute to the dense overflows
from the Nordic Seas (e.g., Eldevik et al. 2009). The
presence of a fresh surface layer, however, can inhibit
convection and subsequently alter the properties of
the overflow water (Brakstad et al. 2019).

The dense water mass passing through Denmark Strait
[Denmark Strait Overflow Water (DSOW)] accounts for
approximately half of the overflow water export from the
Nordic Seas to the North Atlantic (Hansen et al. 2016;
Jochumsen et al. 2017; @sterhus et al. 2019). These water
masses are denser than the surrounding water in the
North Atlantic and sink to the abyss where they con-
tribute to the deep western boundary current and the
Atlantic meridional overturning circulation (Lozier et al.
2017). The DSOW is a mixture of water masses and its
hydrographic properties depend on the relative contri-
butions from each source region and the along-stream
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modification in the currents transporting it toward
Denmark Strait (Jonsson 1999; Jeansson et al. 2008;
Mastropole et al. 2017). DSOW is typically defined
by having a potential density oy = 27.8kgm ° (e.g.,
Dickson and Brown 1994), and Harden et al. (2016)
estimate that two-thirds of it is transported toward
Denmark Strait by the EGC and that the remaining
portion is supplied by the NIJ.

A substantial westward flux of Atlantic Water from
the West Spitsbergen Current takes place in Fram Strait
(de Steur et al. 2014; Hattermann et al. 2016; von Appen
et al. 2016; Havik et al. 2017a). Before entering the
EGC, heat and salt fluxes have modified the hydro-
graphic properties of the Atlantic Water during the
transit northward through the eastern Nordic Seas. The
modified Atlantic Water merges with the EGC below
the fresh Polar Surface Water (PSW) and comprises a
large portion of the DSOW (Mauritzen 1996; Eldevik
et al. 2009). In the EGC the modified Atlantic Water can
typically be recognized by an intermediate temperature
and salinity maximum. We use the term Atlantic-origin
Water for all intermediate water masses with a potential
temperature > 0°C (Vage et al. 2011). This is mostly
recirculated Atlantic Water from Fram Strait, although
some portion is Atlantic Water which has circulated
around the Arctic Ocean (Buch et al. 1996; Mauritzen
1996; Rudels et al. 2002, 2005). En route from Fram
Strait to Denmark Strait the intermediate water masses
of the EGC are modified through isopycnal mixing with
the water masses in the interior basins (Strass et al.
1993), and through direct contact with the atmosphere
(Vége et al. 2018). North of Denmark Strait the EGC
can be distinguished from the NIJ by its hydrographic
properties as the NIJ transports a water mass with
a lower salinity and temperature than the Atlantic-
origin Water (typically # < 0°C and S < 34.9; Harden
et al. 2016).

The extent to which overflow waters are modified
during transit to the Denmark Strait influences both the
hydrographic properties of the overflow layer and po-
tentially also its density. Ultimately, the density of the
DSOW may influence the large-scale circulation of the
North Atlantic. It is of interest to understand where
and how this modification takes place. We focus on the
modification of the Atlantic-origin Water in the EGC
based on historical hydrographic profiles of temperature
and salinity between Fram Strait and Denmark Strait as
well as a year of hydrographic and velocity measure-
ments obtained from moorings along the Kogur transect
(Fig. 1) in 2011-12. In particular, the year-long dataset
from the east Greenland shelf and slope cover a his-
torically sparsely sampled part of the EGC. In addition,
we show results from a high-resolution numerical model
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in and north of Denmark Strait. We connect the
modification of the Atlantic-origin Water and the ki-
nematic structure of the EGC system north of Denmark
Strait and discuss some implications for the distribution
and transport of both light surface water and the
dense DSOW.

2. Data and methods
a. The Kogur mooring array

From September 2011 to August 2012 an array con-
sisting of 12 moorings sampled the two EGC branches
and the NIJ along the Kogur transect north of Denmark
Strait (Fig. 1). The moorings spanned from the outer
east Greenland shelf to the Iceland shelf break, and
were equipped with various instruments measuring both
hydrography and velocity. Point measurements of
velocity were obtained by recording current meters
(RCMs) and Aquadopp current meters, and profiles of
velocity by acoustic Doppler current profilers (ADCPs).
The hydrography was sampled by MicroCats and coastal
moored profilers. The data return was excellent, and
most of the instruments gave 11 full months of data.
Both the hydrographic and the velocity data were in-
terpolated onto a regular grid using a Laplacian-spline
interpolator with a spatial resolution of 8km in the
horizontal and 50 m in the vertical, and a temporal res-
olution of 8 h. We note that the hydrographic data was
extrapolated between 100 and 50 m. See Harden et al.
(2016) for a full description of the data, the methods
applied in the gridding, and a discussion of the error
sources.

b. Historical hydrographic profiles

We use a selection of historical conductivity, tem-
perature, and depth (CTD) data from the western
Nordic Seas between 67° and 78°N from 1980 to 2014
(Vage et al. 2015), to investigate the hydrographic
properties of the Atlantic-origin Water in the shelfbreak
EGC upstream of Denmark Strait. The profiles were
selected based on a few specific criteria. First, all profiles
had to be located within a distance of 0.2° from the
700-m isobath on the east Greenland slope. This is a
typical isobath over which the shelfbreak EGC is lo-
cated (Hévik et al. 2017b) but due to the steepness of the
slope the exact choice of isobath did not influence the
selection considerably. Since we focus on the Atlantic-
origin Water all profiles with only subzero temperature
were omitted. In addition we required that the inter-
mediate (op > 27.8kgm ) Atlantic-origin layer was
thicker than 50 m and that the profiles reached the depth
of the temperature maximum, that is, where the
temperature gradient changed sign. Second, the profiles
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were interpolated onto a regular depth vector with 10-m
resolution and low-pass filtered with a 50-m Hann win-
dow to reduce noise. Last, a few profiles with spurious
salinity data were removed manually. Based on these
criteria we obtained 380 CTD profiles sampling the
Atlantic-origin layer along the east Greenland shelf
between Fram Strait and Denmark Strait. Almost all of
the profiles were obtained between June and November
(361 out of 380 profiles), with no systematic change over
the 35-yr period.

¢. Numerical circulation model

We use a high-resolution numerical circulation model
to investigate the role of mesoscale eddies along the
path of the shelfbreak EGC between Fram Strait and
Denmark Strait. The dynamics were simulated using
the Massachusetts Institute of Technology General
Circulation Model (MITgem; Marshall et al. 1997). This
configuration is publicly available on the Johns Hopkins
University SciServer system (http://www.sciserver.org/
integration/oceanography/). The model domain was
centered on Denmark Strait and included the entire
Iceland Sea to the north. The horizontal resolution was
2km over the center of the domain (between 60° and
71°N) and decreased toward the boundaries (the mini-
mum resolution was about 4km at 76°N). The vertical
domain is discretized by 216 levels giving a vertical
resolution that linearly increases from 1 to 15m in the
upper 120m and is 15 m thereafter. The model was run
for one year (from September 2007 to August 2008)
storing the output every 6 h. The model setup was
identical to the configuration used and described by
Almansi et al. (2017). However, the atmospheric
boundary conditions were provided every 3 h using the
15-km resolution regional Arctic System Reanalysis
(ASRvV2; Bromwich et al. 2018) instead of the global
atmospheric reanalysis ERA-Interim (Dee et al. 2011).
The spatial resolution of the atmospheric fields plays a
major role in controlling the model ocean circulation
(Haine et al. 2009), and the model configuration forced
by ASRvV2 better captured the dynamics associated with
barrier winds and katabatic flows (Moore et al. 2016).

The oceanic component was coupled with the
MITgcm sea ice model (Losch et al. 2010), using the
monthly reanalysis toward an Operational Prediction
System for the North Atlantic European Coastal Zones
(TOPAZv4; Sakov et al. 2012) to provide the sea ice
initial and boundary conditions. A particular effort was
made to obtain realistic freshwater forcing which was
a key feature of the numerical setup used here. Fresh-
water from solid ice discharge was distributed along the
Greenland coast using a combination of climate models,
remote sensing, and terrestrial data (Bamber et al. 2012).



2258

JOURNAL OF PHYSICAL OCEANOGRAPHY

KGA: 12 110 9 8 7 6 5 4 3 2 1
ow v v— v v —v—
3 . L
Py [ ‘
I k] uSE 14 278 ‘
I
I
’g‘ |
Z I
3 o2
] 7
0.15 £
el
0.1 %
0.05 €
1000LE) ] ‘ £
o150 100 50 0 0o 3
T ——————— =
264 _\[/’_,// —0.0S%
74— o7k | .ol 5
200#27'6 ‘ E -01 8
”_/_’——27.8/'__—_\ j
| -0.15 8
E 4001 [ 4 8
= ! -0.2
Q. /
8 600 28 | -

b)
1000
150

Distance [km]

FIG. 2. Comparison of the mean cross-sectional current speed in (a) the mooring obser-
vations and (b) the model at Kogur. Positive current speeds are toward the southwest and
distance is increasing along the x axis from the easternmost mooring near the Iceland shelf
break. On top of (a) the mooring locations are numbered (KGA 1-12), and the measurement
levels on each mooring are marked by black dots. A selection of isopycnals is contoured in
both panels, and the upper limit of DSOW, the 27.8 kg m > isopycnal, is marked by the thick
black contour. The horizontal dashed line indicates the sill depth at Denmark Strait (650 m),
and the vertical dashed lines mark the location where the orientation of the transect changes.
The data from the mooring array were interpolated using a Laplacian-spline interpolator
(see section 2a), and the data from the model were linearly interpolated in the horizontal.

VOLUME 49

Furthermore, the daily 1-km Greenland Ice Sheet sur-
face mass balance (Noél et al. 2016) was used to estimate
surface runoff.

d. Comparison between model and observations

Almansi et al. (2017) showed that the major currents
and water masses observed in Denmark Strait were
captured by the model and the simulated velocities
compared very well with observations. The hydro-
graphic structure also resembled the observations well,
although the overflow temperature in the model was
about 1°C too warm. The temperature bias mostly con-
cerns the deep part of the water column, and Almansi
et al. (2017) estimated that the magnitude of the density
bias was about 0.1kgm 3. The authors also reported
a stronger seasonal cycle than in the observations
analyzed by Mastropole et al. (2017) and von Appen
et al. (2017).

We compare the model velocity field with observa-
tions upstream of Denmark Strait. The mean cross-
sectional current speed from the model agrees well with
the observations at Kogur (Fig. 2). The strength of the
shelfbreak EGC was similar in both cases, although the
model exhibited a wider current. On the Iceland slope

the combination of the separated EGC and the NIJ was
evident as a surface-intensified current, situated ap-
proximately above the 600-800-m isobaths in both the
observations and the model. At the upper Iceland slope
the negative (northeastward) velocities represented the
North Icelandic Irminger Current. The model was gen-
erally less dense than the observations, consistent with
the biases found in Denmark Strait by Almansi et al.
(2017). In addition, the characteristic divergence of
isopycnals associated with the NIJ was less pronounced
in the model than in the observations (Vége et al. 2011;
Harden et al. 2016). Our focus is on the shelfbreak and
separated branches of the EGC, and we conclude that
the model represents well the kinematic structure of
both. We note that the model simulated one year,
whereas the observations along the Greenland shelf
break were biased toward late summer and spread
over 35 years.

3. Atlantic-origin Water in the shelfbreak East
Greenland Current at Kogur

Using the same mooring data, Harden et al. (2016)
estimated a transport of 1.5 + 0.16 Sv (1Sv=10°m’s™ ")
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FIG. 3. (a) Occurrence and (b) volume transport of Atlantic-origin Water from September
2011 to August 2012 in the shelfbreak EGC at the Kégur mooring section as a function of
temperature and salinity. We only considered water masses with o = 27.8 kg m™~>. The water
masses were divided by increments of 0.02°C in temperature and 0.005 in salinity. The con-
tours are potential density (kg m ™) and the horizontal dashed lines mark the 1°C isotherm.

of DSOW in the shelfbreak EGC. Of this, we calculated
that the Atlantic-origin Water accounted for approxi-
mately 75% of the overflow water transport, confirming
the results of Mauritzen (1996) and Eldevik et al. (2009)
that the main constituent of DSOW is of Atlantic origin.
In potential temperature and salinity (6S) space the
Atlantic-origin Water with overflow density in the
shelfbreak EGC at Kogur spanned a relatively narrow
range of hydrographic properties. Most of the water
had a temperature below 1°C and a salinity around 34.92
(Fig. 3a). A portion of this water mass, however, had a
temperature above 1°C. Although this warmer water
mass was less abundant than the colder Atlantic-origin
Water, its transport was relatively strong (Fig. 3b). In
particular, a water mass with temperature > 1°C ap-
peared to contribute substantially to the transport of
DSOW. Based on this we separated the Atlantic-origin
Water into a warm mode (6 >1°C) and a cold mode
(0°< 0 < 1°C). To understand the modification of the
Atlantic-origin Water in the shelfbreak EGC north of

the Kogur transect, we examined historical CTD profiles
between Fram Strait and Denmark Strait.

4. Atlantic-origin water in the East Greenland
Current between Fram Strait and Denmark
Strait

We focused on the core properties of the Atlantic-
origin Water in the historical profiles and defined this by
the intermediate temperature maximum of each profile
and its corresponding salinity (Mauritzen 1996; Havik
et al. 2017a). In general, the intermediate temperature
maximum decreased from north to south (Fig. 4a),
with a corresponding decrease in salinity (Fig. 4b).
This is not surprising as the neighboring water masses
are of polar and arctic origins, and an exchange with
these colder and less saline water masses leads to
a reduction in temperature and salinity from Fram
Strait to Denmark Strait. In addition, the range of
maximum temperatures decreased from north to
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FIG. 4. (a) Maximum temperature and (b) corresponding salinity of the Atlantic-origin layer in the shelfbreak EGC.
The gray contours are the 300-, 700-, 1000-, and 2000-m isobaths obtained from the ETOPO?2 database.

south, mainly due to a reduction in the warm core
temperatures (Fig. 5a).

A linear least squares fit of the temperature maximum
of the Atlantic-origin Water from north to south gives
an average decrease in temperature of 0.1°C per degree
of latitude (Figs. 5a,b). However, the data indicate that
the trend is not constant and a change in trend between

o

68° and 70°N seems probable. To locate a possible
breakpoint in the trend we first compared the linear
trend of all data, with the trend of the data south of a
given latitude (Fig. 5b). We checked for potential
breakpoints every 0.5° of latitude and estimated a con-
fidence level for the trends based on a bootstrap method
with 1000 times resampling (shading in Fig. 5b).
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FIG. 5. (a) Scatter of maximum Atlantic-origin Water temperature with latitude. The black
trend line indicates a linear fit to all data. The dashed blue line is the linear fit north of a given
latitude, and the dashed orange line is the linear fit south of a given latitude. The breakpoint at
69°N is marked by a vertical line (see the text for an explanation of how this was determined).
The magnitudes of the trends are indicated in the legend. (b) Trend estimates north (blue) and
south (orange) of any given latitude with the 99% confidence interval marked by the colored
shading. The average trend of all data is given by the horizontal dark gray line.
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The area where the confidence interval of the trend
south of the breakpoint and the confidence interval of
the trend of all data did not overlap, is where the trends
are different (>99% confidence interval). This method
indicated a region of different trends between 69° and
71.5°N marked by the light gray shading in Fig. 5b. For
completeness we also present the trend north of any
given breakpoint. This was not statistically different
from the mean trend of all data at any point.

To pinpoint the location of a breakpoint within the
region of different trends we calculated the root-mean-
squared error (RMSE) between the data and the esti-
mated trends. The RMSE describes the goodness of a fit,
where a lower value indicates a better fit. Within the
shaded region of statistically different trends a minimum
in RMSE was found at 69°N. Taken together, the results
from Fig. 5b and the RMSE values demonstrated the
existence of a significant breakpoint near 69°N.

South of the breakpoint the Atlantic-origin Water
temperature decreased by 0.36°C per degree of latitude,
that is, more than 3 times faster than indicated by the
linear fit of the entire dataset. Vage et al. (2013) hy-
pothesized that the EGC bifurcates near 69°N due to the
combination of a sharp bend in bathymetry and wind
forcing. The bifurcation is likely connected to increased
current variability. This was supported by estimates
of eddy kinetic energy (EKE) calculated from satellite
altimetry, which revealed that this region south of ap-
proximately 69°N is a local maximum for eddy activity in
the Nordic Seas (Havik et al. 2017b). An eddy-rich flow
is associated with strong velocity shear and effective
mixing which can lead to a more rapid modification of
hydrographic properties than in more quiescent envi-
ronments. Another possible source for the increased
modification of the water masses is direct ventilation of
the Atlantic-origin Water within or slightly offshore of
the EGC (Vage et al. 2018). This would lead to a de-
crease in temperature of the Atlantic-origin Water
but only a modest change in salinity. These two forms
of modification are not opposing and both may well
take place.

Despite the trend of decreasing Atlantic-origin Water
temperature from north to south (Fig. 4a) the shelfbreak
EGC transports both warm and cold Atlantic-origin
Water along the entire east coast of Greenland. This
corresponds well with our results from the Kogur
mooring array which showed that warm and cold
Atlantic-origin Water were transported by the shelf-
break branch (Fig. 3), although the temperature range
was greatly reduced at the mooring transect. If the in-
creased modification of the water masses south of 69°N
is related to the bifurcation of the current, we would
expect a signature of this in the kinematics of the EGC
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system at Kogur. The mooring array covered both the
shelfbreak EGC and the separated EGC and in the
following section we analyze the two branches together
and discuss their covariability.

5. Structure of the East Greenland Current
branches at Kogur

We separated the Atlantic-origin Water in the shelf-
break EGC into a warm and a cold mode (Fig. 3b) and
performed a composite analysis. At each time step the
areas covered by warm and cold Atlantic-origin Water
in the shelfbreak EGC were calculated from the gridded
temperature field to quantify when and where the modes
were present and their relative fractions of the overflow
layer (Fig. 6a). The offshore limit of the shelfbreak EGC
was set to KGA 8 (Harden et al. 2016; Havik et al.
2017b). The amount of warm Atlantic-origin Water
steadily increased from September through February
(Fig. 6a). In March the warm mode nearly vanished
before a slow increase took place toward summer. The
presence of the cold mode was largely out of phase with
the warm mode, however, the relationship was not linear
since the amount of Atlantic-origin overflow Water
varied with time (Fig. 6a). Other methods of identifying
warm and cold modes, for example by the magnitude
of the intermediate temperature maximum in vertical
profiles extracted from the gridded product, yielded
similar results. The corresponding transport of warm
and cold mode waters revealed a persistent transport of
the warm mode water throughout the year (Fig. 6b),
although it has a limited presence (Fig. 6a). This corre-
sponds to the transport maximum of the warm mode
water in Fig. 3b.

To construct vertical sections of hydrographic prop-
erties and velocity we made composites of the periods
when one mode dominated the other. A threshold value
was chosen such that the difference between the area
covered by each water mass had to exceed one standard
deviation from the mean difference between the two
types (marked by circles in Fig. 6). The analysis gave
qualitatively similar results for other thresholds, but
by choosing this value we included a sufficient number of
time steps to create robust composites of current speed
and hydrographic properties (176 and 131 members for
the warm and cold modes, respectively).

The composite of the warm mode showed a layer with
potential temperature > 1°C approximately between
300- and 700-m depth in the shelfbreak EGC (Fig. 7a).
The warm core was accompanied by a high-salinity layer
(S > 34.92, Fig. 7c) situated slightly deeper in the
water column. Within the PSW a frontal zone with
downsloping isopycnals toward Greenland supported a
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presentation.

strong shelfbreak current (Fig. 7¢). The occurrence of
warm Atlantic-origin Water and a strong shelfbreak
current led to the relatively high transport of this water
mass despite its limited presence (Fig. 3).

In the cold mode the warm water almost disappeared
from the section and only a small area at around 300-m
depth offshore of KGA 9 had temperatures > 1°C
(Fig. 7b). The high-salinity layer was absent and no sa-
linities above 34.92 were observed (Fig. 7d). In this case
the surface layer was colder and fresher farther offshore
and the front between the PSW and the warmer water
masses to the east was shifted offshore toward KGA 7.
In the vicinity of the Greenland shelf break the slope
of the isopycnals in the surface layer was reduced com-
pared to the warm mode, resulting in a wider, weaker,
and shallower shelfbreak current (Fig. 7f).

Across the southeastern part of the Kogur transect,
between approximately KGA 3 and KGA 6, the sepa-
rated EGC and the NIJ flow into Denmark Strait
(Harden et al. 2016). Equatorward flow was evident in

this region during both the warm and the cold modes but
the exact configuration between the periods dominated
by warm and cold modes was different. In the cold
mode, the equatorward flow was surface-intensified
close to KGA 6, indicating a pronounced separated
EGC (Fig. 7f). The N1J was located closer to Iceland and
KGA 3, and characterized by a middepth intensification.
In the warm mode the surface-intensification of the
current was less pronounced and the intermediate cur-
rent maximum close to KGA 4 associated with the NI1J
was the strongest kinematic feature on the eastern end
of the transect (Fig. 7e). These results indicate that the
kinematic structure of the current branches is tightly
coupled to the water masses that they carry, specifically
to the properties of the Atlantic-origin Water.

When Vige et al. (2013) first identified the separated
EGC they presented two hypotheses for the mechanism
that causes the bifurcation. They suggested that nega-
tive wind stress curl across Blosseville basin would
maintain a semipermanent anticyclonic gyre with its



SEPTEMBER 2019

54 321

12
0

Depth [m]

HAVIK ET AL.

12
0

2263

1110

O 0000 =pn
-aomhmmANAmNm

No=o

Potential temperature [° Cl

1]
I =10

Depth [m]

Depth [m]

750F

1 750f

N
Soadwhk

N

.
COoPPoco0o0

o O
o

|
'OO
=&

L
©o
=
o

f)

.e) ! 2 ‘
10001 50 100 50 0 1000& 50
Distance [km]

<)
1

o

)

Cross-sectional current speed [m/s]

00
Distance [km]

F1G. 7. Composite vertical sections across the entire Kogur array of (left) the warm mode and (right) the cold
mode: (a),(b) potential temperature; (c),(d) salinity; and (e),(f) cross-sectional current speed. Positive current
speeds are toward the southwest. On top of each section the mooring locations are indicated by the inverted
triangles, and the measurement levels on each mooring are marked by black dots. A selection of isopycnals is
contoured, and the upper limit of DSOW, the 27.8 kg m* isopycnal, is marked by the thick black contour. The
horizontal dashed lines indicate the sill depth at Denmark Strait (650 m), and the vertical dashed lines mark the

location where the orientation of the transect changes.

easternmost part being the separated current branch.
This was elaborated upon and supported by Harden
et al. (2016). The alternative hypothesis was based on
results from numerical modeling, both with idealized
and realistic bathymetry. This hypothesis suggested that
the bifurcation is a result of baroclinic instabilities in the
northern end of Blosseville basin that generate a train
of eddies which coalesce along the base of the Iceland
slope and form the separated EGC. Since the conti-
nental shelf near 69°N has a sharp bend to the west
(close to the breakpoint in our trend analysis, Fig. 5), the
dominant northerly wind is no longer parallel to
the shelf at this point, and the onshore component of the
Ekman transport does not support the surface front
at the shelf break. Baroclinic instabilities were then
found to erode the surface front and lead to the forma-
tion of the separated EGC.

Based on our results and a comparison to Vége et al.
(2013), we hypothesize that the presence of cold and
warm Atlantic-origin Water depends on the vigor of the

bifurcation at the northern end of Blosseville basin. The
composite analysis suggests that this is directly con-
nected to the resulting strength of the shelf break and
separated branches of the EGC farther downstream.
The hydrographic properties of the Atlantic-origin
Water change more rapidly south of the bifurcation
point (Fig. 5), indicating increased mixing. Following
Vige et al. (2013) formation of eddies in this region may
lead to an offshore shift of the cold and fresh surface
layer and a consolidation of the separated EGC. This is
reminiscent of the cold mode (Figs. 7b,d,f). The eddy
activity led to a more vigorous mixing of the water
masses and the overall temperature in the Atlantic-
origin layer decreased. In the warm mode we found a
weakened separated EGC, while a stronger shelfbreak
EGC transported warmer and more saline Atlantic-
origin Water (Figs. 7a,c,e). With a surface front close to
the east Greenland shelf, this indicated that fewer eddies
were shed from the current compared to the cold mode.
Due to sea ice across the region of the mooring array
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servations (cf. section 2b).

during winter we cannot directly evaluate our hypoth-
esis against observations from satellite altimetry. How-
ever, we proceed with output of hydrography and
velocity from the high-resolution numerical model to
further elucidate the bifurcation of the EGC and the
resulting warm and cold modes of the Atlantic-origin
Water.

6. Eddy activity in East Greenland Current

In agreement with the observations (cf. section 4), the
maximum temperature of the Atlantic-origin layer de-
creased from north to south in the model (Fig. 8a). The
model showed a narrower temperature range and a
weaker decrease (0.04°C per degree of latitude on av-
erage compared to 0.1°C per degree of latitude in the
observations).

EKE varies both in time and space and we defined its
temporal mean value along the path of the shelfbreak
EGC as

@ + @y,

where u was the mean and u the instantaneous zonal
current speed, and v and v referred to the mean and
instantaneous meridional current speeds, respec-
tively. North of approximately 69.5°N the EKE in the

shelfbreak EGC was low compared to farther south
(Fig. 8b). Although the cold mode was generally asso-
ciated with enhanced eddy activity (blue dots), the two
modes exhibited similar EKE values in the northern
part. By contrast, there was a clear relationship between
the core temperature of the Atlantic-origin Water and
the strength of the eddy activity in the southern part
of the shelfbreak EGC. Specifically, the two modes ex-
hibited opposite behavior south of 68.5°N: the EKE
associated with the cold (warm) mode increased (de-
creased) as the EGC approached Denmark Strait. This
corroborates our hypothesis that formation of eddies
plays a key role from the breakpoint (approximately
located at 69°N) and southward, and that the cold mode
is associated with stronger EKE than the warm mode.
To further investigate the relationship between the
temperature modes and EKE we made model compos-
ites of cross-sectional current speed and EKE at times of
warm and cold Atlantic-origin Water at Kogur. We note
that the average temperature of the Atlantic-origin
Water at the latitude of the Kogur transect was 1.1°C
(Fig. 8a), similar to the threshold used for the composite
analysis (Fig. 7). Thus, the periods contributing to the
composites were detected in the same way as in the
observations (cf. section 5). During warm conditions
the shelfbreak EGC was the most pronounced circu-
lation feature across the section (Fig. 9a), while the
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separated branch was weak. The corresponding EKE
was highest in the core of the shelfbreak current, but
farther offshore the EKE was low (Fig. 9¢). In the cold
mode, on the other hand, the separated EGC was clearly
visible in the composite vertical section (Fig. 9b). In-
creased EKE values were present across the entire
Blosseville basin (Fig. 9d), with a maximum coinciding
with the strongest flow in the separated EGC.

We summarize our findings with lateral maps of mean
key surface (vertically averaged over 0-100 m) proper-
ties from the model (Fig. 10). The mean current speed
in the upper 100 m indicated a strong shelfbreak EGC
upstream of the Kogur transect (Fig. 10a) with an average
flow which exceeded 0.4ms™'. Progressing southward
in Blosseville basin the clear current core disintegrated
and a broader region of enhanced current speed was
evident on the east Greenland shelf and toward the
Denmark Strait sill. There was no evidence of a distinct
separated EGC in the mean, but as noted by Harden et al.
(2016) this current branch is highly fluctuating both in
time and space, hence a distinct flow path is not neces-
sarily expected. The average surface salinity depicted the
anticipated lateral distribution of water masses with fresh
polar surface water on the shelf and more saline water
masses offshore (Fig. 10b). North of the breakpoint the
front between the two water masses was located close to
the shelf break. In Blosseville basin, on the other hand,
the front was less distinct and the freshwater masses were
spreading east of the shelf break.

The enhanced eddy activity south of 69°N, required by
our hypothesis to explain the difference in along-stream

temperature trends caused by enhanced mixing at the
northern end of Blosseville basin, was clearly evident in
the mean field of EKE in the model (Fig. 10c). The order
of magnitude and location of enhanced EKE were
consistent with estimates from satellite altimetry (Havik
et al. 2017b). South of approximately 68.2°N the EKE
was also enhanced at the eastern end of Blosseville
basin. This may be an indicator of the consolidation of
the separated EGC as eddies coalesced along the base
of the Iceland slope (Vage et al. 2013). We showed that
in the observations the fresh polar water was shifted east
during periods when the cold mode dominated (Fig. 7d),
while the freshwater masses were mostly confined to the
east Greenland shelf when the warm mode dominated
(Fig. 7¢). A correlation between EKE and surface sa-
linity (Fig. 10d) revealed that high EKE was indeed
associated with low salinities at the eastern end of
Blosseville basin. On the other hand, low EKE, which
we related to less formation of eddies in the shelfbreak
EGC, was associated with high salinities. A particular
strong correlation was found in an elongated band along
the base of the Iceland slope (correlation ~ —0.7),
where the separated EGC is hypothesized to form. To
address the significance of the correlation coefficients,
we performed two different significance tests. The
slashes in Fig. 10d indicate correlation values that are
not significant at the 5% level (p values < 0.05). The
second method is based on Wilks (2016) and is more
robust to the effects of spatial correlation. Wilks (2016)
showed that, when the spatial correlation is moderate or
strong, arpr = 2a,0bal 18 the control level required to
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perform a solid false discovery rate (FDR) test. Thus, we
chose appr = 0.1. The backslashes indicate correlation
values that did not pass this test. About 85% of the grid
points passed both test. With the model, we have now
established the link between the EKE, the upper-ocean
salinity, and the kinematic structure at Kogur, support-
ing the observations.

7. Discussion and conclusions

We have analyzed the properties of the Atlantic-
origin Water in the EGC system using moored mea-
surements and historical hydrographic profiles along the
east coast of Greenland from Fram Strait to Denmark
Strait. To support and extend the observational analysis
we used output from a high-resolution numerical model.
We showed that the temperature of the Atlantic-origin
layer in the shelfbreak EGC decreased from Fram Strait
to Denmark Strait and that an enhanced reduction was
found south of 69°N at the northern end of Blosseville
basin. A similar decrease was found for salinity. Up-
stream of the breakpoint there was substantial variability
from profile to profile within a range of approximately
1°-4°C. A couple of processes are likely responsible for
setting this temperature range. Most importantly, it is not
expected that the modification of the water is uniform
neither temporally nor spatially. Some Atlantic-origin

Water may be advected relatively unperturbed in the
shelfbreak current (Havik et al. 2017a) whereas other
parts are more strongly influenced by mixing with sur-
rounding waters. A colder and less saline variant of
Atlantic-origin Water exported in the shelfbreak EGC
from the Arctic Ocean may be responsible for some of
the cold Atlantic-origin Water profiles (Rudels et al.
2002). Additionally, Atlantic Water in Fram Strait
exhibits a seasonal variability of 1°-2°C (Beszczynska-
Moller et al. 2012), and this signal likely propagates
downstream in the EGC. South of the breakpoint no
water with a potential temperature > 2.5°C was ob-
served and an increasing number of profiles showed a
potential temperature maximum < 1°C. This change in
hydrographic properties and density of the Atlantic-
origin layer between Fram Strait and Denmark Strait is
contrary to the results of Mauritzen (1996), who found
that the Atlantic-origin Water was advected relatively
unperturbed in the EGC.

We hypothesize that the strong reduction south of the
breakpoint is a result of enhanced mixing due to the
bifurcation of the EGC at the northern end of Blosseville
basin. At Kogur we observed the downstream effects of
the bifurcation. There we found that in periods a warm
mode (6 >1°C) of the Atlantic-origin Water was trans-
ported by the shelfbreak EGC, whereas the separated
EGC on average transported a more modified version
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with a lower temperature (6<1°C). Based on the
mooring data we showed that at times of warm Atlantic-
origin Water the shelfbreak EGC was stronger, whereas
the separated current was weak. Oppositely, during
periods dominated by the cold mode the shelfbreak
current was weaker and the separated EGC corre-
spondingly stronger (Fig. 7). The warm mode dominated
during the winter months (DJF), whereas the cold mode
was most prominent the rest of the year. At times almost
no warm Atlantic-origin Water was present across
the entire domain. With only one year of data we
cannot conclude whether this is a seasonal signal or a
coincidence, however, the seasonality of the Atlantic
Water temperature in Fram Strait may add to this
variability.

In addition to the more vigorous mixing of the inter-
mediate Atlantic-origin Water south of 69°N, the cold
and fresh surface layer is diverted offshore by the bi-
furcation process. This is important for the transport and
distribution of freshwater (Vage et al. 2013) and it is
evident that in the case of a strong separated current
(Fig. 7f) the cold and fresh surface layer was diverted off
the Greenland shelf (Fig. 7d). The model indicated that
high EKE across Blosseville basin was associated with
fresh surface water offshore of the shelf (Fig. 10d), and
that eddies (presumably created by instabilities in the
shelfbreak current) fluxed the surface water offshore. In
the model, the total volume transport in the EGC system
was similar in the two modes, but the relative contri-
bution of the separated branch was larger during the
cold mode. This supports the idea that the separated
EGC results from of a bifurcation of the shelfbreak
EGC at the northern end of Blosseville basin.

The bifurcation process is hypothesized to take place
due to a combination of bathymetry and wind forcing
(Vége et al. 2013; Harden et al. 2016). In addition, we
speculate that the vertical stability of the water column
close to the northern end of the Blosseville basin can
influence how susceptible the current is to baroclinic
instability. This in turn depends on the core tempera-
ture of the Atlantic-origin Water. If the water at the
breakpoint has a relatively high Atlantic-origin Water
temperature the current is vertically less stable. This
process may then lead to the erosion of the Atlantic-
origin Water with the highest temperature through a
release of baroclinic instabilities. Without knowledge of
the advective time scale from the breakpoint to the
Ko6gur transect the extent and importance of this pro-
cess in determining the vigor of the bifurcation remains
an open question.

Strass et al. (1993) concluded from a mooring de-
ployed farther north in the EGC, at the latitude of the
central Greenland Sea, that the conditions for baroclinic
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instability were fulfilled during parts of the year. The
exchange with the Greenland Sea would reduce the
temperature and salinity maxima in the Atlantic-origin
Water and they suggested that this modification may be
important for the production of DSOW. Although the
model indicated that cold water generally was associ-
ated with enhanced eddy activity, the relationship be-
tween the temperature of the Atlantic-origin Water
and the intensity of the EKE became more pro-
nounced south of approximately 69°N where the
variability in EKE was higher. Specifically, we found
that south of the breakpoint the EKE associated with
the cold mode was twice as large as the EKE in the
warm mode.

Vige et al. (2018) found that Atlantic-origin Water
was reventilated offshore of the shelfbreak EGC. This
was possible due to a recent retreat of the ice edge, in
combination with strong atmospheric fluxes just off-
shore of the ice edge and an onshore Ekman transport. If
the sea ice continues to retreat toward Greenland this
reventilation of the Atlantic-origin Water may take
place directly within the core of the current and lead to a
further modification of this water mass. Both the in-
creased modification due to the bifurcation of the cur-
rent and the direct modification of the Atlantic-origin
Water in the shelfbreak EGC (Vége et al. 2018) repre-
sent possible mechanisms which can alter the density of
the overflow water directly within the East Greenland
Current. This may, in turn, influence the density of the
overflow through Denmark Strait and the contribution
from the Nordic Seas to the deep circulation in the
North Atlantic.
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