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Abstract Data from a shipboard hydrographic survey near 308E in the Nansen Basin of the Arctic Ocean
are used to investigate the structure and transport of the Atlantic Water boundary current. Two high-
resolution synoptic crossings of the current indicate that it is roughly 30 km wide and weakly middepth-
intensified. Using a previously determined definition of Atlantic Water, the transport of this water mass is
calculated to be 1.6 6 0.3 Sv, which is similar to the transport of Atlantic Water in the inner branch of the
West Spitsbergen Current. At the time of the survey a small anticyclonic eddy of Atlantic Water was situated
just offshore of the boundary current. The data suggest that the feature was recently detached from the
boundary current, and, due to compensating effects of temperature and salinity on the thermal wind shear,
the maximum swirl speed was situated below the hydrographic property core. Two other similar features
were detected within our study domain, suggesting that these eddies are common and represent an
effective means of fluxing warm and salty water from the boundary current into the interior. An
atmospheric low-pressure system transiting south of our study area resulted in southeasterly winds prior to
and during the field measurements. A comparison to hydrographic data from the Pacific Water boundary
current in the Canada Basin under similar atmospheric forcing suggests that upwelling was taking place
during the survey. This provides a second mechanism related to cross-stream exchange of heat and salt in
this region of the Nansen Basin.

1. Introduction

The circulation and modification of Atlantic Water is a fundamental aspect of the Arctic Ocean and plays a
critical role in Earth’s climate system. This warm intermediate layer was first observed more than 100 years
ago by Nansen [1902], who concluded that it originated from the North Atlantic Ocean. The Atlantic Water
supplies heat and salt to the Arctic Ocean which impacts the thermohaline structure of the water column
and likely influences the distribution of sea ice [e.g., Rudels, 2012]. Its transformation within the Arctic Ocean
provides an important source of water to the deep limb of the global Meridional Overturning Circulation.
Indeed, among the constituents of Denmark Strait Overflow Water is Atlantic-origin water that reenters the
Nordic Seas within the East Greenland Current after modification in the Arctic Ocean [Mauritzen, 1996].

One of the two primary inflows of Atlantic Water into the Arctic Ocean is through the Fram Strait via the
West Spitsbergen Current (Figure 1). A portion of the Atlantic Water recirculates and becomes part of the
southward flowing East Greenland Current [Schauer et al., 2004; Hattermann et al., 2016], while the remain-
der enters the Arctic Ocean. The most recent transport estimate of this northward flow is 3.0 6 0.2 Sv
(1 Sv 5 106 m3/s) for water warmer than 28C, as measured by a long-term moored array across the Fram
Strait south of 798N [Beszczynska-M€oller et al., 2012]. In the northern part of the strait the inflow splits into
two branches (Figure 1). The offshore branch follows the lower part of the continental slope along the west-
ern flank of the Yermak Plateau, while the inshore branch flows along the Spitsbergen shelfbreak [e.g.,
Aagaard et al., 1987; Gascard et al., 1995].

Farther downstream, a second major inflow of Atlantic Water into the Arctic Ocean occurs through the St.
Anna Trough via the Barents Sea [Schauer et al., 2002]. This water is markedly colder than the Fram Strait
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water due to the intense heat loss in the southern Barents Sea [Smedsrud et al., 2010]. Rapid transformation
of the boundary current properties takes place near the mouth of St. Anna Trough where the two types of
Atlantic Water meet. It is presently unclear to what extent the Fram Strait inflow remains part of the bound-
ary current beyond this point; it has recently been argued that this warmer Atlantic Water is mostly diverted
into the interior basin in this region [Rudels, 2012; Rudels et al., 2013] apart from some portion that mixes
with the Barents Sea branch of the inflow [Rudels et al., 2015].

The remaining Atlantic Water in the boundary current continues to flow cyclonically around the perimeter
of the deep Arctic Ocean [Rudels et al., 1999]. This pathway was first deduced from the decreasing core tem-
perature of the water along the boundary [e.g., Coachman and Barnes, 1963]. Later studies, based on hydro-
graphic surveys and limited current meter data, mapped the boundary current in more detail and argued
for the presence of cyclonic gyres in each of the subbasins of the Arctic Ocean [Aagaard, 1981; Rudels et al.,
1994]. A recent high-resolution numerical simulation successfully reproduced the circumpolar boundary
current [Aksenov et al., 2011], but the model indicated, in contrast to the assertions of Rudels [2012] and
Rudels et al. [2013], that Atlantic Water from the Fram Strait branch is present around the entire Arctic Ocean
as opposed to being diverted away from the boundary near St. Anna Trough and confined to the Nansen
Basin.

Observational transport estimates of the Atlantic Water boundary current are rare. Based on sparse moored
measurements and synoptic hydrographic sections in the area where the Lomonosov Ridge intersects the
Eurasian continental slope, Woodgate et al. [2001] estimated a boundary current transport of 5 6 1 Sv
approaching the ridge. From current meter records along and beyond the ridge they concluded that the
transport was evenly divided between flow along the ridge and a continuation of the boundary current
along the slope, consistent with the schematic circulation pattern of Rudels et al. [1994]. It has recently been
documented that the speed of the current decreases downstream from the Fram Strait and that the current
undergoes a structural transformation. Specifically, the current changes from largely barotropic in the Fram
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Figure 1. Schematic of the Atlantic Water inflow to the Arctic Ocean through the Fram Strait. The A-TWAIN survey area is indicated by the
yellow box and shown in detail in the inset. The mooring and eddy transects are identified. The orange and yellow squares represent
locations of shipboard and expendable hydrographic profiles, respectively. Bottom depth is shaded according to the key and contoured
with 500 m increments starting at 500 m.
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Strait, to middepth-intensified along the Nansen Basin slope, reverting to predominantly barotropic near
the junction between the slope and the Lomonosov Ridge [Pnyushkov et al., 2013, 2015].

The underlying reasons why Atlantic Water flows into the Arctic Ocean have been investigated using theo-
retical considerations and numerical simulations. The flux of potential vorticity associated with the transport
and hydrographic structure of the Atlantic Water entering and leaving the Arctic Ocean may be central to
the formation of the cyclonic boundary current system [Yang, 2005; Karcher et al., 2007; Aksenov et al.,
2011]. Spall [2013] argues that the salinity contrast between the Atlantic Water and freshwater coming off
the Arctic shelves is ultimately responsible for establishing a lateral gradient in the depth of the halocline
and, through thermal wind, is related to the transport of the Atlantic Water boundary current.

Since the warm and salty Atlantic Water layer is present throughout the different basins of the Arctic Ocean,
it must readily be fluxed offshore from the boundary current [e.g., Swift et al., 1997]. However, high-
resolution observations of the Atlantic Water boundary current are lacking, and, consequently, the mecha-
nisms of such lateral exchange remain largely unknown. Results from a tightly spaced moored array across
the Pacific Water boundary current in the Canada Basin provide some indication of what processes may be
at work downstream of the Fram Strait that flux Atlantic Water from the boundary into the interior. The
Pacific Water boundary current is baroclinically and, at times, also barotropically unstable [Spall et al., 2008;
von Appen and Pickart, 2012] and is a source of eddies that are known to populate the interior Canada Basin
[e.g., Manley and Hunkins, 1985; Kadko et al., 2008; Zhao et al., 2014]. Shipboard hydrographic surveys in the
Eurasian Basin suggest that the Atlantic Water boundary current may be similarly unstable [Schauer et al.,
1997], which is supported by observations of isolated mesoscale features that appear to be Atlantic Water
eddies [Cokelet et al., 2008; Zhao et al., 2014].

Winds along the Eurasian slope likely provide another mechanism to divert Atlantic Water from the bound-
ary into the interior and have been shown to influence the cross-shelf exchange of waters west and north
of Svalbard [Cottier et al., 2007; Lind and Ingvaldsen, 2012]. This exchange process is also at work in the Pacif-
ic Water boundary current [Nikolopoulos et al., 2009], where easterly winds along the north slope of Alaska
periodically reverse the flow and cause upwelling of subsurface waters, which leads to an offshore transport
of the Pacific Water [Pickart et al., 2009]. This process takes place even in the presence of complete sea ice
cover [as long as the ice is mobile, Schulze and Pickart, 2012].

The area north of Svalbard, immediately downstream of the Fram Strait, is subject to high heat loss to the
atmosphere which leads to substantial modification of the Atlantic Water [Aagaard et al., 1987; Cokelet et al.,
2008]. The pronounced decline of sea ice extent in the Arctic Ocean over the past two decades [e.g., Comiso,
2012] has also been documented in this region, attributed in part to increasing temperatures of the Atlantic
Water [Onarheim et al., 2014]. However, to date there have been no robust transport estimates of the Atlan-
tic Water boundary current downstream of Fram Strait.

In this study we use data from a hydrographic/velocity survey carried out in September 2012 north of
Svalbard near 308E across the shelfbreak and continental slope. The primary purpose of the cruise was to
deploy a mooring array across the Atlantic Water boundary current (the results of which will be presented
separately). In addition to the mooring operations, a set of shipboard sections was occupied primarily
downstream and offshore of the Kvitøya Trough (Figure 1). Using these data, our main objective is to obtain
a robust (synoptic) transport estimate of the Atlantic Water boundary current north of Svalbard, examine
the structure of the flow, and shed light on aspects of the lateral exchange processes that flux water to and
from the boundary current. The data set and methods are presented in section 2. The structure and trans-
port of the boundary current are investigated and quantified in section 3. During the survey an Atlantic
Water eddy was observed offshore of the boundary current; this is described in section 4. Finally, in section
5 we consider the effect of wind forcing on the boundary current system, in particular the response of the
current to easterly winds that preceded the hydrographic survey.

2. Data and Methods

The ‘‘Long-term variability and trends in the Atlantic Water inflow region’’ (A-TWAIN) project is an internation-
al effort to investigate and monitor the Atlantic Water boundary current downstream of Fram Strait using
moorings and hydrographic surveys. The program was initiated in September 2012 with the deployment of
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eight moorings near 308E across the continental slope north of Svalbard, and one mooring roughly 150 km
upstream of this. A hydrographic/velocity survey conducted during the deployment cruise aboard the R/V
Lance is the subject of this study (Figure 1). Prior to the mooring deployments the bathymetry along the
main mooring line was mapped using the ship’s echo sounder, while dropping expendable conductivity-
temperature-depth (CTD) probes. The profile data were used to sound-speed correct the bottom data and
also served as a hydrographic transect across the boundary current. The full shipboard survey consisted of
six near-synoptic sections (Figure 1, inset). Three of these were obtained along the mooring line, while the
remaining three sections sampled an Atlantic Water eddy near the base of the continental slope. Apart from
the first section along the mooring transect, the hydrographic measurements were obtained using a Sea-Bird
CTD instrument. The conductivity sensor was calibrated against in situ salinity samples from the bottom of
each cast, and the accuracies of the pressure, temperature, and salinity measurements are estimated to be
0.3 db, 0.0018C, and 0.002, respectively. For the expendable CTD data the accuracies are taken to be 1 m,
0.028C, and 0.04 in depth, temperature, and salinity, respectively [Kadko et al., 2008]. Velocities were mea-
sured using a vessel-mounted acoustic Doppler current profiler (ADCP). The Arctic Ocean 5 km tidal model
[Padman and Erofeeva, 2004] was used to remove the barotropic tidal component from the processed ADCP
velocity profiles.

Vertical sections of potential temperature, salinity, potential density, and ADCP velocity were constructed
using Laplacian-spline interpolation with a grid spacing of Dx 5 2 km in the horizontal and Dz 5 10 m in
the vertical. Using the gridded temperature and salinity fields, the relative geostrophic velocity normal to
each section was calculated. Absolute geostrophic velocities were then computed by referencing the rela-
tive geostrophic velocity field to the vertically averaged ADCP velocities over the depth interval 30–130 m
at each horizontal grid point. Lateral maps of hydrographic properties were made by interpolating the data
onto a regular 0.28 longitude by 0.0258 latitude grid. We used an algorithm that increases the effective radi-
us along isobaths in regions of steep bathymetry and hence takes into account the greater correlation
length scales along bottom topography (see Våge et al. [2013] for details of this procedure). This is appropri-
ate given the close alignment between the circulation in the Arctic Ocean and the bottom contours [e.g.,
Nøst and Isachsen, 2003]. Bathymetry data were obtained from the International Bathymetric Chart of the
Arctic Ocean (IBCAO) version 3.0 [Jakobsson et al., 2012] and smoothed by convolution with a 5 km Gaussian
window. The IBCAO bathymetry was in reasonable agreement with the measured bottom depths along the
mooring transect, with a root mean square difference of about 10%.

Errors associated with the absolutely-referenced geostrophic velocities were estimated following Våge et al.
[2011]. The ADCP instrument error (62 cm/s) and inaccurate bathymetry in the tidal model (63 cm/s) were
the primary sources of uncertainty. The instrument error was lower than that estimated by Våge et al.
[2011], likely due to averaging over a longer sampling interval. Errors resulting from flow through the ‘‘bot-
tom triangles,’’ i.e., the area below the deepest common level of neighboring hydrographic stations, were
negligible. The total uncertainty was determined as the root of the sum of the squares of the instrument
and tidal model errors. For the transport calculations it was assumed that the error was uncorrelated across
the section.

Atmospheric data used in the study were obtained from the global Interim Reanalysis (ERA-I) of the Europe-
an Center for Medium Range Weather Forecasts [Dee et al., 2011]. We use the 6 hourly fields for the month
of September 2012, which have a spatial resolution of 0.758.

3. The Atlantic Water Boundary Current

3.1. Structure
The mooring transect extends from the outer continental shelf north of the island Kvitøya in the Svalbard
archipelago into the Nansen Basin of the Arctic Ocean (Figure 1). The transect protrudes sufficiently far into
the interior to capture the full transport of Atlantic Water from the inshore branch of the Fram Strait inflow.
The fate of the Atlantic Water transported by the offshore branch flowing around the Yermak Plateau is
presently unknown, although it is likely that a portion of that Atlantic Water joins the inshore branch
upstream of the mooring transect and is thus included in our estimate.

The mean hydrographic profiles from the survey illustrate the hydrographic structure of the water
column (Figure 2). The warm and saline Atlantic layer is found between approximately 100 and 500 m; its
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intermediate-depth maximum in temperature and salinity is clearly evident in Figure 2d. A layer of cold,
fresh Polar Surface Water, which also includes the halocline, resides above the Atlantic Water [Rudels et al.,
2005]. Below the Atlantic layer are colder intermediate waters and the deep waters of the Arctic Ocean. This
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hydrographic structure is similar to that of previous hydrographic sections occupied in the vicinity of the
mooring transect [Schauer, 1995; Schauer et al., 1997; Cokelet et al., 2008; Ivanov et al., 2009].

Two occupations of the inner part of the mooring line were separated by only a few hours and they are sim-
ilar in character; hence, only the first section is considered here. An extremum in temperature and salinity
within the Atlantic layer was situated above the upper part of the continental slope, offshore of the shelf-
break (Figures 3a and 3b). The absolute geostrophic velocity reveals that this water constituted the core of
the Atlantic Water boundary current (Figure 3c). The current was roughly 30 km wide (x 5 10–40 km), and,
inshore of x 5 25 km, it was weakly middepth-intensified. (We note that the bottom-intensified flow near
x 5 30 km was not present on the second occupation and is deeper than the Atlantic Water layer.) This is
consistent with the structure of the boundary current from Fram Strait to the Svalbard slope described by
Pnyushkov et al. [2013]. The strength of the boundary current within the Atlantic Water layer was 15–20 cm/s.
Interestingly, a small amount of cold, fresh water on the upper slope near x 5 14 km was present in both of
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the synoptic occupations. This is like-
ly a remnant of deeper water that
was previously upwelled, and is dis-
cussed further in section 5.

Farther offshore, near x 5 50 km, a
second maximum in temperature and
salinity was present in all three occu-

pations of the mooring line (Figure 3). This was the core of an Atlantic Water eddy, presumably spun off the
boundary current sometime in the past. The absolute geostrophic velocity field demonstrates that the eddy was
rotating anticyclonically. This feature is investigated in more detail in section 4.

3.2. Transport
Although the second occupation of the mooring line did not extend as far offshore as the first, it was suffi-
ciently long to span the boundary current. Both of these were synoptic crossings, taking 6 and 48 h, respec-
tively, to complete. During the deployment of the moorings a third occupation was done as well, but this
covered only the outer part of the transect and did not sample the boundary current. The volume flux of
Atlantic Water was computed by integrating the eastward flow from the inshore end of the section to the
location of the eddy. Following Rudels et al. [2005] we considered Atlantic Water to be within the density
range 27.70 � rh � 27.97 kg/m3 and warmer than 28C. The corresponding transport of Atlantic Water
across the first section was 1.7 6 0.5 Sv, while that for the second section was 1.5 6 0.4 Sv. As noted above,
the two sections were taken only hours apart, and it is presently unknown what the decorrelation time scale
of the boundary current is. If these can be considered as independent realizations, then the mean volume
flux of Atlantic Water in the boundary current north of Svalbard was 1.6 6 0.3 Sv during the period of the
survey. Relaxing the temperature criterion to 18C [but retaining the density limits, e.g., Schauer et al., 2004]
resulted in an increase of the mean transport to 1.8 6 0.3 Sv. Expanding the definition even further to
include Atlantic-origin intermediate waters (AW and AAW in Figure 2d), and hence the bulk of the upper
1000 m of the boundary current, resulted in a mean transport of 2.5 6 0.6 Sv (the details of these transport
calculations are shown in Table 1).

How do these values compare to the measurements at Fram Strait? Using nearly the same restrictive defini-
tion of Atlantic Water, Beszczynska-M€oller et al. [2012] estimated a transport of 3.0 6 0.2 Sv. Of this, 1.3 6 0.1
Sv was associated with the core of the West Spitsbergen Current, i.e., the inshore branch of the Fram Strait
inflow, while the remaining 1.7 6 0.1 Sv formed the offshore branch along the Yermak Plateau. Bearing in
mind that our estimate is a synoptic value in contrast to the Fram Strait estimate, which is based on a long-
term time series, and that the Atlantic Water flow exhibits substantial variability on seasonal and shorter
time scales [Beszczynska-M€oller et al., 2012; Randelhoff et al., 2015], it does nonetheless suggest that the
boundary current near 308E is predominantly the downstream extension of the inshore branch of the West
Spitsbergen Current, with perhaps a contribution from the Atlantic Water that flows around the Yermak Pla-
teau. This is in accordance with recent high-resolution numerical simulations of the Atlantic Water inflow
through Fram Strait in which a portion of the offshore branch rejoins the inner branch downstream of the
Yermak Plateau [Kawasaki and Hasumi, 2015]. However, the proportion of the Atlantic Water which pro-
gresses from the Fram Strait into the boundary current north of Svalbard in that model (about one third) is
less than our synoptic estimate.

4. An Atlantic Water Eddy

As noted above, a rotating lens of Atlantic Water offshore of the boundary current was observed near
x 5 50 km along the mooring transect (Figure 3). The eddy remained largely stationary during the week
that R/V Lance was in the area, and it was sampled by multiple hydrographic/velocity sections. This allowed
us to construct a lateral map of the feature. Figure 4 shows the mean salinity of the Atlantic Water layer
overlaid by the absolute geostrophic velocity vectors (realizing that these are not true vectors since they
only depict the flow normal to each transect). This reveals that the core of the eddy was roughly circular,
with a diameter of 20–30 km, and it was rotating anticyclonically. The map of potential temperature (not
shown) displays analogous features.

Table 1. Definitions of Atlantic Water and Corresponding Transport Estimates

Transport of
Atlantic Water (Sv) Definition of Atlantic Water

1.6 6 0.3 27.70 � rh � 27.97 kg/m3 and h � 28C
1.8 6 0.3 27.70 � rh � 27.97 kg/m3 and h � 18C
2.5 6 0.6 rh � 27.70 kg/m3 and r0:5 � 30.444 kg/m3 and h � 08C
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The southern ends of the transects in Figure 4 sampled the boundary current, indicating that the transla-
tional speeds in the eddy were smaller than the advective speeds of the boundary current. While there was
a clear separation between the eddy and boundary current on the mooring transect, farther to the west the
feature abutted the current, suggesting that it recently spawned from the current or was interacting with it.
Figure 4 (inset) shows quantitatively that the core of the eddy was warmer and more saline than the ambi-
ent Atlantic Water in the interior; the hydrographic properties of the eddy were similar to the majority of
stations within the boundary current. This is also suggestive of a recent boundary current origin. (The few
boundary current stations with relatively low potential temperature and salinity were either located near
the outskirts of the current or associated with intrusions of colder, fresher water into the current.)

As seen in the lateral map, one of the transects bisected the core of the eddy (called the Eddy transect in
Figure 4) and provides the best depiction of the vertical structure of the feature (Figure 5). The property
core (elevated temperature and salinity) is centered at approximately 250 m depth. To a large degree the
temperature and salinity compensate each other, so that the density signature is more subtle. However,
there is a slight doming of the isopycnals in the depth range of roughly 250–500 m, indicating that the salty
core of the eddy influences its density more than the temperature (Figure 5a). Below this depth there is a
bowling of the isopycnals to roughly 700 m depth as the warm temperatures dominate over the salinity in
dictating the density (Figure 5b). The associated thermal wind signature means that the strongest azimuthal
speed of the eddy is roughly 250 m deeper than the property core (500 versus 250 m depth, Figure 5c). Fur-
thermore, the velocity signature extends deep into the water column (deeper than 1000 m). Such a deep-
reaching swirl speed is consistent with the response of the water column to the injection of a low potential
vorticity anomaly (i.e., the Atlantic Water lens) from the boundary current [see Spall, 1995].

Pacific Water eddies are commonly observed in the Canada Basin of the Arctic Ocean offshore of the
boundary current along the edge of the Chukchi and Beaufort Seas [Manley and Hunkins, 1985; Zhao et al.,
2014]. These are also middepth-intensified anticyclones, most commonly with a cold core (due to cold Pacif-
ic Winter Water), and result from baroclinic instabilities of the boundary current [Pickart et al., 2005; Spall
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et al., 2008]. One fundamental difference between the Pacific Water eddies and the feature observed here is
that, in the Canada Basin, the salinity dictates the density (at these cold temperatures). Hence, the tempera-
ture core does not dynamically influence the feature, and, as such, the swirl speed of the eddy is strongest
at the property core (not displaced vertically as is the case in Figure 5c). Nonetheless, the velocity signature
of the Pacific Water eddies also extends far deeper than the property core (R. Pickart, unpublished data).

While the population of Pacific Water eddies in the Canada Basin is quite substantial [Zhao et al., 2014] and
they have been observed spawning from the boundary current [Pickart et al., 2005], it is unknown how prev-
alent this type of Atlantic Water eddy is in the Eurasian Arctic. However, three such features were observed
during our 9-day survey, which suggests that they may be common also in this part of the Nansen Basin. A
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second (weaker) eddy is evident at the offshore end of the eddy transect; note the warm and salty core at
the two seaward-most stations in Figure 5 and the anticyclonic rotation associated with the feature (this is
seen in the lateral map as well, Figure 4). Furthermore, a similar eddy was measured on the hydrographic
transect extending along the 3000 m isobath to the west of the mooring line (not shown). In light of the
pronounced layer of Atlantic Water extending far into the basin (Figure 3), it is evident that the lateral flux
of this water from the boundary current is substantial. Eddy formation from the boundary current may be
among the primary mechanisms of exchange. Fortunately, the mooring array extended sufficiently far off-
shore to have captured the eddy shown in Figures 4 and 5; hence, the mooring time series will shed more
light on this issue.

5. Response to Wind Forcing

Another potential mechanism of exchange between the boundary current and the interior is wind-
driven upwelling and downwelling. Our study region is in the vicinity of the North Atlantic storm track
[Wernli and Schwierz, 2006], and a low-pressure system that transited the Nordic Seas prior to and dur-
ing the survey resulted in upwelling-favorable conditions. In particular, in the 2–3 days before the first
occupation of the mooring line on 16 September, the low was located northwest of northern Norway
(Figure 6). The cyclonic circulation around the low resulted in persistent southeasterly winds north of
Spitsbergen. Following this, the low-pressure system transited eastward into the Barents Sea and then
northeastward. Consequently, the boundary current was subject to easterly alongshore winds of
5–10 m/s for more than a week (Figure 7). Was this forcing enough to lead to upwelling? Based on what
is known about upwelling in the Pacific Water boundary current in the Canada Basin, this appears to be
the case.

Alongshore easterly winds exceeding 5 m/s consistently result in upwelling in the Pacific Water boundary
current along the continental slope of the Beaufort Sea [Schulze and Pickart, 2012]. The typical sequence
of events is that, once the winds intensify, the boundary current reverses to the west within a matter of
hours and upwelling commences shortly thereafter [on average, about 16 h after the increase in the
wind, Pickart et al., 2009]. The mean transport of the Pacific Water boundary current [0.13 Sv, Nikolopoulos

10 m/s

982

986

990

994

998

1002

1006

1010

1014

L

  25 o
W

 

  15 o
W

5 o
W 

5oE   15oE   25
oE 

  35
o E

  45
o E 

  5
5
o E 

  68 o
N 

  70 o
N 

  72 o
N 

  74 o
N 

  76 o
N 

  78 o
N 

  80 o
N 

  82 o
N 

  84 o
N 

W
in

d 
sp

ee
d 

(m
/s

)

2

4

6

8

10

12

14

Figure 6. Mean atmospheric conditions on 14–15 September 2012. The sea level pressure (contours, mb) and 10 m winds (color and vec-
tors, m/s) are shown. The mooring transect is marked by the white star. Bathymetry is contoured in 250 m increments from the surface to
1000 m, thereafter in 1000 m increments.

Journal of Geophysical Research: Oceans 10.1002/2016JC011715

VÅGE ET AL. THE ATLANTIC WATER BOUNDARY CURRENT 6955



et al., 2009] is an order of magnitude smaller than the eastward transport of the Atlantic Water boundary
current calculated here; hence, it is unclear if winds of this strength could reverse the Atlantic Water
boundary current—it may be that the eastward flow is simply diminished. However, the structure of the
density field in Figure 3 is indicative of upwelling, as we will now demonstrate.

An upward deflection of isopycnals onto the shelf was observed during the first shipboard occupation of
the mooring line (Figure 8a). This is true for all of the isopycnals less dense than rh 5 27.9 kg/m3. Curiously,
however, the deeper isopycnals slope downward toward the boundary. In Figure 8a we have calculated the
vertical displacement of the isopycnals relative to their depth at the offshore end of the section. One sees a
dipole structure onshore, with a positive displacement on the outer shelf/upper slope, and downward dis-
placement deeper on the midslope. Such a signature of diverging isopycnals, upon first glance, seems at
odds with the notion of upwelling. However, this exact phenomenon is regularly observed during upwelling
conditions on the Beaufort slope.

To demonstrate this, we considered all upwelling events that took place on the Beaufort slope from sum-
mer 2002 to summer 2004, during which time there was an array of moorings deployed across the Pacific
Water boundary current at 1528W [Nikolopoulos et al., 2009]. The events differed in duration, wind forcing,
and ice cover. As seen in Table 2, upwelling occurred in each season of the year (a total of 49 events), with
the fewest events in summer and the most events in winter. Both the strength of the wind forcing and the
duration of the events were similar over the course of the year, with the average values of these quantities
comparable to the wind event that occurred north of Svalbard during our field program. Notably, during all
of the upwelling events the shallow isopycnals were displaced upward toward the shelfbreak, while the
deeper isopycnals were displaced downward.

To quantify this we constructed a composite upwelling event for the 49 storms. Since the central isopycnal
where the divergence occurred differed from storm to storm, we adjusted each realization vertically to align
this isopycnal. The middle third of the storm is considered most appropriate for comparison with the
A-TWAIN section given the timing of the survey relative to the alongshore winds. The resulting composite
vertical section of density displacement is shown in Figure 8b, where the vertical displacement of the iso-
pycnals relative to their offshore depth was again computed. The smaller vertical displacement in the Cana-
da Basin is likely due to a stronger stratification, but the same dipole pattern associated with the
divergence of isopycnals that was present during the occupation of the A-TWAIN section during enhanced
easterly winds is evident. This implies that upwelling was in the process of occurring at the time of the sur-
vey and that the isopycnal structure that we observed was not indicative of the normal, unforced boundary
current. The cause of the isopycnal divergence is not presently understood, but is likely part of the three-
dimensional response of the current to easterly winds. Our results suggest that this response is ubiquitous
to both the Pacific and Atlantic Water boundary currents of the Arctic Ocean. Further effort is required to
expand upon the relevant dynamics at work and the ramifications for the exchange of mass and properties
between the boundary and the interior.
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6. Discussion

From two crossings of the boundary current north of the Svalbard archipelago near 308E we estimate a
transport of Atlantic Water of 1.6 6 0.3 Sv. Our synoptic estimate is comparable to the 1.3 6 0.1 Sv trans-
ported by the inshore branch of the Fram Strait inflow [Beszczynska-M€oller et al., 2012], but likely includes
some contribution from the stronger offshore branch which flows along the Yermak Plateau. However, it is
important to keep in mind that our estimate is a synoptic value obtained in early fall. The transport of Atlan-
tic Water through Fram Strait is enhanced in winter [Beszczynska-M€oller et al., 2012], and the significant

Table 2. Mean Properties of All of the Upwelling Events on the Beaufort Slope Measured by a Mooring Array Deployed From Summer
2002 to Summer 2004

Season
Number
of Events

Mean Along-shelf
Wind Speed (m/s)

Mean Ice
Concentration (%)

Mean
Duration (days)

Spring (Mar–May) 11 4.8 6 0.1 87 6 1 8.6 6 2.4
Summer (Jun–Aug) 4 5.3 6 0.1 36 6 8 7.6 6 2.0
Fall (Sep–Nov) 15 5.2 6 0.1 34 6 5 4.8 6 0.9
Winter (Dec–Feb) 19 5.1 6 0.1 88 6 1 6.3 6 1.1
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seasonal variability of its hydrographic properties is not eroded between the Fram Strait and the mooring
section [Ivanov et al., 2009]. It should also be noted that the transport of Atlantic Water may have been
diminished during the survey period due to the upwelling-favorable conditions.

The presence of Atlantic Water in the Arctic Ocean is not restricted to the boundary current system; it is
found throughout the interior basins at intermediate depths. Hence, processes must be active that efficient-
ly flux Atlantic Water from the boundary into the interior. We have shed light on two likely mechanisms of
lateral exchange: eddy transport and wind-driven upwelling. The Pacific Water boundary current in the Can-
ada Basin spawns eddies as a result of barotropic and baroclinic instabilities [Spall et al., 2008; von Appen
and Pickart, 2012]. Shipboard hydrographic surveys in the Eurasian Basin suggest that the Atlantic Water
boundary current may be similarly unstable [Schauer et al., 1997]. We observed an anticyclonic eddy with a
core of Atlantic Water that was warmer and more saline than the ambient water in the interior. The feature
was located about 50 km offshore of the shelfbreak near the mooring section. Signatures of two additional
Atlantic Water eddies in our study area suggest, in accordance with previous observations of mesoscale dis-
turbances in this region [Cokelet et al., 2008], that such features are not uncommon in the Nansen Basin.
Similar eddies have previously been observed as well in the northern Fram Strait [e.g., Gascard et al., 1995],
perhaps resulting from instabilities in the West Spitsbergen Current [Teigen et al., 2010, 2011; von Appen
et al., 2016]. By contrast, Ivanov et al. [2009] reported a highly persistent direction of flow from a single
mooring deployed within the boundary current in the vicinity of the mooring section and concluded that
the Atlantic Water boundary current did not undergo intensive eddy formation in this region. The cross-
stream array of moorings deployed during our survey will inform us further on this issue.

Wind-driven upwelling/downwelling may be another mechanism for diverting Atlantic Water from the
boundary current into the interior. The magnitude of the easterly winds prior to and during our survey
would have been of sufficient strength to drive upwelling in the Pacific Water boundary current in the Cana-
da Basin [Schulze and Pickart, 2012]. The vertical displacement of isopycnals observed on the continental
slope north of Svalbard during the wind event was consistent with a composite of 49 upwelling events that
took place on the Beaufort slope between summer 2002 and summer 2004. This strongly suggests that
upwelling was ongoing during the time of the survey.

Our hydrographic/velocity survey downstream of Fram Strait near the Kvitøya Trough indicates that the
boundary current is highly dynamic at this location, which results in the injection of Atlantic Water into the
interior. This would help maintain the warm and saline intermediate layer that strongly impacts the thermo-
haline structure of the Arctic Ocean. The moored array deployed at this location will result in a more robust
transport estimate and shed light on the mechanisms of cross-stream exchange in this important region,
where increasing temperatures of the Atlantic Water may in part be responsible for an accelerating loss of
sea ice [Onarheim et al., 2014].
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