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Abstract. A distinct, subsurface density front along the east-
ern St. Anna Trough in the northern Kara Sea is inferred from
hydrographic observations in 1996 and 2008–2010. Direct
velocity measurements show a persistent northward subsur-
face current (∼ 18 cm s−1) along the St. Anna Trough eastern
flank. This sheared flow, carrying the outflow from the Bar-
ents and Kara seas to the Arctic Ocean, is also evident from
shipboard observations as well as from geostrophic veloci-
ties and numerical model simulations. Although we cannot
substantiate our conclusions by direct observation-based es-
timates of mixing rates in the area, we hypothesize that the
enhanced vertical mixing along the St. Anna Trough eastern
flank favors the upward heat loss from the intermediate warm
Atlantic water layer. Modeling results support this hypothe-
sis. The upward heat flux inferred from hydrographic data
and model simulations is ofO(30–100) W m−2. The region
of lowered sea ice thickness and concentration seen both in
sea ice remote sensing observations and model simulations
marks the Atlantic water pathway in the St. Anna Trough and
adjacent Nansen Basin continental margin. In fact, the sea ice
shows a delayed freeze-up onset during fall and a reduction
in the sea ice thickness during winter. This is consistent with
our results on the enhanced Atlantic water heat loss along the
Atlantic water pathway in the St. Anna Trough.

1 Introduction

The warm Atlantic water (AW) plays a role in reducing the
sea-ice cover in the Northern Hemisphere through upward
heat loss (Polyakov et al., 2010). The AW heat loss im-
pacts the ice cover along the Arctic Ocean Eurasian conti-
nental margins (Polyakov et al., 2010), but is significantly
stronger over the regions of the AW inflow into the Arctic
Ocean through the Fram Strait (the Fram Strait branch of
AW inflow – FSBW) and in the Barents Sea (the Barents Sea
branch of AW inflow – BSBW). These are areas where the
inflowing AW with temperaturesT ∼ 5◦C occupies the sur-
face layer, directly affecting the ocean–sea-ice–atmosphere
interface (Sirevaag and Fer, 2009; Årthun et al., 2012; Ivanov
et al., 2012). Over the last decades, observations indicate an
increase of AW transport into the Arctic through the Bar-
ents Sea (e.g., Skagseth et al., 2008), which impacts the ob-
served sea ice reduction (e.g., Schlichtholz, 2011; Årthun
et al., 2012). The AW transport into the Arctic through the
Fram Strait shows similar patterns and impacts (e.g., Ivanov
et al., 2012; Alexeev et al., 2013). Model simulations of fu-
ture projections show analogous regularities (e.g., Koenigk
and Brodeau, 2013).
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While transiting along the continental slope of Svalbard
(red arrows in Fig. 1) and through the Barents Sea (blue ar-
rows in Fig. 1), the AW gradually cools and deepens, be-
coming isolated from the surface. In the area of the St. Anna
Trough (hereinafter ST) in the northern Kara Sea, the sub-
merged BSBW with temperatures slightly above 0◦C merges
with a fraction of the warm intermediate FSBW (T ∼ 2.0–
2.5◦C), which enters the western ST steered by the topog-
raphy (Hanzlick and Aagaard, 1980; Schauer et al., 2002a) –
Figs. 1 and 2. Hereafter we refer to this fraction of the FSBW
as ST-circulating FSBW (SFSBW).

The SFSBW return flow to the Arctic Ocean along the
ST eastern slope is colder and less saline than the FSBW
(Schauer et al., 2002b), which indicates mixing and heat loss
along the SFSBW pathway in the ST, as suggested by Han-
zlick and Aagaard (1980). This allows speculations that a
fraction of the SFSBW heat is released upwards with poten-
tial implication for the ocean–sea-ice–atmosphere interface.
This paper addresses the issue of SFSBW modification in
the ST with a special focus on water dynamics and mixing
occurring along the ST eastern flank. We suggest that verti-
cal mixing promoted by the interaction of the SFSBW with
the Barents and Kara seas outflow can favor an enhanced AW
heat loss, resulting in a consistent delay of freeze-up onset in
fall, sea ice thinning in winter, and earlier spring retreat.

2 Data and methods

Oceanographic CTD transects across the ST (Fig. 2) were
taken from the icebreakerKapitan Dranitsynalong∼ 81◦ N
(24 October 2008) and along∼ 81 and 82◦ N (22–23 Au-
gust 2009 and 2–3 September 2009, respectively), and
from the RV Nikolay Evgenovalong ∼ 81◦ N (22 Septem-
ber 2010). These sections were sampled using a ship-
board SBE19+ CTD (in 2009–2010) and Lockheed Mar-
tin Sippican Expendable Bathythermographs – XBTs and
Expendable Conductivity, Temperature, and Depth Profil-
ers – XCTDs (in 2008). These data were complemented
by oceanographic stations occupied across the ST along
∼ 82◦ N in July 1996 during the ARKXII cruise of the RV
Polarstern (Schauer et al., 2002b). In addition, we used
the velocity data collected from a conventional mooring
equipped with Teledyne RD Instruments 300 kHz Workhorse
Sentinel Acoustic Doppler Current Profilers (ADCPs) mea-
suring velocity through the depth range of 134–218 m and
376–468 m from 24 August 2009 to 22 September 2010.
The mooring was deployed at the eastern slope of the ST
at 81◦01′ N, 73◦02′ E (Fig. 2) in∼ 520 m water depth.

We use gridded satellite data of ice concentration (from
the Integrated Climate Data Center at the University of Ham-
burg, Germany), ice thickness (from the Jet Propulsion Lab-
oratory, USA), and ice drift (from the Center IFREMER of
Brest, France). The sea ice concentration is derived from
the Advanced Microwave Scanning Radiometer for EOS –

Figure 1. Map of the inflow region of Atlantic water (AW) to the
Arctic Ocean. Arrows trace the Atlantic water (AW) pathways; red
and blue arrows show the Fram Strait and Barents Sea branches,
respectively, of the AW inflow into the Arctic Ocean in accordance
with Rudels et al. (1994). The pink arrow shows a fraction of the
Fram Strait branch water flowing west along the shallower trough
between Novaya Zemlya and Franz Josef Land. Dark red and blue
numbered lines in Fram Strait and Barents Sea Opening, respec-
tively, show sections used for verifying the simulated volume trans-
port of AW. Dark blue number indicates the simulated volume trans-
port of AW (defined asT > 3◦C) through the Barents Sea Opening.
Dark red number shows the simulated volume transport of AW (de-
fined asT > 2◦C) in the core of the West Spitsbergen Current. The
black rectangle encloses the region enlarged in Fig. 2. SV – Sval-
bard, FJL – Franz Josef Land, NZ – Novaya Zemlya, SZ – Sever-
naya Zemlya.

AMSR-E (2005–2010) and Special Sensor Microwave Im-
ager/Sounder – SSMIS (2011) (Spreen et al., 2008). The sea
ice thickness is from the Ice, Cloud, and land Elevation Satel-
lite (ICESat) (Kwok et al., 2009). The sea-ice drift is de-
rived from the 89 GHz brightness temperature of the AMSR
(Ezraty et al., 2007). The spatial grid resolution for ice con-
centration, thickness and drift is 6.25, 25 and 31.25 km, re-
spectively. According to Kwok and Cunningham (2008), the
uncertainty of the ICESat sea ice thickness is∼ 0.5 m based
on the assessment with data from submarines and upward-
looking sonars. Comparisons of the satellite derived sea ice
drift data with buoys for a 3-day period show almost no
bias; however, the standard deviation for the ice drift ve-
locity and direction is 6.7 km and 35◦, respectively (Ezraty
et al., 2007). Although the uncertainty of individual scans
of satellite measurements is large, the spatial and temporal
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Figure 2. Map of the northern Kara Sea showing the St. Anna
Trough (ST). Arrows show the Fram Strait branch of the AW in-
flow into the Arctic Ocean, which recirculates in the ST (red ar-
rows, SFSBW) and follows the continental margin (yellow arrows,
FSBW). Crosses depict the positions of CTD stations taken in
September 2009 at two sections crossing the ST at∼ 81 and 82◦ N.
Red squares and circles identify stations taken through the core of
the SFSBW inflow and outflow to/from the ST, respectively. The
yellow square identifies a station taken through the core of the
FSBW boundary current. The pink square depicts the mooring posi-
tion. The pink and blue squares with gray shading identify stations
used for estimates of uncertainty in the vertical heat flux due to
spatial undersampling of the AW jet. The first (yellow/red) num-
ber shows the FSBW/SFSBW core temperature (in◦C) in Septem-
ber 2009. The first pink and blue numbers show temperature at
110 m. The second (white) number is heat content (in MJ m−2)

computed relative to the freezing temperature between 30 to 90 m
depth. The third (black) number denotes the station number.

averaging reduces the associated errors down to about 5 cm
and 0.07 km day−1 for the sea thickness and drift, respec-
tively. The surface air temperature for the ST area used here
is from the National Centers for Environmental Prediction
(NCEP) reanalysis (Kalnay et al., 1996).

In this study we further use ocean velocity, sea ice thick-
ness and concentration, and vertical heat fluxes simulated
with the coupled ocean–sea-ice MIT general circulation
model (Marshall et al., 1997; Adcroft et al., 2004). The
model covers the Atlantic region north of 30◦ S including
the Nordic seas and the Arctic Ocean. It has 50 levels in
the vertical, with resolution varying from 10 m in the up-
per ocean to 550 m in the deep ocean. It was initialized from
rest and with the annual mean temperature and salinity from
the World Ocean Atlas (WOA) 2005 monthly climatology

(Boyer et al., 2005). Bottom topography was interpolated
from the ETOPO2 database (Smith and Sandwell, 1997).

The model was forced at the surface by fluxes of momen-
tum, heat and freshwater computed using bulk formulae and
the 1948–2010 6-hourly atmospheric state from the NCEP
RA1 reanalysis (Kalnay et al., 1996). At the southern open
boundary the model was forced by a 1◦ resolution global
model solution, and at Bering Strait a barotropic net inflow of
0.9 Sv was prescribed. The model sea surface salinity was re-
laxed to the WOA2005 monthly climatology to prevent long-
term drifts. In the area of interest, the Barents and Kara seas
including the ST, the horizontal resolution is 7 km.

The vertical mixing parameterization follows the K-profile
parameterization (KPP) formulation by Large et al. (1994).
Background coefficients of vertical diffusion and viscosity
are both 10−5 m2 s−1. Biharmonic diffusion and viscosity
represent unresolved eddy mixing, both with coefficients of
5×109 m4 s−1. Further details on the model setup and an ap-
plication can be found in Serra et al. (2010).

The model is capable of realistically reproducing the AW
inflow into the Arctic Ocean through the Barents Sea Open-
ing (BSO) and Fram Strait. The vertical structure of temper-
ature and velocity at BSO (Fig. 3a) is in overall agreement
with that shown in Skagseth (2008). The AW and the Bear
Island Trough outflow temperatures (Fig. 3c) are also con-
sistent with observations. Furthermore, the simulated volume
transport of AW (defined asT > 3◦C) of about 1.7 Sv (Figs. 1
and 3e) agrees well with the 1.8 Sv value given in Skagseth
et al. (2008).

In the Fram Strait, the model performs reasonably well in
terms of the vertical structure of mean temperature and ve-
locity (Fig. 3b). The West Spitsbergen Current (WSC) has a
realistic structure, and the temperature of the AW (defined
asT > 2◦C – Fig. 3d) is in agreement with the time series
presented in Beszczynska-Moeller et al. (2012). The long-
term mean (1997–2009) simulated volume transport of AW
in the core of the WSC at Fram Strait of about 1.4 Sv is di-
rectly comparable with the 1.3 Sv presented in Beszczynska-
Moeller et al. (2012) based on measurements by an array of
moorings in Fram Strait over the period 1998–2010 (Figs. 1
and 3f). The maximum mean (2000–2009) temperature in
150–800 m shows that there is a well-defined inflow of AW,
which turns to the right after entering the Fram Strait and
gradually loses heat on the way (Fig. 4).

The model’s ability to adequately simulate the AW dynam-
ics, and thus to elaborate the relationships between the AW
dynamics and ice conditions over the ST region, is briefly
discussed elsewhere (Dmitrenko et al., 2012). They also re-
ported on a fair model capability in reproducing the basic
hydrography for the downstream area over the Laptev Sea
continental margin.
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Figure 3. Simulated and observed characteristics of the AW inflow
into the Arctic Ocean through the (left) Barents Sea Opening from
Bear Island to Norway (BSO) and (right) Fram Strait. The first
row shows the simulated mean temperature (in color) and veloc-
ity (contour lines) in(a) the Fram Strait from 2002 to 2008, as in
Beszczynska-Moeller et al. (2012) and(b) the BSO from 2003 to
2005, as in Skagseth (2008). Positive velocities in(a) and (b) are
to the east and north, respectively.(c) Temperature in the AW layer
(blue – model, green – observations) defined as the mean between
72–73◦ N and 50–200 m and in the outflow water in the Bear Island
Trough (red – model, cyan – observations) at 73.5◦ N, defined as
the mean from 300 to 450 m. Definitions and observational data are
from Skagseth (2008).(d) The AW mean temperature in the core
of the West Spitsbergen Current (WSC) from the model (blue) and
observations (green), defined as waters withT > 2◦C between and
8◦40′ E. Definition and observational data are from Beszczynska-
Moeller et al. (2012).(e) The AW (defined asT > 3◦C) volume
transport through the BSO as simulated by the model (blue) with
the 1997–2006 mean from observations (green) superimposed (Sk-
agseth et al., 2008).(f) The AW volume transport in the WSC (AW
defined as ind), from the model (blue) and observations (green) by
Beszczynska-Moeller et al. (2012).

3 Results

First, we focus on the patterns of the CTD profiles taken in
2009, which captured the cross-trough temperature maxima
in the intermediate water layer conditioned by the AW in-
flow into the Arctic Ocean. We suggest that these temperature
maxima trace the SFSBW pathway in the ST (red arrows in

Figure 4. The maximum mean (2000–2009) simulated temperature
(◦C) in 150–800 m.

Fig. 2). Second, we discuss the density structure across the
ST with a main focus on the eastern flank, where the ST out-
flow is conditioned by the interaction between the Barents
Sea outflow and the SFSBW. Third, we focus on the sheared
flow along the ST eastern slope, revealed from directly mea-
sured, inferred (using geostrophy) and simulated velocities.

The 2009 survey shows the SFSBW core temperatures
to decrease continuously along the SFSBW pathway from
2.54◦C (station 85) to 2.35◦C (station 23) over the ST west-
ern flank, and to 2.20◦C (station 25) and 2.09◦C (station 77)
over the ST eastern flank (Figs. 2, 5a and b). The same pat-
tern was found by Hanzlick and Aagaard (1980) based on five
CTD transects crossing the ST from∼ 79 to 82◦ N in 1966,
except that in the 1960s the temperatures were about 1◦C
lower. For the SFSBW inflow, the overlaying water layer
from 50 to∼ 100 m exhibits well-defined staircases indicat-
ing double diffusive upward heat flux from the warm AW
layer (Fig. 5a and b). In contrast, the SFSBW outflow shows
heavily eroded double diffusive staircases in the upper AW
layer. In addition, over the eastern flank of ST, the halocline
and the upper SFSBW (15–80 m) are fresher and less dense
relative to the western flank by∼ 0.3–1.0 psu (Fig. 5a and
b), and 0.3–0.7 kg m−3, respectively. At the same time, we
observe a deepening of the thermocline and, to a lesser ex-
tent, the halocline. All these patterns are in agreement with
those revealed by the CTD profiles taken in 1996 (Fig. 5c)
and 2008 (not shown; note that no hydrographic informa-
tion for the western ST is available for 2010). The 1996
CTD profiles taken in July show a relatively cool and saline
surface layer with lower/higher salinity/temperature vertical
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Figure 5. Vertical profiles of temperature (red,◦C) and salinity
(black, psu) in the upper 200 m layer taken in July 1996 and Septem-
ber 2009 through the core of SFSBW inflow (solid line,a – station
23,b – station 85,c – 81◦27′ N, 65◦51′ E) and outflow (dashed line,
a– station 25,b – station 77,c– 81◦17′ N, 72◦01′ E) to/from the ST.
(b) The dotted line depicts the CTD profile taken in September 2009
through the core of the FSBW boundary current (station 80). For
station positions in 2009 see Fig. 2. Gray shading highlights the
outflow from the ST modified by vertical mixing.

gradients comparing to the 2009 profiles taken in late August
to early September (Fig. 5). This difference implies the role
of seasonal variability attributed to the sea ice melting and so-
lar heating. The higher temperature of the inflowing SFSBW
in 1996 compared to 2008 is due to the warm AW anomaly
entering the Arctic Ocean through the Fram Strait in the
1990s (e.g., Schauer et al., 2002b). We also note that in 2009
the intermediate temperature maximum (Tmax = 2.74◦C) in
the central part of the ST mouth at 82◦ N (station 80, Figs. 2
and 5b) exceeds that of the inflowing SFSBW by 0.2–0.4◦C.

The observations in 1996 and 2008–2010 consistently
show denser water at the eastern flank of the ST below
the halocline layer deeper than 50 m (Fig. 6). In 1996,
over the ST eastern flank shallower than∼ 300 m, the den-
sity front extended throughout the water column (Fig. 6a).
At 150 m, the potential density gradient across the eastern
flank along 81◦ N ranged from 0.09× 10−2 kg m−3 km−1 in
2010 (Fig. 6d) to 0.18× 10−2 kg m−3 km−1 in 2008–2009
(Fig. 6b and c). At 300 m, the cross-slope density gradi-
ent in 2008–2010 was more uniform with∼ 0.16–0.18×

10−2 kg m−3 km−1 (Fig. 6b–d). For comparison, in 1996, the
density gradient across the eastern flank was∼ 0.22× 10−2

and 0.09× 10−2 kg m−3 km−1, at 150 and 300 m, respec-
tively (Fig. 6a). Moreover, in 1996 the surface layer is denser
(saltier), and consequently the surface layer stratification is
weaker (Fig. 5a).

The mean velocity profile derived from the 2009–2010
year-long ADCP velocity measurements at the eastern flank
shows a relatively stable, nearly barotropic northward flow
aligned to∼ 2◦ in 140–220 m and to∼ 11◦ in 380–460 m,
which is consistent with the orientation of the ST eastern
flank. The flow strength slightly increases with depth from
17± 7 cm s−1 at 140 m to 18± 7 cm s−1 at 200 m (Fig. 6b),

Figure 6. The 10 m binned cross-trough sections of potential den-
sity (σ–zero, kg m−3) along 81◦ N for (a) July 1996,(b) Septem-
ber 2008,(c) September 2009 and(d) October 2010. Black and
gray triangles on the top identify positions of CTD and XCTD
stations, respectively. Following Fig. 2, the red square and circle
and the white square identify stations taken through the core of the
SFSBW inflow and outflow to/from the ST and mooring position,
respectively, with their reference numbers on the top. Red dashed
lines identify locations of the geostrophic velocity profiles shown in
Fig. 7a. The white dashed line highlights theσ–zero = 28 kg m−3,
which roughly corresponds to the core of the cooler fraction of
BSBW (Dmitrenko et al., 2008a, 2009).

21± 5 cm s−1 at 380 m, and 23± 5 cm s−1 at 460 m (not
shown). This is in agreement with the ship-board ADCP ob-
servations in 1996 showing the northward sub-surface flow
of ∼ 25–30 cm s−1 (Fig. 7b, see Schauer et al., 2002a, for
more details). In addition, the velocity profile in Fig. 7b
demonstrates a velocity difference of∼ 20 cm s−1 in the
upper 90 m. The sheared flow is also evident from the
geostrophic velocity profiles at the mooring position in the
ST eastern flank derived from dynamic heights relative to the
0 dbar pressure surface using the potential density profiles
from the nearest CTD stations (Figs. 6 and 7a). The simulated
velocities also demonstrate a northward sheared flow along
the ST eastern flank, but twice as large as the geostrophic
velocities (Figs. 7c, d, and 8).
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Figure 7. Vertical velocity profiles for the northward current over
the ST eastern flank:(a) geostrophic,(b) measured and(c) simu-
lated for each grid node over the ST eastern flank between 78 and
81◦ N (gray lines, averaged for 2003–2010 using annual mean ve-
locity profiles) with their mean (black line).(d) Vertical profile of
the simulated velocity shear at the mooring position averaged for
2003–2010 using daily mean velocity profiles.(b, d) Error bars
show 1 standard deviation from the mean.

4 Discussion

4.1 Heat loss from the AW in the ST: causes

Expanding on the AW circulation scheme suggested by
Rudels et al. (1994) (Fig. 1), we have demonstrated that a
significant portion of the heat associated with the SFSBW in
the ST disappears en route through the ST. In this context,
our observations confirm earlier findings by Hanzlick and
Aagaard (1980). This concept, however, requires explanation
for the AW intermediate temperature maximum of 2.74◦C
observed in the ST mouth at 82◦ N (station 80) that exceeds
the temperature of the SFSBW inflow and outflow by 0.2 and
0.65◦C, respectively (Fig. 5a and b).

The current view on the AW circulation in the Eurasian
Basin, as proposed by Rudels et al. (2004), implies that the
FSBW could potentially feed all three temperature maxima
along 82◦ N recorded at stations 77, 80, and 85 (Fig. 2).
However, the formation of each maximum is due to differ-
ent FSBW branches. That is, if the ST on-slope temperature
maxima are associated with SFSBW, then the AW temper-
ature maximum in the ST mouth could be attributed to the
boundary current of the FSBW flowing along the Siberian
continental slope (yellow arrows in Fig. 2). The double dif-
fusive staircases noticeable in station 80 (Fig. 5b) provide
indication of attributing the intermediate temperature max-
imum of 2.74◦C to the core of the FSBW that follows the
Siberian continental slope rather than to the SFSBW. In con-
trast to the SFSBW inflow (stations 23 and 85), the CTD pro-
files taken in the SFSBW outflow (stations 25 and 77) show
heavily eroded double diffusive staircases (Fig. 5a and b).
The ST outflow also exhibits strong modification at the upper
AW interface, which is likely caused by vertical mixing and
interaction with cooler and fresher surface water of Barents
Sea origin. In contrast, the temperature and salinity profiles
in the ST mouth (station 80) are only slightly modified at the
upper AW interface and maintain double diffusive staircases

Figure 8.The 7-year mean (2003–2010) simulated velocity vertical
difference (1V ) in the 0–75 m layer (m s−1) in the northern Kara
Sea with overlaid simulated mean(a, b) sea-ice thickness (m) and
(c, d) concentration (%) for(a, c)October and(b, d) July. Crosses
depict locations along 81◦ N where the measured June–November
time series of sea-ice concentration are compiled in Fig. 12.(a) The
arrowed number shows±1 standard deviation for the1V maxi-
mum over the ST eastern flank and Kara Sea continental margin
obtained using monthly mean velocity data.

that are almost disrupted in stations 25 and 77 (Fig. 5a and
b).

The enhanced turbulent diffusivity usually results in sub-
stantial degradation of the thermohaline staircases, and the
turbulent mixing associated with shear instability nearly dis-
rupts the double-diffusive staircases (e.g., Melling et al.,
1984; Dmitrenko et al., 2008a). Over the ST eastern flank,
turbulent mixing between the upper SFSBW and overlaying
cooler and fresher Barents and Kara Sea waters may be in-
ferred from the velocity shear across the upper SFSBW inter-
face (Figs. 7 and 8). The cross-trough potential density distri-
bution in Fig. 6 is also consistent with a sheared geostrophic
flow above the eastern ST (Fig. 7a). Under this scenario,
the SFSBW inflow (double-diffusive staircases present) has
not been affected by enhanced turbulent mixing, while the
SFSBW outflow (no double-diffusive staircases present) has
experienced turbulent mixing during propagation along the
eastern ST. The FSBW boundary current at the central ST
(station 80) has been partly affected by turbulent mixing, but
double-diffusive staircases remain recognizable.

The sheared flow along the eastern ST in the upper
100 m layer is evident from direct current observations
(Fig. 7b), geostrophic velocity calculations (Fig. 7a), and
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model simulations (Figs. 7c, d and 8). However, the differ-
ence between measured and geostrophic velocities indicates
that the SFSBW flow along the eastern ST is not entirely
density driven. In this context, Kirillov et al. (2012) recently
showed that wind forcing over the northern Kara Sea is im-
portant in facilitating the SFSBW outflow from the ST. The
gradient Richardson number (Ri) provides a strong constraint
for identifying turbulence produced by shear instability. It is
defined asRi=N2 S−2, whereN is the Brunt–Väisälä fre-
quency, andS is the flow vertical shearS = [(dU/dz)2

+

(dV/dz)2
]
1/2. Turbulent mixing can be assumed to occur

for Ri< 1 (e.g., Polzin, 1996). Considering a velocity shear
S ∼ 0.004 s−1 and the stratification in the 30–90 m layer ob-
served in 1996 (Figs. 6d and 7b) results inRi= 3.7, which
significantly exceeds the criterion. Simulations show, how-
ever, that velocity shear across the surface layer might reach
0.007 s−1 (Fig. 7d). Assuming the higherS ∼ 0.007 s−1 in-
duced by the SFSBW northward velocityV ∼ 40 cm s−1,
as measured in January 2010 (not shown), theO(Ri) = 1.4
might possibly allow for turbulent mixing, taking into ac-
count reduced salinity (density) stratification in winter due
to sea-ice formation. While it cannot be shown explicitly that
shear instability is entirely responsible for the enhanced ver-
tical mixing, it may play a role in facilitating upward fluxes
from the AW over the ST eastern slope.

An important amount of the AW heat loss in the ST may
be attributed to strong vertical mixing over the ST flanks
and associated rough topography. Sundfjord et al. (2007) and
Sirevaag and Fer (2009) concluded that the Arctic turbulent
mixing is important along the boundaries and steep bottom
topography. The enhanced vertical diffusion can be also as-
sociated with elevated tidal forcing over the sloping topogra-
phy (e.g., Dewey at al., 1999). In the following, however, we
show that the enhanced vertical heat loss occurs specifically
over the ST eastern flank, the area where the SFSBW flows
to the Arctic Ocean.

4.2 Heat loss from the AW in the ST: estimates

In 2009, the heat content of the SFSBW inflow over the
western ST flank computed relative to the freezing temper-
ature between 30 to 90 m depth decreased by∼ 340 MJ m−2

upon reaching the eastern flank. For example, at 81◦ N
the heat content between 30 to 90 m depth decreased from
796 MJ m−2 at station 23 (SFSBW inflow) to 457 MJ m−2 at
station 25 (SFSBW outflow). We note, however, the oppo-
site tendency of the heat content over the eastern ST between
stations 25 and 77, showing increase from 457 MJ m−2 at sta-
tion 25 to 584 MJ m−2 at station 77 (Fig. 2). This discrepancy
seems to be attributed to a crude spatial resolution of our time
snapshot CTD data, which are insufficient to resolve the rel-
atively narrow jet of the AW outflow from the ST. At 81◦ N,
the horizontal cross-slope temperature gradient between sta-
tions 26 and 27 at 110 m (depth of the temperature maximum
at station 25 – Fig. 3a) is 0.18◦C km−1, and the horizontal

cross-slope gradient of heat content is 16.25 MJ m−2 km−1

(Fig. 2). We hypothetically extend this gradient further off-
slope to station 26 in order to obtain an estimate of uncer-
tainty related to spatial undersampling of the relatively nar-
row AW jet between stations 25 and 26. This approach gives
heat content estimates from 457 MJ m−2 to 629.75 MJ m−2

in ∼ 4 km to 15 km off station 26, respectively (note that the
distance between station 25 and 26 is∼ 16 km). This sug-
gests the upper bound of potential heat content underestimate
at station 26 to be 173 MJ m−2.

In the following we assume that all heat loss in the SFSBW
occurs along the ST eastern flank downstream of the SFSBW
confluence with the Barents Sea water outflow to the ST at
∼ 78◦ N. This assumption is based on the hypothesis that
the SFSBW heat loss is primarily driven by the velocity
shear over the ST eastern flank, in line with model simula-
tions showing no velocity shear over the ST western flank
(Fig. 8). This suggestion also implies neglecting the double
diffusive heat loss from the AW over the ST western flank,
which is justified by the typical double diffusive heat flux
estimated in the Arctic Ocean to 0.6 W m−2 (Sirevaag and
Fer, 2012). Moreover, this assumption is also based on the
structure of the temperature profiles, showing that the major
part of the deepening of the upper SFSBW interface occurs
from 81◦ N on the western flank to 81◦ N on the eastern flank
(Fig. 5). Furthermore, we neglect the lateral heat loss, par-
ticularly by a fraction of the SFSBW flowing west along the
shallower trough between Novaya Zemlya and Franz Josef
Land – Fig. 1 (e.g., Schauer et al., 2002a; Gammelsrød et al.,
2009).

The travel time along the eastern ST flank between 78◦ N
and the mooring location at 81◦ N is estimated using north-
ward along-trough velocities simulated with the MIT model.
At each grid node over the eastern flank, the simulated veloc-
ity profiles were averaged from 2003 to 2010 (Fig. 7c). The
mean velocity profile computed from averaging all individual
profiles over the eastern ST shows∼ 10 cm s−1 northward
velocity for the SFSBW core at∼ 90 m (Fig. 7c). This ve-
locity implies a∼ 40-day travel time from 78 to 81◦ N along
the ST eastern flank, the area where the heat content of the
SFSBW was suggested to reduce by∼ 340 MJ m−2. This is
equivalent to an upward vertical heat flux from the SFSBW to
the low halocline water of∼ 100 W m−2. This rough estimate
is similar to those reported by Sirevaag and Fer (2009) for the
area north of Svalbard where the upward heat loss from the
AW is among the largest throughout the Arctic Ocean (e.g.,
Steele and Morison, 1993). For comparison, over the Laptev
Sea continental margins, Polyakov et al. (2012) estimated the
heat flux across the upper AW interface of∼ 8 W m−2. Mi-
crostructure measurements over the Laptev Sea continental
shelf break reveal upward heat fluxes of 12 W m−2 (Lenn
et al., 2011). An estimate of the uncertainty in the vertical
heat flux owing to spatial undersampling of the AW jet at
81◦ N is obtained based on the heat content underestimate
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Figure 9. The 7-year mean (2003–2010) simulated vertical heat
fluxes (W m−2) across the upper SFSBW interface at 75 m show-
ing enhanced heat loss over the ST eastern flank as well as over
the Nansen Basin continental margin. Positive numbers indicate up-
ward heat flux. The bathymetry is in meters. Yellow dashed rectan-
gular depicts the area over the ST eastern flank where the simulated
heat flux is averaged for compiling the time series shown in Fig. 10.

by 173 MJ m−2, which reveals the heat flux lower bound of
∼ 50 W m−2.

Over the ST eastern flank, our model simulations show a
mean upward heat flux across the upper SFSBW interface
with values up to 30–50 W m−2 (Fig. 9) that is about half
or less the heat loss compared with estimates inferred from
CTD observations in the ST. The areal mean over the ST
eastern flank is 21±18 W m−2. The difference between sim-
ulated and CTD-derived values indicates that the double dif-
fusive heat loss over the ST western flank and the lateral heat
loss might be also important. On the other hand, the model
presents a large spatial and temporal variability in the ver-
tical heat fluxes at the upper SFSBW interface, with values
at times exceeding 80 W m−2 (Fig. 10). The daily averaged
values of the upward heat flux in the model ST eastern flank
(Fig. 10) present a seasonal cycle of about 20 W m−2, show-
ing a main maximum in early spring and a secondary max-
imum in early winter. Furthermore, strong interannual vari-
ability on the occurrence of the spring maximum can be no-
ticed.

In view of such strong variability, the inconsistency to the
observations might be, in part, attributed to unresolved tem-
poral variability in the measurements. An incomplete mixing
scheme in the model might also provide an explanation for
model–observational discrepancies. Finally, the discrepancy
between estimates derived from simulations and CTD data
can also be explained by spatial undersampling of the AW
jet over the ST eastern slope. The lower bound of heat flux at

Figure 10.Time series (2003–2010) of daily mean simulated verti-
cal heat fluxes (W m−2) across the upper SFSBW interface at 75 m
averaged over the ST eastern slope (the area depicted by the yel-
low dashed rectangle in Fig. 9). The black dashed line indicates
the 2003–2010 mean (20.5 W m−2) and the gray shading shows±1
standard deviation from the mean.

∼ 50 W m−2 retrieved from the CTD data is consistent with
the 7-year mean simulated vertical heat fluxes (Fig. 9).

In summary, both the CTD data and the model simulation
suggest the upward heat loss from the AW layer in the ST
eastern flank, significantly exceeding that over the Siberian
continental margin. The spatial undersampling results in rela-
tively high uncertainty of our observationally based heat loss
estimates. However, even at the lower bound of∼ 50 W m−2

the amount of heat transferred to the upper layer is capable
of modifying the sea ice cover, as we discuss in the following
section.

4.3 Heat loss from the AW in the ST: impact on sea ice

In what follows we test our hypothesis of enhanced SFSBW
heat loss in the ST by using sea-ice remote sensing data.
The fraction of the AW heat expended for heating the over-
laying water depends on the characteristics of the Barents
Sea outflow. However, any upward heat flux reaching the sea
surface will eventually affect the ocean–sea-ice–atmosphere
interface (e.g., through reduced sea-ice thickness, enthalpy
flux to the atmosphere and delayed freeze-up). The winter
mean (February–March) sea-ice thickness derived from five
ICESat winter campaigns in 2004–2008 (Kwok et al., 2009)
shows an area with negative anomalies of∼ 20 cm stretching
from the ST mouth towards Severnaya Zemlya following the
Nansen Basin continental margin (Fig. 11a; note that there is
no available ICESat data south of 81◦ N). This is consistent
with the simulated velocity difference in Fig. 8 and enhanced
upward heat loss along the SFSBW pathway (Fig. 9). In
February–March 2004–2008, the ice drift over the ST mouth
is mainly westward with a mean velocity of∼ 4 km day−1

(Fig. 10b and c). The mean width of the ST eastern slope at
the ST mouth is∼ 50 km. This yields a∼ 12.5-day pack ice
residence time over the ST eastern slope at 82.5◦ N, where
pack ice is exposed to the enhanced upward vertical heat flux
from the SFSBW. The 20 cm sea-ice decrease in 12.5 days
requires an upward heat flux of∼ 60 W m−2 to the ice–
water interface, which is comparable to that obtained from
the model simulations (Fig. 9).
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Figure 11.The 2004–2008 winter mean (February–March)(a) sea
ice thickness (m) and(b) zonal and(c) meridional sea ice drift
(km day−1) derived from AMSR data. The dashed oval highlights
the ST region.

The time series of ice concentration across ST at 81◦ N
reveals later freeze-up and earlier sea-ice decline at the east-
ern flank (73◦ E; mooring position), lagging the more west-
ern and eastern locations at 68 and 78◦ E, respectively, by
∼ 0.5–2.5 months (Fig. 12). This is in agreement with sim-
ulated sea-ice concentrations showing consistent reduction
over the ST eastern flank during freeze-up (October, con-
tours in Fig. 8c) and melting (June, contours in Fig. 8d).
For estimating the sea-ice growth during freeze-up, we use
the semi-empirical method based on an analytical model
known as the classical Stefan law (Stefan, 1891) that links
the thermodynamic sea-ice growth to the cumulative sur-
face air temperature below freezing. The accumulated sea-
ice growth time series for 2005–2011 computed based on the
surface air temperature from the NCEP reanalysis are shown
in Fig. 13. For simplicity, we focus on satellite overpass times
where the estimated thermodynamic sea-ice growth reaches
∼ 20 cm, which roughly corresponds to the fall and winter
sea-ice thickness anomaly over ST in Figs. 8a and 10a, re-
spectively. In contrast to the expected thermodynamic sea-
ice growth of∼ 20 cm, the ST eastern flank remains ice free
even during the late fall at air temperatures far below freez-
ing (∼ −15◦C). For instance, on 25 October 2005 (Fig. 14a)
the NCEP-derived daily mean air temperature was as low
as−14◦C, which corresponds to a thermodynamic sea-ice
growth of ∼ 2 cm day−1 (Fig. 13). Melting this amount of
ice requires∼ 70 W m−2, a value approaching the upward
heat flux inferred from the model simulation (Figs. 9 and 10).
We note that this method overestimates the heat loss because
Stefan’s law does not account for solar insolation.

The observed ice-free area, stretching along the ST east-
ern flank (Fig. 14), is fully consistent with our assumption of
a substantial AW heat loss along the eastern flank corrobo-
rated by the model simulation. Figure 14 is also in agreement
with simulated sea ice thickness and concentration showing
significant reduction over the ST eastern flank in October
(Fig. 8a and c). Another remarkable feature of sea ice in the
ST is that in 2005, 2007, 2008, 2009 and 2011 the area of re-
duced sea-ice concentration (45–85 %) was stretched along
the ST eastern flank further north to the ST mouth at∼ 82◦ N
where it turned east following the Nansen Basin continental

Figure 12. Observed June–November time series of sea ice con-
centration (%) at three locations along 81◦ N depicted with crosses
in Figs. 8 and 12a: 68◦ E (black), 73◦ E – mooring position (red),
and 78◦ E (blue). Black/blue numbers at the top show the time lag
(1T , days) between 73◦ E and 68/78◦ E on reaching the 50 % sea
ice concentration.

slope (e.g., Fig. 14c). This is also in line with (i) the spa-
tial distribution of sea ice thickness anomaly in Fig. 11a and
(ii) the enhanced AW heat loss simulated along the Kara Sea
continental slope (Fig. 9).

The BSBW, entering the Arctic Ocean along the ST, can
also potentially impact the sea ice in this region (compare
the BSBW pathway and configuration of the open water area
in the ST – Figs. 1 and 13). At the Barents Sea exit be-
tween Novaya Zemlya and Franz Josef Land, Årthun and
Schrum (2010) simulated a long-term mean surface heat flux
from the ocean of∼ 10 W m−2, which modified the ice cover
distribution as shown in Årthun et al. (2012). However, en
route to the ST, the warm core of the BSBW with tempera-
tures above 0◦ and salinities between 34.8 and 35 psu is de-
coupled from the sea surface occupying the depths deeper
than 70–100 m (Gammelsrød et al., 2009; Lien and Trofimov,
2013). Within the ST, the warm BSBW core submerges even
below the SFSBW (e.g., Dmitrenko et al., 2008a, 2009). This
suggests that the BSBW does not play a role in modifying the
sea-ice conditions over the ST through direct heat loss.

5 Summary and concluding remarks

We have shown that the St. Anna Trough is one area of the
Arctic Ocean where AW heat loss can modify the ocean–sea-
ice–atmosphere interface affecting both the formation and
decay of sea ice. In this sense, the St. Anna Trough is similar
to an “ice bay” known as Whalers’ Bay formed by inflowing
Fram Strait branch of AW north of Svalbard (e.g., Rudels,
2010; Ivanov et al., 2012). The sheared St. Anna Trough out-
flow to the Arctic Ocean is evident from shipboard ADCP as
well as from geostrophic velocities and a numerical model
simulation. Although no clear evidence for the occurrence of
shear instabilities could be obtained, we speculate that the en-
hanced upward heat flux in the St. Anna Trough is promoted
by a vertical velocity shear along the St. Anna Trough east-
ern flank. We show that the zone of lowered sea ice thickness
and concentration essentially marks the Fram Strait branch
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Figure 13. Time series of accumulated thermodynamic sea ice
growth (cm) computed for October–November 2005–2011. Dashed
lines indicate days in October–November when sea ice thickness
reached 20 cm.

pathway in the St. Anna Trough and adjacent Nansen Basin
continental margin from both sea-ice remote sensing obser-
vations and a model simulation.

Our analysis was significantly limited by the availability
of velocity data, and our heat flux estimates based on CTD
observations were necessarily illustrative. Our cross-trough
CTD transects are time snapshots, and the crude spatial reso-
lution is insufficient to resolve the jet of the AW outflow from
the St. Anna Trough. We also note that our estimates of the
heat flux at the ice–water interface using sea-ice remote sens-
ing show a lower bound because water and sea-ice dynamics
are not taken into account. Moreover, we note that heat loss
from the St. Anna Trough recirculating Fram Strait branch
is not entirely available for sea-ice melt, and its important
fraction is likely to be consumed for modifying the overlay-
ing water and atmospheric boundary layer. The lateral and
downward heat loss were not considered and estimated. We
also note that although Stefan’s law is a simplification of the
requisite physics it does provide first-order agreement in our
observed surface temperature fluxes and the thermodynamic
response of the sea ice.

Finally, our CTD observations cover a relatively short pe-
riod of time, while over the last several decades the tem-
perature of the FSBW has shown sustainable tendency to
rise with several significant warm pulses in the 1990s (e.g.,
Schauer et al., 2002b) and 2000s (e.g., Dmitrenko et al.,
2008b). In fact, our conclusions are based on measurements
taken in 1996 and 2008–2010 during the warm pulses of the
AW inflow into the Arctic Ocean through the Fram Strait.
These conditions represent relatively well the modern ten-
dency of FSBW temperature to rise. At the same time, the
physical mechanisms of the upward heat loss in the ST are
not obvious, in the light of the ongoing warming with a pos-
sible increased ocean heat transport from the Atlantic into the
Arctic Ocean (e.g., Koenigk and Brodeau, 2013). It seems
that they depend not only on the AW temperature in the
SFSBW but also on the vertical velocity shear controlled by

Figure 14. (a–f) The AMSR-E and(g) SSMI sea ice concentrations
(%) in October–November 2005–2011. Crosses in(a) depict loca-
tions along 81◦ N where the June–November time series of sea ice
concentration shown in Fig. 12 are compiled.

the horizontal density gradient across the ST eastern flank
(Figs. 6 and 8). In turn, this gradient is conditioned by the
density difference between the SFSBW and the Barents Sea
outflow to the Arctic Ocean through the St. Anna Trough.

The deficiencies in our analyses clearly define a necessity
for further research in this area to quantify the efficiency of
shear instability in facilitating the heat loss from the St. Anna
Trough recirculating Fram Strait branch, involving advanced
field experiments and further analyses of model simulations.
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