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Abstract The heat influx of the Atlantic water and its interannual variability through the Fram Strait
toward the Arctic Ocean are examined by using a realistically configured ice-ocean general circulation
model. The modeled routes of the Atlantic water and high eddy activity around the Fram Strait are consist-
ent with many observations. Two-thirds of the heat transported by the Atlantic water passing through the
Fram Strait (788N) is lost by the westward transport and the sea surface cooling, and the other one-third is
injected to the Arctic Ocean. The contribution of oceanic eddy to the westward heat transport is 5% of that
of mean current. The variability of sea level pressure anomaly centered at the Nordic Seas explains the inter-
annual variability of the heat passing through the Fram Strait, transported westward, and cooled at the sea
surface in the north of the Fram Strait. The interannual variabilities of these heat fluxes have significant cor-
relations with the NAO. The interannual variability of heat transported by the Atlantic water and entering
the Arctic Ocean is caused by the variability of the Siberian high.

1. Introduction

Satellite observations revealed that the area of the summer Arctic sea ice has steadily decreased in recent
decades [Comiso et al., 2008]. Submarine-observed data further indicate that its thickness has also been
declining [Rothrock et al., 1999, 2008]. A lot of attention is paid to possible influences of the rapid loss of the
Arctic sea ice on the climate system [Serreze et al., 2007; Screen and Simmonds, 2010]. The changes in Arctic
sea ice also have a significant socioeconomic impact through maritime logistics, since the decrease of sea
ice is expected to extend the available period of the Arctic ship route. Interannual variability of the Arctic
sea ice is controlled not only by heating or cooling by the atmosphere but also by the heat flux from the
ocean underneath. Cold low salinity water originated in the river runoff covers the sea surface in the Arctic
Ocean. Warm Pacific Water passing through the Bering Strait lies just below it, and a change of its behavior
caused the recent drastic decline of Arctic sea ice [Shimada et al., 2006]. Below Pacific Water, the Atlantic
Layer Water is found (�150–400 m depth), which is originated from the Atlantic water entering through the
Fram Strait and contains a larger amount of heat than Pacific Water [Aagaard and Greisman, 1975; Lique,
2015]. It melts the Arctic sea ice through the significant upward heat flux by the enhanced vertical mixing
over the rough topography [Rippeth et al., 2015] and double diffusion [Polyakov et al., 2012] along the
Barents and Laptev Slopes.

Walczowski and Piechura [2006] showed that the heat content of the Atlantic water, which is transported by
the West Spitsbergen Current (WSC), increased to the south of 798N during the 2001–2005 period based on
the conductivity and temperature depth (CTD) profiler observations. Mooring observation data indicated
warming of the Atlantic water at the Fram Strait (798N) [Schauer et al., 2004, 2008]. An increase of tempera-
ture, by 0.88C from February to August 2004, is observed for Atlantic Layer Water flowing along the Eurasian
continental slope by mooring at the north of the Laptev Sea [Dmitrenko et al., 2008]. Warming of Atlantic
Layer Water is observed also in the Makarov Basin in the first half of the 1990s [Aagaard et al., 1996]. Several
observations reported that Atlantic Layer Water had been warming in the 1990s and 2000s in the Canadian
Basin [Carmack et al., 1995; Shimada et al., 2004]. As describe above, many observations have implied that
the warming of the Atlantic water transported through the Fram Strait causes the warming of Atlantic Layer
Water. The warming of Atlantic Layer Water could contribute to drastic reduction of the Arctic sea ice in the
future [Polyakov et al., 2010; Lique, 2015].
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For monitoring the water passing through the Fram Strait, many moorings have been deployed and repeated
CTD observations have been conducted along 798N [Schauer et al., 2008; Beszczynska-M€oller et al., 2012]. On the
other hand, the ocean circulation and its variability to the north of 798N have not been described so clearly as
those to the south due to the observational difficulty caused by sea ice. The Yermak Plateau Branch (YPB),
which is the boundary current along the margin of the Yermak Plateau, and Svalbard Branch (SVB), which flows
along the northern continental slope of the Svalbard, bifurcate from the WSC at �808N (Figure 1) [Aagaard
et al., 1987]. Cokelet et al. [2008] exhibited that the temperature of the Atlantic water decreased by 0.258C/
100 km toward the downstream along the SVB by the CTD observation in fall 2001. This implies that there are
some mechanisms which function to reduce the heat transported by the Atlantic water into the Arctic Ocean.

Aagaard et al. [1987] suggested that a part of the YPB returns to the Atlantic Ocean as a returning current at the
north of 808N and the remaining part enters the Arctic Ocean. Several returning currents are observed along oce-
anic bottom fracture zones [Quadfasel et al., 1987; Bourke et al., 1988]. An observation conducted in 2002 around
the East Greenland Current (EGC) implied that the Atlantic water transported by the YPB to the north of 818N flows
along the Yermak Plateau and into the Arctic Ocean without returning to the Greenland Sea [Rudels et al., 2005].

A tortuous or vortical structure of sea-ice margin observed by satellite and aircraft suggests that the warm
Atlantic water is transported by mesoscale eddies and melts the sea ice on the eastern side of Greenland
[Johannessen et al., 1987, 2003]. A simplified model showed that 1.4 TW (1 TW 5 1012 W) of heat is drawn
away from the WSC by meandering and eddies formed as a result of barotropic instability [Teigen et al.,
2010].

Figure 1. (top) The bathymetry of the Nordic Seas, the Barents Sea, and the Nansen Basin. (bottom) A schematic for the circulation of
warm/salty Atlantic water (red arrow) and cold/fresh East Greenland Current (blue arrow) around the Fram Strait.
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Although some observational studies quantified the effect of eddies and returning currents on the inflow of
the Atlantic water to the Arctic Ocean, the spatial and temporal sparseness of such observations prohibits
us from adequately validate those estimates. A realistically configured ocean general circulation model
could be of help in this regard. However, it is difficult for low-resolution models to explicitly simulate the
eddy activity around the Fram Strait, because the deformation radius is small due to high latitude. The
northward transport of the Atlantic water by the narrow WSC, whose width is several tens of kilometers, is
not explicitly reproduced in low-resolution models. Maslowski et al. [2004] utilized a pan-Arctic high-resolu-
tion (horizontal grid size is �9 km) ocean model and demonstrated the comparable contribution of Atlantic
water inflow by the Fram Strait and Barents Sea branches. Aksenov et al. [2010] also studied on the mass,
heat and salt flux in a similar resolution ocean model and showed the larger contribution of the Fram Strait
branch to heat flux to the Arctic Ocean than that of Barents Sea branch. Since horizontal grid sizes of state-
of-the-art high-resolution ice-ocean models are �8–9 km, they cannot completely resolve the mesoscale
eddy activity around the Fram Strait [Maslowski et al., 2004; Aksenov et al., 2010, 2011]. Moreover, those pre-
vious modeling studies have not shown the factors of interannual variability of heat flux at the Fram Strait.
In this study, we try to reproduce the Atlantic water inflow (the WSC and eddy activity) to the Arctic Ocean
as realistically as possible by using an ice-ocean model with high-horizontal resolution around the Fram
Strait. Then, we examine the heat transport to the Arctic Ocean by the Atlantic water passing through the
Fram Strait with focusing on: (1) the amount of heat removed by eddies, returning currents, and sea surface
cooling, and (2) factors controlling the interannual variability of heat transport at the north of the Fram
Strait (798N).

2. Model Description and Experimental Design

The ice-ocean general circulation model employed in this study is COCO version 4.5 [Hasumi, 2006]. The
model incorporates a second-order moments conserving scheme for tracer advection [Prather, 1986]. A tur-
bulence closure scheme based on a generic length-scale equation [Umlauf and Burchard, 2003] is applied
for diagnosing vertical viscosity and diffusivity. The effect of submesoscale eddy is also parameterized
[Fox-Kemper et al., 2008; Fox-Kemper and Ferrari, 2008]. Background vertical diffusivity is 1.0 3 1026 m2 s21,
which is quite smaller than that typically used in the other basins, based on a microstructure measurement
across the Arctic Ocean [Rainville and Winsor, 2008]. The horizontal biharmonic friction with Smagorinsky-
like viscosity is utilized, where the value of controlling parameter is set to 3 [Griffies and Hallberg, 2000].

The sea-ice component includes one layer thermodynamics [Bitz and Lipscomb, 1999] and elastic viscous
plastic dynamics of Hunke and Dukowicz [1997] with five category ice thickness [Bitz et al., 2001]. The thresh-
olds of ice thickness categories are 0.2, 0.6, 1.4, 3.0, and 6.0 m. The number of categories and their range of
sea-ice thickness are selected based on a previous modeling study [Komuro and Suzuki, 2013]. A linear
remapping scheme [Lipscomb, 2001] is used to calculate thermodynamic transfers of ice and snow between
the categories.

The model domain is global. As the Rossby’s deformation radius is �10 km around the Fram Strait [Walc-
zowski, 2013], effects of mesoscale eddies cannot be explicitly represented unless the horizontal grid size is
significantly smaller than 10 km. As in the study by Kawasaki and Hasumi [2014], special high resolution is
applied to the region of interest by placing the poles of the general curvilinear horizontal coordinates close
to the region, on northern Greenland and Scandinavian Peninsula. The horizontal resolution is eddy resolv-
ing (2–3 km) in the Fram Strait and the Barents Sea Opening (BSO), and is eddy permitting (3–10 km)
around the Nordic Seas, the Barents Sea, and the Nansen Basin (Figure 2). The bathymetry is constructed
from a 2 min topography data set (ETOPO2) [National Geophysical Data Center, National Oceanic and Atmos-
pheric Administration]. There are 45 vertical levels, and the grid spacing varies from 5 (top) to 500 m (bot-
tom: 6370 m depth). A horizontally low-resolution experiment is also conducted for comparison, where the
only difference from the model described above is that the numbers of horizontal grid are reduced 1/8 in
both directions.

The model is initiated by climatological temperature and salinity (PHC 3.0) [Steele et al., 2001] with no oce-
anic motion and sea ice. The sea surface heat, freshwater, and momentum fluxes are calculated using the
corrected interannual forcing data sets for common ocean-ice reference experiments (CORE) [Large and
Yeager, 2009]. The integrated period is from 1980 to 2010. The first 10 years (1980–1990) is for spin-up of
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sea-ice distribution and mean circulation in and around the Arctic Ocean. The temperature and salinity are
restored to observed monthly climatology [Steele et al., 2001] with a damping time scale of 10 days below
120 m and at all depths, respectively, in this period. After the 10th model year (1990–2010), such restoring
is not employed. Since it takes time for eddies to develop, only the last 17 years of the integrated period
(1993–2010) are examined in this study.

3. Results

3.1. Routes of Inflow of the Atlantic Water Through the Fram Strait and Barents Sea
The modeled temperature and salinity around the Fram Strait and the Barents Sea averaged in the shallow
layer (0–300 m depth) and for 1993–2010 are displayed in Figure 3. The warm, salty Atlantic water is trans-
ported northward by the Norwegian Atlantic Current in the Norwegian Sea. A part of the Norwegian Atlan-
tic Current flows into the Barents Sea through the BSO and the rest flows into the Nansen Basin through
the Fram Strait. The Atlantic water entering the Barents Sea flows northeastward along several routes con-
strained by the bathymetric structure on the shelf. This water reaches the Nansen Basin by passing between
Franz-Josef Land and Novaya Zemlya and through the St. Anna Trough. These routes of the Atlantic water
through the Barents Sea are consistent with an observational study [Schauer et al., 2002] and a previous
modeling study [Maslowski et al., 2004]. The Arctic Shelf Break Branch is also found in the distribution of
salinity in our model (Figure 3b). This branch is suggested by a previous modeling study [Aksenov et al.,
2011] to pass through the strait between the Svalbard and Franz-Josef Land with a smaller amount of trans-
port than that through the St. Anna Trough. The net volume transports through the Fram Strait, the WSC,
and the BSO are shown in Table 1. All simulated volume transports are slightly larger than observed. The
net southward volume transport at the Fram Strait is comparable with the net eastward volume transport at
the BSO, which is consistent with observations.

Figure 2. Horizontal grid size of model (km).
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The 17 year mean heat transports at the Fram Strait and the BSO is 58 and 88 TW, respectively, when
20.18C is chosen as the reference temperature for the sake of comparison with previous observed esti-
mates. In comparison to a mooring observation (16–41TW in 1997–1999 and 40–50TW in 2004–2006)
[Schauer et al., 2004, 2008], it is slightly higher at the Fram Strait. Since Schauer et al. [2008] estimated that
the maximal error of heat flux at the Fram Strait is 66 TW associated with the spatial interpolation of moor-
ing data, it is likely that the heat flux is overestimated in our model. This overestimation may be attributed
to a high-temperature bias of the Atlantic water as described hereinafter. However, the conclusion of this
study (relative importance of heat loss by eddies, returning currents, and sea surface cooling; and the factor
controlling interannual variability of heat flux) are unaffected by this bias.

The heat flux at the BSO is in the range of estimates by a mooring observation (73 TW) [Smedsrud et al.,
2010] and an inverse model (103 TW) [Tsubouchi et al., 2012]. As the heat flux into the Nansen Basin through
the St. Anna Trough is 212 TW (the negative value means that the temperature of passing water is less
than 20.18C), it is obvious that the Atlantic water flowing through the Fram Strait has larger contribution to
heat supply to the Nansen Basin than that through the Barents Sea.

The temperature of the Atlantic water entering the Nansen Basin through the Barents Sea and St. Anna
Trough is low because of the strong sea surface cooling on the way flowing northeastward on the shelf
(Figure 3a). On the other hand, the Atlantic water flowing through the Fram Strait toward the Nansen Basin
retains a high-temperature property. As a consequence, the Atlantic water transported through the Fram
Strait provides the Arctic Ocean with a larger amount of heat than that through the Barents Sea.

Mean meridional velocity and potential temperature distributions at the Fram Strait (along 798N) between
2002 and 2008 are shown in Figures 4a and 4b. This period is selected for comparison with an observational
study (Figure 5) [Beszczynska-M€oller et al., 2012]. The warm Atlantic water is transported northward by the
WSC at the eastern Fram Strait (on the side of the Svalbard). On the other hand, the cold Polar Water is
transported southward by the EGC at the western Fram Strait (on the side of the Greenland). This qualitative
feature of currents is consistent with many observations (Figure 5) [e.g., Schauer et al., 2004, 2008]. The
simulated width of the WSC is 40–50 km and larger than that estimated by observations (�20–30 km; Fig-
ure 5b). Although the observed WSC is located around 8–98E and barotropic, the simulated WSC is in a
region westward (6–78E) and its barotropic component is weak (Figures 4b and 5b). Similar bias was found

in a previous modeling study [Akse-
nov et al., 2011, Figures 2d and 2h].
A small core of northward current
around 8–98E, which was not seen
in Aksenov et al. [2011], is simulated
in our model. This small but signifi-
cant improvement is presumed to
be caused by the fact that the hori-
zontal grid size is 2–3 km in our
model, whereas that is 8–9 km in

Table 1. Net Volume Transport at the Fram Strait, the WSC, and Barents Sea Opening
(BSO) in Our Model and Observations (Sv; 1 Sv 5 106 m3 s21)

Model Observation Period Reference

Fram (Southward) 2.8 2.0 1997–2006 Schauer et al. [2008]
WSC (Northward) 7.1 6.6 1997–2010 Beszczynska-M€oller et al. [2012]
BSO (Eastward) 2.4 2.0 (2.6)a 1997–2007 Smedsrud et al. [2010]

aThe BSO net volume transport of 2.0 Sv is calculated based on the Norwegian
Coastal Current (NCC) of 1.2 Sv (see the text in Smedsrud et al. [2010], for detail). How-
ever, since the NCC of 1.8 Sv is estimated by Skagseth et al. [2011], we should employ
the updated value (2.6 Sv) when we calculated the total volume transport at the BSO.

Figure 3. Distribution of (a) potential temperature and (b) salinity averaged in the shallow layer (over 0–300 m depth) and for 1993–2010.
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the previous study [Aksenov et al., 2011]. The simulated potential temperature of WSC core (�58C; Figure
4a) is higher than observational estimate (�48C; Figure 5a). As described in the previous section, the overes-
timate of heat flux is caused by this high-temperature bias. This high-temperature bias does not have a
large effect on the heat flux analysis described in next section, because the difference of simulated and
observed sea surface heat flux is quite small as follows. Generally, the heat flux at the sea surface is approxi-
mately proportional to the difference of oceanic and air temperature. Then, the error of heat flux is esti-
mated to be �5% based on the typical winter air temperature around the Fram Strait (�2158C in 108W–
108E, 76–828N, 1990–2010).

To show the improvement by higher horizontal resolution, we conducted a horizontally low-resolution
experiment. Since the horizontal grid size is �20 km around the Fram Strait, mesoscale eddies are not
resolved in the low-resolution model. The maximum velocity of WSC (0.1 m s21; Figure 4d) is the half of
that in high-resolution model and mooring observational estimate (�0.2 m s21; Figure 5b). The sea surface
core of EGC is also weaker (0.05 m s21; Figure 4d) than that in the high-resolution model and observation
(0.1 m s21; Figure 5b). While the other currents are found between the WSC and EGC in observation and
high-resolution model, such fine current structure is not reproduced in the low-resolution model (Figure
5b). The temperature in WSC core is too low (�2.58C) and lies at 300–500 m depth in the low-resolution
model, because the WSC is too weak to reach this section before near surface water is completely cooled
(Figure 5a).

3.2. Mean Currents and Eddy Activities Around the Fram Strait
The 17 year mean potential temperature and horizontal velocity at 150 m depth, where the maximum of
modeled WSC temperature is located, around the Fram Strait is shown in Figures 6a and 6b. A part of the
Atlantic water is transported westward along the Knipovich Ridge and Greenland-Spitsbergen Sill between
788N and 798N (Knipovich Branch) and joins the EGC. That is, this part returns to the Greenland Sea. This
result is similar to a previous modeling study [Aksenov et al., 2010].

The WSC bifurcates into the SVB and YPB to the north of 798N in our model. The simulated SVB flows east-
ward along the northern continental slope of the Svalbard and continues to the shelf boundary current in
the Nansen Basin. The modeled YPB turns clockwise along the Yermak Plateau and joins the SVB. This cur-
rent was observed by Saloranta and Haugan [2001] and Rudels et al. [2000].

Figure 4. Distributions across the Fram Strait (798N) of (a) temperature and (b) meridional velocity averaged for 2002–2008 (in 8C and m s21). (c and d) Same as (a and b) but for in the
low-resolution model.
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The modeled northward flowing YPB passes the region of high eddy activity and is more blurred than the
SVB. The bifurcation of westward current along the Molloy Fracture Zone from the YPB between 808N and
818N is simulated. This westward transport of the Atlantic water was observed by Quadfasel et al. [1987].
The most part of the westward-transported Atlantic water joins the EGC and returns to the Greenland Sea
in our model.

The simulated southward flow from the Nansen Basin, located around 0–158E, 848N, is a part of the anti-
clockwise boundary current in the Nansen Basin and transports the cold Polar Water. A major part of it flows
eastward and joins the YPB and SVB, although a small part of the southward flow joins the EGC and is
exported to the Greenland Sea in our simulation.

Eddy activity can be explicitly reproduced in our model because of the significantly smaller horizontal grid
size (2–3 km) than the deformation radius around the Fram Strait (9–11 km) [Walczowski, 2013]. Figure 6c
depicts the five-daily (4–8 August 2003) mean sea surface temperature (SST) and sea-ice concentration
around the Fram Strait. The warm water transported by the WSC is found in the eastern side, and the sea
ice transported by the EGC from the Arctic Ocean is found in the western side. Eddies are found in the cen-
ter of the Fram Strait, and they transport the warm Atlantic water, which reaches there by the WSC, west-
ward. As a consequence of the melting of sea ice induced by the westward-transported warm water by

Figure 5. Observed distributions across the Fram Strait (�798N) of (a) temperature and (b) meridional (cross section) velocity averaged for
2002–2008 (in 8C and cm s21) from Beszczynska-M€oller et al. [2012].
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eddies, the shape of sea-ice margin is meandering. This structure is captured by satellite data (Figure 6d).
This eddy-induced westward transport of the warm water causes a heat loss of the Atlantic water flowing
toward the Nansen Basin.

3.3. Interannual Variability of Temperature and Volume Transport at the Fram Strait
The time series of temperature at the Fram Strait (along 798N) is shown in Figure 7. The warm water at the
eastern end is the Atlantic water transported by the WSC, and the cold water at the western end is the Polar
Water transported by the EGC. The warming of the Atlantic water transported by the WSC from the late
1990s to the mid-2000s [Schauer et al., 2008, 18C/8 years] is well reproduced. The model has a slightly warm
bias related to the overestimate of heat flux at the Fram Strait as described previously. The seasonal variabil-
ity of the Atlantic water temperature, such as the peak of WSC temperature in autumn, is also well repro-
duced in this region.

We calculated heat transport at the Fram Strait in previous section to compare with observational studies.
However, this estimated heat transport depends on the selection of reference temperature when the net
volume transport is not zero at the section. Schauer and Beszczynska-M€oller [2009] avoided this problem for
WSC heat flux by using the ‘‘stream tube concept,’’ which defines the minimum temperatures of the WSC
water and its returning current water such that the net volume flux of them becomes zero. Here we also
employ this method for calculation of WSC heat flux at the Fram Strait (�798N). Figures 8a and 8b show the

Figure 6. Distribution of 17 year mean (a) potential temperature (8C) and (b) horizontal velocity (m s21) at 150 m depth around the Fram Strait. Color of vector indicates scalar velocity, and
vector is drawn every 1.08 and 0.38 in zonal and meridional, respectively. (c) Distribution of five-daily mean sea surface temperature (SST; 8C) and sea-ice concentration (%) for 4–8 August
2003. (d) Similar to (c) but observation and nine-daily mean (2–10 August 2003) for sea-ice concentration. The longer period mean is utilized to decrease the undefined data for sea-ice con-
centration. The SST [NASA Goddard Space Flight Center, 2014] and sea-ice concentration [Hall and Riggs, 2015] are based on the high-resolution satellite (MODIS) observation data.
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time series of heat transport and temper-
atures of inflow and outflow at the Fram
Strait. These figures are similar to Figures
3a and 4 in Schauer and Beszczynska-
M€oller [2009] except for the minimum
temperature of the WSC (here we select
28C instead of 18C). Although the increase
of annual running mean heat flux from
1997/1998 winter to 1999 (observation:
26–36 TW) is overestimated (model: 32–
58 TW), the upward trend is well repro-
duced in our model (Figure 8a). The
downward trend of heat flux from 2000
to 2002 is also well reproduced in our
model. The simulated increment of heat
flux from early to mid-2000s is 36 TW and
one-and-a-half times as large as that
observed (24 TW).

The interannual variability of simulated
WSC temperature (red line in Figure 8b) is
consistent with observation [Schauer and
Beszczynska-M€oller, 2009, Figure 4]. Since
this interannual variability of temperature
is related to that of heat flux, the largest
heat flux and highest temperature are
found in 2006 in our model. However, the
observed largest heat flux is not found in
2006. Schauer and Beszczynska-M€oller
[2009] pointed out that the asynchronicity
between the largest heat flux and the
highest temperature is caused by the con-
tinual warming of outflow from 2004 to
2006 [18C/2 years; blue line in Schauer
and Beszczynska-M€oller, 2009, Figure 4]. As
the simulated warming of outflow in
2004–2006 is not large (<0.18C; Figure
8b), the peak of heat flux is inconsistent
with observation. The increases of heat
flux in 1998–1999 and 2002–mid-2000s

and the decreases in 2000–2002 and after mid-2000s are consistent with observation (Figure 8a). The
annual running means of heat flux at the Fram Strait and volume transport of WSC have strong synchronic-
ity (r > 0:9) in our model (Figures 8a and 8c). The simulated interannual variability of volume transport of
WSC is generally similar to observed one [Beszczynska-M€oller et al., 2012, Figure 6c] except for the simulated
largest volume flux in 2006.

As stated above, the simulated routes of the Atlantic water inflow, temperature, and volume transport of
the WSC, associated heat fluxes, and their interannual variabilities are consistent with observed features.
Thus, it is meaningful to investigate the Atlantic water inflow at the Fram Strait by examining the result of
our model.

3.4. Heat Flux Around The Fram Strait
In this section, we quantitatively examine the volume and heat fluxes to the north of the Fram Strait (788N).
The heat flux is given as,

Figure 7. Hovm€oller diagram of temperature distribution across the Fram
Strait (798N) at 250 m depth from 1997 to 2010.
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ð
A

cpq h2hrefð ÞvdA; (1)

where A is any cross-section surface, cp is the specific heat of seawater, q is density of seawater, h is potential
temperature, and v is cross-section velocity. href is a reference potential temperature, and we choose 21.88C,
approximately the freezing point of seawater, here. To calculate the heat fluxes induced by mean currents and
eddies, velocity and potential temperature are decomposed as v5�v1v0 and h5�h1h0, where the bar denotes
monthly mean and the prime denotes deviation from there. Monthly average of equation (1) becomes,

cpq
ð

A

�h1h02href
� �

�v1v0ð ÞdA5cpq
ð

A

�h2href
� �

�v dA1cpq
ð

A
h0v0dA: (2)

The first and second terms in equation (2) represent heat fluxes induced by mean currents and eddies,
respectively. It is clear that the mean component depends on the reference temperature, unlike in the case
of the eddy component. It means that the relative importance of heat fluxes by the mean currents and
eddies depends on the choice of reference temperature. A detailed discussion of the relationship between
the reference temperature and heat flux is made in the later section.

Figure 8. (a) Time series of heat transport to the Arctic Ocean through the WSC water (warmer than 28C) at the Fram Strait (�798N). (b) The
temperature of northward flow of water warmer than 28C (red) and southward flow of water warmer than a minimum temperature of outflow
(tout) at the Fram Strait. The detail methods of calculation of heat flux and tout are described in the original paper [Schauer and Beszczynska-
M€oller, 2009]. Although 18C is selected for the definition of the WSC water in Schauer and Beszczynska-M€oller [2009], here we use 28C because
of the warm bias by 18C in our model. (c) Volume transport of the WSC (water warmer than 28C and between 48E and 98E). This figure is simi-
lar to Figure 6c in Beszczynska-M€oller et al. [2012], but the western boundary of the WSC is different by 18 (5–98E in the original paper) because
of the location bias of the modeled WSC. Thin and thick lines indicate monthly and annual-running mean, respectively.
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Based on the above-described fine structures of currents to the north of the Fram Strait, a rectangular
region indicated in Figure 6b is set, and heat flux is computed on each face. The relation between each sec-
tion and current structure is summarized as follows (Figure 6b):

1. Southern Section: The northward transport of the Atlantic water by the WSC.
2. Eastern Section: The flux of the Atlantic water into the Nansen Basin (the Arctic Ocean interior) by the SVB

and YPB.
3. Western Section: The westward transport of the Atlantic water provided by the WSC and YPB (after pass-

ing this section the water is transported southward by the EGC without flowing into the Arctic Ocean
interior).

4. Northern Section: The southward flow of the Polar Water, which is part of anticlockwise boundary current
in the Nansen Basin (after passing this section the water is transported eastward by the boundary current
and passes through the eastern section).

The volume flux (0–1000 m depth) at each section is shown in Figure 9a. The bottom of box is defined as
1000 m depth, since the northward velocity core of WSC is limited to the shallower 1000 m depths (Figure
4b). The northward volume transport by the WSC is 8.1 Sv (1 Sv 5 106 m3 s21). 5.2 Sv (64%) of this water is
transported westward and remaining 4.0 Sv (49%) is transported eastward. The volume transport at the
eastern section, 4.0 Sv, is made up of the above mentioned eastward transport (2.9 Sv) and the Polar Water
from the northern section (1.1 Sv). The vertical volume flux at 1000 m depth is negligible compared with
that at horizontal sections. The volume transport at the sea surface, namely melting/freezing of sea ice,
rain/snow fall, and evaporation, is also much smaller than the horizontal volume transport. On the other
hand, the heat flux at the sea surface is significant and cannot be ignored as shown below.

The heat flux at each section is shown in Figure 9b. The northward heat transport by the WSC is 161 TW. 26
TW (16%) and 78 TW (48%) of this heat are removed by the sea surface cooling and westward transport,
respectively. The remaining heat flux, 60 TW (37%), passes through the eastern section and is transported
to the Arctic Ocean interior (the Nansen Basin). As the temperature of the Polar Water transported south-
ward is low, the heat flux at the northern section (0.88 TW) is quite smaller than those at the other sections.
Contribution of eddies is smaller than that of mean current at all sections, and the most significant contribu-
tion is found at the western section (4.7% of the total). Since high eddy activity is simulated in our model as
in satellite observation, the smallness of eddy-induced heat transport is surprising. The contribution of
eddies to heat flux is discussed in section 4.

The volume transport of water warmer than 28C at each section is shown in Figure 9c. This definition of
water is typical for the Atlantic water around the Fram Strait. The northward volume transport of the Atlan-
tic Water is 6.0 Sv, 2.7 Sv (45%), and 2.1 Sv (35%) of this Atlantic Water are transported across the western
and eastern sections, respectively. The Atlantic Water transport at the northern section is negligible (0.2 Sv).
It is interesting that the fraction of Atlantic water volume transport across the eastern and western sections
is same as those of whole volume and heat transports (westward transport is 1.3 times of eastward
transport).

Figure 9. (a) Volume and (b) heat fluxes at each section (0–1000 m depth) in the north of the Fram Strait. Units are Sv (1 Sv 5 106 m3 s21) and TW (1 TW 5 1012 W), respectively. (c) Vol-
ume flux warmer than 28C at each section (Sv). Value of heat flux in parentheses shows eddy-induced heat flux, and value following 6 is standard deviation. The used reference tempera-
ture for calculation of heat flux is freezing point of seawater (21.88C).
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To identify the factors controlling the interannual variability of the heat transports, the time series of heat
flux at each section is shown in Figure 10b. The amount of heat transported westward (blue line) interannu-
ally varies similarly to the northward heat transport (red line) at 788N (coefficient of correlation r 5 0.96 with
no lag). While the fluctuation range is small, the heat flux at the sea surface (orange line) has a high correla-
tion with the northward heat flux at 788N (r 5 0.68). On the other hand, the eastward heat transport has low
correlations with them (r50:06). This result implies that the causes of the interannual variabilities of heat
fluxes at the southern and western sections and sea surface are different from that at the eastern section.

The interannual variability of volume transport at each section is similar to that of heat flux (Figure 10a). A
high correlation (r 5 0.85) is found between the interannual variabilities of volume fluxes at the southern
and western sections, although the correlations are low between the volume flux at the eastern section and
those at the other sections (for instance, the correlation coefficient r 5 20.03 between the volume fluxes at
the southern and eastern sections). The correlation between the interannual variabilities of the volume and
heat fluxes at each section is high (r50:84, 0.96, 0.80, and 0.87 at the southern, western, eastern, and north-
ern sections, respectively). This result suggests that the interannual variability of heat flux is associated with
that of volume flux (current field).

Regression of the sea level pressure (SLP), which is dynamically linked to the near surface velocity field,
onto the heat fluxes is taken. Here the 3 monthly mean value in winter (December–February), when the
heat flux takes the maximum and the interannual variability is larger than in the other seasons, is utilized
for the regression analysis. The correlation coefficients between annual and winter means of heat fluxes are
0.78 and 0.77 at the southern and eastern sections, respectively. Therefore, we can regard that the interan-
nual variability of winter mean characterizes that of annual mean. Note that no statistical significance is
found when the sea surface heat flux is regressed.

The distributions of the regression coefficient of the SLP on the heat fluxes at the southern and western sec-
tions and the sea surface have similar patterns (Figures 11a–11c). However, the distribution of the regres-
sion of the SLP on the heat flux at the eastern section differs from them (Figure 11d). The regressions of the

Figure 10. Time series of annual running mean of (a) volume flux and (b) heat flux at each section shown in Figure 9 (in Sv and TW, respec-
tively). The used reference temperature for calculation of heat flux is freezing point of seawater (21.88C). Sign of value is consistent with
arrow direction in Figure 9. Red, green, blue, purple, and orange lines indicate fluxes at the southern, eastern, western, northern sections,
and sea surface.
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SLP on the heat fluxes at the southern and western sections have a signal of low pressure centered at the
Nordic Seas. It is shown that the enhancement/weakening of the low pressure induces the enhancement/
weakening of the cyclonic circulation in the Nordic Seas and the increase/decrease of the volume and heat
fluxes at the southern and western sections (Figures 11a and 11b). The region of high interannual variability
in sea surface heat flux corresponds to the marginal ice zone (figure not shown). Thus, an anomalous low/
high pressure centered at the Nordic Seas induces a shift of the sea-ice margin by the easterly/westerly
wind anomaly and the enhancement/weakening of sea surface cooling in the region (Figure 11c).

Figures 11a–11c exhibit patterns similar to the North Atlantic Oscillation (NAO) [Hurrell, 1995]. The correlation
coefficients between the NAO index and heat fluxes at the southern section and sea surface are 0.49 and 0.61
(both values exceed 95% significance level), respectively, for the period 1993–2009. Blindheim et al. [2000] and
Dickson et al. [2000] demonstrated that the correlation between the 3 year running means of the winter NAO
index and the observed temperature of the WSC around 768N at 50–500 m depth is significantly high (r 5 0.8).

Figure 11. Distribution of winter (December–February; DJF) sea level pressure regressed onto heat flux at (a) southern, (b) western sections, (c) sea surface, and (d) eastern section (hPa
TW21). Green hatch indicates high-correlation region exceeding the 90% of significant level.
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Saloranta and Haugan [2001] found the high correlation (r 5 0.79) between the NAO and the observed tempera-
ture at around 798N for the period 1975–1994 (95% significance level), although that for 1970–1994 is small
(r 5 0.4). Our study clarifies that the interannual variability of heat flux at 798N is caused by the interannual vari-
ability of atmospheric pressure field, and this result is consistent with previous observational studies.

Saloranta and Haugan [2001] examined the variability of the observed temperature to the north of 798N
and in the region where the SVB and YPB flow. They have not presented the correlation with the NAO index
probably because of the small number of the stations samples. The regression of the SLP to the heat flux at
the eastern section, which corresponds to the region where Saloranta and Haugan [2001] examined the
temperature variability, does not have the same pattern as the NAO in this study (Figure 11d). It rather cor-
responds to a negative anomaly of the Siberian high. The Siberian high is developed at the northeastern
Eurasia in winter, and its enhancement induces decadal scale regime shifts of the central Arctic wind-driven
circulation and sea-ice motion [Proshutinsky and Johnson, 1997]. The regression of the horizontal velocity
field around the Barents Sea and the Fram Strait on the heat flux at the eastern section is shown in Figure
12a. This figure indicates that the enhancement/weakening of inflow of the Atlantic water through the
Fram Strait is accompanied by the weakening/enhancement of the Atlantic water inflow through the
Barents Sea. The regression of the sea surface height on the heat flux at the eastern section (Figure 12b)
shows a high anomaly around the Svalbard and Framz-Josef Land, which is related to the anomalous circu-
lation centered around this region (Figure 12a). In summary, the weakening/enhancement of Siberian high
induces the northeasterly/southwesterly wind anomaly. This anomalous wind associates the anomalies of
the sea surface height and circulation around the Svalbard and Framz-Josef Land by the Ekman transport.
In consequence of this, decrease/increase of the inflow of the Atlantic water toward the Barents Sea accom-
panies the increase/decrease of the volume and heat fluxes at the north of the Fram Strait, namely the east-
ern section.

Figure 12. Distribution of regression coefficient of (a) horizontal velocity at 150 m depth and (b) sea surface height onto heat flux at the
eastern section in winter (DJF). Units are m s21 TW21 and m TW21, respectively. Vector and shade are plotted only if correlation exceeds
90% significant level.
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A previous modeling study demonstrated the negative correlation between the volume fluxes through the
BSO and the Fram Strait caused by the same mechanism as in this study [Lien et al., 2013]. They presented it
from data for just 2 years and explained the cause of the seasonal scale SLP variability is the meridional shift
of the storm track related to the variability of the NAO. Our study is the first to show the negatively corre-
lated variability between the inflows of the Atlantic water through the BSO and the Fram Strait associated
with the variability of the Siberian high for the interannual time scale.

4. Discussion and Conclusions

The heat fluxes around the Fram Strait and causes of their interannual variabilities are examined by using an
ice-ocean general circulation model, whose horizontal resolution is high (grid size �2–3 km) around the Fram
Strait and the BSO. Our model reproduces the inflow of the Atlantic water toward the Arctic Ocean through the
Fram Strait and the Barents Sea. The warm Atlantic water in the subsurface layer, which is kept apart from the
sea surface cooling, enters the Arctic Ocean interior through the Fram Strait, whereas the heat transported by
the Atlantic water is lost by the sea surface cooling in the Barents Sea. The simulated routes of the Atlantic water
and heat transport are consistent with the observed view. The warming trend of the Atlantic water over the
period 1997–2010 at the Fram Strait (798N) is simulated well. The Atlantic water passing through the Fram Strait
bifurcates to form the SVB and the YPB at north of 798N, and a part of the Atlantic water in the YPB is trans-
ported westward by a mean current along a fracture zone. These routes of the Atlantic water to the north of the
Fram Strait agree with observations. Satellite-observed features of eddy activity around the Fram Strait are also
well reproduced in our model. A part of the warm Atlantic water is transported westward by such eddies.

A quantitative analysis of the heat flux to the north of the Fram Strait (788N) is conducted. Forty-eight per-
cent of heat of the Atlantic water passing through the Fram Strait is transported westward, 16% is lost by
sea surface cooling, and the rest (37%) is transported to the Arctic Ocean interior, namely the Nansen Basin.
The contribution of eddy to the westward heat transport is 5% of the whole. The cause of the interannual
variability of heat passing through the Fram Strait and transported westward is the enhancement or weak-
ening of the cyclonic circulation associated with the variability of the low pressure centered at the Nordic
Seas. The interannual variability of the sea surface heat flux is caused by the enhancement/weakening of
the sea surface cooling induced by the shift of sea-ice margin. This shift of sea-ice margin is a consequence
of the easterly/westerly wind anomaly, which is also associated with the same SLP variability pattern as in
the case of the westward heat flux. These interannual variabilities of heat fluxes have significant correlations
with the NAO. On the other hand, it is demonstrated that the interannual variability of heat entering the
Arctic Ocean interior (the Nansen Basin) is induced by the decrease/increase of the volume flux of the Atlan-
tic water in the Barents Sea which is related to the weakening/enhancement of the Siberian high.

It is important to select the reference temperature for calculation of heat flux, if the section is not closed
and net volume transport is not zero. Schauer and Beszczynska-M€oller [2009] avoided problem of reference
temperature selection for the WSC heat flux calculation by employing the ‘‘stream tube concept.’’ This con-
cept introduces a parameter, the minimum temperature of the WSC, and calculates the minimum tempera-
ture of outflow water such that the net volume flux (influx plus outflux) of them becomes zero. We also
employed this method for heat flux calculation and validated our model result. Additionally, we also calcu-
lated the heat flux by employing the freezing point of seawater (21.88C) as the reference temperature.
Since the value calculated as such corresponds to the heat consumed to melt sea ice, it is a good choice to
estimate the effect of the Atlantic water passing through the Fram Strait on the sea ice in the Arctic Ocean.
If the mean temperature in the box shown in Figure 6b is utilized as the reference temperature, the value
represents the required heat to raise the temperature in the box. Previous studies widely used 20.18C as
the reference temperature for calculation of the heat flux around the Arctic Ocean. This value is first
employed by Aagaard and Greisman [1975] and corresponds to the mean temperature of the southward
EGC at the Fram Strait. The heat flux evaluated in section 3.1 is based on this value to compare with such
studies. When the reference temperature is set to a lower value, the variability of heat flux becomes more
sensitive to the volume flux variability. Although we concluded that the interannual variability of the heat
flux is mainly caused by that of the volume flux, it is valid only when the ‘‘heat’’ is considered from the
standpoint of how much sea ice it can melt.
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It is interesting that the interannual variability of heat transport toward the Nansen Basin (at the eastern section) is not
correlated with heat transport of the WSC (at northern section). We demonstrated that heat transport at the eastern
section is related to the circulation around the Svalbard and Franz-Josef Land. Since this circulation includes the north-
ward transport at the southern section, it is no wonder that interannual variabilities of heat fluxes at southern and
eastern sections are synchronous. The standard deviation of heat flux at the eastern section (17 TW) is significantly
smaller than that at the southern section (43 TW) and the western section (30 TW) (Figure 9b). Thus, the interannual
variability of heat flux induced by the enhancement/weakening of the cyclonic current centered at the Nordic Seas is
significantly larger than that induced by the cyclonic current variability around the Svalbard and Franz-Josef Land.
Consequently, the interannual variability of heat flux at the southern section is not so much induced by the Siberian
high variability but mainly induced by the low pressure variability centered at the Nordic Seas related to the NAO.

We employed eddy-resolving resolution only around the Fram Strait and Barents Sea. Although the locally fine
structure of currents and eddies can be simulated, the currents and eddies far from the Fram Strait (e.g., the Gulf
Stream, Pacific water eddy-induced transport toward the Arctic Ocean) are not well reproduced in our model. The
high-temperature bias (118C) of the Atlantic water around the Fram Strait is caused by the poor representation of
currents in the North Atlantic Ocean. The nudging of temperature and salinity is generally employed to avoid such
model drift. However, the restoring to coarse climatology temperature and salinity for eddy-resolving simulations
causes unphysical processes and decay of fine current structure and eddies. Because longer period integration could
cause a larger drift of the simulated fields, we conducted an only 20 year free (without nudging of temperature and
salinity) model run in this study. Therefore, for instance, the role of the Atlantic Multidecadal Oscillation, which is a
�70 year cycle of North Atlantic SST [Enfield et al., 2001], on the Atlantic water inflow through the Fram Strait cannot
be studied by our model. The Pacific water inflow is also the factor of recent Arctic sea ice retreat [Shimada et al.,
2006]. The Pacific water transport from the Chukchi Sea to the Canada Basin (Arctic Ocean interior) is induced by
mesoscale eddies [Watanabe and Hasumi, 2009]. Since such eddy activity is not reproduced in our model, the recent
decline of the Arctic sea ice cannot be investigated in this study. A model of high resolution for the whole Arctic
Ocean should be utilized for examining the effects of both Pacific and Atlantic waters on the Arctic sea ice.

We demonstrated that the interannual variability of heat flux toward the Nansen Basin is related to the Siberian
high variability. The strengthen of Siberian high induces the weakening of Atlantic water inflow toward the Nan-
sen Basin, and finally the sea ice in the Nansen Basin. Several recent studies showed that the Arctic sea ice retreat
induces enhancement of winter Siberian high [Inoue et al., 2012; Tang et al., 2013; Mori et al., 2014]. These studies
suggested only the effect of the Arctic sea ice on the atmosphere (the Siberian high). Our study presented the
first scientific evidence of possible effect of atmospheric (the Siberian high) change on the oceanic heat flux. The
linked variability of the Arctic sea ice and Siberian high should be examined by using a climate model.
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