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Figure 1. Computational domain with arrows showing an 
early estimate of the mean ice drift in the Arctic [Gordienko, 
1958] (arrows redrawn from Hibler [1979] with permission of 
the American Meteorological Society). Boxes labeled 1-7 denote 
regions where statistics of the modeled ice drift were esti- 
mated; 8 denotes the location of the Transpolar Drift Stream. 

ice-ocean models have been carried out by Walsh and Johnson 

[1979], Walsh et al. [1985], Walsh and Chapman [1990], Engle- 

bretson and Walsh [1989], and Serreze et al. [1992] showing the 

dominant role of the atmosphere in the sea ice drift. On the 

other hand, Holland et al. [1996] demonstrated that buoyancy 

forcing is critical to maintaining the mixed-layer circulation. 

We assume that both thermohaline and wind-driven forcing 

are important to the Arctic Ocean's circulation, and we agree 

with Treshnikov and Baranov's [1972] conclusion that the role 

of individual factors in the circulation cannot be easily evalu- 

ated because observed temperature and salinity distributions 

reflect the combined effects of wind, baroclinicity, and topo- 

graphic interaction. We believe that there is at present insuf- 

ficient information for clearly separating the roles of atmo- 

spheric and thermohaline forcing in the Arctic Ocean. 

Through numerical modeling, however, the relative 

strengths of the circulations arising from atmospheric driving 

and thermohaline driving can be compared. Mean 3-D winter 

and summer temperature and salinity fields of the Arctic 

Ocean including the Norwegian, Greenland, and Barents Seas 

were constructed for hydrodynamic modeling by Polyakov and 

Timokhov [1994]. The summer (June-November) and winter 

(December-May) data were obtained by averaging the obser- 
vations for the period 1955-1990. For the Arctic Basin, winter 

information stems mainly from observations in March-May of 
1973-1980. The summer data for the Arctic Basin were col- 

lected by drifting stations during 1955-1975. 

These data were used by Polyakov and Timokhov [1995] to 
simulate the 3-D circulation in the Arctic Ocean for winter and 

summer conditions. Observed 3-D fields of water density gra- 

dients were the only external force driving their 3-D diagnostic 

model. For this paper we call this the "thermohaline" circula- 

tion. We understand that observed temperature and salinity 

fields already include wind influence, but direct wind forcing 

was not taken into account in the Polyakov and Timokhov 

experiment. 

Results from the simulations (with a spatial resolution of 

about 55 km) showing the surface thermohaline circulation in 
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Figure 2. (a) Summer and (b) winter surface thermohaline circulation in the Arctic Ocean from the 3-D 
diagnostic model of Polyakov and Timokhov [1995]. The 3-D temperature and salinity fields were obtained 
from observations and were the only force generating motion. 
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the Arctic Ocean [Polyakov and Timokhov, 1995] are presented 

in Figure 2. Many well-known features of the Arctic Ocean 

surface circulation are reproduced, such as the Beaufort Sea 

Gyre, Trans-Arctic Current, East Greenland Current, and 

Norwegian Current. Generally, there is no seasonal change in 
the direction of the surface thermohaline circulation. There is 

a visible decrease of velocities in winter relative to summer, 

although in winter the Trans-Arctic Current and the Beaufort 

Sea Gyre are more pronounced than they are in summer. 

Year-to-year variability of the Arctic Ocean thermohaline cir- 

culation remains poorly known because of lack of data. While 
these results demonstrate that the thermohaline circulation is 

seasonally very stable, note that these results were obtained on 

the basis of averaging about 40 years of data. 

Gudkovich [1961a, b] explained the stability of Arctic cur- 

rents by the presence of strong vertical stratification. In a 

simple view, the Arctic Ocean's vertical structure is a two-layer 

fluid with cold, low-salinity surface waters and relatively warm, 

high-salinity deep waters. The upper layer responds to wind 

forcing by turning to the right of the direction of motion; 

winter anticyclonic flow drives the upper waters to the center 

of the circulation, raising its sea level while the boundary be- 

tween the two layers is lowered. Along the coasts, the sea level 

is lower, but the interface is higher than it is when undisturbed 

(Figure 3). In contrast, the summer cyclonic wind circulation 
lowers sea level in the basin center and elevates the interface, 

while along the coasts the sea level is higher and the interface 

is depressed. Proshutinsky [1988, 1993] and Doronin and Pro- 

shutinsky [1991] showed that the boundary between the two 

layers varies seasonally by as much as 30 m and the vertical 

migration of the Atlantic waters along the coasts reaches tens 

of meters, in good agreement with observations [Nikiforov and 

Shpaikher, 1980]. 

1.2. Regimes of Circulation 

References exist in both the meteorological and oceano- 

graphic literature describing different periods of the Arctic 

Ocean climate variability. Nikiforov and Shpaikher [1980], for 

example, suggested that a 5- to 6-year cycle in the Arctic Basin 

circulation was driven by feedback loops between terrestrial 

hydrologic processes and oceanic deep water formation, ice 

growth dynamics, and thermohaline circulation. This hypoth- 

esis is described briefly in section 4.2. Karklin [1977] found that 

the ice conditions and ice drift in the Arctic seas had a peri- 

odicity of 6-7 years and concluded that the long-period tides 

are responsible for these changes in the Arctic. After analyses 

of hydrologic, sea ice, oceanic, and atmospheric data from the 
Greenland and Labrador Seas and from the Arctic and north- 

ern Canada, Mysak et al. [1990] and Mysak [1995] suggested the 

existence of an interdecadal (15-20 years) Arctic climate cycle 
linked to the North Atlantic. 

By comparing the atmospheric pressure distribution to the 

observed currents in the Arctic Basin, Gudkovich [1961a, b] 

concluded that two types of surface circulation existed (Figure 

4). The principal and most valuable aspect of Gudkovich's 

work was his demonstration of the existence of an anticyclonic 

circulation system in the Canadian region (Beaufort Gyre) and 

a cyclonic circulation with its center to the north of the Laptev 
Sea. The Trans-Arctic ice drift flows between these two circu- 

lation cells. Type A circulation usually occurs during years 

when a prominent winter polar high drives the system so that 

the area of anticyclonic surface circulation increases and the 

area of cyclonic circulation shrinks. The axis of the Trans- 
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2. Downwelling of Atlantic waters and their removal from the shelf 

3. High river runoff 

4. Strong vertical water stratification 

5. Low heat exchange between atmosphere and ocean 

Figure 3. Schematic water mass structure and prevailing pro- 
cesses during winter and summer. Pacific and deep waters are 
not shown. 

Arctic Current is moved to the northern margins of the Arctic 

seas and carries ice into the Greenland Sea from the Laptev, 

East Siberian, and Chukchi Seas. Navigation improves along 

the Kara, Laptev, East Siberian and Chukchi coastline (north- 

ern sea route). 

Type B circulation arises with the dissipation of the polar 

high (usually centered over the Beaufort Sea) and the propa- 

gation of the Siberian high (northern extension of the Asian 

high located over Siberia) to the northern margins of the east- 

ern Arctic seas. In this case the Siberian high is responsible for 

west to east winds over the Siberian seas. Type B circulation is 

characterized by contraction of the anticyclonic circulation and 

expansion of the cyclonic circulation. The Trans-Arctic Cur- 

rent slows and shifts toward North America, leading to cyclonic 
surface and ice circulation in the East Siberian and Chukchi 

Seas. Navigation conditions are favorable in the Kara Sea but 

are unfavorable in the Laptev and East Siberian Seas. 

These observed changes in the ice conditions suggest a high 

correlation between atmospheric and oceanic circulation in the 

Arctic. According to Nikiforov and Shpaikher [1980], the coef- 

ficient of correlation between ocean and atmospheric circula- 

tion may reach 80% for the upper 200 m layer of the ocean. 

Thomdike and Colony [1982] demonstrated that about 70% of 

the variance of the daily ice velocity was accounted for by the 

geostrophic winds and concluded that ocean currents were 

responsible for only about 15% of the ice motion. They found 

that about half of the long-term average ice motion is directly 

related to the wind, the other half being due to the mean ocean 

currents. These correlations suggest that atmospheric forcing is 

Proshutinsky and Johnson (1997)
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4.3. What are the Implications for Arctic Circulation 
and Environmental Parameters? 

One of the important implications is that during the years of 
anticyclonic surface circulation the core of the Trans-Arctic 
Current is intensified and shifted toward Siberia. This shift 

enhances ice removal from the East Siberian, Laptev, and Kara 

Seas, where ice is generally thinner. A discharge of thinner ice 
may reduce the total freshwater discharge through Fram Strait. 
Conversely, during years of cyclonic circulation, the core of the 
Trans-Arctic Current shifts toward Canada and Greenland, 

increasing flow of older, thicker ice out of the Arctic, so that we 
might expect a freshening in the Greenland Sea and possible 
formation of a salinity anomaly. 

Another implication is that our knowledge about the Arctic 
is biased toward the anticyclonic circulation regime. We have 

already shown that much of the Arctic data were collected 
during years with wind-driven anticyclonic circulation. For ex- 
ample, some of the largest data sets were obtained during 
expeditions between 1972 and 1980. 

5. Summary and Conclusions 

1. A barotropic, two-dimensional, coupled, ice-ocean 
model with resolution of about 55 km, has been forced by 

atmospheric wind from 1946 to 1993. The model's ice motion 
agrees quite well with observed ice motion from buoys. Using 

Divergent
Ekman Flux:

Cyclonic

(Sept.-1992)
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Figure 16. (left) Buoy drift and atmospheric pressure distribution and (right) simulated ice motion for (a) 
July and (b) August 1987 with anticyclonic circulation. 

this paper, but their similar phases may be a reflection of the 
10- to 15-year oscillation existing in the northern hemisphere. 

4.2. What Drives These Regimes? 

There are at least two possible driving mechanisms related 
to the 10- to 15-year oscillation in the Arctic. The first mech- 

anism, proposed by Nikiforov and Shpaikher [1980], considers 
the Arctic to be a self-regulated, closed system. Nikiforov and 

Shpaikher speculated that atmospheric circulation, river run- 
off, freshwater input, ice thickness, ocean-atmosphere heat 
flux, and changes in the thickness of the warm Atlantic layer 

along the periphery of the Arctic are linked. They suggested 
the following mechanism: 

Anticyclonic atmospheric circulation is associated with neg- 
ative precipitation anomalies that result in reduced river dis- 
charge, less fresh water in the nearshare surface layer, and 
increased surface salinity. Anticyclonic winds upwell the warm 

Atlantic layer around the periphery so that increased heat flux, 
combined with the greater surface salinity, reduces sea ice 
thickness and extent. Positive sea surface temperature (SST) 

anomalies initiate local cyclonic atmospheric circulation. Cy- 

clonic atmospheric circulation is associated with increased pre- 

Convergent
Ekman Flux:

Anti-Cyclonic

(Aug.-1987)

Observations Model
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Sketch of Atlantic Layer Circulation 1963 from a few CTD casts
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Fig. 2. Temperature-salinity diagram of averages of grouped stations. Groups are indicated in  Fig. 3. 

Coachman and Barnes (1963)
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Fig. 11. Circulation of the Atlantic and intermediate waters in the

Arctic Mediterranean Sea showing the mixing area north of Sever-

naya Zemlya and the gradual changes of the properties of the At-

lantic water. Based on Rudels et al. (1994), figure from Rudels et

al. (2011).

in the Canada Basin (Fig. 11). This makes the name “the

Arctic Circumpolar Boundary Current” used by Rudels et

al. (1999b) still valid. It also became clear that much of the

cooling of the Atlantic water and the warming of the inter-

mediate water must occur north of the Chukchi shelf, since

the water on the East Siberian Sea shelf had too low salin-

ity to produce water dense enough to sink below the PML

(Aagaard et al., 1981).

Several warm Atlantic water pulses have later been ob-

served and followed upstream in the Norwegian Sea and

downstream in the boundary current along the Eurasian con-

tinental slope, along the Lomonosov Ridge and into the

Amundsen Basin (Swift et al., 1997; Polyakov et al., 2005,

2011). The suggested return flow in the northern Nansen

Basin and over the Gakkel Ridge has, however, largely been

questioned or ignored.

The area north of the Laptev Sea is where the largest

changes in the Atlantic water properties take place. The core

of the Atlantic water does not appear to cool significantly

in the boundary current between the western Barents Sea

(30! E) and the eastern Kara Sea (90! E) and smooth profiles
in temperature and salinity are seen in the core of the Fram

Strait branch (Fig. 12). On the Kara Sea slope the inner part

of the boundary current comprises the Barents Sea inflow

branch that is located at the 400m isobath and the potential

for mixing between the two branches is present and partly

takes place. At 126! E, north of the Laptev Sea, the smooth
central core of the Fram Strait branch has disappeared. The

temperature of the temperature maximum has decreased by

1 !C and the salinity has been reduced by 0.05. Strong intru-
sions are also present in the Atlantic layer and in the inter-

mediate water below. The temperature is lower at the slope

and in the interior of the basin and lateral temperature and

salinity maxima are still present close to the slope (Fig. 13).

At 90! E, on the basin side of the Fram Strait branch, similar
cooling and freshening of the Atlantic and intermediate wa-

ters are observed and intrusions indicate lateral mixing with

the less saline and colder Barents Sea branch (Fig. 12).

There are four processes that can explain the strong cool-

ing and freshening of the Atlantic layer that occur north of

the Laptev Sea. (1) Heat loss to the atmosphere and to ice

melt. The difficulty with this explanation is to introduce

freshwater into the core of the Atlantic layer since melt wa-

ter, due to its low density, would likely be trapped in the Po-

lar Mixed Layer. (2) Lateral mixing between the two inflow

branches, leading to the formation of intrusive layers and to

lower temperature and salinity in the Fram Strait branch. The

heat remains in the core but the temperature is reduced be-

cause of the mixing and volume increase due to the incorpo-

ration of Barents Sea branch water. (3) Cooling and freshen-

ing by shelf-slope convection that brings colder, less saline

water into the Atlantic layer and also convects denser water

that bypasses the Atlantic layer, entrains warmer water and

brings it downwards to deeper levels. Heat is displaced ver-

tically but stays in the water column. (4) The Fram Strait

branch is imbedded between Barents Sea branch water at the

slope and in the interior, which suggests that the Barents Sea

branch water partly leaves the slope and enters the interior of

the Nansen Basin. The Fram Strait branch would then have

to return with the Barents Sea branch water towards Fram

Strait within the Nansen Basin and most of its heat would

not pass eastward of the section along 126! E and thus not
enter the Amundsen Basin and cross the Lomonosov Ridge.

This return flow then also carries the intrusive layers between

the two branches towards Fram Strait.

This implies that most of the Atlantic layer in the Arctic

Ocean beyond the Nansen Basin is supplied by the Barents

Sea branch. By comparing the !S structure of the differ-

ent basins with that of the Barents Sea branch, this does not

appear inconceivable (Fig. 14). However, there are no water-

tight boundaries in the ocean and intermittently some water

from the Fram Strait branch enters the Barents Sea branch

and crosses the Lomonosov Ridge. The warm pulse traced

since the 1990s could be such an instance.

Another caveat is that the Barents Sea branch proper-

ties considered here are those observed on the shelf-slope

at 90! E. This may not be the properties that the Barents
Sea branch had, when it left the Barents Sea and entered

the St. Anna Trough. Recent studies indicate that most heat

of the Atlantic water entering the Barents Sea is lost locally

and the mean temperature of the Atlantic water leaving the

Barents Sea is about 0 !C (Gammelsrød et al., 2010). How-
ever, most of the surface water is at the freezing point and

the deeper layers have temperatures between "1.0 !C and

www.ocean-sci.net/8/261/2012/ Ocean Sci., 8, 261–286, 2012

Rudels (2012)

Sketch of Atlantic Layer Circulation 1994 from many CTD casts



Although anomalous atmospheric forcing clearly was
an important factor in the 2007 sea ice reduction (e.g.,
Zhang et al. 2008), the changes might not have been as
dramatic if the Arctic ice had not been weakened over
the last several decades. A 1-m thinning of central-
basin sea ice over 11 years has been reported (Rothrock
et al. 2003). In addition to this thinning, the perennial
ice fraction observed in March declined from roughly
5.53 106 km2 in 1970 to 4.03 106 km2 in 2002 to 2.63
106 km2 in 2007 (Nghiem et al. 2007). This observed
Arctic sea ice reduction resulted from a complex in-
terplay between the dynamics and thermodynamics of
the atmosphere, sea ice, and ocean. For example, en-
hanced upper-ocean solar heating through leads and con-
sequent ice bottommelting were observed in the Beaufort
Sea in summer 2007 (Perovich et al. 2008; Toole et al.
2010).

Deep-ocean heat, on the other hand, has not been
widely considered to be an important contributor to the
shrinking Arctic sea ice because of the insulating nature
of the halocline layer. Throughout much of the Arctic,
a cap of relatively fresh, cold surface water is observed,
bounded below by a strong pycnocline in which salinity
increases from values of 33 psu or lower to around
34.8 psu at 200–300-m depth. This stratification has been
believed to effectively insulate the ocean surface layer
and pack ice from the heat carried by the relatively
warm intermediate waters (Rudels et al. 1996).
There are, however, arguments in support of an im-

portant role for oceanic heat in shaping the Arctic pack
ice. They are often keyed to the presence of warm (.08C)
intermediate-depth (150–900 m) water of Atlantic origin
[the so-called ‘‘Atlantic Water’’ (AW)]. Entering the
Arctic between Greenland and Europe and flowing cy-
clonically along the basin margins (e.g., Rudels et al.
1994), AW carries a vast amount of heat. Until recently,
maximum (;28–38C)AW temperatures have been found
in theNansenBasin, while in the CanadianBasin theAW
temperature has remained near 0.58C (Fig. 2a). This de-
crease of AW temperature with distance from its Arctic
entrance region implies that AW heat must be lost along
the AW spreading pathways. Some of this AW heat is
believed to be lost to the overlying halocline waters (e.g.,
Rudels et al. 1996; Steele and Boyd 1998; Martinson and
Steele 2001). Estimates of upward heat flux from theAW
yield values ranging from 1.3 W m22 (analytical model,
Rudels et al. 1996), to 2.1 W m22 (1Dmixed layermodel,
Steele and Boyd 1998), to 3–4 W m22 (parameterization
for the bulk heat transfer coefficient from themixed layer
temperature, Krishfield and Perovich 2005), to as high

FIG. 1. Seven-year runningmean normalizedAtlantic water (AW)
temperature anomalies [dashed segments represent gaps in the re-
cord, adapted from Polyakov et al. (2004)] and September Arctic ice
area anomalies [106 km2; reverse vertical axis is used, lagged by 5 yr;
courtesy National Snow and Ice Data Center (NSIDC) and In-
ternational Arctic Research Center (IARC)–Japan Aerospace Ex-
ploration Agency (JAXA) Information System (IJIS)].

FIG. 2. (a) Mean AW temperature (8C) averaged over the 1970s; AW temperature (b) anomalies (8C) averaged over the 1990s and (c) for
data from 2007. Anomalies are computed relative to climatology shown in (a).
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from 2007 revealed the same domelike spatial structure
of roughly the same magnitude (;90 m) (Fig. 7). Note
that for this analysis we took the potential density sur-
face su 5 27.40, which corresponds to ;60–80 m depth
range (Fig. 5). However, the same spatial pattern and
magnitude of anomalies are found for other, deeper,
isopycnal surfaces including the su 5 27.85 surface (not
shown) that typically lies close to the AW core. Similar
to the 1990s, the observed shoaling of the AW layer in
2007 has a strong resemblance to the spatial pattern of
the 2007 SLP anomalies (not shown, see Ogi et al. 2008),
probably due to Ekman pumping.
The extensive 2007 observations provide an excellent

opportunity to evaluate the upward spread of AW heat.
Ten cross-isobath sections spanning 438–1858E (see their
locations in Fig. 3) were analyzed (Fig. 8) to quantify the
along-slope change of water temperature. The Q–S

diagram (Fig. 8, left) provides strong evidence that, at
low salinities (,34.3 psu, i.e., in the halocline and just
below the upper mixed layer), temperatures are sub-
stantially higher at eastern sections compared with
western sections. With the AW layer as the only source
of heat, this is strong evidence of the existence of upward
heat flux from the AW.
Heat contentQ was also used to further quantify the

along-slope changes. Using standard notation, heat
content Q (J m22) relative to the freezing point is de-
fined as

Q5
!z2

z1

rwcp(Q!Q f ) dz,

where Q is potential temperature, Qf is the freezing
temperature at 0 db, rw is water density, cp is specific heat

FIG. 4. Vertical cross sections of water temperature (8C) from the Laptev Sea slope (see three series of cascaded
plots related to three locations shown by yellow lines on the map). These observations provide evidence of un-
precedented warming of the Arctic Ocean.
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b. Impacts of AW warming on Arctic ice:
Model experiments

Oceanographic observations documenting the signifi-
cant warming (by ;18C) accompanied by weaker ocean
stratification suggest that the upward AW heat flux may
have increased recently and contributed to the sea ice
decline in theEurasianBasin. There is, however, no direct
observation-based evidence for such a link. We therefore
used numerical modeling (1D and 3D) to investigate

changes in the rate of upward AW heat transfer and its
potential impact on the sea ice cover.
Using the 1D model, oceanic heat fluxes for the 1970s

and 1990s averaged over the Eurasian Basin were esti-
mated (Fig. 6e). For the first experiment, the 1D model
was initializedwith temperature and salinity profiles from
the 1970s. The second experiment used temperature and
salinity data from the 1990s. Simulated heat fluxes aver-
aged over the Eurasian Basin are presented in Fig. 6e.
The model results suggest that change of stratification

FIG. 6. (a) Temperature T(z) (8C) profiles averaged over 10 cross sections crossing the Siberian continental slope
shown in Fig. 3; same profiles but for T(s) (vertical axis is density instead of depth). Black dashed lines show ap-
proximate position of halocline; colored numbers show depth (m) for each profile. (c) Simulated upward annual-
mean heat flux anomalies (2007 vs climatology, W m22) due to AW heat content change. (d) The Brunt–Väisälä
frequency anomalies (2007 vs climatology, 1000 s22) derived from temperature and salinity profiles. Note different
horizontal scales for positive and negative values. (e) Simulated upward decadal-mean heat flux (W m22) in the
Eurasian Basin. Vertical axes show depth (m).
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[3] Aagaard et al. [1981], Jones and Anderson [1986],
Rudels et al. [1996, 2004] and Steele and Boyd [1998],
followed by Kikuchi et al. [2004], suggested a number of
mechanisms to produce halocline waters. In the Eurasian
Arctic (Nansen and Amundsen Basins) the ‘advective!
convective’ mechanism through deep winter convection,
accompanied by isopycnal advection of shelf waters between
surface layer and AW, creates a cold halocline [Steele and
Boyd, 1998]. Most of the Eurasian halocline forms in the
northern Barents Sea and on the northern Barents Sea shelf
[Rudels et al., 2004] (Figure 1). Rudels et al. [1999a] dem-
onstrated that the thermohaline “staircase!like” layered struc-
tures, evidence of double!diffusive convection, are typical
of the central Eurasian Arctic away from the shelf boundary
current. They speculated that the layers were formed north
of the Kara Sea along the front marking the confluence zone
of Fram Strait Atlantic water and Barents Seawaters and
subsequently advected into the basin interior. Lenn et al.
[2009] found double!diffusive layers in the shelf boundary
current in the Laptev Sea but concluded that vertical double!
diffusive heat fluxes are too small to impact the boundary

current and halocline. In the Canadian Basin the halocline
structure is more complex, reflecting interaction of the
Atlantic and Pacific inflows and Siberian Shelf waters
through thermohaline intrusions and diapycnal mixing [e.g.,
McLaughlin et al., 2002; Itoh et al., 2007; Woodgate et al.,
2005, 2007] and input of saline waters due to the sea ice
formation in the eastern Chukchi Sea [Shimada et al., 2005].
[4] Direct velocity measurements in the Arctic Ocean are

sparse, thus much of what is known about the Arctic cir-
culation has been inferred from hydrographic measurements
and from a few current meter moorings. These data sug-
gest a weak, eddy!rich interior circulation and a topograph-
ically guided system of boundary currents called collectively
the Arctic Circumpolar Boundary Current (ACBC), flowing
cyclonically along the margins of the ocean basins [e.g.,
Aagaard, 1989; Rudels et al., 1994, 1999b]. We propose this
name (ACBC) for the system to avoid confusion generated
by the use of the name “Arctic Circumpolar Current,” whose
abbreviation (ACC) has other uses (e.g., Alaskan Coastal
Current discussed in this paper, or Antarctic Circumpolar
Current in the south).

Figure 1. Schematic of the halocline and Atlantic waters circulation in the Arctic Ocean afterMcLaughlin
et al. [2004, 2009], Rudels et al. [1994, 2004], Schauer et al. [2002], Shimada et al. [2005], Steele et al.
[2004] and Woodgate et al. [2007]. Pathways (solid arrows, known flows; dashed arrows, presumed
flows) are shown over the model bathymetry (blue colors). Red arrows depict Fram Strait Branch (FSB)
of the Arctic Circumpolar Boundary Current (ACBC) and pathways of Atlantic Water (AW). Dark blue
arrows show Barents Sea Branch (BSB) of the ACBC, transporting dense Barents Seawater (BSW). Light
blue arrows depict flow of the Barents Sea halocline water (BHW) within Arctic Shelf Break Branch
(ASBB) of the ACBC, and light green arrows depict flow of Pacific Water (PW). Magenta shaded contour
and arrows mark formation areas and pathways of Siberian shelf waters. Yellow arrows indicate conti-
nental runoff. Formation areas of Barents Seawater and Barents Sea halocline are contoured in dark and
light blue with shading. Regions discussed in this study are marked as follows: FS, Fram Strait; SVA, east
of Svalbard; SZP, the Severnaya Zemlya Polygon; SIS, the Siberian Shelf; ALS, the Alaskan Shelf; LIS,
the Lincoln Sea. Moorings positions are shown with yellow circles with M1 marking the current meter
mooring in the Laptev Sea. Locations of conductivity!temperature!depth (CTD) transects and coincident
model sections are shown by green lines. Sites of the simulated passive tracer release are marked with
stars, red for AW, light blue for BHW, dark blue for BSW and green for PW.

AKSENOV ET AL.: THE ARCTIC CIRCUMPOLAR BOUNDARY CURRENT C09017C09017

2 of 28

Aksenov et al. (2011)

Sketch of Atlantic Layer Circulation 2011 from Model



Figure 2. Observed and simulated mean annual (a–d) 1997–2002 and (e–h) 2002–2006 potential tem-
perature and meridional velocity in Fram Strait (section FS along !79°N in Figure 1). Northward
velocities are positive and southward velocities are negative. The abbreviations are as follows:
PLW, Polar Water; AW, Atlantic Water. WSC and EGC denote West Spitsbergen Current and East
Greenland Current, respectively. The thick gray line on the modeling plots (Figures 2b, 2d, 2f, and 2h)
shows the smoothed real bathymetry. Observational data obtained by the Alfred Wegener Institute for
Polar and Marine Research (AWI) and Norwegian Polar Institute (NPI). For data description, see Schauer
et al. [2004, 2008].
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Figure 2. Observed and simulated mean annual (a–d) 1997–2002 and (e–h) 2002–2006 potential tem-
perature and meridional velocity in Fram Strait (section FS along !79°N in Figure 1). Northward
velocities are positive and southward velocities are negative. The abbreviations are as follows:
PLW, Polar Water; AW, Atlantic Water. WSC and EGC denote West Spitsbergen Current and East
Greenland Current, respectively. The thick gray line on the modeling plots (Figures 2b, 2d, 2f, and 2h)
shows the smoothed real bathymetry. Observational data obtained by the Alfred Wegener Institute for
Polar and Marine Research (AWI) and Norwegian Polar Institute (NPI). For data description, see Schauer
et al. [2004, 2008].
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Figure 3. Simulated mean annual fields for 1989–2004. Potential density so (red contours) and cross!section velocity
(colors, velocity is positive eastward) for the sections (a) along !30°E east of Svalbard (section SVA in Figure 1),
(b) along !104°E north of Severnaya Zemlya (section SZP in Figure 1) and corresponding salinity (black contours) and
potential temperature (color) for (c) !30°E and (d) !104°E. so contours mark the potential density surfaces used for the
Montgomery function calculations (Figures 12–14). Atlantic Water (AW), Barents Sea halocline water (BHW) together with
Fram Strait Branch (FSB) and Arctic Shelf Break Branch (ASBB) of the Arctic Circumpolar Boundary Current (ACBC) are
marked. Please note different color scale for temperature.
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Figure 5. Simulated fields, averaged for March (Figures 5a and 5c) and August (Figures 5b and 5d) 1989–2004 in the Laptev
Sea at !126°E (section SIS in Figure 1). (a,b) Potential density so (red contours) and cross!section velocity (color with solid
contours drawn every 2 cm s"1, dashed contours drawn every 1 cm s"1, velocity is positive eastward); (c,d) salinity (black
contours) and potential temperature (color). so contours mark the potential density surfaces used for the Montgomery function
calculations (Figures 12–14). Atlantic Water (AW), Barents Sea halocline water (BHW) together with Fram Strait Branch (FSB)
and Arctic Shelf Break Branch (ASBB) of the Arctic Circumpolar Boundary Current (ACBC) are shown.
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In the model the BSB velocity core is not always distin-
guishable from the lower part of the ASBB velocity core due
to the weakness of the former.
[49] Simulations with passive tracers confirmed the sources

of the three branches of the ACBC. In contrast to “off!line”
tracer experiments, which utilize model velocity output to
advect tracers with some added prescribed diffusion, in our
simulations we employed “on!line” tracers. This allowed the
tracers to evolve with full ocean dynamics during the run,
thus improving the accuracy of the simulations. The tracers
were initialized to unity on 1 January 2004 in the Fram
Strait (AW tracer), in the top 150 m in St. Anna Trough
(BHW tracer) and in the lower (below 150 m) portion of
model cells in the trough (BSW tracer); points of release are
marked in Figure 1. Figures 10a and 10b depict annual
averaged concentrations of the tracers for 2006, along with
cross!section velocity and !, averaged for the same period.
[50] The correspondence between the branches of the

ACBC and the source water masses is evident (Figures 10a

and 10b). The second, offshore maximum of the AW tracer is
due to the meandering of the FSB through the section. The
meander is also present in the ! field as a second maximum
in the simulations as well as CTD sections (cf. Figures 6d
and 10b). The BSW tracer concentration is much smaller
than the other tracers, possibly owing to the smaller veloc-
ities in the BSB. However, the tracer distribution is probably
not in equilibrium due to the short integration period; this
also may explain the low concentration of the BSW tracer.
In the paper, we examine the FSB and ASBB in more detail
to gain confidence that these are not merely model artifacts;
the BSB will be discussed only briefly.
[51] The ASBB has a strong seasonal cycle with the max-

imum eastward along!shelf flow occurring in winter and
spring and the minimum in summer and autumn (Figure 11a).
The seasonal cycle of the FSB is much weaker, with the
eastward velocity increasing in autumn and winter and
decreasing in spring and summer. Here we analyze the
velocity cores, defined as the maximum monthly mean east-

Figure 7. Simulated and observed (a,b) potential temperature (color) together with salinity (contours)
and (c,d) averaged along!stream (azimuth 125°) ocean velocity (color) together with potential density
so (contours) near the Alaskan Arctic Shelf, averaged for the period 1 August 2002 to 1 August 2004.
The observed velocity fields have been obtained from the moored acoustic Doppler currenmeter profile
(ADCP) and acoustic currentmeters (ACM), and temperature and salinity measurements have been
obtained from the conductivity!temperature!depth probe (CTD) mounted on coastal moored profile
(CMP) and McLane moored profiler (MMP). The mooring sites are indicated. Positions of the moored
instruments are marked with dots. The thick gray line on modeling plots (Figures 7b and 7d) shows real
bathymetry. Eastward velocity is positive. The observational plots are adapted from Von Appen and
Pickart [2011]. Observation details are given by Nikolopoulos et al. [2009].
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