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[1] Hydrographic data and atmospheric reanalysis from 1982 to 2005 are used to show a
strong link of the Atlantic water temperature (AWT) anomalies observed in the transition
zone between the Norwegian Atlantic current and the West Spitsbergen current in
summer to the surface heat flux (SHF) anomalies observed over the Barents Sea open
water in the preceding late winter. A mechanism proposed for this link is formation of
ocean temperature anomalies in a deep mixed layer and their subsequent westward export
by a branch of Atlantic water recirculating in the western Barents Sea. The SHF anomalies
over the Barents Sea are due to advection of temperature and humidity by anomalous
winds across the Arctic ice edge and do not strongly depend on the North Atlantic
oscillation (NAO). Correlations of up to about 0.9 between the AWT anomalies and
indices of atmospheric variability over the Barents Sea open prospects for seasonal AWT
predictability. It is also shown that the wind-forcing responsible for positive AWT
anomalies is involved in a cyclonic perturbation of the atmospheric circulation over the
Nordic Seas. This perturbation generates, through influence on the sea ice distribution, a
lobe of SHF anomalies in the marginal ice zone (MIZ) on the eastern (Barents Sea)

and western (Greenland Sea) sides of the Nordic Seas which has the opposite sign to the
open water lobe. In contrast to the Barents Sea MIZ, the diabatic heating of the atmosphere

by upward SHF anomalies in the Greenland Sea MIZ competes with cold advection.

Citation: Schlichtholz, P., and M.-N. Houssais (2011), Forcing of oceanic heat anomalies by air-sea interactions in the Nordic
Seas area, J. Geophys. Res., 116, C01006, doi:10.1029/2009JC005944.

1. Introduction

[2] The upper limb of the thermohaline and wind-
driven North Atlantic circulation conveys warm and salty
Atlantic water to the Nordic (Greenland-Iceland-Norwegian
and Barents) Seas (Figure 1). After crossing the Greenland-
Scotland ridge, the Atlantic water flows northward on the
eastern side of the Nordic Seas, in the Norwegian Atlantic
current (NWAC in Figure 1a). The current splits northwest of
Norway into two branches heading the Arctic Ocean. One
branch, the West Spitsbergen current (WSC in Figure la),
streams northward along the shelf slope [Schauer et al.,
2004], whereas the other branch, the North Cape current
(NCaC in Figure 1a), crosses the Barents Sea shelf [Ingvaldsen
et al., 2004]. A western branch of the Norwegian Atlantic
current flows northward along the Arctic Front [Orvik and
Niiler, 2002] and extends to Fram strait, where it mainly
feeds the return Atlantic current (RAC in Figure 1a), which
recirculates some Atlantic water southward [Schlichtholz
and Houssais, 1999]. The recirculated Atlantic water con-
tributes to the sinking branch of the Atlantic meridional
overturning circulation via a direct throughflow to Denmark
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strait [Mauritzen, 1996] or through preconditioning of dense
water formation in the Greenland gyre [Gascard et al., 2002].

[3] Much heat is lost by the Atlantic water on its transit
through the Nordic Seas, as suggested by subsurface tem-
perature gradients and sea ice distribution (Figure 1b). Mean
winter surface heat flux (SHF) over the West Spitsbergen
current and Barents Sea is locally as large as ~300 W m >
[Furevik and Nilsen, 2005], but Atlantic water does not com-
pletely lose its warm identity. Although the branch across
the Barents Sea is cooled to temperatures below 1°C before
it enters the Arctic Ocean [Schauer et al., 2002], the layer
with temperatures above 1°C is ~500 m thick in the West
Spitsbergen current. From a mean northward heat transport
of ~300 TW (TW = 10'> W) by the Atlantic water across the
Greenland-Scotland ridge [Dsterhus et al., 2005], 25-50 TW
continues into the Arctic Ocean through Fram strait [Schauer
et al., 2008].

[4] A number of studies have shown that Atlantic water
temperature (AWT) in the West Spitsbergen current is sub-
ject to substantial variations. For instance, a 30 year long
time series of 50—500 m depth averaged temperatures near
Sarkapp (the south cape of Spitsbergen) revealed a 1°C
warming between the late 1960s and mid-1990s [Blindheim
et al., 2000]. A century-long temperature record from the
Russian Kola section of the east-central Barents Sea [Skagseth
et al., 2008] and an equally long time series of the average
temperature of the Atlantic layer in the Arctic Ocean [Polyakov
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Figure 1. (a) Bathymetry (in 10? m contours) and (b) annual mean ocean temperature (in degrees Celsius
contours) at the depth of 100 m from a hydrographic climatology [Steele et al., 2001] in the Nordic Seas area.
In Figure 1a, the 300, 1000, 2000, and 3000 m isobaths are plotted while the arrows depict major pathways
of Atlantic water through the Nordic Seas: the Norwegian Atlantic current (NwAC), North Cape current
(NCaC), West Spitsbergen current (WSC), return Atlantic current (RAC), and Hopen trench recirculation
(HTR). In Figures la and 1b, the box delineates the Barents Sea Opening (BSO) area. In Figure 1b, dark
shading denotes an area where the long-term (1982—2005) mean of the late winter (January-April) sea ice
concentration is above 5%, the circle indicates the Hopen trench area, and the crosses show points for
calculation of the OIW index (see Table 1 for definition). In Figure 1b, the thick solid line between the points
S and F along the 500 m isobath and the thick dashed line along the 74°N parallel show sections for a

composite analysis (see Figure 3).

et al., 2004] show that this trend is a part of a large-scale
multidecadal climate oscillation. This oscillation strongly
affects Arctic sea ice conditions and atmospheric temperature
and is linked to hydrographic variability in the North Atlantic
[Polyakov et al., 2005a]. The late 20th-century warming in
the Arctic was associated with a change in activity of the
North Atlantic oscillation (NAO) from its extreme low index
phase to its extreme high index phase [e.g., Dickson et al.,
2000], but understanding of the multidecadal Arctic climate
variability is not trivial, as a similar warming in the early 20th
century was apparently not linked to the NAO [Bengtsson
et al., 2004].

[5] In the Nordic Seas, strong interannual variability is
superimposed on the multidecadal AWT trends. For instance,
16 year long temperature records from five standard Nor-
wegian hydrographic sections, which cover the area from
the zone of the Atlantic water inflow between Scotland and
Faroe Islands to the West Spitsbergen current at the Serkapp
latitude exhibited a cooling between warm events observed at
the beginning of the 1980s and 1990s [Furevik, 2001]. These
events, characterized by AWT anomalies on the order of
1°C, were identified on a section surveyed only once a
year, in summer, as well as on sections surveyed several
times each year. Substantial AWT anomalies also occurred in
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the period from the mid-1990s to the mid-2000s, as shown by
data from the Norwegian sections [Skagseth et al., 2008] as
well as from summer cruises of R/V Oceania in the Barents
Sea opening (BSO) area (Figure 1, box) [Schlichtholz and
Goszczko, 2005] and farther north in the West Spitsbergen
current [Walczowski and Piechura, 2006]. Since the AWT
anomalies observed in this area propagate into and around the
Arctic Ocean [Karcher et al., 2003; Polyakov et al., 2005b] or
recirculate with the return Atlantic current [Dickson et al.,
1999], they may have a profound impact on the polar and
subpolar climate variability.

[6] Similarly to the multidecadal trends, the interannual
AWT anomalies in the Nordic Seas are often attributed to
the NAO [e.g., Furevik, 2001; Saloranta and Haugan,
2001; Schlichtholz and Goszczko, 2006]. However, their
actual physical origin is unclear. Model simulations suggest
that they are associated with changes in the heat transport
due to variability in the volume flux across the Greenland-
Scotland ridge [Karcher et al., 2003; Nilsen et al., 2003].
The heat transport from the North Atlantic may also vary
because of temperature changes controlled by the dynamics
of the subpolar gyre [Hatun et al., 2005], the latter showing
some link to the NAO [Herbaut and Houssais, 2009].
Whatever their actual origin, the AWT anomalies observed in
the southern Norwegian Sea propagate northward and arrive
to the Barents Sea and Fram strait after ~2 years [Skagseth
et al., 2008]. However, some of the observed anomalies
amplify in the presumed northward direction of their propa-
gation while other appear simultaneously in the southern
and northern part of the Nordic Seas [Furevik, 2001]. This
indicates that either variability of the internal circulation in
the Nordic Seas or forcing by anomalous local air-sea heat
exchanges play a role. The AWT anomalies indeed appear
to be modified through regional advection anomalies linked
to variations in the path (or transport) of the Norwegian
Atlantic current [Orvik and Skagseth, 2005] or through
anomalous air-sea interactions over the Norwegian Sea
[Nilsen and Falck, 2006]. Air-sea interactions may also act
to damp the anomalies before entering the Arctic Ocean in
both Fram strait and Barents Sea [Karcher et al., 2003].

[7] Here we focus on the link between the interannual
AWT variability and air-sea interactions over the Nordic Seas.
The link is investigated using summer subsurface temperature
profiles in the BSO box (Figure 1) from oceanic databases
together with surface, year-round oceanic and atmospheric
gridded fields from 1982 to 2005. The BSO area is chosen
since it is a transition zone in which the Atlantic water core
streaming northward along the shelf slope can interact with
the circulation in the Barents Sea. The northward flow in the
BSO area not only diverges to the east but also converges with
the Hopen trench recirculation (HTR in Figure la) which
recirculates water from a northern limb of the North Cape
current [Gawarkiewicz and Plueddemann, 1995]. The ques-
tion is whether this transition zone acts as a passive northward
conveyor of signals coming from the Norwegian Sea or has
rather its own dynamics. To minimize aliasing from eddies,
estimates of summer mean AWT are used rather than tem-
perature data from snapshot sections. The summer season is
chosen since most of available hydrographic data are from
that season and also because subsurface water mass properties
are not altered by concomitant air-sea interactions in that
season [Nilsen and Falck, 2006]. Summer temperature
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records contain information on atmospheric forcing during
the previous cold season and, when compared to the spatial
distribution of this forcing, may indicate which of the adjacent
areas play a key role in shaping the AWT variability in the
area under study. The period 1982-2005 is selected because
a quite large number of hydrographic data could be col-
lected for each summer in that period and also because we
will relate the summer AWT variability to the presummer
evolution of sea-surface temperature (SST) anomalies esti-
mated from a data set based on high-quality satellite and in
situ observations which is available from December 1981
onward [Reynolds et al., 2002].

[8] We will show that the AWT anomalies observed in
the BSO area can to a large extent be generated by air-sea
interactions over the Barents Sea, in particular at the ice
edge in the Hopen trench area (Figure 1b, circle). It will be
found that these anomalies are only moderately linked to
the previous winter NAO and that this link may reflect an
impact of the NAO on the Greenland Sea marginal ice zone
(MIZ). We will also show that, despite a strong relation of the
atmospheric variability in the Hopen trench area to the vari-
ability of the Greenland Sea MIZ, the anomalies of the surface
atmospheric temperature (SAT) play a different role in the
two areas. While they are mainly responsible for the air-sea
heat flux variability in the Hopen trench area, they occur as
a passive response to the sea ice cover anomalies in the
Greenland Sea MIZ.

[9] The study is organized as follows. Data and methods
are described in section 2. The section starts with con-
struction of the AWT series and selection of “BSO warm
summers” and “BSO cold summers” for a composite anal-
ysis (section 2.1). Then, selection of surface fields is made
(section 2.2) and suitable indices of regional climate variability
are defined (section 2.3). Methods used to calculate correla-
tions between the indices and surface fields are described in
Appendix A. Basic results are presented and discussed in
sections 3 and 4. Section 3 includes an analysis of summer
AWT variability (section 3.1), of its links to presummer
SHF anomalies (section 3.2), of the particular role of air-sea
interactions in the Barents Sea open water (section 3.3), of
the link to the atmospheric circulation over the Nordic Seas
(section 3.4), and of the relation to the NAO (section 3.5).
In section 4, mechanisms responsible for the link of AWT
anomalies to the atmospheric variability over the Barents
Sea open water are elucidated based on the heat budget of
the ocean surface mixed layer (section 4.1) and the surface
atmospheric heat balance (section 4.2). The contrasted
response of the eastern and western MIZs of the Nordic Seas
is finally investigated in section 5, where first late winter
anomalies are analyzed (section 5.1) and then the presummer
evolution of anomalies is discussed (section 5.2). A summary
and conclusions follow in section 6.

2. Data and Methods

2.1.

[10] A time series of summer (June-September) mean
AWT in the BSO box (13-17°E, 70-76°N, Figure 1) is
constructed using quality-controlled temperature records.
As explained in the introduction, the box is in the transition
zone between the Norwegian Atlantic current and the West
Spitsbergen current where interactions with the Barents Sea

Atlantic Water Temperature
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Figure 2. (a) Histogram of hydrographic stations used to
construct the time series of (b) summer (June-September)
Atlantic water temperature (AWT) averaged over the 100—
300 m layer in the BSO area (Figure 1, box) and (c) its
anomaly from 1982 to 2005. In Figure 2b, the circles, dashed
line, and solid unmarked lines denote the AWT series itself,
its linear trend, and the 95% confidence intervals, respec-
tively. In Figure 2c, the anomalies are detrended and +0.75
of their standard deviation (used as a limit for selection of
summers in a composite analysis, see Figure 3) is marked by
dashed horizontal lines while W1, C1, W2, C2, W3, C3, and
W4 indicate warm and cold events discussed in the text.

circulation can occur. The lateral extent of the box is limited
to the range of longitudes roughly covering the shelf slope
area and corresponding to typical locations of the AWT
maximum in the east-west direction. The temperature records
are from the Oceanographic Database of the International
Council for the Exploration of the Sea (ICES) [International
Council for the Exploration of the Sea, 2006] and the World
Ocean Database 2005 (WODO0S5) compiled by the U.S.
National Oceanic and Atmospheric Administration (NOAA)
[Boyer et al., 2006]. Only data from the Atlantic water core
(100-300 m layer) are used. Stations in water shallower than
300 m or not spanning the entire 100-300 m layer are dis-
regarded. The ICES database provides in all 1713 selected
stations, some in each year of the period under study (1982—
2005). The WODO05 database provides 592 stations before
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1998 and none afterward. The two data sets are assembled,
but the WODOS5 stations are included only if differing
(location and day of measurements) from the ICES stations.
The final set (1900 vertical profiles) consists of stations from
inside the BSO box plus two additional stations per year,
with one at (or the closest to) the southern and northern limits
of the box. The set has a very irregular time distribution but
includes at least 27 stations in each year (Figure 2a).

[11] Sampling errors caused by an inhomogeneous dis-
tribution of the hydrographic stations may contaminate
results of horizontal averaging because of a large northward
temperature decrease in the BSO area (Figure 1b). To tackle
this problem, all stations are assumed to be on a same meridian
and the vertically averaged temperature data in each year are
interpolated between the southern and northern limits of the
BSO box before taking the meridional average. To obtain
reliable AWT estimates with error bars, a Monte Carlo sim-
ulation is applied. The interpolation and averaging procedure
is repeated 500 times using a randomly selected subset (50%)
of stations in each year. The mean values of the calculated
averages constitute the final AWT time series (Figure 2b,
circles). The standard deviations of these averages multiplied
by the 95% confidence level for the normal distribution are
used as estimates of uncertainty, and determine the confi-
dence intervals for the AWT estimates (Figure 2b, solid
unmarked lines). To focus on the interannual variability,
AWT anomalies (Figure 2c) are obtained by removing the
linear trend (Figure 2b, dashed line) from the basic AWT
series. The whole procedure of temperature averaging and
calculation of anomalies is then repeated for the upper (100—
200 m) and lower (200-300 m) parts of the Atlantic water
core and for the southern (70—73°N) and northern (73—76°N)
parts of the BSO box.

[12] Composite fields of summer temperatures from the
ICES and WODO5 databases are also constructed to inves-
tigate the spatial coherence of the subsurface temperature
anomalies in the eastern Nordic Seas (Figure 3). First, we
select an epoch W, of seven “BSO warm summers” and an
epoch Cj of seven “BSO cold summers” based on the time
series of the AWT anomalies in the BSO area (Figure 2c,
circles). The warm (respectively, cold) epoch includes the
summers of 1983, 1984, 1990, 1991, 1992, 2004, and 2005
(respectively, the summers of 1985, 1986, 1987, 1988,
1997, 1998, and 2003) for which the AWT anomaly is
greater than 0.75 (respectively, smaller than —0.75) of the
standard deviation of all AWT anomalies in the 1982-2005
period (Figure 2c, dashed horizontal lines). Composite mean
temperatures in the 100300 m layer for these epochs are
then constructed along the 500-m isobath in the eastern
shelf slope region of the Nordic Seas (Figure 1b, thick solid
line) from ~63°N (point S collocated with the shallowest
mooring of the Sviney array in the southern Norwegian Sea)
[e.g., Skagseth et al., 2008] to ~79°N (point F in the area of
moorings in Fram strait) [e.g., Schauer et al., 2008]. Layer-
averaged temperatures at a resolution of 50 km are calcu-
lated using, for a given point, hydrographic stations located
within a 100-km radius between the 300 and 700 m iso-
baths. The difference in the composite temperature between
the W, and C, epochs is then obtained at points for which
data from at least 5 stations contribute to the composites
(typically ~40 stations, median value). The significance of
the difference is tested using a ¢ statistic with the number of
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Figure 3. (a) Difference in the composite mean of the
average temperature in the 100300 m layer between the
“BSO warm summers” and the “BSO cold summers” (circles)
and between the summers 1 year before the “BSO warm sum-
mers” and “BSO cold summers” (triangles) along the 500-m
isobath from point S to point F in Figure 1b. (b) Difference in
the composite mean of the average temperature in the 100—
300 m (circles) and 300—450 m (triangles) layers between the
“BSO warm summers” and the “BSO cold summers” along a
zonal section at 74°N (thick dashed line in Figure 1b). See
the dashed horizontal lines in Figure 2¢ for the threshold
values used in the selection of the warm and cold summers
and the text for details of construction of the composites. In
Figures 3a and 3b, the temperature differences are shown
only at the points where the composite means are based on
data from at least five hydrographic stations. The filled
symbols indicate that the differences are statistically signif-
icant at the 95% confidence level and the bold vertical lines
show the limits of the BSO area.

degrees of freedom determined from the temperature var-
iances in both epochs [von Storch and Zwiers, 1999, p. 113].
To address the problem of the propagation of anomalies
along the shelf slope, we repeat a similar composite analysis
for the summers preceding by 1 year the W, and Cy summers,
that is, the epoch W_; (summers of 1982, 1983, 1989, 1990,
1991, 2003, and 2004) and the epoch C_; (summers of 1984,
1985, 1986, 1987, 1996, 1997, and 2002). Similarly, a
composite analysis of the temperature in the 100-300 m
layer and in the 300—450 m layer is carried out for the W,
and C, epochs along the (74°N) parallel corresponding
approximately to the latitude of extreme mean westward
outflow from the Barents Sea [e.g., Skagseth, 2008]. The
composites are calculated from 6°E to 32°E (Figure 1b,
thick dashed line) with a resolution of 1° longitude using for
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a given point the layer-averaged temperature data from all
hydrographic stations within a 100 km radius.

2.2. Surface Fields

[13] Links of AWT variability to surface processes in the
Nordic Seas area are studied using records of SST, sea ice
concentration (SIC) and various atmospheric fields. We use
monthly mean fields (http://www.cdc.noaa.gov/) of SST/
SIC on a 1° lat x 1° long grid compiled by NOAA [Reynolds
et al., 2002]. The atmospheric data (http://www.cdc.noaa.
gov/) are from the U.S. National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis [Kalnay et al., 1996]. In the present anal-
ysis, monthly or daily mean fields from 1982 to 2005 are
used. The monthly mean fields include the sensible, latent,
net shortwave radiative, and net longwave radiative con-
tributions to the total SHF, the sea level pressure (SLP), and
the two components of the surface wind stress (see also
Table 1 for acronyms and symbols). Positive values corre-
spond to a downward heat flux. The SLP is on a 2.5° lat x
2.5° long grid while all other variables (monthly and daily)
are on the T62 reanalysis grid (ca. 2° lat x 2° long). The
daily mean fields include the 2 m height air temperature
(SAT), the 2 m height specific humidity (SHUM), and the
two components of the surface (10 m height) wind velocity
from which the surface wind speed is calculated.

[14] To focus on the seasonal timescale, all monthly and
daily mean fields are averaged over 4 months with the interval
of 1 month. The basic (overlapping) seasons complementing
the summer (June-September) season are autumn (September-
December), winter (December-March), and spring (March-
June). The seasons starting 1 month earlier and later than the
basic seasons are referred to as “early” and “late,” respec-
tively, for example, early (late) winter for the November-
February (January-April) season, and so on.

Table 1. Correlation 7 of the Summer AWT Anomalies in the
BSO Area in the 1982-2005 Period (Figure 2¢) With Some Indices
of Presummer Variability in the Nordic Seas Area®

Variable Acronym Symbol Lagb r px100 Ny

Sea ice concentration® SIC — -2 -0.87 0.01 11.2

Sea surface SST T, -3 091 0.02 8.3
temperatured

Surface heat flux? SHF*® (0] -5 0.86 0.02 10.7

Surface air SAT T, =5 0.87 0.05 8.9
temperature’

Surface specific SHUM — -5 092 0.01 8.6
humidity"

Atmospheric heat — A -5 0.83 0.04 113
advection!

Ekman suction — wg -5 078 0.3 116

“On Ice Wind” OIW — -5 084 0.05 10.6
index®

North Atlantic NAO — -6 0.56 1.80 154
Oscillation™

Correlation r together with its significance (p value) and the effective
number of degrees of freedom (Negr). All time series are detrended.

°In months (all indices are based on 4 month mean values).

“Local in the Barents Sea marginal ice zone (MIZ).

At the ice edge in the Hopen trench area (circle in Figure 1b).

“Positive downward.

fAveraged over the Barents Sea open water.

#Normalized sea level pressure (SLP) difference between the southern
tips of Novaya Zemlya and Spitsbergen (crosses in Figure 1b).

"SLP difference between Lisbon and Stykkisholmur.
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Figure 4. Comparison of the summer AWT index (circles),
defined as the ratio between the anomalies from Figure 2c
and their standard deviation, with (a) the detrended and
normalized anomalies of the late winter total SHF (squares,
positive downward) and spring SST (triangles) in the Hopen
trench area (at the circle in Figure 1b), (b) the late winter
OIW index (squares, see Table 1 for definition), and (c) the
late winter pattern-based NAO index (squares) obtained
from the detrended SLP anomalies in the North Atlantic
sector (90°W—40°E, 20-70°N) in the 1982-2005 period. In
Figure 4b, the bold vertical line separates the “training”
period from the “validation” period of a simple statistical
prediction model (see Figure 16).

[15] To investigate the surface atmospheric heat balance,
contributions from temperature advection by the seasonal
mean winds (4) and the eddy heat flux convergence due to
the subseasonal variability (E) are estimated from the fol-
lowing formulae:

A=-u, VT, (1)
and
E=-V.uT, )

where u, and T, are the surface wind velocity and the SAT,
respectively, V is the horizontal gradient operator while the
double overbar and double prime indicate seasonal averag-
ing and daily anomaly with respect to the seasonal average,
respectively. Analogous terms to 4 and E are also calculated
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for SHUM instead of SAT. Hereafter only seasonal mean
variables will be considered and the double overbar will be
dropped for the sake of clarity.

[16] To study the effects of the wind-driven oceanic cir-
culation on the Ekman layer temperature (assumed equal to
the SST), the surface Ekman transport (Ug) is calculated
from the relation

T, X k

fow '

U = 3)

where T, is the surface wind stress, k is a vertical unit
vector, fis the Coriolis parameter, and JPw is the density of
seawater (assumed equal to 1027 kg m ). U is then used to
obtain the Ekman suction velocity (wg =V - Ug) and heating
(in watts per unit area) due to temperature advection by the
Ekman flow,

HE - _pwchE . VTm (4)

where T, is the SST and ¢,, is the specific heat at constant
pressure for seawater (assumed equal to 4000 J kg ™' °C™).

2.3. Indices of Variability

[17] An index of summer AWT variability in the BSO
area is obtained by dividing the detrended AWT anomalies
from Figure 2¢ by their standard deviation (Figure 4, circles).
To link the AWT variability to the surface fields, the latter
are decomposed into the seasonally varying long-term mean
(i.e., a climatological annual cycle denoted by a single overbar)
and the departure (anomaly) from this mean (denoted by a
single prime), which for, for example, the total SHF, O,
writes as

0=0+0. (5)

For each season, the anomalies are then detrended. Linear
regressions onto the AWT index and corresponding corre-
lations (r) are then calculated in which negative lags cor-
respond to the surface fields leading the AWT anomalies.
For instance, lags from —7 to —5 months refer to, respec-
tively, the early winter, winter, and late winter preceding a
given summer, and so on. The statistical significance of the
correlations (p value) is obtained from a test carried out with
an effective number of degrees of freedom (see Appendix A).
Correlations statistically significant at the 95% confidence
level (p < 0.05) are indicated by shading in the regression
maps and by filling of symbols on the regression curves. In
the case of the vector quantities (u, and U%), their zonal and
meridional components are regressed separately and areas
where either of the components are significant are shaded in
the regression maps.

[18] Based on the regression analysis, key areas of surface
field variability are identified in which additional indices of
air-sea interactions are constructed. Indices are shown at a
point at the ice edge in the Hopen trench area (Figure 1b,
circle) characterized by the strongest AWT-associated late
winter downward anomaly of SHF (Figure 5a, circle). The
presummer evolution of the regression coefficients or cor-
relations is analyzed at this point, at two other points in the
open water, one in the Norwegian Sea (Figure 5a, upside-
down triangle), and one in the BSO area (Figure 5a, square)
and also at two points located in areas of the strongest
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Figure 5. Late winter anomalies of the total SHF in the
Nordic Seas area in the 1982—2005 period regressed onto
(a) the following summer AWT index (Figure 4, circles)
and (b) the concomitant (late winter) NAO index (Figure 4c,
squares). The contour interval is 15 W m > per unit AWT
and NAO index, respectively, and the zero contour is omitted.
Thick contours (positive values) correspond to downward
SHF anomalies while thin contours (negative values) corre-
spond to upward SHF anomalies. Dark shading denotes
anomalies statistically significant at the 95% confidence
level. In Figure Sa, the circle, diamond and triangle indicate
the locations of maximum late winter SHF anomalies in the
Barents Sea open water, Greenland Sea MIZ, and Barents
Sea MIZ, respectively, while the upside-down triangle and
square indicate additional points in the open water for which
evolution of the time lagged regression coefficients is shown
in Figure 8a.

AWT-associated late winter anomalies of SHF in the MIZ,
one in the Greenland Sea (Figure 5a, diamond) and one in
the Barents Sea (Figure 5a, triangle). Indices of regional
variability are also constructed by averaging anomalies of
surface variables over the entire Nordic Seas (Figure 1a, full
domain) or over the climatological MIZs and open ocean
parts of the Nordic Seas, separately east and west of 15°E.
The climatological MIZ (respectively, open ocean area) for
a given season is defined as the area where the long-term
mean of SIC is in the range 5-90% (respectively, smaller
than 5%).

[19] An index of regional wind variability, the on ice wind
(OIW) index, has been calculated as the normalized differ-
ence of the SLP anomalies between the southern tip of
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Novaya Zemlya (57.5°E-70°N) and the southern tip of
Spitsbergen (17.5°E-77.5°N). These locations (Figure 1b,
crosses) have been selected among different pairs of points
across the Barents Sea as those providing the highest cor-
relations of the associated anomalous SLP difference with
the AWT index in cold seasons. Positive (negative) values of
the index correspond to geostrophic wind anomalies across
the Barents Sea MIZ directed inward (outward) the ice pack
(see Figure 4b, squares, for the late winter OIW index).

[20] To characterize the large-scale atmospheric vari-
ability, we use the winter (December-March) NAO index
(hereafter referred to as a station-based index) defined as the
SLP difference between Lisbon (Portugal) and Stykkisholmur
(Iceland) [Hurrell, 1995], updated from http://www.cgd.ucar.
edu/cas/jhurrell/, and then detrended and renormalized for the
period under study. Alternatively, following Hurrell et al.
[2003], we also use a pattern-based NAO index based on
the principal component associated with the leading mode of
the SLP anomaly distribution calculated over the North
Atlantic sector (90°W—40°E, 20-70°N) for the period of
study (see Figure 4c¢, squares, for the late winter NAO index).

3. Interannual Atlantic Water Temperature
and Surface Atmospheric Variability

3.1.

[21] The period under study is marked by an Arctic
intensification of the global warming which started in about
1980 [Johannessen et al., 2004]. The series of AWT in the
BSO area (Figure 2b, circles) shows a warming trend of
~0.25°C per decade (Figure 2b, dashed line). This trend is
much larger than the trend in the global mean temperature of
the upper (0300 m) ocean from 1955 to 2003, which is
~0.04°C per decade [Levitus et al., 2005]. However, the
AWT trend is not statistically significant at the 95% confi-
dence level (see Appendix A). The AWT anomalies around
the trend (Figure 2¢) have a large standard deviation (~0.4°C)
and explain 85% of the total AWT variance.

[22] Two warm and two cold prominent events are found
in the BSO area in the last two decades of the 20th century
(Figure 2¢): W1 (1983-84), C1 (1985-88), W2 (1990-92),
and C2 (1997-98). The AWT anomalies reach ~0.6°C during
these events and so are larger than their estimated uncertainty
(see the 95% confidence intervals in Figure 2b). The pas-
sage from W1 to C1 and from C1 to W2 is abrupt (~0.8°C
in 1 year), but the passage from W2 to C2 occurs in two
steps, from 1992 to 1993 and after a secondary warming in
1995. W1, CI1, and W2 are named after Furevik [2001],
who identified analogous events on hydrographic sections
located to the south, east, and north of our BSO box. Similar
events were also documented by independent observations
on the shelf slope in Fram strait [Saloranta and Haugan,
2001]. C2 was reported from hydrographic stations located
within the BSO box [Schlichtholz and Goszczko, 2005] and
also observed farther north [Schauer et al., 2004; Schlichtholz
and Goszczko, 2006].

[23] The passage from C2 to a warm event (W3) at the turn
of the century (1999-2000) is as abrupt as the W1/C1 and
C1/W2 shifts (Figure 2¢). W3 is followed by a secondary
cooling and warming in 2001 and 2002, respectively. The
AWT series ends with a single-year cold event (C3) in 2003
followed by a warm event (W4) in 2004-2005. The peak

Summer AWT Anomalies
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Figure 6. The anomalies of AWT from 1982 to 2005 aver-
aged over (a) the 100-200 m (circles) and 200-300 m
(squares) sublayers and (b) the southern (circles) and north-
ern (squares) halves of the BSO area (Figure 1, box).

anomalies of all events after C2 are relatively small (~0.2—
0.4°C) and close to the relatively large estimates of their
uncertainty (Figure 2b). This large uncertainty mainly reflects
a relatively low number of hydrographic stations after C2
(Figure 2a). We have, however, confidence in W3, C3, and
W4 because they are corroborated by independent observa-
tions from the West Spitsbergen current [Schauer et al.,
2004; Polyakov et al., 2005b; Walczowski and Piechura,
2006].

[24] The AWT anomalies have practically the same
magnitude and correlate high between the upper and lower
halves of the core of the Atlantic water layer (Figure 6a) and
between the southern and northern halves of the BSO box
(Figure 6b) (r = 0.96 and 0.82, respectively). Note that a
further increase of the meridional resolution of the sub-
sampling leads to statistically unreliable or even incomplete
time series (not shown). The root-mean-squared difference
of the AWT anomalies between the southern and northern
regions (~0.25°C) is smaller than the root-mean-squared
uncertainty of the AWT in each of the two regions (~0.3°C).
The quite strong coherence between the AWT anomalies in
the southern and northern halves of the BSO box is consistent
with the scenario of their southern origin and propagation
toward the Arctic Ocean via Fram strait [e.g., Polyakov et al.,
2005b]. However, the along-slope distribution of the com-
posite temperature difference between the “BSO warm
summers” (W, epoch) and the “BSO cold summers” (Cy
epoch) reveals that the AWT anomalies are not quite uniform
in the BSO box (Figure 3a, circles between the bold vertical
lines). The difference is extreme (~1.5°C) at 74°N and drops
to zero at 70°N. Large (~1°C) and significant (at the 95%
confidence level) positive differences are found between
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71.5°N and 78.5°N (Figure 3a, filled circles). Significant
positive differences of twice smaller magnitude (~0.6°C)
appear also near the Svingy mooring (point S in Figure 1b)
while nonsignificant negative differences are found between
66°N and the BSO box. It is therefore clear that the coherence
of the AWT anomalies on the shelf slope region occurs only
over limited spatial scales. This implies that either persistent
forcing of these AWT anomalies from the North Atlantic is
not dominant during the period considered or that a strong
modification of these anomalies would occur within the
Nordic Seas.

[25] Based on continuous temperature records from the
Svingy and Fram strait moorings, Polyakov et al. [2005b]
estimated the propagation speed of some recent AWT
anomalies to be ~4 cm s . An anomaly with this speed
should travel ~1200 km in 1 year so the band of coherent
AWT anomalies identified on the 500 m isobath between
71.5°N and 78.5°N (Figure 3a, circles) should be found 1 year
earlier between the Sviney mooring and the BSO box. The
along-slope distribution of the composite temperature dif-
ference between the epochs W_; and C_; preceding by 1 year
the “BSO warm summers” and the “BSO cold summers”
(Figure 3a, triangles) resembles the corresponding distribution
of the difference between the W, and C, epochs (Figure 3a,
circles) indicating a local autocorrelation of the anomalies
rather than their propagative character. Therefore, either the
propagation speed of the AWT anomalies inferred by
Polyakov et al. [2005b] on the basis of two warming events
is not representative of a larger population of anomalies or
the anomalies of southern origin are often erased or amplified
by processes occurring north of the Sviney mooring.

[26] The maximum composite temperature difference
between the W, and C, epochs along the shelf slope
(Figure 3a, circles) occurs at 74°N suggesting that the AWT
anomalies in the BSO area may originate in the Barents Sea.
The strongest outflow from the Barents Sea occurs on the
northern slope of the Bear Island trough below the 300 m
depth [e.g., Skagseth, 2008], but the outflow in the 100—
300 m layer is also considerable. A calculation of the
vertically averaged northwestward flow based on the mean
annual velocities recorded for 4 years at 19.3°E and 73.5°N
[Ingvaldsen et al., 2004, Table 1] yields ~4 cm s™' for the
100-300 m layer and ~7 cm s~ for the 300-450 m layer. The
zonal distributions of the composite temperature difference
between the W, and C, epochs at 74°N show that the tem-
perature anomalies are coherent between the two layers
(Figure 3b). In both layers, statistically significant differences
extend from the Barents Sea to the Arctic front at 8°E but
are extreme on the Barents Sea side of the BSO box. In the
Barents Sea, the differences are large (up to ~1.2°C) and
vertically uniform while west of 17°E the differences in the
deeper layer become progressively smaller than the differ-
ences in the upper layer. Presumably, horizontal mixing in
the outflow area from the Barents Sea is stronger in the
upper layer than below. This is also suggested by a decrease
of the kinetic energy of daily velocity fluctuations with depth
in this area [/ngvaldsen et al., 2004]. The vertical uniformity
of the strong summer AWT anomalies at the exit from the
Barents Sea is indicative of generation of these anomalies in
a deep mixed layer by air-sea heat exchanges during the
previous cooling period. This scenario will be supported in
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Figure 7. Seasonal evolution of the long-term mean
(a) SST (in degrees Celsius) and (b) SHF (in watts per
square meter, positive downward) in the 1982—2005 period
near the Barents Sea ice edge in the Hopen trench areca
(circles) and in the Greenland Sea MIZ (diamonds) at points
marked in Figure 5a with the circle and diamond, respec-
tively. Shown are 4 month averages with a step of 1 month.
Winter (summer) corresponds to the December-March (June-
September) average.

the following sections by investigation of regional patterns
of variability in SST and atmospheric fields.

3.2. Relation to Late Winter Surface Heat Flux
Anomalies

[27] Observations reveal that atmospheric influence on the
Atlantic water core temperature occurs only in the cold season
of strong turbulent surface ocean heat loss. In the southern
Norwegian Sea, for instance, the cooling typically starts in
October and ends between January and April (our late winter
season) when the mixed layer depth descends to the base of
the Atlantic water core (~300 m) [Nilsen and Falck, 2006].
Vertical mixing is not strong enough in the rest of the year
when strong solar radiation and a lateral spread of coastal
waters create a shallow (~20 m), warm, and fresh mixed layer
shielding the Atlantic water core from atmospheric forcing.
Judging from the seasonal evolution of the long-term mean
SST, late winter is also the coldest season in the Barents Sea
(Figure 7a, circles) and Greenland Sea (Figure 7a, diamonds).
The corresponding extreme heat loss from the ocean sur-
face occurs slightly earlier, in winter over the Barents Sea
(Figure 7b, circles), and in early winter over the Greenland
Sea (Figure 7b, diamonds). However, we focus our analysis on
late winter (lag —5 months), when the SHF anomalies associ-
ated with summer AWT anomalies in the BSO area are the
strongest all along the Atlantic water path from the Norwe-
gian Sea to the Barents Sea (Figure 8a).
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[28] The late winter pattern of the AWT-associated total
SHF anomalies appears as a dipole with reduced (respectively,
increased) ocean surface heat loss in the open ocean (respec-
tively, Barents Sea and Greenland Sea MIZs) (Figure 5a)
corresponding to positive AWT anomalies in the BSO area.
The reduction of the ocean surface heat loss is maximum in
the Hopen trench area where it reaches 70 W m 2 (at the
circle in Figure 5a) while the increase of the heat loss is
maximum in the Greenland Sea MIZ (~80 W m * at the
diamond in Figure 5a). Secondary extrema appear in both
lobes of the dipole. In particular, one notices a marginally
significant increase of the ocean surface heat loss in the
Barents Sea MIZ (~40 W m ~ at the triangle in Figure 5a).
In contrast to the total SHF, the AWT-associated anomalies
of SAT (Figure 9a, contours) and SHUM (Figure 9b) have
the same sign throughout the Nordic Seas and correspond to
warmer and moister conditions for positive AWT anomalies.
Maximum values appear in the MIZs and are slightly larger
over the Barents Sea (3.5°C and 0.32 g kg™') than over the
Greenland Sea (2.6°C and 0.24 g kg ).
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Figure 8. Time-lagged regression coefficients of (a) the
total SHF anomalies (in watts per square meter per unit
AWT index, positive downward) over the the Barents Sea
open water (circles), BSO (squares), and Norwegian Sea
(upside-down triangles) at points marked in Figure 5a with
the circle, square, and upside-down triangle, respectively,
and (b) SST anomalies (in degrees Celsius per unit AWT
index) in the Barents Sea open water (circles) and Greenland
Sea MIZ (diamonds) at points marked in Figure 5a with the
circle and diamond, respectively, regressed onto the summer
AWT index in the 1982-2005 period (Figure 4, circles).
Filled symbols denote anomalies statistically significant at
the 95% confidence level. Negative (positive) lags corre-
spond to surface variables leading (lagging) the AWT index
so that lag —6 (respectively, —5) months refers to the winter
(respectively, late winter) preceding a given summer, and
SO on.
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Figure 9. Late winter anomalies of (a) SAT, (b) SHUM, (c) SIC, and (d) SST in the Nordic Seas area in the
1982-2005 period regressed onto the following summer AWT index (Figure 4, circles). In Figures 9a—9d,
the contour interval is 0.5°C, 0.05 g kg™', 5%, and 0.1°C per unit AWT index, respectively. Dark shading
denotes anomalies statistically significant at the 95% confidence level. In Figure 9a, arrows represent the
long-term (1982-2005) mean of the late winter surface wind velocity (inms ™', scaled as in the right-bottom
corner, subsampled in longitude).

[29] As expected for a cold season, the late winter SHF
anomalies are primarily dominated by turbulent fluxes (see
Table 2 for the magnitude of all contributions at the loca-
tions of maximum SHF variability in the open ocean and in
the MIZs). The contribution of the sensible heat flux is
larger than that of the latent heat flux, contributing to 71%
of the total SHF anomaly in the Hopen trench area. The
negative lobe of the SHF pattern over the MIZs, which
cannot be the result of the surface atmosphere warming, is
consistently associated with a reduction of the sea ice cover
(Figure 9c). The anomalous fluxes arise because of a large
contrast between surface temperature and humidity across
the ice edge. Ice edge retreat typically favors enhanced ocean
surface heat loss to the atmosphere in ice-freed areas [e.g.,
Deser et al., 2000]. Mechanisms responsible for the ice
edge retreat as well as other sources of SAT and SHUM
variability in the MIZs will be discussed in section 5.

3.3. Role of Air-Sea Interactions in the Barents Sea
Open Water

[30] The existence of a broad band of large, signif-
icant AWT-associated SHF anomalies extending from the
Norwegian Sea to the Barents Sea (Figure 5a, dark shading)
suggests that air-sea heat exchanges in this area could play

a central role in the formation/maintenance of the AWT
anomalies in the BSO area. The presummer evolution of the
SHF anomalies indicates a stronger influence of the late
winter air-sea heat flux anomalies throughout the area
(Figure 8a). Still, the increasing magnitude of the anomalies
from the Norwegian Sea (upside-down triangles) toward the
Barents Sea ice edge (circles) throughout the presummer
seasons suggests that anomalies over the Barents Sea may

Table 2. AWT-Associated Late Winter Anomalies of the Sensible
O's, Latent Q';, Net Shortwave Radiative Q'gy, and Net Longwave
Radiative Q'; ;> Contributions to the Total SHF (Positive Downward)
in the Hopen Trench Area, Greenland Sea MIZ, and Barents Sea
MIZ in the 1982-2005 Period®

Variable Units® Hopen Trench GS-MIZ BS-MIZ
O's W m™> 50.4 —-54.1 -29.0
0 W m2 14.4 -23.2 -14.2
O'sw W m 2 2.0 2.7 3.6
O'w W m 2 3.7 —4.1 2.1

“The anomalies in the Hopen Trench area, Greenland Sea MIZ (GS-
MIZ), and Barents Sea MIZ (BS-MIZ) are given for points marked with
a circle, diamond, and triangle in Figure 5a, respectively. Anomalies sig-
nificant at the 95% (99%) confidence level are bold (italic).

®Per unit AWT index.
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Figure 10. Time-lagged correlations of the summer AWT
index in the 19822005 period (Figure 4, circles) with (a) the
SAT (circles) and SHUM (squares) anomalies averaged over
the Barents Sea climatological open water, (b) OIW index
defined in Table 1 (circles) and the pattern-based NAO index
(squares), and (c) SAT anomalies in the Barents Sea (circles)
and Greenland Sea (squares) MIZs at the triangle and dia-
mond in Figure Sa, respectively. Sign convention for lags as
in Figure 8. Filled symbols denote correlations statistically
significant at the 95% confidence level.

play the most significant role. This hypothesis is further
supported by the distribution of the correlation of the late
winter SHF anomalies with the AWT index (not shown)
which exhibits values exceeding 0.7 over most of the Barents
Sea open water and as high as 0.86 in the Hopen trench area
(see Figure 4a, circles and squares, for comparison of the time
series) while the corresponding values over the Norwegian
Sea are lower than 0.65.

[31] There is a strong statistical evidence that the AWT
variability in the BSO area is tightly linked to the air-sea
interactions over the Barents Sea. Indeed, the part of the
AWT anomalies (Figure 2c) that is not explained by a linear
relationship to the SHF anomalies in the Hopen trench area
(Figure 4a, squares) is not correlated either with the SHF
anomalies over the Norwegian Atlantic current (» = 0.20 at
the upside-down triangle in Figure 5a) or with the SHF
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anomalies in the BSO area (» = 0.16 at the square in
Figure 5a). In contrast, the part of the AWT anomalies
unexplained by the SHF anomalies over the Norwegian
Atlantic current or the BSO area is significantly (at the
95% confidence level) correlated with the SHF anomalies in
the Hopen trench area (» = 0.63 and » = 0.49, respectively).
Therefore, the AWT anomalies in the BSO area are linked
to the SHF anomalies over the Norwegian Sea only to the
extent to which the latter are coherent with the SHF
anomalies over the Barents Sea.

[32] The late winter SHF anomalies off the Barents Sea
ice edge are associated with SAT and SHUM anomalies of
same sign, namely warmer and moister surface atmospheric
conditions (Figures 9a and 9b) are concomitant with a
reduced sensible and latent heat loss from the ocean surface
(Table 2). In contrast to the MIZs, this is consistent with a
scenario where SAT and SHUM anomalies control SHF
anomalies which in turn generate AWT anomalies. This
control must be very efficient, as indicated by extremely
high peak correlations of the AWT index with the SAT and
SHUM anomalies over the Barents Sea open water which
reach 0.87 (Figure 10a, circles) and 0.92 (Figure 10a,
squares), respectively.

[33] If the summer AWT anomalies in the BSO area are
indeed formed by anomalous air-sea interactions in the
preceding seasons, then the AWT-associated SST anomalies
at the formation site should be larger, assuming no amplifi-
cation of the original anomalies by oceanic processes during
their propagation. More precisely, they should exceed at least
~0.4°C, the standard deviation of the AWT anomalies in the
BSO area (Figure 2c), or even be larger than ~0.5°C to
account for the local temperature variations within the BSO
area (Figure 3a, circles between the bold vertical lines). The
SHF anomalies over the Norwegian Sea are too weak to
produce sufficiently strong oceanic heat variability. The
AWT-associated SST anomalies south of the BSO area reach
only ~0.2°C in late winter (Figure 9d). In contrast, the AWT-
associated SST anomalies in the Barents Sea exceed 0.5°C
already in late winter (Figure 9d) and, in the Hopen trench
area, reach a maximum of 0.65°C in spring (lag —3 months;
Figure 8b, circles). The correlation of these spring anomalies
with the AWT anomalies of the following summer in the
BSO area is as high as 0.91 (see Figure 4a, circles and tri-
angles, for comparison of the time series). This timing is
consistent with a scenario in which spring SST anomalies in
the open Barents Sea act as the essential vector to connect
the late winter air-sea heat flux variability in the Barents
Sea and the summer heat content variability in the Atlantic
water layer in the BSO area. The exact mechanism will be
discussed in section 4.1 based on a detailed analysis of the
ocean mixed layer heat budget. Additionally, the 2 month lag
between the peak atmospheric forcing (Figure 8a) and the
peak oceanic response in the Hopen trench area (Figure 8b) is
consistent with the damping effect of the SST anomalies on
the SHF anomalies which create them [Frankignoul et al.,
1998].

3.4. Link to Atmospheric Circulation Over
the Nordic Seas

[34] The pattern of AWT-associated late winter SLP
anomalies (Figure 11a) is dominated by a low-pressure cell
centered over the Nordic Seas and a high-pressure cell over
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a) SLP on AWT

Figure 11. Late winter SLP anomalies over the extra-
tropical Northern Hemisphere in the 1982-2005 period
regressed onto (a) the following summer AWT index
(Figure 4, circles) and (b) the concomitant (late winter)
NAO index (Figure 4c, squares). In Figure 11a and 11b, the
contour interval is 0.5 hPa per unit AWT and NAO index,
respectively. Dark shading denotes anomalies statistically
significant at the 95% confidence level. In Figure 11a, the
crosses indicate the points for calculation of the OIW index
defined in Table 1.

the North Atlantic. In addition, a North Pacific high-pressure
cell extends westward over the eastern Arctic marginal seas
limiting the extension of the low pressure cell over the
Arctic Ocean and northern Asia. As a result, the isobars are
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squeezed over the Barents Sea where significant AWT-
associated surface wind anomalies appear (Figure 12a, arrows
and shading). These anomaly patterns suggest that the AWT
variability in the BSO area should be related to anomalous
winds across the Barents Sea ice edge. In the Hopen trench area
(marked with a circle), the anomalous winds are nearly per-
pendicular to the mean SAT (Figure 12a, contours) and SHUM
(Figure 12b, contours) fronts aligned with the ice edge (see
the limit of dark shading in Figure 1b).

[35] It is the anomalous direction and not magnitude of
the wind which is crucial for generation of the heat vari-
ability in the Barents Sea. Indeed, the AWT-associated
wind speed anomaly in the Hopen trench area is practically
zero (<0.1 m s ', not shown). The AWT-associated wind
anomaly pattern (Figure 12a) rather includes a pronounced
spatial distortion of the general cyclonic circulation over

a) Wind on AWT
R %,

e
- o

Figure 12. Late winter anomalies of the surface wind
velocity (arrows) in the Nordic Seas area in the 1982—
2005 period regressed onto (a) the following summer
AWT index (Figure 4, circles) and (b) the concomitant
(late winter) NAO index (Figure 4c, squares). In Figures 12a
and 12b, u), (scaled as in the right-bottom corner) is in meters
per second per unit AWT and NAO index, respectively, while
areas where either the zonal or meridional component of u;,
is statistically significant at the 95% confidence level are
shaded. In Figures 12a and 12b, the contours represent the
long-term (1982-2005) mean of the late winter SAT (in
degrees Celsius) and SHUM (in grams per kilogram), respec-
tively, and the circle indicates the location of the largest AWT-
associated downward SHF anomaly (circle in Figure 5a).
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the Nordic Seas (Figure 9a, arrows). Over the central Barents
Sea, the AWT-associated winds are in fact perpendicular to
the mean winds.

[36] Asameasure of the strength of the surface wind across
the Barents Sea ice edge, the OIW index captures all geo-
strophic wind anomalies between the crosses in Figure 11a.
From winter to late spring (lags —6 to —2 months), that is,
over the period of large (>20 W m ?) SHF anomalies in the
Hopen trench area (Figure 8a, circles), the OIW index is
significantly correlated with the AWT anomalies of the
subsequent summer in the BSO area (Figure 10b, circles).
The late winter peak correlation is 0.84 (see Figure 4b for
comparison of the time series). The OIW-associated patten
of the late winter SHF anomalies (not shown) is very similar
to the corresponding AWT-associated pattern (Figure Sa).
The correlation of the late winter OIW index (Figure 4b,
squares) with the concomitant SHF anomalies in the Hopen
trench area (Figure 4a, squares) is practically the same (r =
0.84) as with the AWT index.

3.5. Relation to the North Atlantic Oscillation

[37] The AWT-associated late winter SLP pattern
(Figure 11a) and the NAO-associated pattern (Figure 11b)
share a low-pressure cell centered over the Nordic Seas
and a high-pressure cell over the North Atlantic. However,
in contrast to the AWT-associated pattern, the low-pressure
cell in the NAO-associated pattern extends farther over the
Arctic Ocean and northern Asia so that surface wind
anomalies in the Hopen trench area are nearly parallel to the
ice edge and nonsignificant (Figure 12b, arrows and shading).
Instead of a distortion of the large-scale cyclonic circulation,
the NAO-associated wind anomalies (Figure 12b) correspond
to an intensification of this circulation (Figure 9a, arrows).

[38] The different AWT- and NAO-associated SLP dis-
tributions explain why the summer AWT anomalies in the
BSO area are only moderately correlated with the NAO
index. The correlation with the winter (lag —6 months)
station-based NAO index is 0.56 (Table 1) and 0.49 for the
corresponding pattern-based index (Figure 10b, squares).
These estimates, though significant, are on the lower side of
the range of correlations between the NAO index and pre-
viously analyzed temperature records from the BSO area or
nearby locations. Comparison with estimates from other
studies is, however, difficult as there is a time dependence of
the AWT/NAO link. For instance, Saloranta and Haugan
[2001] demonstrated that omission of the first 5 years
from their AWT series in the 1970—1994 period resulted in a
doubling of the correlation with the NAO index (from 0.4 to
~0.8). Moreover, in this and in most other studies of the
AWT/NAO link [e.g., Dickson et al., 2000; Furevik, 2001],
the data were low pass filtered with a 3 year cut-off period
so the high correlations obtained in these studies might have
been a consequence of the serial correlation. This can be
illustrated using our AWT index and the winter station-
based NAO index that are still moderately correlated not
only at lag —6 months (» = 0.56, p = 0.02) but also at lag
—18 months (r = 0.47, p = 0.06). As a result, the corre-
lations for the smoothed indices (3 year running means) are as
high as 0.72 (lag —6 months) and 0.81 (lag —18 months) and
so approximately the same as the correlations obtained in
other studies using smoothed data. However, their signifi-
cance (p = 0.04 and 0.01, respectively) is not very different
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from the corresponding significance for the correlations of
the unsmoothed indices.

[39] The relatively weak correlation of the AWT index
with the previous winter NAO index is consistent with the
small (<20 W m ) and nonsignificant NAO-associated SHF
anomalies in the Hopen trench area (Figure 5b). The latter
imply that the close link of the summer AWT variability in
the BSO area to the late winter SHF variability over the
Barents Sea open water is not the expression of a common
forcing by the NAO. This does not mean that the NAO does
not have any impact on the AWT variability in the BSO
area. A stronger correlation of the AWT index with the
NAO than that of the late winter SHF anomalies over the
central Barents Sea with the NAO (0.56 versus a maximum
of 0.38 for the winter station-based NAO index) suggests
that NAO could act on the AWT in the BSO area through
additional mechanisms than SHF anomalies. One of the
mechanisms could involve a link of the AWT variability
with the variability on the western side of the Nordic Seas.
There is indeed a strong response to the NAO in the Greenland
Sea MIZ. In this area, significant NAO-associated SHF
anomalies of more than 60 W m 2 are identified which are
on same order of magnitude as those associated with the
AWT index (Figure 5). Along the Greenland coast, surface
wind anomalies are as strong as over the Barents Sea
(~1 m s ") and have the same direction in both the NAO-
and the AWT-related patterns (Figure 12). The significant,
though moderate correlation of the AWT index with the
previous winter NAO index would then express a link of
both indices to the variability on the western side of the
Nordic Seas. The persistence of a lower correlation at lag
—18 months may represent an impact of the variability in
the Atlantic water inflow to the Nordic Seas or air-sea
interactions over the southern Norwegian Sea.

4. Mechanisms Connecting AWT Variability
to Atmospheric Variability Over the Barents
Sea Open Water

4.1. Formation and Export of Temperature Anomalies
in the Ocean Mixed Layer

[40] As discussed in section 3.3, the variability of the
summer AWT in the BSO area is closely linked to earlier
spring SST anomalies generated in the central Barents Sea.
A close examination of the ocean surface layer heat budget
allows to estimate to which extent these SST anomalies are
indeed generated by the SHF anomalies identified in the
same area and to analyze the mechanisms leading to their
subsequent export toward the BSO area. Integrated over
the mixed layer depth, the conservation equation for heat
anomalies [Frankignoul, 1985] can be written as

’

aT,
chwh 70 = Q’ + Hg + PwCw
———

0
0r
T,
—n o + We(Tp = T,)'— (Ug - VT,)" P + Oy,
o 2 H

(6)
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Figure 13. Late winter anomalies of (a) the ocean surface Ekman transport (arrows, in square meters per
second per unit AWT index, scaled as in the right-bottom corner), (b) ocean heating due to temperature
advection by the Ekman flow, (¢) sum of this heating and the total SHF, and (d) ocean surface Ekman suction
velocity in the Nordic Seas area in the 1982—-2005 period regressed onto the following summer AWT index
(Figure 4, circles). In Figure 13a, areas where either the zonal or meridional component of U’ is statistically
significant at the 95% level are shaded while the contours represent the long-term (1982-2005) mean of the
late winter SST (in °C). In Figures 13b—13d, the contour interval is 5 Wm ™2, 15 Wm 2, and 0.2 x 10 ®ms™"
per unit AWT index, respectively, while anomalies statistically significant at the 95% confidence level

are shaded.

where T, and Q' are the anomalies of SST and SHEF,
respectively (see equation (5)), 0/0¢ is the time derivative,
h is the mixed layer depth, w, is the entrainment velocity
at which water of temperature 7}, is entrained into the mixed
layer (w, = 0 if detrainment), U, is the geostrophic transport
in the mixed layer, and Q; encapsulates all other contribu-
tions, such as effects of eddies and small-scale mixing. In
the MIZ, O, should also include a contribution Q! from
anomalous melting/freezing processes so that Q' + Q)
represents the anomalous net heat flux to the ocean from
the atmosphere/ice system.

[41] In addition to (', the only term of equation (6) which
can directly be calculated from available data is Hf, that is,
the anomaly of heat transport by the Ekman flow (see
equation (4)). This term can be written as

H,E% _pwcw(Ué‘?’VTo +ﬁEVTz,))7 (7)

where the approximate equality sign indicates omission of
the term —p,,c,, (Ug - VT,), found negligible. In the Barents
Sea, the Ekman flow generates only small AWT-associated

heat anomalies (Figure 13b) which, in the Hopen trench
area, contribute less than 10% to the total late winter
warming of 75 W m 2 by Q' + H’; (Figure 13c). These small
anomalies arise from the anomalous Ekman transport which
is down the gradient of the mean SST (Figure 13a). A larger
positive contribution to HY; from —U} - VT, appears at the
Greenland shelf break where also a substantial warming
results from advection of temperature anomalies by the
mean Ekman flow (-Uz - VT?). It should be recognized,
however, that uncertainties exist on the magnitude of both
Q' and Hy. H% is uncertain in the ice-covered areas as we
have assumed that the stress at the ice/ocean interface is the
same as the wind stress. Uncertainty in Q' results from
inexact roughness length formulation in the bulk formulae
used in the NCEP/NCAR reanalysis [Renfrew et al., 2002]
and from the crude representation of the MIZ in the reanalysis
(0 or 100% for SIC) [Pagowski and Moore, 2001].

[42] During events of positive AWT anomalies, a sub-
stantial part of the warming by the SHF anomalies in the
Barents Sea open water appears to be balanced by anomalies
in the local heat content change, Q7 = p,,c,,i(0T,/0f) on the
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left-hand side of equation (6). In the Hopen trench area, the
balance would be roughly exact if a late winter SST change
of 0.5°C is estimated from the SST anomaly evolution
between early winter and spring (Figure 8b, circles), and the
water column in the Hopen trench is considered to be mixed
down to the bottom (350 m). Q7 would then be 70 W m >
and so would exactly balance Q' (Figure 5a). If, however,
the local thermal convection is assumed to be limited to 200 m
[Quadfasel et al., 1992] to take into account the existence
of a bottom layer originating from haline convection on
nearby banks, O’rwould be only 40 W m 2 and a heat sink of
35 W m? is needed to compensate for the imbalance
between Q% and Q' + Hy. In late winter, when T, reaches a
minimum (Figure 7a, circles), it is reasonable to assume that
the mean SST distribution remains fairly constant (i.e., O}, =
—pyCyh'(0T ,/0t) = 0) while entrainment in the deep mixed
layer should be small [Nilsen and Falck, 2006] (i.e., Q. =
PwCowlWe(Tp, — T,))]' = 0). The excess heat gained by the mixed
layer through air-sea exchanges should therefore be trans-
ported through, for example, geostrophic transport anomalies
(H:g = _pwcw(Ug ’ VTU),)

[43] Mixed layer temperature anomalies created in the
Hopen trench area (Figure 9d) are indeed likely to be
exported westward in the Hopen trench recirculation (HTR
in Figure 1a) so that the contribution —U, - VT, should be
important. The existence of this topographically guided return
flow, which recirculates water from a northern limb of the
North Cape current (NCaC in Figure 1a), has been confirmed
by current measurements between Norway and Bear Island
[e.g., Ingvaldsen et al., 2004] (see also section 3.1). The
current is also identified with an annual mean velocity of
~5 cm s ! in a pan-Arctic ice-ocean simulation [Maslowski
et al., 2004]. Typical barotropic velocities of 5-10 cm s~
have been observed in this flow in summer and corroborated
by process-oriented numerical modeling [Gawarkiewicz and
Plueddemann, 1995]. Combining this value with the estimate
of 200 m for the mixed layer depth and an estimate of the
along-flow temperature anomaly gradient of 5 x 107 °Cm !
(Figure 9d) gives a heat export of 20-40 W m 2 close to the
difference of 35 W m™? between O’ + H); and Q% in the
Hopen trench area. Obviously, these are order of magnitude
estimates and uncertainty exists not only on the magnitude
of the long-term mean velocity but also on the mixed layer
depth. Hydrographic data indicate that the mixed layer
depth in the Hopen trench area and the Bear Island trough
might be considerably larger than 200 m at the end of the
cooling period [Harris et al., 1998]. This is also suggested
by the strong coherence of the summer temperature anoma-
lies in the layers above and below 300 m at the exit from the
Barents Sea (Figure 3b).

[44] Anomalous geostrophic flow (i.e., Uy - VT,) gen-
erated, for example, by anomalies in the Ekman suction,
may also contribute to exporting heat out of the Hopen trench
area. The late winter values of w); reach 0.8 x 10 *m s ™! in
the Barents Sea and correlate high (» = 0.78) with the AWT
anomalies in the Hopen trench area (Figure 13d). These are
large anomalies, equal to about one third of the maximum
value of Wy in the Barents Sea. As the adjustment to wj
may involve various terms of the barotropic vorticity balance
[e.g., Schlichtholz, 2005], any meaningful estimate of —Ug -
VT, cannot be made without current measurements or a
dedicated numerical modeling study.
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[45] With a current speed of 5-10 cm s ', the tempera-
ture anomalies formed in the Hopen trench area would be
advected to the BSO area within 2—4 months. A gradual
westward export of the anomalies formed in the Barents
Sea throughout the cooling period can then explain the strong,
coherent variability of the summer AWT from the BSO area
to Fram strait (Figure 3a, circles). The anomalies transported
westward by the Hopen trench recirculation are expected to
mix with anomalies traveling eastward in the North Cape
current and then with anomalies supplied to the BSO area
from the south. However, this mixing should not drastically
modify the strong anomalies formed in the Hopen trench area
as the temperature anomalies in the Norwegian Atlantic
current/North Cape current system depend on the local SHF
anomalies that are typically of the same sign as the SHF
anomalies in the Hopen trench area (e.g., Figure 13c). The
exchanges between the Norwegian Sea and the Barents Sea
are dominated by high-frequency currents occurring mainly
as wide inflows and outflows in response to local wind
fluctuations [Ingvaldsen et al., 2004] and likely contributing
to the spatial coherence of the temperature anomalies across
the BSO area.

[46] The scenario in which the AWT anomalies observed in
the BSO area in summer are formed or ultimately adjusted by
anomalous air-sea interactions over the Barents Sea in the
presummer seasons does not contradict Skagseth [2008]
lagged correlation analysis showing that variations in hydro-
graphic properties of the Atlantic water inflowing to the
Barents Sea precede the corresponding variations in the
westward outflow. In years when the air-sea heat flux over
the Barents Sea is close to average, ocean temperature
anomalies may transit around the western Barents Sea
without being substantially altered by surface interactions.
Moreover, the time lag of ~7 months obtained by Skagseth
[2008] between the 300—450 m layer in the outflow zone
and the near-surface (50-200 m) layer of the inflow zone
may reflect the deepening of the mixed layer depth during
the cooling period rather than the transit time of the anomalies
around the western Barents Sea. The lag is indeed reduced
to ~3 months when the outflow is sampled over shallower
isobaths.

4.2. Anomalous Late Winter Air-Sea Interactions

[47] As discussed in section 3.3, the AWT-associated late
winter SHF anomalies over the Barents Sea open water are
generated by the concomitant SAT and SHUM anomalies
(Figures 9a and 9b). In the case of the sensible SHF, the
anomalies include adjustment of the SST to the anomalous
total heat flux. In the Hopen trench area, the SAT and
SHUM anomalies should arise from anomalous temperature
and humidity advection. Off the ice edge, a 1 ms~' anomaly
of the surface wind is down a mean temperature gradient
of ~10°C/250 km (Figure 12a) and humidity gradient of
~1 g kg '/200 km (Figure 12b, contours). For a typical
1 km-thick boundary layer, anomalous sensible and latent
heat flux convergences of ~50 W m ? and ~15 W m ? are
obtained, respectively. These crude estimates fit well with
the actual values of the AWT-associated downward sen-
sible and latent SHF anomalies in the Hopen trench area
(Table 2). Since the anomalous winds blow across the SAT
and SHUM front also north of the ice edge, advective
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Figure 14. Late winter anomalies on the right-hand side of equation (8): (a) 47 =—ul,- VT, (b) 45 =,
VT, (c)E'=—(V -u.T,y,and (d) J' = —(4} + 45 + E') in the Nordic Seas area in the 1982-2005 period
regressed onto the following summer AWT index (Figure 4, circles). The contour interval is 0.5°C d”' per
unit AWT index. Dark shading denotes anomalies statistically significant at the 95% confidence level. In
Figure 14d, the circle indicates the location of the largest AWT-associated downward SHF anomaly

(circle in Figure Sa).

warming and moistening should also contribute to the posi-
tive SAT and SHUM anomalies over the Barents Sea MIZ.
[48] To examine in more detail the importance of large-
scale wind anomalies compared with other contributions
(advection of temperature anomalies, eddy heat fluxes) in
controlling the heat balance of the atmospheric boundary
layer, the thermodynamic equation is written as follows:

aT,,
0~

N = u, VT, —u, VT, +E+J, (8)
ot N e N e’
A{ A3

in which the contribution —uj, - VT, has been neglected and
vertical advection has been omitted as only the surface heat
balance is considered. In equation (8), £’ is the anomaly of
the eddy heat flux convergence defined in equation (2) and
J' is the diabatic heating anomaly here estimated as residual
of other terms. The advection terms on the right-hand side of
equation (8), 41 = —u’' - VT, and 45 = —u,, - VT, obtained
from equation (1), represent advection of the mean SAT by
anomalous winds and advection of SAT anomalies by the
mean winds, respectively. The anomalous SAT tendency
(0T /0¢) is negligible compared to other terms but is retained
on the left-hand side of equation (8) to emphasize the fact that

the terms on the right-hand side represent competitive warm-
ing and cooling sources. The AWT-associated late winter
distributions of these terms over the Nordic Seas are shown
in Figure 14. Although the residual J' is expected to contain
computational errors, these should not be too large as its
overall distribution (Figure 14d) is consistent with the dis-
tribution of the SHF anomalies (Figure 5a). An equation
similar to equation (8) has been derived for SHUM anomalies.
The distributions of the different contributions (not shown)
mirror the corresponding distributions for the SAT and
therefore are not discussed.

[49] The anomalous atmospheric circulation generates a
warming over most of the Barents Sea, with a maximum
(~3°C d ") near the Hopen trench area (Figure 14a). The
mean winds over the northern Barents Sea advect the SAT
anomalies southwestward (Figure 9a), reducing the warming
over the northeastern Barents Sea and enhancing it southeast
of Svalbard (Figure 14b). As a result, anomalous heat
advection is extreme (~4°C d ') in the Hopen trench area (at
the circle in Figure 14d) where its correlation with the AWT
index reaches 0.83 (Table 1). There, it is mainly compen-
sated by diabatic cooling (Figure 14d). The eddy heat fluxes
play a less important role in the Hopen trench area but are
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responsible for a major atmospheric cooling (~2°C d')
slightly north of it (Figure 14c).

5. Link of AWT Variability to Variability
in the MIZs

5.1.

[50] As mentioned in section 3.2, a scenario in which the
primary reason for the retreat of the late winter MIZ areas
during warm AWT events (Figure 9c) would be enhanced
surface sea ice melting would not support upward SHF
anomalies found in the MIZs (Figure 5a). Basal ice melt by
the ocean mixed layer or dynamic ice removal must there-
fore be a major contribution to the upward SHF anomalies
in the MIZs. The latter indeed plays an important role
according to the distribution of the wind anomalies. During
warm AWT events in the BSO area, the southerly to easterly
wind anomalies in the Barents Sea MIZ (Figure 12a) result
in a northeastward to northwestward ice edge retreat. In the
Greenland Sea MIZ, enhanced northerlies (Figure 12a) lead
to a transport of ice onto the Greenland shelf, which ulti-
mately is, at least partly, melted (Q; < 0) by the additional
heat injected to the ocean mixed layer/ice system by the
atmospheric forcing (Q' + Hf) (Figure 13c). Off the shelf,
the export of ice corresponding to a reduction in sea ice
melt (Q} > 0) is responsible for the large increase of the
ocean heat loss to the atmosphere. Assuming the approxi-
mate balance Q' + Hy = —(';, an anomalous ice export of
~60 km® month™" would be needed to account for the late
winter integral of Q' + H% over the Greenland Sea MIZ
(~8 TW). This corresponds to an average reduction of
~0.5 cm d ! in sea ice melt, about one-half of the winter ice
melt rate expected in this area [e.g., Houssais and Hibler 111,
1993; Bitz et al., 2005].

[5s1] All over the Greenland Sea MIZ, the anomalous
northerlies generate a cooling which reaches a maximum of
~2°C d"!' in the southwestern Greenland Sea (Figure 14a)
where a half as large cooling is also due to anomalous eddy
heat flux divergence (Figure 14c). Therefore, the positive
SAT anomalies in the Greenland Sea MIZ (Figure 9a,
contours) must originate from the excess sensible heat loss
from the ocean triggered by the wind-driven ice edge retreat.
In the open water, advection of SAT anomalies by the mean
winds is the only substantial source of warming over the
Iceland Sea (Figure 14b), while over the eastern Greenland
Sea warming is due to anomalous eddy heat flux conver-
gence (Figure 14c¢). Still, these heat sources are relatively
small so that, in agreement with the distribution of the SHF
anomalies (Figure 5a), the diabatic cooling over the open
Greenland Sea is much smaller (<1°C d™") than the large
diabatic warming (~5°C d™') in the MIZ (Figure 14d).
Similarly, advection of dry air by enhanced northerlies over
the western side of the Nordic Seas and drying by anoma-
lous moisture flux divergence (not shown) act against the
formation of positive SHUM anomalies observed in the
Greenland Sea MIZ (Figure 9b) so that these anomalies must
represent a response to anomalous surface humidity fluxes
induced by wind-driven SIC changes. In contrast to the
Greenland Sea MIZ, the anomalous warm air advection
over the Barents Sea tends to reinforce the effect of the
dynamic ice removal on the surface atmospheric warming
(Figure 14a). As a consequence of this contrast between
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cold (and dry) advection over the Greenland Sea and warm
(and moist) advection over the Barents Sea, larger SAT (and
SHUM) anomalies are found in the Barents Sea MIZ
(Figures 9a and 9b) despite weaker SHF anomalies
(Figure 5a).

5.2. Presummer Evolution

[52] The large late winter SAT anomalies in the Greenland
Sea and Barents Sea MIZs (Figure 9a) are correlated with
the AWT index nearly as well as the corresponding anomalies
over the Barents Sea open water (at the location of maxi-
mum anomalies, » = 0.75). The high correlations encoun-
tered on the eastern and western sides of the Nordic Sea
MIZ suggest that the AWT-associated atmospheric vari-
ability is coherent between the two regions. However, the
presummer evolution of the correlations for the SAT anomalies
indicates that an intraseasonal shift may exist between the
variability in these regions (Figure 10c). In the Greenland Sea,
late winter corresponds to the peak of the correlations
(squares) while in the Barents Sea, peak correlations occur in
early spring (circles). In both cases, the peaks are in phase
with the minimum of the MIZ area (for positive AWT events
in the BSO area) (Figure 15a). On the other hand, the
largest SAT anomalies occur simultaneously over both MIZs
(Figure 15b) and in concert with extreme anomalies of
regional winds expressed by the OIW index (Figure 10b,
circles). Still, the wind forcing has a different timing in the
two regions: while the anomalous southerlies over the
Barents Sea MIZ are the strongest in late winter (Figure 15¢,
circles), the anomalous northerlies over the Greenland Sea
MIZ are extreme already in early winter (lag —7 months;
Figure 15c, squares).

[53] The timing of the extreme AWT-associated wind
forcing on the western side of the Nordic Seas may be
related to the NAO, as suggested by a substantial impact of
the NAO on the wind anomalies along the Greenland coast
(Figure 12b). The correlation of the pattern-based NAO
index with the summer AWT anomalies in the BSO area is
indeed the highest in early winter (Figure 10b, squares). The
2 month delay of the peak response of sea ice and air
temperature in the Greenland Sea MIZ (Figures 15a and
15b, squares) to the extreme wind forcing (Figure 15c,
squares) should result from oceanic feedbacks related, for
example, to entrainment of warm water from below the
mixed layer. The onshore ice export by the anomalous
northerlies (Figure 12a) indeed favors thermal convection in
ice-freed areas so that the warm, subsurface Atlantic water
supplied to the Greenland Sea MIZ by the return Atlantic
current (RAC in Figure 1a) can be entrained into the deep-
ening mixed layer and reinforce the ice edge retreat and,
consequently, the surface atmospheric warming. Anomalous
geostrophic flow may contribute to this process through local
mass convergence or divergence in the mixed layer modify-
ing the entrainment velocity or through anomalous heat
transport within the mixed layer itself. Anomalous geo-
strophic flow is indeed expected to occur in response to the
Ekman suction anomalies, which in the Greenland Sea are
even stronger than in the Barents Sea and show maxima just
in the MIZ (Figure 13d).

[54] In the Barents Sea MIZ, the simultaneous peaks in the
wind forcing and the SAT anomalies (Figures 15b and 15c,
circles) are consistent with a substantial contribution of
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Figure 15. Time-lagged regression coefficients of the
anomalies of (a) SIC integrated over the eastern (circles)
and western (squares) sides of the Nordic Seas, (b) SAT
and (c) meridional wind velocity (positive southerly) aver-
aged over the eastern (circles) and western (squares) clima-
tological MIZs, and (d) net shortwave radiative SHF
(positive downward) integrated over the eastern (circles)
and western (squares) climatological MIZs regressed onto
the summer AWT index in the 1982-2005 period (Figure 4,
circles). In Figure 15a—15d, units are tens of billions square
meters, degrees Celsius, meters per second, and terawatts
per unit AWT index, respectively. Filled symbols denote
anomalies statistically significant at the 95% confidence
level.
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atmospheric heat advection to these anomalies (Figure 14a).
The 1 month delayed occurrence of the extreme sea ice
response (Figure 15a, circles) to the wind forcing in this
region may be related to an oceanic transport of heat
anomalies across the MIZ. Such a transport would also be
consistent with the 1 month delay between the maximum of
the SAT anomalies (Figure 15b, circles) and their peak
correlation with the AWT index (Figure 10c, circles).

[55] In the Barents Sea, large SIC anomalies persist until
late spring (lag —2 months; Figure 15a, circles) when their
correlation with the AWT index is the highest (local
extremum of —0.87, see Table 1). A similar persistence of
the SIC or SST anomalies associated with a shift between
the maximum of the anomalies and their peak correlations
with the AWT index is also observed in the Greenland Sea
MIZ. The SST anomalies there are the largest in late winter
(Figure 8b, diamonds) but show the highest correlations with
the AWT index in spring (local extremum of 0.75, not
shown). The persistence of SIC and SST anomalies in the
MIZ would be consistent with the existence of a positive ice-
albedo feedback enhancing SIC anomalies as a result of
absorption of solar radiation in the ocean at the advent of the
warm season [e.g., Maykut and Perovich, 1987]. A peak
correlation of 0.74 between the net solar radiation averaged
over the entire Nordic Sea MIZ and the AWT index is indeed
found in late spring when anomalies of this radiation are the
strongest in the MIZs on both sides of the Nordic Seas
(Figure 15d).

6. Summary and Conclusions

[s6] Heat anomalies streaming toward the Arctic Ocean in
the West Spitsbergen current are often attributed to an
NAO-controlled variability of the Atlantic water inflow across
the Greenland-Scotland ridge and a downstream modification
by air-sea interactions over the Norwegian Sea [Dickson
et al., 2000; Furevik and Nilsen, 2005]. To propose a dif-
ferent or complementing scenario, we have constructed a
time series of summer (June-September) temperature anoma-
lies in the Atlantic water core (AWT anomalies) upstream of
the Norwagian Atlantic current for the period 1982-2005
using 1900 hydrographic stations from the BSO area (box in
Figure 1) where the northward flow can interact with the
Barents Sea circulation. A composite analysis of summer
subsurface ocean temperature carried out over a broader area
for “BSO warm summers” and “BSO cold summers” has
indicated a stronger link of the AWT anomalies in the BSO
area to the concomitant ocean temperature anomalies in the
Barents Sea than to the concomitant and 1 year earlier AWT
anomalies in the Norwegian Atlantic current. We have then
shown, using surface gridded fields from the NCEP/NCAR
reanalysis and the Reynolds SST data, that the summer
AWT anomalies in the BSO area can to a large extent be
driven by air-sea interactions over the Barents Sea in pre-
summer seasons, with a peak atmospheric forcing occurring
in late winter (January-April) and a peak ocean response
occurring in spring (March-June). These interactions are not
significantly related to the concomitant NAO variability. A
weak but significant link of the summer AWT anomalies in
the BSO area to the previous winter NAO index is rather an
expression of a regional teleconnection to atmospheric vari-
ability over the Greenland Sea.
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Figure 16. Summer AWT anomalies in the 1982-2005
period (circles), redrawn from Figure 2c, and their seasonal
prediction for the 1992-2005 subperiod (squares) from the
late winter OIW index (Figure 4b, squares to the right of the
bold vertical line). The prediction is based on a linear model
of the relationship between the two variables fitted to the data
from the 1982-1991 subperiod.

[57] According to our results, warm and moist advection
by anomalous late winter on-ice winds induces downward
turbulent SHF anomalies over the Barents Sea open water,
especially large (70 W m 2 per a typical AWT anomaly) at
the ice edge in the Hopen trench area (circle in Figure 1b). A
half of the downward SHF anomaly in this area is balanced
by local warming of the ocean mixed layer while the other
half is most likely exported by the mean geostrophic flow.
Modification of this balance by anomalies in the Ekman
transport is minor but anomalous geostrophic advection
triggered by strong anomalies in the Ekman suction may
play a role. Similarly, cold and dry advection by anomalous
off-ice winds induces upward SHF anomalies over the
Barents Sea open water and subsequent oceanic cooling.
Once formed, temperature anomalies from the Barents Sea
should be transmitted westward by the Hopen trench recir-
culation of the North Cape current (HTR in Figure 1a). This
scenario does not exclude other mechanisms that could
contribute to the AWT anomalies observed in the West
Spitsbergen current. In particular, anomalous geostrophic
velocities could be generated by the same regional pattern of
wind anomalies which is responsible for the anomalous air-
sea heat flux over the Barents Sea open water. A secondary
maximum at 10°E in the distribution of the subsurface
ocean temperature anomalies along 74°N (Figure 3b) indeed
suggests that velocity anomalies in the baroclinic jet along
the Arctic front may play a role.

[s8] The correlations summarized in Table 1 indicate that
the anomalous air-sea interactions over the Barents Sea
open water can explain ~80% of the variance of the summer
heat anomalies in the BSO area. This is huge compared to
~30% of the AWT variance explained by the NAO. This
finding may not only be of importance for understanding
interannual Arctic climate variability but also have practical
consequences. For instance, the quality of statistical pre-
diction tools developed for the regional fisheries management
[Ottersen et al., 2000] may benefit from inclusion of some
variables listed in Table 1. One of these variables is the
OIW index which has been introduced in the present study
as a simple measure of the strength of the air flow across the
Barents Sea ice edge. As a simple example, Figure 16
compares the summer AWT anomalies (circles) with their
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seasonal prediction in the 1992-2005 period (squares) from
the late winter OIW index (Figure 4b, squares) based on a
linear model “trained” on the data from the preceding decade
(1982-1991). The correlation skill score (0.89), proportion of
explained variance (79%), and mean-squared error (0.02°C?)
of the prediction are indeed promising. This also shows that
uncertainty in the AWT series is lower than indicated by the
formal error bars (Figure 2b).

[59] We have also demonstrated that the AWT-associated
late winter wind anomalies generate heat and moisture
anomalies having the same sign over the entire Nordic Seas
but the largest magnitude in the Barents Sea and Greenland
Sea MIZs. These anomalies coexist with a dipole pattern of
turbulent SHF anomalies which has lobes of opposite sign
over the open ocean and in the MIZs. The pattern is similar
to the SHF distribution associated with wintertime Arctic
sea ice anomalies [Deser et al., 2000]. A detailed analysis
has shown that when the anomalous on-ice winds induce
downward SHF anomalies over the Barents Sea open water,
a simultaneous ice reduction magnifies the advective SAT
and SHUM anomalies in the nearby MIZ through generation
of anomalous upward sensible heat and moisture fluxes. A
concomitant ice removal by northerly wind anomalies creates
a western lobe of the upward SHF anomalies in the Greenland
Sea MIZ that is twice as strong as the lobe in the Brents Sea
MIZ even though the SAT and SHUM anomalies are stronger
over the Barents Sea MIZ. In contrast, the western downward
lobe of the SHF anomalies at the ice edge, driven by anom-
alous eddy heat and moisture flux convergence and by
advection of the warm SAT and moist SHUM anomalies
from the MIZ by the mean northerlies, is relatively weak.
These east-west differences are due to a contrast between
advection by the anomalous winds, which is cold and dry
over the Greenland Sea when it is warm and moist over the
Barents Sea.

[60] Another east-west difference that has been noted but
not explained here is a 2 month delay of the extreme AWT-
associated wind forcing over the Barents Sea with regard to
the corresponding forcing over the Greenland Sea. If the
delay reflects a casual phenomenon, it may involve a pan-
Arctic teleconnection, as suggested by a link of wintertime
sea ice anomalies in the Barents Sea to synoptic activity over
the Arctic Ocean [Sorteberg and Kvingedal, 2006]. Alter-
natively, the delay may be an expression of a regional oceanic
bridge. Local changes in ocean circulation induced by large
Ekman suction anomalies in the Greenland Sea (Figure 13d)
may influence the circulation and heat fluxes in the Barents
Sea and consequently affect the atmospheric circulation in
this area through a self-sustaining feedback. Existence of
such a feedback is suggested, for example, by a numerical
simulation of the early 20th-century warming in the Arctic
[Bengtsson et al., 2004].

Appendix A

[61] To assess the statistical significance of the correla-
tions between the AWT index (Figure 4, circles) and other
indices of regional or large-scale climate variability and
between the different indices and the anomalies of surface
fields, the probability (p) that the correlations could be
produced by random noise is estimated using a two-tailed
Students’s ¢ test. The test is carried out using an effective
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number of degrees of freedom (N.g) to account for the serial
correlation due to low-frequency oscillations. The calcula-
tion of N is based on a technique introduced by Davis
[1976] that, for discrete data with a 1 year interval, yields
the following formula:

N -1
Nege = N[1 428 rrw] (A1)

where N is the length of the time series (typically 24 in our
case) while r,; and r,; are the autocorrelations of the first
and second series, respectively, at the lag of i years. To dis-
criminate unreliable autocorrelations at large lags, the biased
estimators of r,; and r,; are used. For the highest correlations
of surface variables with the AWT index (summarized in
Table 1), the p values are very small (high confidence
levels) even though N is reduced by a half compared to
the nominal number of degrees of freedom (N — 2) accurate
for the time series that are not serially correlated.

[62] The statistical significance of the AWT trend
(Figure 2b, dashed line) is estimated using a one-tailed
Students’s ¢ test. Following Santer et al. [2000], N for
this test (~10) is obtained from a formula based on the
lag-1 autocorrelation of the regression residuals, which is
0.4 for the AWT time series (Figure 2b, circles). The test
shows that the AWT trend is significant only at a low (90%)
confidence level.
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