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Abstract The climatic conditions over the Arctic Ocean are strongly influenced by the inflow of warm
Atlantic water conveyed by the Norwegian Atlantic Slope Current (NWASC). Based on sea surface height
(SSH) data from altimetry, we develop a simple dynamical measure of the NwASC transport to diagnose its
spatio-temporal variability. This supports a dynamical division of the NwASC into two flow regimes; the
Svingy Branch (SvB) in the southern Norwegian Sea, and the Fram Strait Branch (FSB) west of Spitsbergen.
The SvB transport is well correlated with the SSH and atmospheric variability within the Nordic Seas, factors
that also affect the inflow to the Barents Sea. In contrast, the FSB is influenced by regional atmospheric con-
ditions around Svalbard and northern Barents Sea. Using a composite analysis, we further relate anomalous
strong SvB flow events to temperature fluctuations along the core of Atlantic water. A warm composite
anomaly is found to propagate northward, with a tendency to amplify enroute, after these events. A roughly
12 months delayed temperature signal is identified in the FSB. However, also in the Lofoten Basin interior a
delayed temperature signal is found, which appears to originate from the NwASC. This study suggests that
hydrographic anomalies both upstream from the North Atlantic, and locally generated in the Norwegian
Sea, are important for the oceanic heat and salt transport that eventually enters into the Arctic.

1. Introduction

The seas bounded by Greenland, Iceland and Norway are commonly termed the Nordic Seas and represent
0.75% of the world-ocean surface area. Albeit their small area, they play a vital role in the global climate sys-
tem [Drange et al., 2005]. This is due to the inflow of warm and saline Atlantic water into the Nordic Seas,
which is important for the production of dense water maintaining the cold equatorward limb of the Atlantic
meridional overturning circulation [Rahmstorf, 1999; Drange et al., 2005; Hansen and @sterhus, 2000], but
also for the Arctic heat budget and sea-ice variability [Koenigk and Brodeau, 2014; Arthun et al., 2012;
Polyakov et al., 2005; Zhang et al., 1998].

The Nordic Seas are fed by warm and saline water from the Gulf Stream/North Atlantic Current as the upper
limb of the meridional overturning circulation portrayed in Figure 1. The main heat conveyor of the Atlantic
inflow through the Nordic Seas and toward the Arctic is the Norwegian Atlantic Slope Current (NwASC). This
is a topographically steered current [Aaboe and Nost, 2008; Nost and Isachsen, 2003; Isachsen et al., 2003]
which traditionally has been measured at Svingy by current meters [Orvik and Skagseth, 2003a; Orvik and
Niiler, 2002; Skagseth and Orvik, 2002; Orvik et al., 2001], but is thought to be coherent all the way to the
Fram Strait [Skagseth et al., 2004]. In this latter study, the current from the Irish-Scottish shelf to the Fram
Strait was analyzed using geostrophic velocities estimated from satellite-derived sea-level anomalies, and it
was found that the NwASC responds directly to the wind field over the Nordic Seas through Ekman dynam-
ics. On interannual timescales, it has been found that the averaged wind-stress curl over the North Atlantic
Ocean leads the Atlantic inflow at Svingy by 15 months [Orvik and Skagseth, 2003b]. This suggests that on
longer time scales the baroclinic response is also important [Sande and Furevik, 2008]. However, this lag-
relationship between the wind-stress-curl and warm water anomalies only proved to be valid during periods
characterized by weak atmospheric forcing. During periods of strong atmospheric forcing, these warm
water anomalies will extend deep into the mixed layer and follow f/H contours that do not connect to the
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Figure 1. Map of the Nordic Seas including the bathymetry (shading) and a schematic representation of the large-scale pathways of
Atlantic water in the northern North Atlantic and the Nordic Seas. Abbreviations in black denote current systems, and white denote
regions. The focus of the present study is on the Norwegian Atlantic Slope current (NWASC); the main flow branch linking the North
Atlantic to the Arctic and Barents Sea.

Nordic Seas. Thus it can be argued that the large year-to-year variations of the atmospheric circulation
break down the predictability.

Strong and weak regimes of atmospheric forcing in the North Atlantic region are usually linked to the
strength of the prevailing westerly winds as measured by the meridional mean sea-level pressure gradient
between the Icelandic low and the Azores high quantified by an index termed the North Atlantic Oscillation
(NAO); the leading mode of atmospheric variability in the North Atlantic [Hurrell, 1995]. During its positive
phase, the westerlies are stronger than average, leading to more intense storms. However, during a nega-
tive NAO phase, the winds are weaker and there is a shift of the storm tracks southward [Hurrell, 1995]. Gen-
erally, these shifts are associated with north-south migrations of the jetstream [Woollings et al., 2010].

The ocean-climate variability in the Nordic Seas has frequently (see the review by Furevik and Nilsen [2005,
and references therein]) been investigated based on the relationship of the warm water inflow and its con-
nections to the NAO [Richter et al., 2012; Furevik, 2001; Mork and Blindheim, 2000]. The latter investigators
found that on interannual timescales, variations of volume transport, temperature and salinity at Svingy are
positively correlated with the NAO index. Richter et al. [2009] demonstrated that the activity, intensity and
residence time of cyclones in the Nordic Seas are important factors for interannual transport anomalies.
Using a linear regression model, Richter et al. [2012] were able to reconstruct the transport variability back
to the 1960s, and showed that the NAO is responsible for the variability of the Svingy transport. Whether
this covariability holds downstream remains to be investigated. However, Lien et al. [2013] show, using a
numerical model, that atmospheric circulation in the northern Barents Sea may influence the extension of
the NwASC flowing west of Spitsbergen toward the Fram Strait (here termed Fram Strait Branch or FSB, cf.
Figure 1).

The heat content of Atlantic water in the Nordic Seas varies over seasonal to decadal timescales [Yashayaev
and Seidov, 2015; Mork et al., 2014; Chepurin and Carton, 2012; Carton et al., 2011; Furevik, 2001]. The cause
of this variability has been linked to both air-sea heat fluxes and advective processes. Yashayaev and Seidov
[2015] show that Nordic-Seas heat content anomalies correlate well with the low-frequency variability of
the NAO and the Atlantic Multidecadal Oscillation, i.e., the averaged sea surface temperature in the North
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Figure 2. Distribution of Atlantic water in the Nordic Seas. The ~300 m (a) temperature and (b) salinity fields are from the 2013 high-resolution (0.25° X 0.25°) Nordic Seas regional clima-
tology [Seidov et al., 2015]. (c) The time mean (1992-2012) Absolute Dynamic Topography. A large fraction of the warm Atlantic water branches into the Barents Sea, complicating the
continuation toward the Fram Strait. A tongue of warm and saline Atlantic water and high Absolute Dynamic Topography is seen to extend into the interior of the Lofoten Basin.

Atlantic. Skagseth and Mork [2012] show an increasing trend of ocean heat content in the Nordic Seas, and
argue that the main mechanism is advection of heat from the North Atlantic due to the weakening of the
subpolar gyre and the associated northward penetration of subtropical water [Hakkinen et al., 2011; Hatin
et al., 2005; Hakkinen and Rhines, 2004]. Most recently, Mork et al. [2014] have shown that air-sea heat fluxes
can explain about 50% of the interannual variability of the Norwegian-Sea heat content. In contrast, Carton
et al. [2011] demonstrate that the net surface heat flux is not a dominant factor. Instead, they suggest
anomalous advection of Atlantic Water into the Nordic Seas as the more plausible explanation. It is likely
that both air-sea fluxes and advective processes control the hydrographic anomalies in the Nordic Seas. We
here explore an alternative mechanism, i.e,, whether warm anomalies in the Nordic Seas could also be
caused by an increase of the northward flow in the southern Norwegian Sea (here termed the Svingy
branch or SvB, cf. Figure 1), rather than by advection of” warm packets” from the North Atlantic, a mecha-
nism proposed by Sundby and Drinkwater [2007].

The Nordic Seas bathymetry plays an important role for steering the flow of Atlantic water toward the Arctic
region [Koszalka et al., 2011; Seiland et al., 2008; Isachsen et al., 2003; Orvik and Niiler, 2002; Poulain et al.,
1996], but also for the eddy-mean flow interaction. Recent research focusing on the circulation of the Nordic
Seas has also been directed toward estimating the mean flow and its associated eddy activity using a large
number of intermediate-depth floats [Rossby et al, 2009a] and surface drifters [Andersson et al., 2011;
Koszalka et al., 2011, 2013]. For drifters moving from the southern Norwegian Sea to the Barents Sea Open-
ing (BSO), Koszalka et al. [2013] quantified the transit time to be around 200 days, but also noted that the
span of arrival times ranged from months to years. In addition, these drifters spent almost half their journies,
i.e., around 100 days, trapped within the Lofoten Basin (LB). According to Bjork et al. [2001] this region, apart
from being the major heat reservoir in the Nordic Seas (note the spread of Atlantic water into the LB in Fig-
ure 2), is also characterized by eddies originating from the NwASC [Rqj et al., 2015; Kohl, 2007]. However, it
is as yet unclear whether these eddies transfer hydrographic anomalies into the LB interior.

We start by describing the altimetric, hydrographic and atmospheric data sets used in this study. This is followed
by a dynamical background, a sensitivity analysis of our altimetrically derived NWASC measure, and a validation
against current-meter data. The results section focuses on (i) the spatio-temporal variability and consistency of
the NwASC flow, (ii) identifying the monthly and interannual atmospheric and sea-surface height patterns asso-
ciated with the SvB and FSB flow variability, and (jii) propagation of hydrographic anomalies toward the Fram
Strait and into the LB respectively. The results are discussed in section 7. Concluding remarks ends the paper.

2, Data Set Description

2.1. Satellite Altimetry
The sea-surface heights (SSHs) used in this study are based on the globally gridded (1/3° X1/3°) and
Mercator-projected absolute dynamic topography at weekly resolution (provided by AVISO). This weekly
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data set from October 1992 to December 2012 is temporally averaged to form monthly fields. We use the
reference product of the SSH, i.e., two satellites orbiting the same groundtrack over the entire sampling
period, to ensure that the sampling was stable in time during the analysis period. Note that the SSH is a
combination of the sea-level anomalies (SLAs) and the ocean mean dynamic topography [Rio et al., 2011],
which in turn is based on a number data sets: the GRACE (Gravity Recovery and Climate Experiment) geoid,
an altimetric Mean Sea Surface as well as altimetric SLAs, wind-stress data and oceanographic in situ data.
By combining these data sets, Rio et al. [2011] showed that an improved marine geoid was obtained, and
thus the SSH now vyields a better consistency with independent in-situ measurements. For the Nordic Seas,
Volkov and Pujol [2012] provided a comprehensive validation study of the gridded satellite altimetry, and
showed that this can be successfully used to study the variability of sea-level and surface geostrophic veloc-
ities in the region.

2.2, Hydrographic Data

We use the recently published high-resolution regional (Nordic and Barents Seas) hydrographic data pro-
duced by the National Oceanographic Data Center [Seidov et al., 2015; Korablev et al., 2014]. It is a compila-
tion of all available data (37 different) sources for the area bounded by 60-82°N, 40-70°E [Korablev et al.,
2014]. To our knowledge, it is the only database that merge all available oceanographic measurements into
one single database. All duplicates were removed using automatic algorithms as well as expert visual con-
trol. It should also be emphasized that the Atlas used original data that has not been subjected to any inter-
polation in the vertical. Doing so, it is insured that the same uniform interpolation algorithm is used. The
spatial resolution is 0.25° X 0.25° with a monthly temporal resolution. An interpolation algorithm has been
developed specifically to interpolate the unevenly distributed observation into the regular grid. The tech-
nique is referred to as Data-Interpolating Variational Analysis or DIVA, and particularly suited for interpolat-
ing unevenly spaced and noisy data [Troupin et al.,, 2012]. One main advantage of this method, which rely
on a finite-element resolution, is that it actually takes into account topographic as well dynamic constraints,
such as coasts, subbasin and advection. The data have been extensively checked for quality and biases aris-
ing from instruments were all eliminated from the data used in this hydrographic Atlas. Between 1992 and
2012, which is the time period under consideration here, about 60.000 temperature profiles have been com-
piled in the Nordic Seas. Seidov et al. [2015] state that in the Nordic Seas, both temperature and salinity can
be reconstructed on a quarter-degree grid with relatively high confidence. The data density in the Nordic
Seas is good with more than 10 stations within each quarter-degree gridbox for the annual period. In the
present study, we only use the temperature field following the main core of Atlantic Water (supporting
information Figure S1), which has been de-seasoned by removing the annual cycle and linearly detrended
in order to compute the anomalies.

2.3. Atmospheric Data

We use the ERA-interim reanalysis [Dee et al, 2011] provided by the European Centre for Medium-range
Weather Forecasts. The field retrieved is the Mean Sea Level Pressure (MSLP) from 1992 to 2012 with a hori-
zontal resolution of 1° X 1°. The monthly means used here are temporally averaged from daily means. The
monthly MSLP has also been de-seasoned by removing the annual cycle and linearly detrended.

3. Measuring the NwASC From Altimetry

3.1. Dynamical Background

As an altimetrically based dynamical indicator of the NwASC at time t, we will use the difference in absolute
dynamic topography between the 500 and 900 m isobaths (shown in supporting information Figure S2). At
each point along this current, denoted by the coordinate s, the height difference in the direction normal to
the isobaths is calculated as

AH”(S7 t) = 1’](H500757 t)_”l(H900757 t)7 (1)
where 7 is the dynamical topography. From the geostrophic balance
u=(g/f)kxVn, ®)

where u is the horizontal velocity, g the acceleration of gravity, f the Coriolis parameter and k the vertical
unit vector, it is found that
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n(Hooo)
J u-sdn=(g/f)Aun(s,t), )

n(Hsoo)

where n is a coordinate normal to the isobaths and s a unit vector along the isobaths, directed with shallow
water to the right. Accordingly, Aun(s,t) is proportional to the integrated geostrophic surface velocity
between the isobaths.

If the flow is equivalently barotropic, implying that the velocity changes magnitude but not direction with
depth, then, following Killworth [1992] and LaCasce and Isachsen [2010], it can be stated that

u(x,y,z,t)=(g/f)kXVi(x,y,t) P(2), @)

where P(z) is a nondimensional function describing the vertical pressure variation with the property
P(z=0) = 1. Under this assumption, it is straightforward to show that the volume transport between two
isobaths is given by

n(Ha) (0 H> 0',]
J J u- sdzdn:—J ——H(H) dH (5)
n(th) ) —H w, OH
where we have introduced
0
H(H) = J P(z) dz. (6)
—H

Note that in the purely barotropic case, P(z) = 1 and H=H. The transport between the 500 and 900 m iso-
baths can, in the equivalently barotropic case, to leading order be calculated as

T(Sv t):(g/f)AHn(57 t)H(H700)7 (7)

where Hyqq is the arithmetic mean of the isobath range. Thus, for barotropic or equivalently barotropic flow,
the NwWASC volume transport between the 500 and 900 m isobaths should thus approximately be propor-
tional to Ayn(s,t). However, as W(s,t) is proportional to integrated geostrophic surface velocity between the
isobaths, it can simply be interpreted as an along-stream dynamical measure of the NwASC.

3.2. The Transport Proxy: Sensitivity Analysis and Validation

Figure 3 illustrates ‘P'(s,t) and its variability along the NwASC. To begin with, we initially note that the time-
mean W varies along the NwASC path, which is not to be expected if the flow to be equivalently barotropic.
This indicates that the time-mean V¥ signal contains additional dynamics such as baroclinic flow or reflects
errors, e.g., in the geoid estimate; an issue which will be discussed later. Focusing on the time-dependent
part of W(s,t), we note that the variance of this quantity changes along stream and tends to be correlated
with the bottom slope (see supporting information Figure S2). To examine the correlation between the
time-dependent part of W(s,t) and the NwASC volume transport, we compare our altimeter-derived trans-
port proxy ¥(s,t) with in situ current-meter based transport estimates from the Svingy section [Orvik et al.,
2001; Orvik and Skagseth, 2003a]. The latter show that one single current moored current meter is capable
of monitoring the Norwegian Atlantic slope current. The current meter series used here is accordingly an
index series based on one single current meter and instrument depth located at a depth of 100 m at 63°N,
4°E over the 500 m isobath. As our proxy of the NwASC transport is limited to the difference in the SSH
between the 500 and 900 m isobaths, we examine its sensitivity to the choice of the outer isobath. Figure 4
shows the relationship between the current-meter based transport and the altimeter-derived transport
proxy for different outer isobaths. The diagonal (broad) shape characterizing the results in Figure 4 indicates
that the correlation is stronger (weaker) for isobaths less-or-equal to (greater than) 1000 m. However, the
largest number of occurrences along the identity diagonal is found using the 900 m isobath (Figure 4b).
This is used in Figure 5, where we underline that this simple measure captures the current-meter transport
estimates in the Svingy section reasonably well (with a correlation of ~0.66). This suggest that the time-
varying flow in the Svingy section is approximately equivalently barotropic, i.e., the transport variability is
proportional to the cross-slope surface height difference between 500 and 900 m isobaths. Is it, however,
possible to assume that this is the case also downstream? As shown by supporting information Figure S3,
we also find a reasonably good agreement in the time variability between current-meter data from Gimsey
and Bjgrneya and our transport proxy from altimetry.
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Figure 3. The transport proxy along the NwASC as a function of latitude. The thin colored lines represent the raw (neither de-seasoned
nor detrended) weekly transport between 1992 and 2012. The grey line is the time-mean transport and the associated vertical bars indi-
cate the spread. Note that due to baroclinic effects the time mean “barotropic” transport varies along-stream. However, the time-
dependent transport fluctuations tend to be essentially barotropic (cf. Figure 5 and supporting information Figure S3).

4, Spatiotemporal Variability of the NwASC

In this section, we resolve the spatio-temporal variability of the NwASC from 62°N up to 80°N. This approach
permits us to explore how transport variations at a specific location covary with the entire NWASC. In partic-
ular, we investigate the immediate NwASC behavior to variations of the SvB and FSB; the main conduits of
heat and salt in the Nordic Seas and into the Arctic Ocean [Beszczynska-Moller et al., 2012; Polyakov et al.,
2005; Poulain et al., 1996]. In addition, a lag-analysis is applied to identify signals propagating through the
system.

4.1. How Consistent Is the NwASC?

We now investigate the spatial consistency of the NwASC. In particular, we examine how changes of the
SvB and FSB project onto the entire current. This is based on a correlation analysis of our NwASC flow mea-
sure, estimated according to:

Z‘T’seg(t) SW(s,t)

N N ’
\/ Z P oeg(t) - Poeg(t) \/ Z (s, t) - ¥(s,t)

where the summation is over the entire observation period of the deseasoned monthly transports. This
type of analysis typically results in a high correlation R(s) over the base segment W.4(t) itself (i.e., SvB or
FSB), and varying correlation coefficients elsewhere. Since our focus is on the large-scale variability of the
SvB/FSB, it is noteworthy that the along-stream segment-averaging is done to reduce the effect of small-
scale variability that contaminates a single point.

R(s)=

CHAFIK ET AL.

POLEWARD FLOW AND WARM ANOMALIES 7902



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011012

(a) Ys00,300

(b) ¥s500,900 (©) ¥500,1000

70

Transport from current-meter [Sv]

3 4 5 6 7
Transport from altimetry [Sv]

(d). LI’500,}200

i B

Transport from current-meter [Sv]
Transport from current-meter [Sv]

8 9 10 0 1 2 8 9 10

3 4 5 6 7
Transport from altimetry [Sv]

(e)l\11500,1‘400

70

Transport from current-meter [Sv]

[ 1

2

3 4 5 6 7
Transport from altimetry [Sv]

Transport from current-meter [Sv]

8 9 10 0 1 2 8 9 10

3 4 5 6 7
Transport from altimetry [Sv]

Figure 4. Two-dimensional histograms of the weekly distributions of the Svingy current-meter (deployed at a depth of 100 m) transport versus the altimeter-derived transport proxy (in
Sv=10°m>s™ ") at a point near Svingy using five different outer isobaths, viz. (a) 800 m, (b) 900 m, (c) 1000 m, (d) 1200 m, and (e) 1400 m. The time series are neither de-seasoned nor
detrended. The current meter series used here is an index series based on one single moored current meter located at a depth of 100 m at 63°N, 4°E over the 500 m isobath [Orvik and
Skagseth, 2003a]. The largest number of occurrences along the identity diagonal is found using the 900 m outer isobath (Figure 4b), which we hence choose for constructing our along-
stream dynamical measure of the NwASC, i.e., W(s,t).

Figure 6 illustrates the along-stream correlation pattern based on the SvB/FSB transport time series. Figure
6a reveals that the correlations are high along the SvB segment itself (R ~0.8) but also along part of the
Lofoten escarpment (R ~0.5-0.6). The weakest correlations are over VP (R ~0.3-0.4), BSO and FSB (R ~0.2—
0.4). Figure 6b shows, as expected, a high correlation along the FSB, and a slow but sustained decrease of
the correlation coefficient down to ~70°N. Further south, i.e.,, along the Norwegian continental slope, a
more-or-less homogeneous relationship explaining only about 5-15% (cf. Figure 6c) is seen to dominate.
Note that the SvB curve (red line) shows a more rapid decline as compared to the FSB (blue line), but also
explains about 5-15% north of 70°N. In the next section, we explore how the flow behaves at lead times up
24 months.

4.2. Memory of the Poleward Flow

Figure 7 show the lagged response of the NwASC to anomalous positive barotropic flow in the SvB. We
note in the zero-lag results, as previously shown in terms of correlation, that positive anomalies dominate
the NwASC, but with damped magnitudes north of the Lofoten slope (~70°N) and along the FSB. This posi-
tive anomaly in the flow (at zero lag) is most likely due to the strong topographical steering, which is con-
sistent with the anticipated increase of the wind-driven barotropic flow along f/H contours (H being the
depth) in the Nordic Seas [Isachsen et al., 2003; Ngst and Isachsen, 2003]. The signal continues to show posi-
tive anomalies 4-5 months, especially at Svingy and Lofoten (note that this not the case at around 66°N, i.e.,
the VP), after an anomalous transport at Svingy. Whilst, along BSO and FSB the signal vanishes immediately
after the zero-lag. After 12-16 months, we observe that a negative transport signal once again dominate
Svingy and Lofoten. The reason for this anomaly to appear after 1 year is not immediately evident to us, but
could be related to the prominent year-to-year hydrographic changes in the Atlantic water driven by the
local atmospheric heat fluxes reported by Mork et al. [2014]. Clearly, a signal due to an increase of the
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Figure 5. Comparison of the weekly averaged current-meter transport from Svingy (1995-2011) and the weekly altimeter-derived trans-
port 1992-2012 (based on the 500-900 m isobath, cf. Figure 4b) from a point close to the Svingy station. The time series are neither de-
seasoned nor detrended. The current meter series used here is an index series based on one single moored current meter located at a
depth of 100 m at 63°N, 4°E over the 500 m isobath [Orvik and Skagseth, 2003a]. The time-mean estimates and the standard deviations are
approximately 4.4 = 1.4 Sv and 4.2 = 1.7 Sv for the current-meter data and the altimetry, respectively. The fact that the two measurements
are comparable (correlation coefficient of ~0.66 at the 99% confidence level) suggests that our transport proxy is reasonable.

transport in the southern Norwegian Sea has longer memory in the vicinity of Svingy and Lofoten, but is
lost immediately after the zero-lag at the BSO and FSB.

5. Atmospheric Forcing and Oceanic Pressure Field on Monthly to Interannual
Scales

Here we aim at identifying the SSH/MSLP spatial patterns that can explain most of the SvB and FSB variabili-
ty. This analysis is conducted on monthly and interannual timescales. Since the variability of the circulation
in the Nordic Seas is largely wind-driven, i.e., increases/decreases of the winds lead to a spin up/down of
the NwASC [Richter et al., 2012; Aaboe and Ngst, 2008; Skagseth et al., 2004; Skagseth, 2004]. Hence the SvB
and FSB should in theory reflect similar circulation patterns. However, we learn that the SSH/MSLP patterns
driving the SvB are distinctively different from that of the FSB, especially on interannual timescales.

5.1. Corresponding SSH Patterns

Figure 8 shows that the correlation pattern of the SSH field is consistent with a surface flow in geostrophic
balance: the transports in both SvB and FSB tend to be high when SSH is elevated in the coast to shelf-edge
zone and depressed in the central basin. The SSH correlation pattern in the Barents Sea is slightly different
but also compatible with geostrophic dynamics. This quasi-steady along-isobath SSH transition has also
been interpreted as a lower-mode continental shelf wave [Gordon and Huthnance, 1987]. However, on inter-
annual timescales the SSH within the Nordic Seas shows a stronger negative correlation (more depressed
SSH), while the positive correlation along the coast and in the Barents Sea vanishes completely. For the FSB,
it is seen that on monthly timescales, a strong positive correlation exists along the coast of Norway and in
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Figure 6. Correlation between monthly transport proxy anomalies at the (a) SvB, and (b) FSB versus and along the entire NWASC (¥ nyaso)-
(c) The squared correlation coefficient (R-squared, in %) of the SvB (Figure 6a) and FSB (Figure 6b) correlation structures. The de-seasoned
and detrended data transport proxy data are used to compute the anomalies. A plus sign inside a circle indicates that the correlation is sig-
nificant at the 95% level (p < 0.05). The covariability with the NwASC is weak north/south of 70°N for the SvB/FSB.

the Barents Sea (note the northward shift of the maximum correlation in the Barents Sea as compared to
the results based on SvB transports), while the negative correlation within the Nordic Seas is weak. This sug-
gests that the flow along the FSB is mainly driven by the high SSH originating in the Barents Sea and less so
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Figure 7. Time lag composite analysis (time-latitude) of the monthly transport proxy anomalies, in Sv, along the NwASC. The composite is
based on anomalous SvB monthly transport events, defined as months exceeding 1 standard deviation. Positive lags are evaluated up to
24 months. Black stipplings represent grid points that are significant at the 95% confidence level (p < 0.05) assessed based on a two-sided
t-test. Reduced transport anomalies are found north of ~70°N, while the memory of the flow appears to be prolonged at Svingy and
Lofoten.

by the depressed SSH within the Nordic Seas. On interannual timescales, the positive correlation surround-
ing Svalbard becomes more distinct, suggesting that a regional pattern connected to the Barents Sea is
driving the flow along the FSB [Lien et al., 2013]. One possible interpretation is that the FSB transport-proxy
variability on interannual timescales reflects a fractionation of the Atlantic Water transport toward the Arctic
between the Fram Strait and Barents Sea branches, which is presumably controlled by regional wind condi-
tions around Svalbard; a notion supported by the analysis of the atmospheric circulation patterns presented
below.

5.2. Large-Scale or Regional Atmospheric Forcing?

The large-scale MSLP correlation patterns show, on both short and long time scales, that the SvB variability
(Figures 9a and 9b) is anti-correlated with the pressure field; hence the cyclonic wind circulation within the
Nordic Seas. On monthly timescales, the maximum and minimum correlation coefficients display a tilted ori-
entation, leading to enhanced southwesterlies parallel to the Norwegian coast, a divergence of the wind-
induced Ekman transport and a spin-up of the circulation. On longer time scales, the large-scale pattern of
the MSLP continues to be NAO-like, but the correlation minimum has shifted within the Norwegian Sea,
suggesting that the wind field here may play a role on longer time scales. The FSB, however, shows a differ-
ent atmospheric pattern, especially on interannual timescales but also on monthly timescales. Figure 9c
shows that the minimum correlation has shifted westward, weakened significantly and become confined to
the Nordic Seas. It does not extend into the Barents Sea as in the SvB case. On longer time scales, the FSB
shows a significant positive correlation encircling Svalbard and northern Barents Sea, consistent with the
SSH pattern in Figure 8d. This resulting positive MSLP anomaly induces an increase in the SSH and hence
an anticyclonic circulation anomaly, which enhances the flow along the FSB.
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It is evident that on interannual timescales the strength of the cyclonic circulation anomaly within the Nor-
dic Seas is dynamically irrelevant for the FSB, and that the SvB is driven by a modified NAO pattern. This is
further investigated in Figure 10, which shows the cross-correlation between the NAO, the SvB and FSB on
interannual timescales. It is evident that the NAO is not the driving mode for the FSB. The regional circula-
tion identified above is the dominant forcing mechanism. And that even if the atmospheric circulation driv-
ing the SvB is of NAO type, their covariability is low and nonsignificant at zero-lag. Presumabily, since the
nodes of the atmospheric low and high are misplaced, the traditional NAO index is not applicable. However,
we find a significant maximum lag-correlation of 0.36 at 9 months, i.e., the NAO leads the SvB by 9 months
on interannual timescales. A mechanism that may be relevant when considering longer time scales is that
of Blindheim et al. [2000]. The latter investigators found that the westward extent of Atlantic Water in the
Norwegian Sea decreased as an integrated response to positive NAO conditions. They interpreted this as
the Norwegian Atlantic Current being more confined to the continental slope by affecting its lateral extent,
and our result showing that positive NAO leads the NwASC on interannual timescales is in accordance with
this interpretation.

6. Poleward Propagating Warm Temperature Anomalies

We here investigate whether temperature anomalies propagating toward the Fram Strait (an obvious path-
way consistent with the general ocean circulation of the Nordic Seas) and into the LB are generated as a
response to an increase in the SvB transport. The analysis concerning anomalies propagating into the LB is
performed since we note that the correlation (SvB versus NwASC, cf. Figure 6a) is significantly reduced
downstream of the Lofoten slope. We hypothesize that this reduction may be due, but not limited (reasons
to be discussed later), to the vigorous cross-slope eddy shedding here [Isachsen, 2015; Raj et al., 2015;
Jakobsen et al., 2003]. To support this conjecture, the slope-to-basin propagation of temperature anomaly is
studied.

6.1. Toward the Fram Strait

Figure 11 shows the evolution of composite temperature anomalies along the NwASC following an
increased SvB transport. At zero lag, we observe a temperature anomaly (nonsignificant at the 95% confi-
dence level) at depth between 300 and 600 m. The core of this warm anomaly appears in the vicinity of
Lofoten already after 2 months (at a depth of ~100 m), but the warm area stretches from the VP to Lofoten.

CHAFIK ET AL.

POLEWARD FLOW AND WARM ANOMALIES 7907



@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011012

SvB vs. MSLP SvB vs. MSLP

80

mpnthly _

interannual

[y

PN

£

>
(=25

)

A
Y 4
75 -

<
(<ot B

402

—4-0.2

30
-80 -60 -40 -20 0 20 40

FSB vs. MSLP FSB vs. MSLP

monthly | interannual

80

75

70

65

60

55

50

45

40

35

30

-80 -60 -40

-80 -60 -40

Figure 9. Same as Figure 8 but for the MSLP anomaly (de-seasoned and detrended). The SvB can be associated with MSLP within the Nordic Seas on both time scales. The FSB is posi-
tively correlated with a regional pattern around Svalbard and northern Barents Sea on interannual timescales.

After 3 months, this anomaly is seen to occupy the area from BSO and along the FSB (being significant at
the BSO). After 6 months, interestingly, the core of the warm anomaly is located at depths between 200 and
300 m, but the entire water column down to 600 m shows a warming. After 9-12 months the warm temper-
ature anomaly is predominantly located along the FSB, and has a vertical extent from the surface down to
about 300 m. A cross-correlation analysis between the FSB temperature (0-300 m averaged) and SvB trans-
port shows an increasing positive correlation with a maximum at a lag of 9-12 months, which is consistent
with the findings in Figure 11 (cf. supporting information Figure S4). It is also interesting to note that the
apparent propagation speed of the anomalies is much faster during the first 2-3 months. Thereafter, it
becomes rather slow along the BSO and the FSB, where it shows a clear amplification. This is a surprising
finding, since one would have expected a cooling and not a warming as the anomaly moves poleward.
6.1.1. Into the Lofoten Basin Interior

We begin by highlighting the importance of the eddies in the LB. Figure 12 examines the eddy kinetic
energy (EKE:%(%VSLA)z) structure that emerges when decomposing it (Figure 12a) into low-frequency
(Figure 12b) and high-frequency (Figure 12c) parts, as this is useful in separating the EKE related to the
mean flow (LF-EKE) from mesoscale eddies or meanders (HF-EKE). In general, the EKE is high along the
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Figure 10. Cross-correlation of the NAO with the SvB (red) and FSB (blue) transport proxy on interannual timescales. The time series have
been filtered with 1 year running mean. The green plus signs indicate significant correlations at the 95% confidence level (p < 0.05).

domain occupied by Atlantic water in the Nordic Seas, where, however, the most intense eddy activity is
found within the interior of the LB. Two pronounced EKE maxima stand out in the LB; offshore the continen-
tal slope and in the centre of the basin. The HF-EKE dominates over the LF-EKE, indicating that mesoscale
eddies are populating the entire basin, while the LF-EKE dominates the Lofoten escarpment. This feature is,
however, suppressed in the HF domain. Instead, the HF-EKE demonstrates a conspicuous increase offshore
and toward the interior of the Basin when compared with the LF-EKE, as highlighted by the difference
between HF- and LF-EKE shown in Figure 12d. This indicates that mesoscale eddies account for a large frac-
tion of the total EKE. These eddies are shed persistently from the slope current and drift into the LB interior
(see the supporting information animation) [/sachsen, 2015; Raj et al., 2015; Sgiland and Rossby, 2013; Kos-
zalka et al., 2011; Rossby et al., 2009a; Kohl, 20071.

Figure 13 shows the evolution of composite temperature anomalies in the Lofoten Basin. Also here, the
composite anomaly is constructed from time instances with anomalously strong SvB transport. In general,
the composite anomaly is warm in the top 500 m and cold in the lower 500-1000 m. The temperature com-
posite thus has a baroclinic signature. At zero lag, both the warm and cold anomaly extend into the Basin.
The cold anomaly at around 4°E shows a bowl-shaped structure, which could be an effect of the semiper-
manent Lofoten vortex residing here [Raj et al., 2015; Kohl, 2007] over the deepest part of the LB. At a lag of
2 months, a signal extending from the continental slope appears to migrate into the LB with a slight amplifi-
cation. The cold lower anomaly, i.e., between 500 and 1000 m, now shows now a double convex lens struc-
ture due to the vortex, distinguished by the upward and downward sloping isotherms [Raj et al., 2015;
Seiland and Rossby, 2013; Rossby et al., 2009b; Kohl, 2007]. At a lag of 3-6 months, the warm composite
anomaly has shifted westward toward the LB interior, slightly intensifying its amplitude at 9 months, and
almost doubling it at 12 months as it reaches the deepest part of the Basin. Assuming that the composite
analysis reveals spatial propagation of the temperature anomalies, the anomaly speed can visually be esti-
mated to be around 1.5 km/d (calculated as 500-600 km/365 days), which is in line with the estimated
speed ranges for barotropic topographic Rossby waves in the Lofoten Basin [Volkov et al., 2013]. Thus, there

CHAFIK ET AL.

POLEWARD FLOW AND WARM ANOMALIES 7909



@AGU Journal of Geophysical Research: Oceans

10.1002/2015JC011012

.__(a) Temp. Lag=0 months ¢

Depth (m)

200 400 600 800 1000 1200 1400 1600 1800

(d) Temp. Lag=+6 months ¢

(b) Temp Lag=+2 months -
' N

(c) Temp. Lag=+3 months ¢

200 400 600 800 1000 1200 1400 1600 1800

200 400 600 800 1000 1200 1400 1600 1600

(e) Temp. lag=+9 months -¢

200}

Depth (m)

400

SvB VP Lofoten

4

00 > — —
200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800 200 400 600 800 1000 1200 1400 1600 1800

BSO FSB

(f) Temp. lag=+12 months -¢

SvB VP Lofoten BSO FSB SvB VP Lofoten BSO FSB

Figure 11. Time Lag composite analysis (depth-distance) of the temperature anomaly, in " C, following the main core of Atlantic water (cf. supporting information Figure S1) in the Nordic
Seas and toward the Fram Strait. The composite is based on SvB transport proxy events, defined as months exceeding 1 standard deviation. Positive lags are evaluated at (a) zero-lag, (b)
2 months. (c) 3 months, (d) 6 months, (e) 9 months, and (f) 12 months. Black stipplings represent grid points that are significant at the 95% confidence level (p < 0.05) assessed based on
a two-sided t-test. The regions are invoked to simplify the orientation along the NwASC (cf. Figure 1). The temperature anomaly is found around Lofoten at 2 months, and later along

BSO and FSB, where it is amplified.

appears to be a degree of consistency between the propagation of composite temperature anomalies (Fig-
ure 13), the propagation of eddy- and wave-features in the Lofoten Basin seen in altimetry, and Lagrangian
data [Raj et al., 2015; Volkov et al., 2013; Koszalka et al., 2013; Rossby et al., 2009b; Kohl, 20071.

7. Discussion

7.1. Along-Stream Variations of the Flow

Focusing initially on the time-mean barotropic transport measure, we note that it shows along-stream varia-
tions of nearly a factor of 4. This is not expected for an inviscid equivalent barotropic geostrophic flow,
which conserves the planetary potential vorticity. Ignoring the variations in f, conservation of planetary
potential vorticity for a barotropic or an equivalently barotropic flow implies that for steady flow u - VH=0,
i.e., the flow is directed along the isobaths [e.g., LaCasce and Isachsen, 2010]. If this was the case, then the
time-mean volume transport would be invariant between any two isobaths. There are several possible rea-
sons for why the present simplistic time-mean volume transport indicator varies along stream:

1. The geoid estimate may be inaccurate [Johannessen et al., 2014], and/or the resolution of the gridded
SSH may be inadequate to resolve the steepest parts of the slope.

2. The flow is not equivalently barotropic and there are along-stream buoyancy gradients (see supporting
information Figure S5) that give rise to cross-isobath volume transports, even if the bottom flow is essen-
tially aligned with the bathymetry.

3. For nonzero Rossby numbers, conservation of potential vorticity may cause the flow to make excursions
across the isobaths: In the barotropic inviscid limit, ({ + f)/H is conserved along the stream lines, where
is the relative vorticity. To the lowest order in the Rossby number on an f plane, the flow is completely
aligned with the bathymetry. As a consequence, there will be along-stream changes in relative vorticity
where the isobaths curve, diverge or converge. For nonzero Rossby numbers, cross-isobath excursion of
the stream-lines are dictated by the conservation of potential vorticity: where the relative vorticity
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Figure 12. The spatial pattern of the time-averaged (1992-2012) filtered eddy kinetic energy (cm?s™ ?) for the Nordic Seas: (a) The total EKE (no-filtering applied), (b) its low-frequency
(LF-EKE), and (c) its high-frequency (HF-EKE) part. Note The difference between the HF-EKE (Figure 12c) and the LF-EKE (Figure 12b), and stipplings indicate the differences that are signif-
icant at 95% confidence level. The gray lines are the 1000, 2000, and 3000 m bathymetric contours. The Lofoten slope is characterized by LF-EKE and not exposed to the eddies (HF-EKE),
while the interior of the LB is dominated by the HF-EKE variability.

increases down-stream, the stream-lines will veer toward deeper water. It is straightforward to show that
[e.g., Nost et al., 2008]
OH/H = d6(/f, 9

where 0H is the first-order stream-line depth correction and ( the change in the zero-order relative vor-
ticity along the isobath.

4. Wind-forced or bottom friction related Ekman pumping/suction induce cross-isobath geostrophic flow,
which may be viewed as a topographic Sverdrup balance [Skagseth, 2004].

We also note that the time-mean transport indicator tends to increase where the slope is steeper and the
continental shelf is narrower, which indicate that the local increases of the transport indicator may reflect
nonlinear effects and/or confluence of transport from shallower and more gently sloping waters, where the
topographic steering is weaker.

We conclude this discussion by providing a rough estimate of how large along-stream isobath transport var-
iations that can be expected to arise from along-stream buoyancy variations and cross-isobath excursions
due to conservation of potential vorticity. The changes in steric height, say d#;, along the NwASC are on the
order of 0.08 m, with anomalously high steric height encountered around 64° and 70° N; see supporting
information Figure S5. Assuming that the associated horizontal buoyancy variations are depth independent,
the variations in cross-isobath baroclinic transport is 9’;‘;”5, which calculated on the 700 m isobath gives
about 3 Sv. If further o1, is constant across a range of isobaths, say AH, then the along-isobath variation in
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Figure 13. Time Lag composite analysis (depth-distance) of the temperature anomaly, in *C, following the extension of Atlantic water into the Lofoten Basin (Basin-averaged between
69 and 71°N, cf. Figure 2). The composite is based on SvB transport proxy events, defined as months exceeding 1 standard deviation. Positive lags are evaluated at (a) zero-lag, (b) 2
months. (c) 3 months, (d) 6 months, (€) 9 months, and (f) 12 months. Black stipplings represent grid points that are significant at the 95% confidence level assessed based on a two-
sided t-test. The subsurface temperature anomaly propagates westward and amplifies enroute as it reaches the deepest part of the Lofoten Basin, especially at 12 months.

baroclinic transport is approximately %; which is roughly 2 Sv in 500 to 900 m isobath range. These num-
bers serve as rough upper bounds, since the horizontal buoyancy gradients tend to diminish with depth.

To estimate the effect of potential vorticity conservation, we note that the correction to the transport indi-
cator P, defined by Egs. (5-7), is obtained by changing the integration limits to H; + dH; and H, + oH,;
where the depth changes are given by Eq. (9). If the along-isobath changes in §{ are approximately con-
stant over the 500 to 900 m isobath range, then the correction to the zero-order along isobath transport ¥
is approximately given by

SW ~ —2WS(/f. (10)

Along-isobath variations of {/f, computed from the altimetrically derived geostrophic surface velocity field,
are on the order of 0.1 (not shown). Taking a mean transport of 2-3 Sv implies that potential vorticity con-
servation may cause variations of the transport between the 500 to 900 m isobaths of up to 0.5 Sv. This
qualitative discussion suggests that some fraction, which could be as large as 1 or 2 Sv, of the variations of
our time-mean volume transport indicator along the NwASC may have a dynamical origin. A more quantita-
tive analysis of this issue is, however, beyond the scope of the present work.

7.2. On the Flow Consistency

The instantaneous correlation of the SvB/FSB anomalies with the NWASC have been shown to be weakest
north/south of ~70°N. Figure 7 confirmed that the flow anomalies are indeed reduced north of ~70°N.
Interestingly, we find no indication of poleward propagating flow anomalies north of this latitude. Plausible
mechanisms that could inhibit the structural consistency are discussed. First, we note that along the Norwe-
gian coastal barrier, barotropic along-isobath flow tends to be accelerated by along-slope winds [Gill and
Schumann, 1974]. However, in the BSO, the NwASC lacks a coastal barrier and there is no direct along-
isobath acceleration from winds aligned with the current. Second, the NwASC north of ~70°N is no longer a
simple extension of the Atlantic water. The current bifurcates into the Barents Sea, which could impact on
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the NwASC consistency. Third, the vigorous and persistent eddy shedding into the LB and the associated-
signal transfer into the interior may also damp the consistency of the NwASC. As discussed by Isachsen et al.
[2012], the Lofoten slope is very steep, dynamically similar to a vertical wall, and hence less capable of stabi-
lizing the flow [see also Bracco et al.,, 2008]. Rossby et al. [2009a] demonstrated that intermediate-depth
floats indeed progressed coherently with the NwASC, but turned suddenly westward into the Lofoten Basin
(cf. their Figure 10). All these processes are likely to be important, individually or in combination.

The mechanisms described above may explain why the consistency is reduced north of ~70°N, but they do
not explain why the correlation drops over VP and increases again over Lofoten (Figure 6). A simple argu-
ment can help to illuminate this: Let us define

1T ("

(A) = J Adt, (11)
L=t g

where A(t) is an arbitrary function. Further, let the signal at an arbitrary point y, along the NwASC be A(t)

and at a point downstream be B(y, t)=A(t)+N(y, t), where A is a coherent signal and N is taken as stochas-

tic noise with an amplitude that can vary in space. The instantaneous correlation can be written as

(AB)

)6 "

AB=

Suppose that A is fairly coherent but N is white noise, then we have approximately

_ (A%)
Cas= <A2>1/2<A2+N2>1/2 (13)
Thus, as the noise level goes up (down) the correlation decreases (increases). Along the VP, noise or HF-EKE
(eddies) clearly contaminate the variability, while the LF-EKE (mean-flow) is dominant along the Lofoten
slope (Figure 12d).

7.3. Contrasting the Two Flow Regimes

The relationship between the MSLP/SSH and the transport revealed two distinctly different patterns for SvB
and FSB, respectively, on both monthly and interannual timescales. On monthly scales, we find that SvB
flow anomalies are associated with an NAO-like pattern (minimum north of Iceland) and a depressed SSH
within the Nordic Seas with a transition to positive SSH anomalies on the shelf (cf. Figures 8a and 9a). These
MSLP/SSH patterns are consistent with previous findings when using Svingy current-meter data [Richter
et al.,, 2012; Skagseth et al.,, 2008, 2004; Mork and Blindheim, 2000]. However, the FSB results reported here
are novel. In this regard, the FSB flow anomalies show a more northerly extent of the MSLP providing winds
along the FSB and corresponding higher SSH along the entire eastern continental shelf and over the
Barents Sea (cf. Figures 8c and 9c). A positive MSLP anomaly develops on interannual timescales, which
through Ekman transport leads to an anticyclonic circulation (positive SSH) anomaly over the northern
Barents Sea and around Svalbard, which enhances the FSB transport (cf. Figures 8d and 9d).

Our results clearly indicate that atmosphere-ocean interactions over the Barents Sea affect the FSB. This is
in accordance with Lien et al. [2013] reporting that a wind-induced cyclonic circulation anomaly, also over
the northern Barents Sea and around Svalbard, enhances the flow through the Barents Sea while weakening
the FSB. We note that on interannual timescales, the SSH pattern associated with the SvB (Figure 8b) shows
a negative anomaly in the northern Barents Sea. This pattern is similar to that previously described by Lien
et al. [2013], and should enhance the flow of Atlantic Water into the Barents Sea, thus indicating that on lon-
ger time scales an anomalous transport increase of the SvB covaries with an enhanced Barents Sea inflow,
suggesting that the atmospheric circulation driving these flows is indeed similar. This is supported by the
findings in Skagseth et al. [2008], which, using current-meter data demonstrated that Svingy and Barents
Sea inflow transports are strongly correlated and dominated by the same atmospheric variability or storm
tracks. Our approach of separating between the SvB and FSB is valuable, and shows that on monthly to
interannual timescales the atmospheric patterns and hence the induced ocean circulation anomalies differ
between these branches. We propose that a regional pattern encircling Svalbard is capable of regulating
the FSB and hence the Atlantic inflow to the Arctic.
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7.4. Poleward Propagating Warm Anomalies

A number of studies have reported on the propagation of hydrographic anomalies in the Nordic Seas
[Yashayaev and Seidov, 2015; Glessmer et al., 2014; Lien et al., 2014; Koszalka et al., 2013; Holliday et al., 2008;
Sundby and Drinkwater, 2007; Polyakov et al., 2005; Furevik, 2001; Gerdes and Koberle, 1999]. However, with
the exception of Sundby and Drinkwater [2007] who argued that NAO strengthened circulation would create
positive salinity anomalies in the Norwegian Atlantic current, little evidence has been presented that con-
nects changes in transport and hydrography. Our findings demonstrate a strong link between temperature
anomalies and the transport in the Nordic Seas (Figures 11 and 13), and the basic underlying idea is tied to
the fact that the temperature along the NwASC gradually decreases downstream: the mean flow advection
balances heat loss to the atmosphere and that due to eddy-flux divergence. By linearizing the temperature-
advection equation one obtains:

—+V —+v—=R, (14)

where the primes and the overbars denote perturbations and mean state, respectively; and R" additional lin-
ear processes. As the temperature gradient is negative (colder downstream), a positive velocity perturbation
act to create a positive temperature perturbation. This suggests a positive correlation between velocity and
temperature perturbations. However, there are instances when other processes may dominate and change
the nature of the correlation. Baroclinic eddies, for instance, can presumably be associated with velocity
and temperature perturbations of different signs. However, the time-scale associated with a passing baro-
clinic eddy is relatively short. Another relevant example is where the flow perturbation is created by a local
increase in the along coast wind (quasi northward). In this cases, the temperature perturbations may be
dominated by Ekman advection, vertically as well as across the stream. The cross-stream Ekman advection
tends to cool whereas the near-coast downwelling tends to warm. It is possible that the cooling effect dom-
inates in some situations and the warming effect in others. These considerations support the notion that
there in most cases should be a positive correlation between perturbations in temperature and flow speed,
but are they linked to the NAO? Figure 14 looks into the NAO-SvB transport relationship. We note that posi-
tive anomalies larger than 1 standard deviation of the SvB transport do not always coincide with positive
NAO conditions, while more than 80% of the anomalies larger than 1.5 standard deviation fall within posi-
tive NAO conditions. Thus, for extreme positive transport anomalies, i.e., higher than 1.5 standard deviation,
the role of the large-scale atmospheric circulation is more important. The local winds and the passage of
low-pressure systems may be more effective in generating SvB transport anomalies larger than 1 standard
deviation [Lien et al., 2014; Richter et al., 2009].

It was quite surprising to find that the warm anomaly propagated much faster between Svingy and BSO as
compared to the BSO and FSB distance. It traversed the Svingy-BSO distance in about 3 months, which cor-
responds to a speed of about ~0.15 m/s (1200 km in 3 months). While for the BSO-FSB, we roughly estimate
the speed to be ~0.035 m/s (800 km in 9 months), which is about 4 times slower than the speed recorded
between Svingy and BSO. Yang and Pratt [2012] showed using an idealized Nordic Seas that a baroclinic Kel-
vin wave has a speed of 0.91 m/s and will take around 40 days to travel around the rim of the Nordic Seas.
Hence, our speeds are too slow to be linked to this baroclinic Kelvin wave.

Climatologically, this difference in the speed between the Norwegian continental slope and north of it is
also exist in the surface velocities (see supporting information Figure S6), and reflected in the transport
proxy of the NwASC (cf. Figure 3). The surface current along the NwASC has a speed of 0.2 m/s along the
continental slope of Norway, about 0.08-0.1 m/s at the BSO, and 0.1-.12 m/s along the FSB. Lien et al.
[2014] found that positive salinity anomalies from Svingy to the BSO during the 2000s propagated at a
speed of 0.17 m/s, while between BSO (20°E,72°N) and Varde (30°E, 70-74°N) the speed was as low as
0.04 m/s, however, no explanation was given for this difference in the propagation speeds. Based on drifter
data, Koszalka et al. [2013] pointed out that the mean velocity is not constant in the Nordic Seas, and that it
is largest in the Norwegian Sea and and drops to 0.04 m/s north of the Lofoten Basin. We also note a clear
amplification and surface intensification of the warm anomaly as its speed changed at the BSO and espe-
cially along the FSB during its last 9-12 months. Plausibly, the amplification is an effect of the temperature
convergence due to a changing and dampened propagation speed. It is also worth noting that in the BSO
region where the Atlantic Water fractionates, the temperature gradient changes from being mainly cross-

CHAFIK ET AL.

POLEWARD FLOW AND WARM ANOMALIES 7914



@AGU Journal of Geophysical Research: Oceans

10.1002/2015JC011012

4 1 1 1 1 1 1
y =0.29"x - 0.08
3 L
+ ++
2 ™ i
+ $-_|- +-|+ +
14 ++ +'¢|= + ++H§‘*‘ o

NAO index
*
+
+
),
f
=
¢
T 1
an*
|

+ e _:_H- + % »
++ 4
14 + -l"i:‘-:j: ++-|'E-‘:# " +H T s
+ +H + 4 %
+ + + +
+ 4 T4+ %

2 - + ot o+ -

+ +

g
-3 - % =
-4 T T T T T T T
-4 -3 -2 -1 0 1 2 3 4

Normalized SvB Transport proxy

Figure 14. The Normalized SvB transport months versus monthly North Atlantic Oscillation index (obtained from http://www.cpc.ncep.
noaa.gov) during 1992-2012 period (blue plus signs). Their regression line (in gray) and the corresponding equation are also shown. The
correlation R* =0.08. Green crosses show all events of the SvB transport that exceed 1 standard deviation. Red circles show events exceed-
ing 1.5 standard deviation, which are found to mostly fall within the positive phase quadrant of the NAO index. Note that extreme SvB
transport events (red circles) can be related to positive NAO.

flow to mainly along-flow (cf. Figure 2). Hence, a dynamically driven temperature anomaly propagating
downstream, as described by Sundby and Drinkwater [2007], would be expected to amplify in this region as
the along-flow gradient is pushed downstream.

Based on Eq. (14) it is obvious that a propagating velocity perturbation (e.g., a barotropic topographic shelf
wave) creates a larger temperature perturbation where the along-stream mean temperature gradient is
greater. There is even a possibility that a downstream decreasing mean temperature can amplify baroclinic
anomalies that have a positive correlation between temperature and velocity. Consider a local warm pertur-
bation in the NwASC: if the regions further seaward of the NwASC have essentially an undisturbed tempera-
ture, then the warm temperature anomaly will locally give a positive perturbation in the thermal wind, i. e.
v/ ~T'. From the same equation it follows that there is a tendency for the perturbation to amplify exponen-
tially as it propagates and that the amplification rate is proportional to the (negative) along-stream mean
temperature gradient. However, counteracting perturbations in eddy-flux divergence and air-sea heat fluxes
are likely to be strong enough to limit the amplitude of the temperature perturbations. Nevertheless, this
very qualitative reasoning suggests that anomalies propagating along the NwASC may cause larger temper-
ature perturbations where the along-stream mean temperature gradient is greater.

The warm temperature anomaly routed into the LB interior is an interesting finding, since hitherto, only
eddies and drifters/floats have been tracked to target the LB [Raj et al., 2015; Volkov et al., 2013; Koszalka
et al,, 2013; Rossby et al.,, 2009a]. Most recently, Raj et al. [2015] show that these eddies, which originate at
the Lofoten escarpment, are likely to merge with the quasi-permanent Lofoten vortex, a process that
increases the vorticity of the Lofoten vortex. We argue that a similar process may have intensified the
observed westward propagating warm anomaly as it reached the LB interior (Figure 13), where the vortex
resides. Hence, the quasi-permanency of the Lofoten eddy may in part be due to the persistent eddy shed-
ding (see the supporting information animation) and merging of warm anomalies from the NwASC. Our
results suggest that the composite temperature anomaly is consistent with the notion that eddies carry and
deposit warm Atlantic water in the interior of the Lofoten Basin. The increased persistence of anomalous
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Figure 15. Schematic diagrams of the main findings. (a) The MSLP/SSH patterns driving the SvB and the FSB, respectively. The SvB is associated with a negative MSLP/SSH anomaly within
the Nordic Seas, which is likely to influence the Barents Sea inflow as well. The FSB is linked to a positive MSLP/SSH anomaly around Svalbard and northern Barents Sea. (b) The propagation
of warm temperature anomalies into the LB and toward the Fram Strait. The SvB+ here points out that these anomalies are related to anomalous positive transport events recorded at the
SvB. The arrows indicate the direction of the temperature anomaly, the colors display that the anomaly intensifies enroute, and the numbers are the approximate transit times.

heat content in the centre of the LB (with a significant autocorrelation at 1 year lag) shown by Skagseth and
Mork [2012] supports this view.

8. Concluding Remarks

Resolving the spatio-temporal variability of the NwASC transport gave credence to a separation of the flow
into two dynamical regimes, i.e., the SvB and FSB, respectively.

On monthly to interannual timescales, the SvB responds strongly to the SSH within the Nordic Seas (Figure
15a). The wind field within the Norwegian Sea is likely to be the important factor for the SvB transport vari-
ability, but also for variations of the inflow to the Barents Sea. One possible reason for this coupling may be
due to the fact that atmospheric cyclones passing the Norwegian Sea mostly progress into the Barents Sea,
thereby accelerating both branches. Therefore, these warm water pathways are sensitive to changes in the
storm tracks, a similar point was made by Lien et al. [2013].

The variability of the FSB is influenced by wind-induced Ekman transport centered around Svalbard and
northern Barents Sea (Figure 15a). Thus, the fractionation of Atlantic water transport toward the Arctic
between the Fram Strait and Barents Sea branches is largely modulated by regional atmospheric patterns
while the NAO plays a negligible role. Based on the proposed mechanism, a good proxy may simply include
the use of SSH from altimetry along with regional atmospheric pressure variations.

The Lofoten Basin is a” hot-spot” for mesoscale eddies. These are found to carry and deposit warm Atlantic
water anomalies in the LB interior after they deviate from the NwASC (Figure 15b). Thus, to represent the
transport of Atlantic Water to the Arctic in climate models, realistic eddy fluxes and the accompanying vol-
ume of Atlantic Water in the Lofoten Basin are prerequisites.

The composite warm anomaly reaching the FSB at roughly 12 months is generated after anomalous transport
events in the southern Norwegian Sea (Figure 15b). To the best of our knowledge, little evidence has been pre-
sented that connects changes in the transport and hydrography. As a final remark we believe that the combina-
tion of SvB transport, either using altimetry or current-meter data, and temperature fluctuations in the Nordic
Seas can be used to qualitatively predict warm anomalies toward the Arctic Ocean, which could be a valuable
addition to the forecast skill of the statistical Arctic sea-ice models [see e.g., Lindsay et al., 2008].
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