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ABSTRACT: We explore drivers of variability in the Norwegian Atlantic Slope Current, which carries relatively warm
Atlantic Water toward the Barents Sea and Arctic Ocean, using Copernicus Marine Environment Monitoring Service
(CMEMS) satellite altimetry data and TOPAZ4 ocean reanalysis data. Previous studies have pointed to a variety of causes,
on a variety of time scales. We use data with daily resolution to investigate day-to-day changes in ocean transport across
three sections crossing the shelf-slope of Norway (Svinøy, Gimsøy, and the Barents Sea Opening). The highest (lowest) ex-
tremes in transport at all sections develop over two days as a cyclonic (anticyclonic) atmospheric pressure system approaches
from the southwest, piling up (extracting) water at the coast of Norway. The actual peak is reached when the pressure system
passes the site of measurement, and the transport then relaxes for the next two days as the system continues northward along
the coast. Other sources of short-term variability, such as propagating continental shelf waves and baroclinic instability,
are unlikely to yield covariability over large separations. Monthly variability in the current can also be explained by pass-
ing weather systems since their numbers and intensity vary greatly from month to month. Many studies of longer-term
variability, especially in the Barents Sea Opening, have pointed to the North Atlantic Oscillation (NAO) as the main
cause of variability. Our results show that passing weather systems offer a better explanation of month-to-month
variability.
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1. Introduction

The northernmost limb of the Atlantic meridional over-
turning circulation enters the Nordic seas as the Norwegian
Atlantic Current (NwAC). Hydrographically, Atlantic Water
appears as a broad slab of warm and salty water (Fig. 1a), but
the current is intensified in two narrow branches, one follow-
ing the shelf edge through the Faroe–Shetland Channel and
along the Norwegian shelf, and the other farther west at the
front between the Atlantic Water and the colder Polar Water
(Orvik and Niiler 2002; see also Figs. 1a and 1b). The Norwegian
Atlantic Current retains its two-branch structure through
the Nordic seas with one branch, known as the Norwegian
Atlantic Slope Current (NwASC), centered over the 700-m
isobath and with the outer branch following the 2000-m
isobath to the west (Poulain et al. 1996; Orvik and Niiler
2002). At the Barents Sea Opening (BSO) there is a bifur-
cation of the NwASC, with part of the current entering the
relatively shallow Barents Sea and the remainder continuing
north toward Fram Strait as the West Spitsbergen Current
(WSC).

The Norwegian Atlantic Current, particularly the slope cur-
rent, has been monitored since the 1990s at Svinøy, Gimsøy,
and the BSO (see Fig. 1b) by the Norwegian Institute of Marine
Research (IMR). Even before the era of the current meter
moorings, the IMR ran standard hydrographic ship lines along
the sections, such that the hydrographic time series go back to

the 1950s. The current meter data (e.g., at Svinøy) exhibit large
variability at all time scales from hourly to interannual, includ-
ing a strong seasonal signal (Orvik and Skagseth 2003b; Orvik
2022). Using these observational records as well as model
hindcasts, there have been numerous studies to estimate the
strength of the current and to identify the causes of its vari-
ability in this region. Various potential drivers of variability
have been proposed, but uncertainty remains about which
are the most important at different time scales.

The inspiration for some studies has been papers on conti-
nental shelf waves (e.g., Adams and Buchwald 1969; Gill and
Schumann 1974; Allen 1975; Brink 1991). These are coastally
trapped waves that exist due to the dynamical effect of a slop-
ing bottom. In a study of current variability over the Scottish
shelf, Gordon and Huthnance (1987) identified two modes of
the response to wind forcing during winter storms: a “quasi-
steady” and an oscillating one. The former represents a steady
balance between Coriolis acceleration of the along-isobath
flow and the pressure gradient arising from Ekman-induced
pile-up on the shelf, while the oscillating portion was identi-
fied as a shelf wave. Applying this concept to the Norwegian
shelf, Skagseth and Orvik (2002) employed empirical orthog-
onal function (EOF) analysis on roughly one year of current
meter data from the Svinøy region. The first (cross slope)
EOF was linked to the directly forced quasi-steady compo-
nent. This was coherent with the local wind forcing, with a lag
of 12 h. The second and third EOFs, with time scales of
several days to a week, were hypothesized to be shelf wave
modes. In a subsequent study (Orvik and Skagseth 2003a),Corresponding author: N. J. Brown, nicolajb@met.no
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the authors suggested that the shelf waves were excited by
changes in the wind stress curl in the subpolar gyre, at 558N,
occurring 15 months previously. The wind stress curl in the
North Atlantic was theorized to excite a baroclinic Rossby
wave, which was then converted to a barotropic shelf wave on
entering the Nordic seas.

Other studies support the importance of direct wind forc-
ing. Analyzing a 4-yr-long current meter time series from

the Barents Sea Opening, Ingvaldsen et al. (2004) deduced
that changes in the velocity field are generated by the local
wind field through Ekman transport on daily time scales.
Skagseth (2004), from an EOF analysis of TOPEX/ERS sat-
ellite altimeter data along the entire Norwegian slope as
well as seven years of current meter data from Svinøy,
found that the seasonal response was correlated with the
large-scale winds. Richter et al. (2009) found a strong link
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FIG. 1. (a) Sea surface temperature in the Nordic and Barents Seas from the Polar Science
Center Hydrographic Climatology. (b) Location of the study area. Colored shading indicates
bathymetry from the TerrainBase 1/128 Global Terrain Model. The red lines show the main
flows of Atlantic Water through the Nordic seas. The purple lines show the positions of the
transects along which flows are integrated in this study. The green triangles show the locations
for which across-slope velocities are calculated.
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between the passage of cyclones through the Nordic seas
and the variability of Atlantic inflow to the Nordic seas, as
estimated from current meters positioned in the main in-
flow branches and in the NwASC at Svinøy. They showed
that enhanced flow along the Norwegian coast was associ-
ated with strengthened along-slope winds and positive sea
level anomalies on the shelf, supporting the hypothesis that
Ekman pile-up along the coastal boundary causes an in-
creased sea level gradient, which leads to a strengthening in
the geostrophic current. Analysis by Richter et al. (2012)
using satellite and tide gauge data supported this conclu-
sion. Further north, Lien et al. (2013) investigated short-
term variability in the two main branches of Atlantic Water
inflow to the Arctic Ocean}the WSC through the Fram
Strait and the Barents Sea inflow}using an ocean model
as well as current meter observations from the northern
BSO slope. They attributed variability in the relative
strengths of the two branches to periods of Ekman forcing
around the northern Barents Sea region, which leads to a
decrease in sea surface height over the northern Barents
Sea shelf, resulting in turn in a cyclonic circulation anom-
aly along the slope around the northern Barents Sea shelf
area.

A further potential source of variability in the Norwe-
gian Atlantic Current arises from the internal instability of
the current itself. There is a broad region of warm water
between the two velocity cores. The exchange between the
cores is likely mediated by baroclinic instability of the
cores, giving rise to lateral heat fluxes (Isachsen et al. 2012;
Trodahl and Isachsen 2018). The deformation scale (10–15 km)
eddies resulting from the instability also likely lead to current
fluctuations over the slope.

To summarize, variability in the Norwegian Atlantic
Current has been studied on a variety of time scales. In
this study we focus only on short (daily) time scales, and
even so there are several potential mechanisms proposed
in the literature. These include 1) shelf waves, forced by
remote winds; 2) the “direct” response to local Ekman
forcing; and 3) mesoscale eddies, generated by baroclinic
instability.

Examining the variability using datasets that resolve the
daily time scales of currents, sea surface height, and atmo-
spheric forcing fields, we will be able to directly resolve
the dynamical mechanisms at play. We will also show that
the results have implications for how to interpret lower-
frequency variability.

2. Data and methods

In this study we have used two products from the Copernicus
Marine Environment Monitoring Service (CMEMS), namely
the SSALTO/DUACS delayed-time multisatellite product
(Pujol et al. 2016, 2018) and the TOPAZ4 ocean reanalysis
product (Sakov et al. 2012). In addition, we have used the
ERA-Interim atmospheric reanalysis product from the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF) (Dee et al. 2011).

a. Satellite altimetry data

We have used sea level anomalies (SLAs; i.e., the difference
between the time-varying, altimetry-derived sea surface height
and the long-term mean height) from the SSALTO/DUACS
dataset for the period from 1 January 1993 to 31 December
2018. These are provided at 1/48 horizontal resolution and daily
temporal resolution. We have also used surface geostrophic ve-
locities from the same dataset. These are calculated from gra-
dients in sea surface height h using the relations

u 52
g
f
­h

­y
and y 5

g
f
­h

­x
,

where u and y are surface geostrophic velocities in the x
(zonal) and y (meridional) directions respectively, g is accel-
eration due to gravity, and f is the Coriolis parameter.

The multisatellite product incorporates data from all
available altimeters at any time to maximize signal sampling
to best reproduce mesoscale ocean features but is not homo-
geneous in time because the combination of altimeters used
varies. This is in contrast to a two-satellite product that pri-
oritizes homogeneity, which is important for some opera-
tional applications. Corrections are applied to the altimeter
data to account for instrument and measurement errors; er-
rors due to the effect of dry gases and water vapor (dry and
wet troposphere corrections) and ions (ionospheric correc-
tions) in the atmosphere and the effect of the sea surface
state on reflection of the altimeter signal, as well as ocean
tides, the inverse barometer effect, and wind field (dynami-
cal atmosphere corrections). Although this is a global data-
set, it has been evaluated for our region and shown to be in
good agreement with tide gauge measurements and drifter
trajectories in the Nordic seas and ice-free parts of the Barents
Sea (Volkov and Pujol 2012).

In addition, we show mean dynamic topography (MDT)
from the CNES-CLS18 product (Mulet et al. 2021), also
available from CMEMS, with a horizontal resolution of 1/88.
This is an estimate of the mean height of the sea surface
above the geoid in the period 1993–2012, and reflects the
long-term mean ocean circulation. It is derived from satel-
lite gravimetry and altimetry data and in situ drifter and hy-
drographic observations.

b. Ocean reanalysis data

Daily mean SSH and full-depth ocean velocities for the pe-
riod 1 January 1991–31 December 2018 were taken from the
TOPAZ4 ocean reanalysis system (Sakov et al. 2012). The sys-
tem uses the Hybrid Coordinate Ocean Model (HYCOM),
with a horizontal resolution of 12–16 km, coupled to a sea ice
model and an ensemble Kalman filter for the weekly assimila-
tion of remotely sensed sea level anomalies, sea surface temper-
ature, and sea ice concentration and thickness, as well as in situ
temperature and salinity measurements. Volume transports
from the reanalysis have been validated with independent ob-
servations (i.e., observations that have not been assimilated into
the model) from Svinøy and the BSO by Sakov et al. (2012).
We have also compared volume transports with observations
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from a current meter at Svinøy1 and found that the TOPAZ
transports are at least as closely correlated with the ob-
served current as are estimates of the current derived from
the observation-based CMEMS satellite altimetry product
(see section 2d). The reanalysis has been found to perform
well across the wider Arctic region, including the Nordic
seas, especially with respect to near-surface variables (Xie
et al. 2017).

c. Atmospheric reanalysis data

Sea level pressure and surface wind stress were taken from
the 18 3 18 resolution ERA-Interim reanalysis (Dee et al.
2011). Daily means were calculated from the 6-hourly values
provided.

d. Velocity and transport calculations

An underlying driver for the current work has been to use
satellite altimetry data to diagnose ocean velocities. Some stud-
ies have shown that relative to subsurface data (such as from
Argo floats, which typically drift with ocean currents at a depth
of 1000 m; https://argo.ucsd.edu/), assimilation of altimetric data
is particularly important for the large-scale circulation (see, e.g.,
Oke et al. 2015). However, other studies (e.g., Skagseth 2004)
have shown that gradients of sea surface height calculated from
satellite altimetry data can be a good indication of the variabil-
ity in narrow currents such as the NwASC. In this study we
have used estimates of ocean current velocities from satellite al-
timetry, ranging from the most direct estimate (geostrophic ve-
locities based on surface slope) to those calculated using a fully
three-dimensional ocean reanalysis product (where satellite
altimetry data are assimilated along with a slew of other
data products).

We have calculated proxies for transport across four transects
covering the main pathways of Atlantic Water in the NwASC
and WSC: at Svinøy (62.4668N, 5.0008E–63.2668N, 3.2508E),
Gimsøy (68.4008N, 14.0008E–69.1768N, 11.7508E), the Barents
Sea Opening (BSO) (69.8758N, 19.1258E–74.1258N, 19.1258E),
and Sørkapp (76.3758N ,11.1258E–76.3758N, 14.3758E), each
marked in purple in Fig. 1b. These transects occupy similar
positions to the standard sections for which time series of
hydrographic measurements are maintained by the Institute
of Marine Research (IMR) (https://www.hi.no/hi/forskning/
marine-data-forskningsdata). From the altimetry data we inte-
grated the across-transect component of the surface geostrophic

velocities along the transects, interpolating the velocities onto
equidistant points along the transects in the case of Svinøy and
Gimsøy, which do not lie along the data grid. For the ocean re-
analysis product we took the difference between the daily mean
sea surface heights at the coastal and offshore ends of each tran-
sect (see section 2a). In each case, we used the values for the
nearest grid point. In addition, we calculated the top-to-bottom
volume transports across the transects from the full depth rean-
alysis velocities. The current is not entirely barotropic along the
length of the shelf}indeed, Fer et al. (2020) found strong varia-
tion with depth in current meter observations at Gimsøy}and
so the full depth integration includes some weak recirculating
flow at depth, but in this study we focus on the high-frequency
(daily) variability of the current and over these time scales we
expect adjustment to be barotropic.

To test for the presence of continental shelf waves in the
TOPAZ4 reanalysis, we compared estimates of across-slope
velocities at depth at a series of locations along the continen-
tal slope (shown by the green triangles in Fig. 1b). The water
depth at each of these locations is 8306 20 m, and so the loca-
tions are effectively aligned along a bathymetric contour.
Components of velocity normal to the tangent to the contour
at each location were calculated for a depth of 763 m (a stan-
dard depth level for the dataset chosen to be clear of the bot-
tom boundary layer but still deep within the water column).
At this depth, velocities should be representative of the baro-
tropic flow field and remote from the influence of the surface
and bottom boundary layers.

3. Results

a. The long-term mean ocean state

The long-term MDT and mean surface geostrophic cur-
rents, as observed in the CMEMS altimetry data, are shown
in Fig. 2. The darker blue shades in the deeper Nordic basin

0.3 m/s

FIG. 2. Mean dynamic topography (shading) and long-term
mean surface geostrophic currents (arrows) from altimetry and in
situ observations, averaged over the period 1993–2012. The
gray contours indicate bathymetry.

1 Orvik and Skagseth (2003b) found that the volume flux as cal-
culated from an array of current meters at Svinøy could be esti-
mated from velocities measured with a single current meter in the
core of the current. We have compared velocities from a current
meter in this same location with TOPAZ volume transports, each
smoothed by applying a 7-day low-pass filter for sample 1-yr peri-
ods (2013, 2014, and 2015), and found correlation coefficients of
0.62, 0.74, and 0.72, respectively. These are slightly higher than the
correlations between the measured currents and estimates of the
current from satellite altimetry for the same periods (0.46, 0.62,
and 0.71), and only slightly lower than the correlation given by
Orvik and Skagseth (2003b) between the velocities from the single
meter and transports calculated from the whole array for their test
year (0.80).
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indicate lower dynamic topography associated with cyclonic
flow around the basin. A marked gradient in dynamic topog-
raphy and stronger velocities are apparent along the Norwe-
gian shelf break. This is the topographic steering discussed by
Poulain et al. (1996) and Orvik and Niiler (2002) (see Fig. 1).
Closer examination shows that the currents follow bottom to-
pography (gray contours and Fig. 1) closely along the shelf,
passing Spitsbergen, and also through the Barents Sea Opening
into the Barents Sea. The strong topographic steering, even of
time-mean surface currents, is a result of topography dominat-
ing the ambient potential vorticity (PV) gradients at these
high latitudes (Isachsen et al. 2003; Nøst and Isachsen 2003;
Timmermans and Marshall 2020).

b. Sea level and surface geostrophic velocities associated
with high flow

To investigate possible mechanisms driving variability in the
NwASC we consider the characteristic anomalies from the long-
termmean state during periods when flow at the selected locations
along the path of the current is particularly high. Figures 3a–d
are composites of CMEMS SLA and surface geostrophic ve-
locity anomalies averaged over all days for which integrated
surface velocities at each of the transects}Svinøy, Gimsøy,
BSO, and Sørkapp respectively}exceeded the 98th percentile.
The green lines show the locations of the transects.

Days of high flow at Svinøy and Gimsøy (Figs. 3a,b) are
marked by a slightly negative anomaly from the long-term

mean (i.e., a lower than average sea level) within the deep ba-
sin and positive anomalies (higher sea levels) on the shelves
to the north of the British Isles and along the Norwegian
coast. As with the MDT, the steepest gradient in anomaly is
seen along the shelf, perpendicular to the mean flow. The re-
sulting increase in flow, like the time mean current, follows
the bathymetry closely. For days of extreme high flow at BSO
(Fig. 3c), higher than average sea levels are again seen along
the Norwegian shelf, but the gradient in sea level anomaly
across the Barents Sea Opening is more marked than it is for
those days when flow is high at Svinøy, farther to the south.
In contrast, when flow is high at Sørkapp (Fig. 3d), SLAs are
positive across the entire Barents Sea, such that the gradient
in SLA is most marked along the entrance to the Barents Sea.
This is associated with a strengthening in surface geostrophic
velocities in the West Spitsbergen Current.

c. 3D velocity field versus surface geostrophic velocities

The patterns of sea level anomaly associated with enhanced
flow at each of the transects are consistent with the piling up
of water along the Norwegian coast by Ekman transport, in a
similar manner to the mechanism described by Gordon and
Huthnance (1987) for their directly forced “quasi-steady”
component (i.e., not the wave component). Ekman transport
develops on inertial time scales, which is faster than the effec-
tive temporal resolution of the altimetry data. (Despite interpo-
lation onto a daily dataset, the actual passing of the satellites

(a) (b)

(d)(c)

0.3 m/s 0.3 m/s

0.3 m/s0.3 m/s

FIG. 3. (a) CMEMS sea level anomalies (SLAs) and anomalies in surface geostrophic currents averaged over days
of high flow at Svinøy (green line; see text for details). (b)–(d) As in (a), but for days of high flow at Gimsøy, BSO,
and Sørkapp respectively.
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occurs at a lower frequency.) Therefore we have repeated the
investigation of extreme flows at each of the transects using
TOPAZ4 sea surface heights, which have true daily resolution.

A comparison of the proxies for flow across the Svinøy
transect (see section 2d) over an illustrative year, 2016, ap-
pears in Fig. 4. The red line for the altimetry shows the differ-
ence along the transect of absolute dynamic topography
(ADT 5 SLA 1 MDT); that is, it includes the long-term
mean state to allow easier comparison with the difference in
SSH from the TOPAZ reanalysis (in blue). (Note that both
ADT and SSH represent the height of the sea surface: the for-
mer is measured relative to the geoid while the datum for the
latter is the reference ellipsoid, but the distinction is irrelevant
for our study of the time variation in the current.) The thinner
blue line represents daily TOPAZ values, while the thicker
blue line shows a 10-day running mean. There is high variabil-
ity, even over daily time scales, in the TOPAZ time series,
confirming the utility of its higher temporal resolution in in-
vestigating the short-term behavior of the ocean. Correspon-
dence between the two in terms of variability is quite good at
weekly to monthly time scales (correlation coefficient 0.73).
This is unsurprising, given that the same altimetry data are as-
similated in the TOPAZ4 system, and gives us confidence to
proceed with analysis using the TOPAZ data.

Also shown in Fig. 4, in green, is the full-depth integration
of volumetric flux across the Svinøy transect calculated from
three-dimensional currents from the TOPAZ4 reanalysis.
There is again a good match (with correlation coefficient 0.88)
between variability in sea surface gradient and variability in
full-depth transports in TOPAZ, confirming the validity of the
use of TOPAZ sea surface heights as a proxy for short term
current variability. As mentioned above, we would expect the
fast (daily to weekly time scale) current fluctuations to be es-
sentially barotropic, and this result confirms that hypothesis.

In the rest of this study we will, rather than using the sea
level altimetric data directly, use the TOPAZ ocean reanalysis
data, giving us not just daily resolution but also the added
benefit of a fully consistent, three-dimensional dynamical sys-
tem for our analysis.

d. Day-by-day development of high velocity events

To gain insight into the behavior of the ocean in the lead-
up to periods of high and low flow, with the aim of identifying
the main forcing mechanisms, we have identified those high
and low flow days representing the commencement of each
extreme event (the day 0). Here, we select only those dates
for each event on which flow at each transect first fell within
the highest or lowest two percentiles, and exclude all high and
low flow days that fall within seven days of a previous high or
low flow day respectively. Our intention is to understand how
the ocean moves from a state of moderate flow to a state of
extreme flow, to better elucidate the drivers of extreme flow.
The characteristic SLA and atmospheric forcing [represented
by sea level pressure (SLP) anomalies] for extreme flow
events are examined via lagged daily composites.

Figure 5 shows composites of SLA and SLP for the buildup
to extreme high flow at Svinøy, from day22 until day12. On
day 0, the first day falling within the extreme category (Fig. 5f),
the sea level is anomalously depressed in the interior of the
Norwegian Sea and elevated on the shelf. There is a deep atmo-
spheric low pressure system located directly offshore the Svinøy
section (Fig. 5c). Going back one day (to Figs. 5b,e) the low
pressure is centered farther southwest (over Iceland), whereas
two days earlier (Figs. 5a,d) one can barely identify a SLP
anomaly in the Norwegian Sea. In Fig. 5k is shown the anomaly
in volume transport for each day in Fig. 5. Absolute transport
more than doubles from day 22 to day 0. The transport does
not relax as fast: Fig. 5k shows that at days 12 and 13 the

FIG. 4. Shown in red (left axis) is the difference in absolute dynamic topography (ADT) from
CMEMS altimetry along the Svinøy transect for the year 2016. In blue (left axis) is the difference
in SSH from TOPAZ4 reanalysis along the same transect. In green (right axis) are volumetric
transports calculated from full-depth ocean velocities, also from TOPAZ4. Thin lines represent
daily data and thick lines indicate the 10-day running mean. The values in parentheses in the
legend are correlation coefficients between the CMEMS and TOPAZ volumetric transport time
series, and between the TOPAZ SSH difference and volumetric transports.

J OURNAL OF PHY S I CAL OCEANOGRAPHY VOLUME 53394

Brought to you by UNIVERSITETSBIBLIOTEKET I | Unauthenticated | Downloaded 03/01/23 10:00 AM UTC



transport is still elevated compared to the onset of the event.
Past the peak, the low pressure system moves northeastward
(Figs. 5g,h) and subsides in intensity.

Figure 5 suggests that the highest-velocity events at Svinøy
are directly forced by passing low pressure systems (cyclones),
which cause divergence of water under the center of the cyclo-
nes and Ekman transport toward the shelf with corresponding

elevated sea level there. Anomalies in sea level elevation and
the wind stress at Svinøy are displayed in Fig. 5k with the vol-
ume transport. In practice, the Ekman transport that causes
coastal pile-up operates over a larger area than the transect it-
self, but this measure gives an indication of wind stress in the
locality of the transect. The correspondence between evolution
of local atmospheric forcing and ocean response is striking: it is

(a) (b)

(d) (e)

(h)(g)

(c)

(f)

(i) (j)

(k)

FIG. 5. (a) Mean anomalies in SLP from ERA-Interim for all dates two days before the first day of each high flow event at Svinøy
(day 22). (b),(c),(g),(h) As in (a), but for days 21, 0, 11, and 12, respectively. (d)–(f),(i),(j) Mean anomalies in TOPAZ SSH for the
same groups of days. (k) Mean anomalies in volumetric transport (blue), SSH difference (red), and along-slope wind stress (green) at
Svinøy for all dates from four days before to three days after the first days of extreme flow events. The blue shading indicates standard
error (61 standard deviation divided by

���

N
√

) in volumetric transport for days included in the composite.
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remarkable that the ocean current responds to the winds so
fast, within a day.

In Fig. 6 we show the opposite situation: the day-by-day de-
velopment of incidences of particularly low volume transport at
Svinøy. These events are forced by anticyclones passing through
the Nordic seas. Anticyclones are by nature less energetic than
cyclones (Thorpe 1986; Hakim et al. 2002), so the change in sea
level gradient is much less than in the high-peak event (little
more than half as big when the changes from day22 to day 0 in
Figs. 5k and 6k are compared). But the direct forcing by passing
atmospheric systems is in both cases as fast and as clear.

At Gimsøy (shown in Fig. 7) and the BSO (Fig. 8), extreme
events are characterized by elevated sea levels along the more
northern sections of the Norwegian coast and southern and east-
ern Barents Sea respectively. They are associated with low pres-
sure systems centered farther north than those causing high flows
at Svinøy, which points again to the importance of wind forcing
in the locality for the ocean response over these short time scales.
However, the volumetric flux at Gimsøy appears to peak a day
later than the wind forcing and surface velocities, and to fall off
again more slowly. We do not have a dynamical explanation for
a baroclinic response over these short time scales. The apparently

(a) (b)

(d) (e)

(h)(g)

(c)

(f)

(i) (j)

(k)

FIG. 6. As Fig. 5, but for low flow events at Svinøy.
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different behavior might be associated with the high level of in-
stability in the current at Gimsøy compared to other locations up
the Norwegian coast (Fer et al. 2020) because the shelf is narrow
here and the slope steep. But the narrow, unstable current and
short transect also result in a higher level of noise in the signal,
and the apparent discrepancy is within the margins of error, so an
alternative explanation is that it is not real.

Also at Sørkapp (Fig. A1 in the appendix) the transport al-
most doubles in the two days leading up to the high-velocity
event and relaxes thereafter (although note that fewer individual

events make up the composites for Sørkapp than for the other
sections, and so the results here might be less robust). However,
at this location the cyclones do not propagate northward past
the site: instead there appears to be a more or less stationary
low pressure system offshore to the southwest (Figs. A1c,g),
and instead the sea level is increasing not just along the shelf
of Svalbard but in the entire Barents Sea (Figs. A1d,e,f,i,j).
Spitsbergen does not provide the long coast that Scandinavia
does, which allows for coastal pile-up and a clean response to
along-slope winds at Svinøy, Gimsøy and the BSO. At Sørkapp,

(a) (b)

(d) (e)

(h)(g)

(c)

(f)

(i) (j)

(k)

FIG. 7. As Fig. 5, but for high flow events at Gimsøy.
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the composites show anomalously low atmospheric pressure
over the Nordic seas and smaller SLP anomalies over the
Barents Sea.

As for Svinøy, the contrary cases (with the development of
events of extremely low flow at each of the transects) appear
largely opposite in pattern to the high flow events (see Figs. A2–A4
in the appendix), with higher atmospheric pressure leading to
convergence of water in the central basins of the Nordic seas,
lowered sea levels along the Norwegian shelf and in the Barents
Sea, and reduced northward flow along the Norwegian coast.

In summary, therefore, a clear and rapid response of the
ocean to local atmospheric forcing is seen in the composites
for Svinøy, Gimsøy, and at the BSO. The flow response at
Sørkapp is also closely tied to local winds, but the atmo-
spheric pattern is clearly different from that at the other
locations.

e. Covariability along the path of the current

We next examine the relationship between variability in
volume fluxes at the different transects along the path of the

(a) (b)

(d) (e)

(h)(g)

(c)

(f)

(i) (j)

(k)

FIG. 8. As Fig. 5, but for high flow events at BSO.
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current. There is a relatively high degree of correlation between
the time series of daily mean fluxes at Svinøy and Gimsøy
(Pearson correlation coefficient peaking at 0.66 at a lag of one
day) and slightly less between Gimsøy and BSO (0.54 at zero
lag) and between Svinøy and BSO (0.45 at a lag of two days).

The relationship is also seen in the response to forcing that
generates extreme high flow. Figure 9 shows normalized
anomalies in volume fluxes for the ranges of dates (slightly ex-
tended) around high flow events at Svinøy that were shown in
Fig. 5k, but this time for fluxes at all transects. Peaks in flux,
albeit reduced in scale, are seen at Gimsøy and at BSO a day
or two after the flow peaks at Svinøy. (As before, different be-
havior is apparent at Sørkapp.) This could be due to a rela-
tionship between the wind forcing felt locally at each location,
or it could indicate the propagation of a signal up the coast,

as a shelf wave (Gordon and Huthnance 1987; Brink 1991;
Skagseth and Orvik 2002; Orvik and Skagseth 2003a).

To test for the latter, we examined the covariability of the
velocities at depth at locations along the continental shelf
(shown by the green triangles in Fig. 1 and in more detail in
Fig. 10b). To detect wave motion, we focus on the cross-
isobath component of the velocity, because the along-isobath
component is strongly influenced by the mean flow.

Figure 10a shows correlations between velocities at each of
the locations 2–6 and at the southernmost location 1, close to
the Svinøy transect. For station 2, 49 km away from station 1,
there is a peak in correlation of 0.67 at a lag of one day. But by
station 3 (at a direct distance of 184 km, but a little farther as
measured along the shelf) peak correlation has fallen to 0.19, at
a lag of three days. For station 4 (at a direct distance of 370 km)
the peak correlation is slightly higher (0.28) at zero lag. A sec-
ondary peak at a 6-day lag is not significant. A more pronounced
peak of 0.50 at a one day lag for station 5 is seen. But given the
lower correlations at stations 3 and 4, this most likely reflects co-
herent large-scale forcing rather than wave propagation.

The results are consistent with the current meter analysis
of LaCasce (2005), which suggested short correlation scales
(L , 15 km) in the across-slope velocity along the slope. Using
a model with 4-km resolution, LaCasce and Engedahl (2005)
observed significant correlations at longer separations than indi-
cated by the current meters, suggesting wave transmission was
improved with the smoothed bathymetry. But the correlations
were nevertheless insignificant for separations exceeding 50 km.

4. Discussion

a. Drivers of short-term variability

In terms of the candidates for drivers of current variability
described in the introduction, the correspondence we see

FIG. 9. Mean anomalies in volume flux across each transect, nor-
malized by the standard deviation in flux across the transect, for all
dates from four days before to five days after the first days of extreme
high flow at Svinøy. The lighter shading indicates standard error.
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6
(b)

(a)

FIG. 10. (a) Lagged correlations between across-slope velocities from TOPAZ4 at a depth of
763 m, at each of locations 2–6 shown in (b) and at location 1. A positive lag indicates compari-
son with a later date at the more northerly location.
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between local atmospheric conditions and ocean currents is
consistent with candidate 2, local wind forcing. If covariability
is seen between flows at different locations along the path of
the current, this might instead suggest a role for candidate 1,
shelf waves initiated by remote atmospheric forcing upstream
of the study locations. And we do indeed see (Fig. 9) a rela-
tively high lagged correlation between Svinøy and Gimsøy,
which would be consistent with a shelf wave propagating at a
speed of around 1250 km in 24 h, or approximately 15 m s21.
[Drivdal et al. (2016) estimated shelf wave propagation speeds
along the coast here to lie within the range 5–24 m s21.] But
no evidence for these is apparent in our analysis of across-
slope velocities. Instead, we offer an alternative, simpler, ex-
planation for the covariance, an explanation that is consistent
with local wind forcing. It so happens that the cyclones that
give rise to peaks in flow also tend to track up the coast at a
similar speed, and so any lags seen in the correlation maxima
can be understood simply as the result of the weather systems

providing local wind forcing at each location in succession as
they move, without any need to invoke shelf waves to carry a
signal of the forcing. An illustration of this effect is given in
Fig. 11, which shows the successive positions, about 1000 km
apart, of a single cyclone on 18, 19, and 20 December 1992
and the consequent peaks in ocean current successively at
Svinøy, Gimsøy, and BSO over the same period as it passes
each location. The propagation speed of the cyclone in this
example is approximately 13 m s21. Figure 11e shows the
mean speeds of all winter [November–March (NDJFM)] cy-
clones within the Nordic seas region. The bulk of these are be-
tween 5 and 25 m s21, which by coincidence matches closely
the typical wave propagation speeds given by Drivdal et al.
(2016).

This is not to say that we dismiss coastally trapped waves
as a mechanism for propagating a signal of variability. They
have been found to be important on the northern and south-
ern American continental shelves (Brink 1991), but there is
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FIG. 11. (a) Example of a cyclone moving through the Nordic and Barents Seas. The blue, turquoise, and green
ovals mark the positions of the cyclone center, as indicated by ERA-Interim daily mean SLP data, on 18, 19, and
20 December 1992. The red line shows the main path of the NwASC. (b)–(d) Volumetric transports across the
transects at BSO, Gimsøy, and Svinøy respectively [shown by the purple lines in (a)] for the period from 17 to
21 December 1992, as calculated from TOPAZ4 ocean velocities. (e) Mean speeds of cyclones in ERA-Interim
within the Nordic seas region (608–758N, 158W–358E), during the months NDJFM in the period 1990–2018.
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conflicting evidence for their existence along the Norwegian
coast. Idealized numerical simulations of the ocean response
to low pressure systems traveling along the Norwegian coast
have indicated their presence, both in the form of Kelvin
waves and continental shelf waves (Martinsen et al. 1979;
Drivdal et al. 2016). On the other hand, LaCasce (2005) failed
to find evidence for them in current meter data here. We sug-
gest that the reason these studies have reached different con-
clusions lies in the location of the Nordic seas on the main
storm track for cyclones generated over the North Atlantic.
Shelf waves probably do exist here, but they are masked by
the stronger direct forcing from passing cyclones, and so any
coherent propagating signal would be difficult to observe in
realistic data.

A further cause of the spatial incoherence that LaCasce
(2005) found in velocity fluctuations over the slope could be
the small-scale eddies resulting from instabilities in the cur-
rent (candidate 3 in section 1). These cannot explain extreme
flow events}which are larger-scale coherent responses}but
probably contribute to the noise in the current time series.

To summarize, our findings support those of Ingvaldsen
et al. (2004), who related variability in the velocity field at the
inflow to the Barents Sea to sea level changes arising from

Ekman transport, and Richter et al. (2009), who linked vari-
ability in the inflow to the Nordic seas to local atmospheric
forcing. They are also consistent with the locally forced lead-
ing EOF mode that Skagseth and Orvik (2002) found in
mooring measurements from Svinøy. Those authors identified
a roughly 12-h delay in the ocean response relative to the
forcing; we cannot resolve such a short time scale since we use
daily means for both ocean velocities and atmospheric pres-
sure, but it would be reasonable to expect sea surface heights
to evolve over the inertial time scale governing Ekman trans-
port, which is also around 12 h at these latitudes.

b. Implications for longer time scales

The daily resolution of the model data we have used does,
however, allow us to revisit the findings of earlier studies of
coherence of the NwASC at longer time scales. On monthly
time scales, Skagseth (2004) found coherent along-stream var-
iability at zero lag (r 5 0.70) along the entire NwASC in a
study using satellite altimetry data. They concluded that their
results were consistent with a direct response of the current to
the large-scale wind field. But monthly time scales are long
compared to the time taken for the passage of individual
weather systems over the Nordic seas. Over these time scales,

(b)

(d)

(c)

(a)

Feb 2010 Jan 2014 Jan 1992 Dec 2004

FIG. 12. (a) Monthly mean gradient in TOPAZ SSH along the BSO transect, for winter (DJF) months ordered
from low gradient to high gradient. (b) Monthly mean SLP anomalies from ERA-Interim, averaged over the area out-
lined in green in (c), for the same ordered list of months. (Note the reversed y axis.) (d) Monthly mean Hurrell North
Atlantic Oscillation (NAO) station-based index for the ordered list of months. Orange bars indicate the months for
which SLP anomalies are shown in Fig. 13.
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all locations along the path of the current “see” similar wind
forcing, and the ocean response appears simultaneous at all
locations. Analysis of the current using model data instead
allows us to identify the ocean response to forcing more pre-
cisely in time, and thus in space, revealing the lags in corre-
lation peaks as weather systems move along the path of the
current and pointing to local winds, rather than large-scale
forcing, as the main driver of variability.

Over even longer time scales, Calafat et al. (2013) found co-
herent sea level fluctuations along the Norwegian and part of
the Arctic coast. They attributed these partly to regional wind
forcing, but partly to the propagation of a signal generated
farther south, on the eastern boundary of the North Atlantic.
Our analysis of short-term variability in the shelf current has
not identified a mechanism that could explain such a connection.

Chafik et al. (2015) proposed direct local (they used the
term “regional”) atmospheric forcing as the main driver for
the variability they saw over monthly and longer time scales
in what they term the Fram Strait branch of the current, which
flows across our Sørkapp transect and northward along the
west coast of Spitsbergen. What is the mechanistic explana-
tion for this relationship, when the weather systems are asso-
ciated with much shorter time scales? In Fig. 12a we show}as
an aggregate indicator of flow strength}monthly means of
difference in SSH along the BSO. (We show this transect
here, rather than Sørkapp, for clarity, because we have found
that individual extreme events at Sørkapp are associated with a
greater variety of atmospheric conditions than those at BSO,

but we argue that the principle applies generally.) As we
wish to compare this to an index of the passing of strong cy-
clones, we have plotted in Fig. 12b the average SLP in a lim-
ited region in the Barents Sea north of the BSO line (see
geographical insert in Fig. 12c). This index is chosen to re-
flect both the number of cyclones passing through the local-
ity and their strength. The months have been ordered from
left to right according to mean difference in SSH. In broad
terms (Pearson correlation coefficient 5 20.76), we see that
low mean atmospheric pressure, an indicator of more and/or
stronger cyclones, is associated with higher flows, and vice
versa for higher SLP and lower flows. We conclude, therefore,
that the link between local wind forcing and ocean transports
does hold over time scales of a month because the longer-
term behavior of the ocean is simply an integration over
higher-frequency signals.

c. North Atlantic Oscillation

Other previous studies [see Furevik and Nilsen (2005) for a
summary] have linked variability in the NwAC, especially at
Svinøy, to large-scale atmospheric forcing, as characterized by
the NAO index. In Fig. 12d we also show the Hurrell NAO
index for each sorted month. The correlation between the
NAO index and the monthly mean flow at BSO is much less
(correlation coefficient 5 0.33) than the correlation with the
SLP locally in the Barents Sea (0.76). That variability in flow
into the Barents Sea should be more closely related to SLP in
the locality than to the NAO is unsurprising. (Of course, it is

(d)(c)
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(b) NAO pos
Low flow
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NAO neg
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FIG. 13. Monthly mean anomalies in SLP for (a) December 2004, (b) January 2014, (c) January 1992, and
(d) February 2010.
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gradient in SLP that drives winds; here we are using SLP as a
proxy for the SLP gradient associated with cyclones.) The
NAO index is an indicator of a large-scale atmospheric state:
the meridional pressure differential in the North Atlantic. As
a rule, positive values are associated with increased cyclone
activity along the main storm track northeastward into the
Nordic seas. But the paths taken by individual cyclones can

vary quite considerably, and as we have seen from Figs. 5, 7,
8, and A1 the effect of a cyclone on the variability of flow in
each branch of the NwAC depends on the particular route it
takes. More generally, large-scale atmospheric patterns that
give rise to positive NAO values may nevertheless incorpo-
rate quite different features at the regional level. See Chafik
et al. (2017) for an account of the interaction between the

(a) (b)

(d) (e)

(h)(g)

(c)

(f)

(i) (j)
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FIG. A1. (a) Mean anomalies in SLP from ERA-Interim for all dates two days before the first day of each high flow event at Sørkapp
(day 22). (b),(c),(g),(h) The same, but for days 21, 0, 11, and 12, respectively. (d)–(f) (i),(j) Mean anomalies in TOPAZ SSH for the
same groups of days. (k) Mean anomalies in volumetric transport (blue), SSH difference (red), and along-slope wind stress (green) at
Sørkapp for all dates from four days before to three days after the first days of extreme flow events. The blue shading indicates standard
error (61 standard deviation divided by

���

N
√

) in volumetric transport for days included in the composite.
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NAO and other telecommunication patterns, and its influence
on sea level on the northern European shelf. To illustrate this
last point we show anomalies in monthly mean SLP for four
contrasting months in Fig. 13. (The months are shown in
orange in Fig. 12.) In both December 2004 (Fig. 13a) and
January 2014 (Fig. 13b), the NAO index was positive (2.6 and
2.0, respectively), but the centers of the pressure anomalies are
shifted markedly from one to the other. In December 2004 a
negative pressure anomaly centered over Spitsbergen led to
stronger than average winds and a strengthened current into
the Barents Sea, while in January 2014 a positive SLP anomaly

over the Barents Sea retarded the Barents Sea inflow. Like-
wise, negative NAO conditions were experienced in both
January 1992 (Fig. 13c;21.0) and February 2010 (Fig. 13d;21.9),
but the former case saw winds and current strengthened into the
Barents Sea, while in the latter the reverse was true.

d. Other weather regimes

In recent years there has been a growing interest in weather
regimes in general. These are quasi-stationary states such as
blocking systems, caused by fluctuations in the jet stream at
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(d) (e)

(h)(g)
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FIG. A2. As Fig. A1, but for low flow events at Gimsøy.
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midlatitudes. Madonna et al. (2017) showed that the atmo-
sphere over the North Atlantic preferentially occupies one of
five dominant weather regimes, which better capture spatial
configurations of the jet stream than do simple indices such as
the NAO. Barrier et al. (2013) studied the response of the
subtropical North Atlantic Ocean to similar patterns of atmo-
spheric forcing. Their conclusion was that the ocean in this re-
gion is not equally sensitive to all regimes. A strong response
was seen only in the case of the regime termed the “Atlantic
Ridge.” Under that regime, anticyclonic wind anomalies form

off Europe and the climatological wind stress curl is shifted
northward, leading to a strengthening of the subtropical gyre.
Weather regime definitions that partition variability based di-
rectly on the atmospheric flow have also been shown to influ-
ence sea level around the northern European continental
shelf (Mangini et al. 2021). In our study, we found that daily
variability in the NwASC is related to the five North Atlantic
weather regimes only insofar as they tend to give rise to
along-slope winds in the Nordic seas. Instead we have shown
that this far north, local wind conditions related to the passing
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FIG. A3. As Fig. A1, but for low flow events at BSO.
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of cyclones and anticyclones through the Nordic seas rather
than to quasi-stationary midlatitude dynamics are the primary
cause of variability in the current.

5. Summary

We have used 28 years’ worth of satellite altimetry and
ocean reanalysis data for the Nordic seas and Barents Sea to
explore the drivers of short-term variability in the main cur-
rent flowing along the Norwegian slope toward the Arctic
Ocean. We have aimed to distinguish between three potential

candidates: that the variability is associated with shelf waves
triggered by remote atmospheric disturbances which propa-
gate along the Norwegian shelf, the path of the current; that it
is caused by direct, local atmospheric forcing; or that it is
caused by eddies generated by instabilities in the current.

We have found a close relationship between strong flow
anomalies along the NwASC and the local wind field, indicat-
ing that over time scales of a few days local atmospheric forc-
ing is the main driver. Ekman transport associated with the
wind field of passing cyclones leads to a piling up of water
on the Norwegian shelf over inertial time scales, with the
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FIG. A4. As Fig. A1, but for low flow events at Sørkapp.
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resultant increase in horizontal pressure gradient yielding an
increase in the geostrophic shelf current. Topographic PV gra-
dients constrain the pressure and geostrophic flow anomalies
to essentially line up with the continental slope below. In the
reverse process, Ekman transport during periods of high at-
mospheric pressure over the central basins draws water off
the shelf, leading to a slowing or occasional reversal of the
current.

Our results do not indicate that remote atmospheric forcing
has a strong effect. A lag of a day or so in the covariability of
the current at locations along its path, which would be consis-
tent with the expected phase propagation speed of a shelf
wave, can be explained instead by the passage of weather sys-
tems along the same path, which causes direct wind forcing se-
quentially at each location.

Intrinsic ocean variability, caused by mesoscale and subme-
soscale baroclinic and shear instability, will also add variabil-
ity in the current. But such variability is obviously incoherent
over the large spatial scales observed in this work and can pri-
marily be expected to be responsible for some of the spread,
or noise, in our estimates. Note, too, that the eddies generated
by instabilities will be more important to variability at a point lo-
cation, and will to some extent be integrated out when trans-
ports are integrated over a longer section, as we have done here.

Finally, we have seen indications that the short-time atmo-
spheric forcing can be integrated in time to make net effects
on monthly time scales. Specifically, the flow into the Barents
Sea behaves simply as an integration of short-term responses
to short-term forcing events. The NAO index, as an index of
large-scale atmospheric variability, is not correlated well with
current variability in this region because the large-scale atmo-
spheric states that it describes encompass a variety of features
at the regional and local scale here, only some of which give
rise to a strong ocean response.
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APPENDIX

Ocean Response to Atmospheric Forcing:
Further Examples

Figures A1–A4 show the development of sea level
anomalies and associated atmospheric pressure anomalies for
extreme-flow situations opposite to those shown in Figs. 5–8.
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