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We examine the trajectories of 168 drifters as a proxy for Atlantic water flowing through the Nordic Seas.

The drifters were released at or passed through the Svinøy section, off the west coast of Norway. For

comparison, we generate a set of synthetic trajectories using a stochastic model, with a range of diffusivities.

With the both sets, we determine the transit times of both drifters and particles from Svinøy to Arctic

gateways: the Barents Sea and Spitsbergen. The mean arrival times to these locations are roughly 200 and

500 days, respectively. This implies ample time for cooling of the surface waters, which increases densities

and permits subduction before reaching the Arctic. However a range of transit times is seen; some parcels

reach Fram Strait in only 4 months while others are still in the southern Nordic Seas after 2 years.

The results do not support the idea that temperature or salinity anomalies can exist as coherent packets.

The drifters passing Svinøy, when treated as a group, quickly spread over large distances, mixing with water

in the Norwegian and Lofoten Basins. Thus an anomaly entering the Nordic Seas would quickly be

obliterated. However, the velocity of the clusters center of mass is consistent with anomaly propagation

speeds inferred previously from hydrographic measurements, suggesting the observed variability is

advective in nature.

Published by Elsevier Ltd.
1. Introduction

The Nordic Seas, comprising the Norwegian, Iceland and
Greenland Seas (Fig. 1A) is the transition zone for the warm,
saline water flowing from the Atlantic to the Arctic Ocean. The
Norwegian Atlantic Current (NwAC), the poleward extension of
North Atlantic Current, is the primary conduit for this flow,
connecting the Atlantic Water to the Barents Sea and the Fram
Strait (Fig. 1B). The waters cool as they flow northward, submer-
ging and eventually feeding what becomes the North Atlantic
Deep Water (Isachsen et al., 2007; Mauritzen, 1996). Thus varia-
tions in the properties and/or volume transport of the Atlantic
inflow could impact the ventilation of the Arctic Ocean (e.g.,
Furevik et al., 2007; Rudels et al., 2004) as well as the oceano-
graphic conditions in the Barents Sea (Skagseth, 2008, and
references therein).

An interesting question arises though when one considers the
time scales involved. Fluid parcels in the main branches of the
NwAC can move at speeds exceeding 50 cm/sec. As such, they
would traverse the distance between the southern Nordic Seas
Ltd.

a).
and Spitsbergen within 2 months. If this were the case, the period
of contact with the atmosphere would be too short to account for
the observed cooling of the surface waters (Mauritzen, 1996).
Alternately, with a poleward transit time of 2 months, the
observed temperature drop between the southern Norwegian
Sea and the Fram Strait, 4.2 1C (Blindheim and Østerhus, 2005),
would correspond to an average heat loss of � 800 W=m2. This is
about ten times the mean annual heat flux inferred from hydro-
graphic measurements (Isachsen et al., 2007).

It is more likely that the parcels are exiting the cores, and
thereby taking a longer time to reach Spitsbergen. This in turn
would imply mixing between the cores and the interior waters in
the Nordic Seas. Indeed, such a mixing is inherent in previous
Lagrangian studies in the region (e.g., Andersson et al., 2011;
Koszalka et al., 2009, 2011; Poulain et al., 1996). But none of these
studies have actually quantified the fluid transit times from the
southern Nordic Seas to the North. We do not know how long a
‘‘typical’’ parcel takes to make the journey.

A related question concerns the fate of temperature and
salinity anomalies in the Nordic Seas. Hydrographic anomalies
are regularly observed in the northern North Atlantic. The most
familiar are the ‘‘great salinity anomalies’’ (Belkin, 2004; Belkin
et al., 1998; Dickson et al., 1988). These structures are surface-
intensified, extending to depths of several hundred meters, and
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Fig. 1. (A) A schematic of pathways of the Atlantic inflow and main bathymetric features in the Nordic Seas, based on Koszalka et al. (2011). Contour depths of [500,1000,

2000, 2600 and 3000] are shown. Abbreviations: BS¼Barents Sea, FS=Fram Strait, GB¼Greenland Basin, LB¼Lofoten Basin, NB¼Norwegian Basin, SV¼Svinøy section,

VP¼Vøring Plateau. The Svinøy section is also marked with a black line. The two branches of Norwegian Atlantic current are the eastern branch (EB) and the western

branch (WB); and NCC stands for the Norwegian Coastal Current. (B) The pathways of the Atlantic inflow superimposed on the mean temperature field for the period

2003–2005 (TOPAZ climatology); provided by F. Counillon.

1 http://www.aoml.noaa.gov/phod/dac/gdp.html.
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appear to propagate in a coherent way following the mean flow.
Sutton and Allen (1997) described a northeast propagation of
anomalies generated in the Gulf of Mexico, reaching the Iceland-
Shetland Ridge after 12–14 years. Salinity anomalies have also
been observed in the Subpolar Gyre, moving with speeds of
3–10 cm/s (Belkin, 2004).

Hydrographic anomalies have been documented in the Nordic
Seas since the early 20th century (Helland-Hansen and Nansen,
1909; Jakhelln, 1936). Using time series from the Rockall Channel
and Bear Island, Blindheim and Loeng (1981) deduced that there
were anomalies propagating northward, with a time lag of 2–3
years. Similarly, Furevik (2001) and Polyakov et al. (2005)
suggested that warm anomalies were being advected through
the Nordic Seas with speeds of 3–4 cm/s. Holliday (2008) reached
a similar conclusion, that anomalies are being advected through
the region by the mean flow. However, Sundby and Drinkwater
(2007) questioned whether the anomalies are actually advected
coherently through the domain. The observed changes, they
suggested, could instead stem from variations in the volume flux
of the inflow. The latter is correlated with the North Atlantic
Oscillation index, that is, the large-scale atmospheric forcing.

Hereafter, we infer the motion of hydrographic anomalies by
following the motion of fluid parcels. This can be done with
Lagrangian instruments, like floats and drifters (LaCasce, 2008;
Lumpkin and Pazos, 2007; Rossby, 2007; Rossby et al., 1983). We
examine the trajectories of 148 surface drifters deployed in the
southern Norwegian Sea during the POLEWARD project, com-
bined with additional trajectories from the historical archive. We
demonstrate that although the center of the mass of a group of
water parcels moves poleward at speeds comparable to those
reported earlier, the clusters spread over the eastern Nordic Seas
in a few months. Thus, it is unlikely that a group of water parcels
should remain tightly constrained during the 2000 km, 2-year
transit of the Nordic Seas. We find too that similar transit time
distributions can be obtained using a set of synthetic particles
generated using a stochastic routine.
2. Data and methods

2.1. Drifter data

For the drifters, we use both the Poleward data and the
historical data from the region; both are available under the
Global Drifter Program.1 The instruments are standard Surface
Velocity Program (SVP) drifters (Lumpkin and Pazos, 2007). Each
drifter consists of a surface buoy, with a transmitter and a
temperature sensor, and a subsurface drogue at 15 m depth. The
buoys are tracked by the Argos satellite system, yielding positions
with 150–1000 m accuracy up to 50 times a day. The temperature
sensor is 30 cm below the sea surface and has an accuracy of
0.1 1C. Both the buoy positions and temperature series are
quality-checked and interpolated by a kriging technique into
6-h intervals at the Drifter Data Center at AOML. The data spans
the period 1990–2010, with � 100,000 drifter days from over 400
drifters. The same data were used previously to estimate the
time-mean surface circulation and eddy statistics (Koszalka et al.,
2011), and its time variability (Andersson et al., 2011), and are
described in detail therein.

2.2. The Svinøy section

To investigate the poleward transit of the Atlantic Water
through the Nordic Seas, the Svinøy section is a natural starting
point. The main currents bifurcate at the Barents Sea opening,

http://www.aoml.noaa.gov/phod/dac/gdp.html
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Fig. 2. The trajectories of 168 drifters originating at the Svinøy section. The key

sites used to calculate the transit times are also drawn: the Barents Sea Opening

(BO), the Vardø section and the Sørkapp section in the Fram Strait. The number of

drifters recorded at these sites is also given.
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so we will use this location, and the exit to the Arctic Ocean
through the Fram Strait, as end points. The study section is
bounded by the Norwegian coast at 62.51N and encompasses
both branches of the Norwegian Atlantic Current (NwAC): the
western branch, located over the 2000 m isobath and the eastern
branch, 40 km wide and located near the shelfbreak. Both
branches are approximately 500 m deep and 30–50 km wide,
with average surface speeds of 30 cm/s (LaCasce, 2005; Orvik
et al., 2001). The eastern branch is flanked inshore by the fresher
Norwegian Coastal Current (NCC). Long-term observations at
Svinøy (Orvik and Mork, 1996; Orvik et al., 2001) have been used
to study the long-term variability of the Atlantic inflow (e.g., Mork
and Blindheim, 2000; Orvik and Skagseth, 2005), allowing the
detection of temperature and salinity anomalies (Polyakov et al.,
2005). The Svinøy section is also an area with excellent drifter
coverage.

We identified 168 drifters that were either deployed at, or
passed through, the Svinøy section. This includes 91 drifters
released during the POLEWARD experiment in 2007–2008
(Koszalka et al., 2009). Of the remaining 76 drifters that passed
through Svinøy, 7 were deployed on the Norwegian continental
shelf at 621N in the 1990s (Saetre, 1999), 10 were advected from
the North Atlantic in 2002–2007, while the remaining 58 came
from the releases in the Iceland—Faroe Islands area throughout
the 1990s (Poulain et al., 1996).

We treat the drifters together as a line of particles released at
the Svinøy section simultaneously. Thus, we make the tacit
assumption that the mixing properties in the region are station-
ary in time. Previous studies indicate that while the mean flow
exhibits seasonal variations, the eddy diffusivity does not, con-
sistent with this (Andersson et al., 2011). Most of the drifters
nevertheless pass Svinøy at different times, and this can affect our
interpretation of the motion as a coherent cloud. But many of the
drifters in POLEWARD were deployed in pairs and triplets
(Koszalka et al., 2009), and we will exploit the information gained
from their motion.

2.3. Synthetic drifters

For comparison with the observations, we also generated a set
of synthetic drifter trajectories, using a stochastic model. Since
the stochastic particles have entirely uncorrelated motion and
disperse in a quantifiable manner, they provide a valuable basis
for comparison. In addition, the model permits generating many
trajectories, thereby increasing the statistical significance.

For this we employed a first-order stochastic model. Similar
models have been used previously to simulate the dispersion of
surface drifters and of subsurface floats, both in the ocean and in
numerical ocean models (e.g., Berloff and McWilliams, 2002;
Falco et al., 2000; Griffa et al., 1995; Griffa, 1996). We used the
model previously to study dispersion in the Nordic Seas (Koszalka
et al., 2009). Higher order models (Berloff and McWilliams, 2002;
Veneziani et al., 2004) are an option, but we choose the first-order
model for simplicity. Moreover the Lagrangian time scale ðTL � 1
day) is sufficiently short to regard the accelerations as uncorre-
lated. The particle positions in the first-order model are given by

dxi ¼ ½uiþUðx,yÞ� dt, dyi ¼ ½viþVðx,yÞ� dt,

dui ¼�
1

TL
ui dtþ

ffiffiffiffiffi
2

TL

s
n dw, dvi ¼�

1

TL
vi dtþ

ffiffiffiffiffi
2

TL

s
n dw: ð1Þ

Here, the subscript i refers to the particle number, (U,V) is the
background mean flow and dw is a Wiener noise process. The two
free parameters are n, the rms eddy velocity, and TL, the Lagrangian
integral time scale. The eddy motion is assumed isotropic and the
two components of the velocity u and v are independent. The
asymptotic value of eddy diffusivity in the model is k¼ n2TL.

For the time-mean velocities, ½Uðx,yÞ,Vðx,yÞ�, we use the esti-
mates of the surface currents in the Nordic Seas obtained from the
drifter data using the clustering method (Koszalka et al., 2011).
These values were re-sampled on a regular grid ðlong,latÞ ¼

0:41� 0:21. This grid size, corresponding to a length scale of
� 20 km, is comparable to the widths of the main branches of
the NwAC. The means were then linearly interpolated onto the
particle’s instantaneous positions for advection.

As noted, the integral time, TL, is roughly 1 day (Andersson
et al., 2011). Thus, to quantify the effect of the eddy diffusivity on
the transit times, we ran the model with TL fixed and varied only
the rms velocity, n. We will consider the following scenarios:
1.
 Non-diffusive: k¼ 0:

2.
 Weakly diffusive: k¼ 500 m2 s�1, n¼ 0:076 m=s.

3.
 Average-diffusivity: k¼ 1100 m2 s�1, n¼ 0:113 m=s.

4.
 Strongly diffusive: k¼ 4000 m2 s�1, n¼ 0:215 m=s.
In the first case, the particles are advected only by the mean flow.
In the third case, the diffusivity is roughly the same as the average
value estimated by Koszalka et al. (2011). Cases 2 and 4 have
smaller and larger diffusivities, respectively.

We also ran the model using spatially variable diffusivities
(modifying the model appropriately to obey the ‘‘well-mixed’’
criterion of Thompson (1987); see Rodean, 1996; Berloff and
McWilliams, 2002)). Indeed, the diffusivities in the region esti-
mated from surface drifters are variable (Koszalka et al., 2011).
However, the results were not more realistic than those obtained
with a constant diffusivity. Thus we chose to focus on the latter,
for simplicity.

In each run, ten stochastic particles were deployed at the same
position as an actual drifter at Svinøy, yielding 1680 particles. Note
that individual particle motion in the stochastic model is uncorre-
lated, so using the same starting location is not problematic.

The particles were then advected for 2 years with a time step
dt¼0.1 day. We applied a reflection condition for particles
striking the coast or islands, or entering areas not sampled by



Table 1
Arrivals of drifters to the sections along the pathway of the Atlantic Waters in the Nordic Seas (shown in Fig. 2): Tromsø, Barents Sea Opening (BO), Vardø and Sørkapp.

Listed are: geographical coordinates, distance from the Svinøy section (dist-xy), yardstick distance along 1000 m-isobath for Tromsø and Sørkapp, and along the 250-m

isobath for BO and Vardø (dist-topo), the number of drifters (NoD) recorded at section, mean transit time from drifters (Td) in days and mean transit time for the stochastic

simulation with k¼ 500 m2 s�1 (Tm): 2-year simulation with particle mortality (2y-m), 2-year simulation, no particle mortality (2y), 4-year simulation, no particle

mortality (4y) and a 10-year long simulation without the mortality (10y). For the calculation of the distances, the (ETOPO2v2) data set was used, smoothed with a Gaussian

filter with a length scale of 10 km.

Section Coordinates dist-xy (km) dist-topo (km) NoD /TdS /TmS2y�m=2y=4y=10y

Tromsø �5–101E, 701N 720 960h ¼ �1000 m 74 109 138/149/161/190

Barents Sea 201E, 70–741N 1100 1100h ¼ �250 m 31 181 201/205/224/269

Vardø 29.51E, 7–751N 1440 1500h ¼ �250 m 17 261 279/281/325/374

Sørkapp 5–151E, 76.31N 1410 1750h ¼ �1000 m 10 326 317/425/493/591

160

180
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the original drifters. The Barents Sea (301E) and Fram Strait (771N)
were treated as ‘‘absorbing’’ boundaries, i.e. the particle trajec-
tories were terminated here.
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Fig. 3. The histogram of the number of drifters deployed at, or passing by the

Svinøy section as a function of time. The red curve shows the exponential decay

law fitted to the total number of available drifters, which has a time scale of

t¼ 160:88 day. (For interpretation of the references to color in this figure caption,

the reader is referred to the web version of this article.)

2 A recent re-evaluation of the drifter quit events suggests that many were

undetected pick-ups (Lumpkin et al., 2012). Indeed, nearly all the quit events in

the Nordic Seas occurred in the intensively fished Norwegian Economic Zone.
3. Results

3.1. Spreading of the water parcels

The drifter trajectories originating from the Svinøy section are
plotted in Fig. 2. The figure also indicates sites where long-time
hydrographic- and mooring observations are available. One is the
Sørkapp section, near the Fram Strait, where the flow has been
monitored since 1978 (76.31N, 5–151E, see e.g., Holliday, 2008).
The second is the Barents Sea Opening (201E and 71–741N)
operated since 1997 (Skagseth, 2008) and extended here south
to 701N. We define two additional sites for our analysis: the
Tromsø section, along 701N, and the Vardø section, along the
29.51E. We use the latter to gauge the transit in the Barents Sea.
The geographical coordinates for these sites, distances from the
Svinøy section and number of drifters recorded are listed in
Table 1.

As seen in the figure, the drifters generally move northward,
until they reach � 711N. After that, the trajectories split. One
group continues northward toward the Fram Strait while the
other turns eastward into the Barents Sea. The inflow to the
Barents Sea (72–741N) is accompanied by several recirculations
(as described by Ingvaldsen et al., 2004). Some of the drifters
moving toward Fram Strait recirculate westward at 74–771N,
while the rest move into the Arctic Ocean with the West
Spitsbergen Current.

Some of the main currents are discernible in the figure. The
eastern branch of the NwAC is seen clearly, as is the Norwegian
Coastal Current (NCC), south of 681N. The NwAC and NCC appear
as a single branch, south of the Barents Sea inflow at 71.51N. The
pathway of the western branch of the NwAC is, on the other hand,
hardly seen. Rather, the trajectories cover the area west of the
eastern branch fairly uniformly. Note though that the drifters do
not enter the Iceland or Greenland Seas, implying the surface
dispersion is affected by the submarine ridges (e.g. Rossby et al.,
2009).

The number of active drifters as a function of time since
passing Svinøy is shown in Fig. 3. The number of drifters
decreases with time as the instruments cease transmission or
lose their drogues. The population exhibits approximately an
exponential decay, with an e-folding time of 161 days. This is
less than half of the mean for the global drifter array (450 days,
Lumpkin et al., 2012), suggesting that the Nordic Seas is a
particularly hostile environment for drifters. After 1 year, there
are only 17 transmitting drifters remaining. Out of 168 drifter
losses, 62 can be explained by environmental conditions: there
were 45 instances of running aground and 17 buoys were likely
destroyed by ice in the Fram Strait and in the Barents Sea;
7 drifters were classified by the AOML as picked-up by fishermen.
The remaining drifter losses are likely due to battery performance
and/or the strain tether sensor (‘‘quit events’’).2

Drifter mortality complicates evaluating transit times to the
various sections. For instance, more drifters reach the Barents Sea
Opening (31) than the Sørkapp section (10). But the distance to
the latter is larger (� 900 km vs 1500 km), which increases the
possibility for drifter failure. The falling number of drifters also
increases the statistical error and biases the transit times to the
faster moving buoys.

Fig. 4 shows the distribution of drifters in the Nordic Seas at
various times (10, 30, 60, 90, 120 and 200 days) after the
departure from the Svinøy section. Error ellipses (defined as the
50%-confidence region for the drifter positions) and the cluster
center of mass are also indicated. The Svinøy drifters spread and
fill the eastern Nordic Seas within 4 months. While the fastest
drifters reach the Barents Sea Opening and the Fram Strait in 2
and 3 months respectively, some remain in the Svinøy region
after 200 days.

At 30 days, the mean cluster position is near the eastern
branch, following the continental slope. After � 100 days, when
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Fig. 4. Distribution of drifters released as a ‘‘cluster’’ at Svinøy in function of time: (A) 10 days, (B) 30 days, (C) 60 days, (D) 90 days, (E) 120 days and (F) 200

days, calculated by gathering the data into geographical bins (long,lat)¼(21�11) and normalized by the instantaneous number of drifters No (listed in the title).

The error ellipses define 50%-confidence region for the drifter position and are drawn with a red line. The positions of the center of mass for the cluster are depicted with a
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this article.)
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passing over the Lofoten Escarpment (� 121E, 691N), the center of
mass moves off the slope towards the center of the Lofoten Basin
where it resides for next � 100 days. Thereafter it moves slowly
northward along the eastern part of the Basin approximately
200 km from the coast. During this time, the error ellipses grow,
reflecting the cluster spread.
We can quantify drifter spreading by using probability
distribution functions (PDFs) of the drifter displacements. For
this, we use the total distance from Svinøy, dist¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

svþy2
sv

p
,

where ðxsvðtÞ,ysvðtÞÞ are the zonal and meridional displacements
at time t. We use distance (rather than, say, latitude) because
the flow is not unidirectional; for example it is mostly
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meridional into the Fram Strait, but nearly zonal into the
Barents Sea. Using the displacement effectively collapses the
2-D distributions seen in Fig. 4 onto 1-D PDFs. Thus while we
lose information about the lateral distribution of the drifters,
the PDFs are simpler to visualize the poleward progression of
drifters.

The PDFs are shown in Fig. 5A. We calculate these by generat-
ing a histogram of the displacements and then normalizing by the
number of drifters present at that time (so that the integral of the
PDF is one). Thus the procedure compensates for drifter mortality.
The PDF initially is a delta-function, because all drifters start on
the line at Svinøy. The PDF rapidly broadens, to over 400 km after
10 days. The wings of the PDF (large displacements) correspond to
a group of drifters carried in the eastern branch and in the NCC,
with velocities exceeding 0.5 m/s. After 4 months the drifters
have spread over 1500 km. Interestingly, the spreading is largest
between � 902200 days, when the cluster center of mass barely
moves; this occurs as the drifters enter the Lofoten Basin. After
200 days a group of drifters reaches 1500 km distance (corre-
sponding to the locations of Sørkapp and Vardø sections), while
some of the buoys are still in the Svinøy region. Again, the fast
moving drifters are in the eastern core of the NwAC and the NCC;
the slower ones get trapped in the recirculations or in the Lofoten
Basin (not shown).

Since the circulation in the Nordic Seas is topographically
steered (Isachsen et al., 2003; Koszalka et al., 2009, 2011; Nøst
and Isachsen, 2003; Søiland et al., 2008), we also examined the
distances along topographic contours. For this, we used the 2-min
Gridded Global Relief Data set (ETOPO2v2)3 and applied the
method of LaCasce (2000), projecting drifter velocities along and
across the depth contours. The projection requires smoothing the
bathymetry, and for this we used a Gaussian filter with a length
scale of 10 km (comparable to the internal radius of deformation
in the Nordic Seas). This value maximizes the anisotropy between
the along- and across-isobath dispersion (LaCasce, 2000). The
displacements relative to topography are then obtained by
integrating the projected velocities.

The PDFs relative to the topography are shown in Fig. 5B.
These agree well with those calculated with distance, except at
the larger separations where the along-isobath PDFs exhibit
larger displacements. This is due in part to the curvature of the
isobaths; the distance along an isobath is greater than the
absolute distance to the starting point if the isobath is not
straight. However, drifters recirculating (in the Lofoten Basin
and near Fram Strait) also cause the along-isobath distance to
increase (as we do not ‘‘reset’’ the distance on closed circuits). The
largest along-isobath distances are roughly 2500 km, as opposed
to 1500 km in absolute distance.
3.2. Synthetic drifters

The trajectories of the stochastic particles with the different
diffusivities are shown in Fig. 6. In the following, we will focus on
the region south of 731N. The actual drifter trajectories are also
shown, for comparison (top panel).

The trajectories simulated without diffusion (middle left
panel) trace out the mean currents in the Nordic Seas. Both
branches of the NwAC and the NCC are seen, as is the flow
connecting the western and eastern branches along the Vøring
Plateau. Several permanent recirculations with � 100 km scales
are also evident, and these slow the poleward transit. In addition,
3 U.S. Department of Commerce, National Oceanic and Atmospheric Admin-

istration, National Geophysical Data Center, 2006. http://www.ngdc.noaa.gov/

mgg/fliers/06mgg01.html.
there are three distinct streams entering the Barents Sea: two
attributable to NwAC and one due to the NCC (e.g., Skagseth,
2008).

Adding diffusion causes the particles to exit the mean currents.
Even with the smallest diffusivity (k¼ 500 m2 s�1, middle right
panel) the particles spread over the Vøring Plateau and enter
the Lofoten Basin. Using the average value of diffusivity
(k¼ 1100 m2 s�1, bottom left panel) captures the spreading of
real drifters, but also overestimates the exit of particles from the
eastern branch and the NCC. The case with the high diffusivity
(k¼ 4000 m2 s�1, bottom right panel) displays unrealistically
vigorous spreading.

Fig. 7 shows PDFs of the particle displacements from Svinøy for
the different model experiments and for the drifter data, at four
times (30, 60, 120, 200 days). As noted, the total number of
drifters decays in time. For consistency, we imposed the same
exponential decay law on the stochastic particles. Specifically, at
each time we terminated a number of particles to duplicate the
observed decay. The indices of the particles were taken randomly
from the available set.

Notably, even the non-diffusive case shows a substantial
spreading in distances, reflecting the different advection speeds
in the mean currents. After about 2 months, the non-diffusive
case exhibits two peaks. One corresponds to a group of particles
following the NwAC and NCC. The other corresponds to slower-
moving particles in the west and to those which get trapped in
the recirculations (Fig. 6, middle right panel).

Diffusion causes the particles to exit the mean currents and
spread, and the PDFs are accordingly broader. Interestingly, all the
diffusive model runs yield similar PDFs, irrespective of the exact
value of k. Initially, the diffusive cases underestimate the tail of
the PDF, as some of the actual drifters travel further. This is
because the stochastic particles too readily exit the main currents
(compare with Fig. 6). After 3 months though (Fig. 8D), the
diffusive cases agree with the drifter PDF quite well. Using the
Kolmogoroff–Smirnoff test (Press et al., 1992), we find that the
PDFs at the late time are not significantly different from one
another, or from PDF for the drifters.

Thus the stochastic particles essentially capture the dispersion
of the actual drifters. The reason that the PDFs are so weakly
affected by the diffusivity is because, with the exception of the
recirculations, the flow is poleward over essentially the whole
region. Thus the diffusive motion shifts particles laterally, sam-
pling the entire range of poleward flow. Because the distance PDF
is one-dimensional, we have effectively integrated over lateral
inhomogeneities. Only when the diffusivity is zero do the sto-
chastic PDFs differ, as then the particles are confined to mean
currents.

Of the 4 stochastic runs, the distribution of trajectories for the
k¼ 500 m2 s�1 run most closely resembles that from the drifters
(Fig. 6). On a more quantitative level, the k¼ 500 m2 s�1 run
yields bin-averaged particle densities and residence times closest
to those from the observations. Thus we will use that run for the
statistical comparisons which follow.

3.3. Transit speeds and times

Now we consider the transit speeds and times for drifters
originating at Svinøy. We will focus on the transits to the Tromsø
section (at 701N), to the Fram Strait (Sørkapp section) and into
and through the Barents Sea (Barents Sea Opening and Vardø
sections), see Fig. 2. The distances from the Svinøy section,
both absolute and with respect to the topography, are listed in
Table 1.

A general picture can be obtained by considering the motion
of the cluster center (Fig. 4). We plot this as a cluster velocity,

http://www.ngdc.noaa.gov/mgg/fliers/06mgg01.html
http://www.ngdc.noaa.gov/mgg/fliers/06mgg01.html
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Fig. 6. Trajectories of the 168 Svinøy drifters (top) and trajectories of synthetic drifters from the stochastic model with different diffusivity levels (see Section 2.3):

k¼ 0 m2 s�1 (case 1, no diffusivity), k¼ 500 m2 s�1 (case 2, low diffusivity), k¼ 1100 m2 s�1 case 3, (mean diffusivity) and k¼ 4000 m2 s�1 (case 4, high diffusivity). For

clarity, only one of the ten 168-particle sets from each stochastic run is plotted.
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uP, in Fig. 8. The velocity is � 4 cm=s. However, the speed is
greater (� 8210 cm=sÞ during the first � 80 days, when the
center of mass follows the continental slope. After that it drops
rapidly, as the drifters deviate into the Lofoten Basin (compare
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Fig. 7. Snapshots of distributions of absolute displacements of stochastic particles for different values of diffusivity (see Section 2.3): k¼ 0 m2 s�1 (case 1, no diffusivity),

k¼ 500 m2 s�1 (case 2, low diffusivity), k¼ 1100 m2 s�1 case 3, (mean diffusivity) and k¼ 4000 m2 s�1 (case 4, high diffusivity). The corresponding drifter distribu-

tions are depicted with black dashed line. The origin ðX ¼ 0Þ corresponds to the particle position at the Svinøy section. (A) t¼30 days, (B) t¼60 days, (C) t¼120 days and (D)

t¼200 days.
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with Fig. 4, bottom panels). After a 100-day period of a very
slow propagation along the eastern Lofoten Basin, the cluster
center resumes the poleward journey with uP � 425 cm=s. One
can also calculate the mean along-isobath speed. This is slightly
larger ð � 5 cm=sÞ, as the distances along the curved bathymetry
are larger (compare with Fig. 5). But the picture is largely
the same.

The PDFs of the transit times, T, for the actual drifters are
shown in the upper panel of Fig. 9. The distributions are fairly
noisy, due to the relatively small numbers of drifters. Due to
drifter mortality, the northern-most distributions are the noi-
siest. Nevertheless, several aspects are apparent. The majority
of the particles reach the Tromsø section after � 100 days; the
fastest and slowest arrivals at this section are 2 months and 1
year respectively. On the other hand, only 10 drifters reach the
Sørkapp section (absolute distance of 1410 km and along-
isobath distance of 1750 km) and their arrival times vary
from 3 months to 2.5-years. The modal transit time to the
Barents Sea Opening (distance � 1100 km) is about 4 months,
but arrivals as late as 2 years are also seen. The transit
times to the Vardø section in the eastern Barents Sea
(distance � 1500 km) span the range between 3 months and
2 years.
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Fig. 9. Upper panel: transit times for the surface drifters released at or advected through the Svinøy section: the Tromsø section (dark blue), the Fram Strait (Sørkapp

section, light blue), to the Barents Sea Opening (black line) and to the Vardø section (red line). The corresponding PDFs for the stochastic model with k¼ 500 m2=s (lower

left) and with k¼ 0 (lower right). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this article.)
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From the distributions, the mean transit times /TS can be
calculated. These are: 109 days (Tromsø), 181 days (Barents Sea
Opening), 261 days (Vardø) and 326 days (Sørkapp). However, as
the PDFs have long wings, the mean values do not capture the
range of possible values.

As noted, the transit times are potentially biased toward faster
arrivals due to drifter mortality. Thus we also calculated transit time
PDFs for the stochastic particles, without the imposed mortality. For
this we used a 10-year simulation with k¼ 500 m2 s�1 and with
1680 particles released at the deployment sites of original 168
drifters at Svinøy. The transit time PDFs are shown in the lower left
panel of Fig. 9.

The PDFs are very similar to those from the drifters. But they
are also smoother, due to the larger number of particles. Like the
drifter PDFs, the peaks shift toward longer times and the wings
expand. Interestingly, the wings of the stochastic PDFs are similar
to those for the drifters, indicating that the last arrival times are
similar. However, the peaks occur at larger times than with the
drifters, with the result that the mean transit times are also
longer. The means are 161 days (Tromsø), 224 days (Barents
SeaOpening), 325 days (Vardø) and 493 days (Sørkapp) for 4-year
trajectories. These are 25–50% longer than corresponding times
for the drifters respectively.

There are evidently two reasons why the stochastic transit
times are longer. The first is that the initial arrival times are
longer with the stochastic model. For example, the probability for
arriving at Tromsø after 60 days is roughly 3 times larger for the
drifters. The difference is related to the mean flows, which are the
fastest means to travel between the sections. As noted, the
stochastic particles exit too readily from the mean currents, as
the velocity of the stochastic particles is perturbed equally,
regardless of whether the particles are in the mean current or
not. Had the particles adhered more to the mean currents, the
first arrival times would be shorter.

To see this, consider the PDFs obtained with the zero
diffusivity model, shown in the lower right panel of Fig. 9. In
this case, the model was run for 2 years, which is long enough
for many of the particles traversing the domain. While similar
to the k¼ 500 m2=sec PDFs qualitatively, the peaks are shifted
toward shorter times and the probability of short transit times
is greater. The mean times—110 days (Tromsø), 136 days
(Barents Sea Opening), 187 days (Vardø) and 291 days
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(Sørkapp)—are shorter than for both the k¼ 500 m2=sec run
and the actual drifters. This implies that the actual drifters
adhere more to the mean currents than in the weak diffusivity
case.

There has been significant interest recently in the suppression
of mixing by mean flows (Ferrari and Nikurashin, 2010 and
references therein). The mean flow modifies the potential vorti-
city gradient in its vicinity, and this affects the propagation speed
of eddies. Ferrari and Nikurashin (2010) propose a factor by which
the diffusivity is decreased near mean flows. We tested this in the
present stochastic model and found that it increased the adher-
ence to the mean flows. So, we suspect, it is possible to optimize
the model to match the observed transit PDFs.

However, there is a second reason for the difference in mean
transit times, related to the lifespan of the drifters. As shown in
Table 1, the difference between the stochastic and drifter means
depends on the length of the model integration. So, for instance,
the mean time to Tromsø for a 2-year simulation with
k¼ 500 m2=sec is 149 days while that for a 10-year simulation
is 190 days. Furthermore, the mean time for a 2-year run with
particle mortality imposed is only 138 days.

The reason the longer runs have longer mean times is that
particles trapped in various regions of the Nordic Seas weigh more
heavily on the averages. Indeed, a non-negligible fraction of the
particles are still south of Tromsø after 4 years. Thus the drifters,
which have an e-folding time of 160 days, have shorter apparent
transit times because the trapped drifters simply die out. Had they
survived, the mean transit times would have been longer.

In addition, we tested the sensitivity to the particles initial
starting position. For this, we an additional set with 2930 particles
released uniformly along the line at Svinøy. The PDFs were not
significantly different (as measured by the Kolmogorov–Smirnov
test) to those with the (inhomogeneous) initial deployment. Thus
the exact initial position is not important for the transit times.

Furthermore, we considered the time variability of the transit
time statistics. Only the Tromsø and Barents Sea sections have
sufficient numbers of drifter arrivals to do this, and the arrivals at
these sections are distributed almost equally between the sea-
sons: 33 of the drifters that arrived at the Tromsø section
originated at Svinøy during summer months (May–October) and
41 during winter (November–April). For Barents Sea these num-
bers are 15 and 16 correspondingly. The distributions of arrival
times are however almost identical between drifters released
during the different seasons for the two sections (not shown), in
spite of the fact that the mean flow at Svinøy is 20% stronger
during winter (Andersson et al., 2011; Orvik et al., 2001). In
addition, there are no discernible differences in the travel times to
these sections between the two decades, 1990s and 2000s (33/38
drifters for Tromsø and 17/14 for the Barents Sea).

Previously, the inflow into the Nordic Seas has been related to
the NAO index (Mork and Blindheim, 2000). But it turns out that
152 of 168 drifters were deployed at/passed through (Svinøy)
during the positive NAO years, and 102 of them were deployed
during the phase when the value of the index was within a
narrow range (1–1.5)4 So the present data set does not allow us to
study the dependence of the travel time statistics on NAO.
4. Coherent hydrographic anomalies

The present results have implications for the translation of
hydrographic anomalies through the region. As we have seen, a
4 The values of NAO index were retrieved from ‘‘NAO/NAM Climate Indices’’.

CGD’s Climate Analysis Section (National Center for Atmospheric Research), http://

www.cgd.ucar.edu/cas/jhurrell/indices.html, 10 October 2011.
tagged region of fluid will disperse. This is illustrated in Fig. 10,
which shows the center of mass and the variance ellipses for the
cluster at 10, 30, 60, 90, 120, 180 and 200 days after leaving
Svinøy. The drifters start as a coherent line, but spread over
1500 km in only 120 days, filling the eastern Nordic Seas. The
ellipses are superimposed over the mean surface temperature
contours from 2003, when a warm anomaly was observed at
Svinøy (e.g., Polyakov et al., 2005) (most of the drifters were
deployed four years later, but we take their motion to be
representative). While the drifters originate in the warm waters
to the south, the temperature signal weakens as the drifters
spread out.

Of course, the ellipses in Fig. 10s derive from drifters deployed
at different times—as such, they may not represent the evolution
of a tagged region of water. However, the variance of a cloud of
tracer is proportional to the mean square separation of all particle
pairs in the cloud (e.g. LaCasce, 2008). Koszalka et al. (2009)
studied the evolution of pairs deployed together, among the
drifters examined here. They found that the mean square pair
separation at 30 days was approximately 2002 km2. The radius of
the 30-day ellipse in Fig. 10 is also about 200 km. Koszalka et al.
(2009) also showed that the pair velocities are correlated only for
separations less than 100 km; at larger scales the pair motion is
essentially random. So when the ellipses are of the same scale—at
roughly 10 days—the fluid motion in the ellipse is similarly
random. Thus the variance ellipses in Fig. 10 are entirely con-
sistent with the inferences made for pairs of drifters actually
deployed together.

Thus a hydrographic anomaly entering the southern Norwe-
gian seas should disperse as illustrated in the figure. To the extent
that the surface velocities are geostrophic (a reasonable assump-
tion at these latitudes), the surface flow is to a first approximation
horizontally non-divergent. So such an enormous spreading as
seen in Fig. 10 necessarily involves lateral mixing with adjacent
waters. As such, a coherent anomaly at Svinøy will rapidly lose it

anomalous characteristics, as suggested in the figure.
As a further check, we calculated the temperature difference

between the drifter pairs studied by Koszalka et al. (2009). This is
shown in Fig. 11B. If the anomaly was to maintain its temperature
signature, one would expect the temperature difference on
drifters released together to remain constant. Instead, the tem-
perature difference grows as the square root of time; after three
weeks, it is approximately 0.5 1C. The latter is a typical amplitude
of an temperature anomaly (e.g., Polyakov et al., 2005). Thus a
temperature anomaly should lose its signature over this time.
After 3 months (the time the fastest water parcels reach the
Sørkapp section) the difference is 11, and after 1.5 year (the mean
travel time for the cluster) it is 2 1C, half of the mean temperature
change observed over this distance (Blindheim and Østerhus,
2005).

Nevertheless, the mean velocities inferred from the center of
mass of the particles are in line with the propagation speeds
inferred for the anomalies (e.g. Furevik, 2001; Polyakov et al.,
2005). This suggests the latter signals are probably advective in
nature. But the question about the coherence remains. In contrast
to our expanding ellipses of particles, the Great Salinity Anoma-
lies in the North Atlantic maintain their temporal spread (and
hence their spatial extent) over many thousands of kilometers
(Belkin et al., 1998; Dickson et al., 1988). We question how such
an anomaly would maintain its shape over such distances. Similar
points have been made by Wadley and Bigg (2006) and Sundby
and Drinkwater (2007).

How quickly do the northward-flowing waters cool? To check
this, we used the temperature data from drifters. Fig. 11A shows
the mean temperature on the drifters originating at Svinøy as a
function of distance from the Svinøy section, calculated in

http://www.cgd.ucar.edu/cas/jhurrell/indices.html
http://www.cgd.ucar.edu/cas/jhurrell/indices.html


Fig. 10. The variance ellipses for a cluster of drifters originating at Svinøy (crosses)

at 10, 30, 60, 90, 120, 180 and 200 days superimposed on the mean surface

temperature field from the TOPAZ Reanalysis for 2003—the year of passage of a

warm anomaly at the Svinøy section (e.g., Polyakov et al., 2005).

0.5 1 2 5 10 20 40 100 200 360
0.1

0.5

1

2

3

TIME (DAYS)

Δ 
T 

(o 
C

) 

m = 0.48 +/− 0.13

0 200 400 600 800 1000 1200 1400 1600
2

3

4

5

6

7

8

9

Distance from Svinoy [km]

<T
> 

[o 
C

] 

−TROMSO −BO −SORK

Fig. 11. (A) The temperature difference for pairs of drifters released together in

function of time. (B) The mean temperature of the cluster of drifters released at

Svinøy in function of distance from the release site calculated in 200 km-bins.

Dashed lines represent standard error for the mean, std=
ffiffiffiffiffiffi
Nn
p

, where the number of

independent drifter observations is Nn
¼N dt=ð2TLÞ, N being the number of drifter

observations in the bin.

I. Koszalka et al. / Deep-Sea Research II 85 (2013) 96–108106
200 km-bins. The latter ensures that there is enough data from
different seasons to average out the seasonal cycle. The mean
temperatures from drifters passing different sections agree well
with hydrographic observations (see Blindheim and Østerhus,
2005, their Figs. 6 and 7), recording � 8:5 1C at the Svinøy section,
� 7 1C at the Tromsø section (extension of the Gimsøy section)
and � 4:5 1C at the Sørkapp. The temperature drop DT ¼ 4 1C
over the distance Svinøy–Sørkapp corresponds to the cooling of
0.0028 1C km�1. By a simple scaling argument, neglecting the
vertical motions and small-scale diffusion processes, the change
of the heat content corresponding to this cooling DH¼ rcpDTD,
where the density of the sea water is r¼ 1028 kg m�3, the
specific heat cp ¼ 3850 J kg�1 C�1, and the annual mean mixed
layer depth in the eastern Nordic Seas D� 250 m (Nilsen and
Falck, 2006), gives DH=Dt� 90 W=m2, taking a representative
value of Dt¼500 days. This agrees well with the value of the
heat loss to the atmosphere estimated from the climatology
(Isachsen et al., 2007).
5. Summary and discussion

We examined the passage of water parcels from the Svinøy section
in the southern Nordic Seas to the Fram Strait and Barents Sea
openings. As a proxy for the parcel motion, we used the trajectories
of 168 surface drifters, either deployed at or passing through Svinøy at
various times. We supplemented that data with synthetic trajectories
from a stochastic model, with various diffusivities.

The study was motivated by the question of how long it takes
for a parcel to traverse the Nordic Seas. If the flow was confined to
the two main cores of the Norwegian Atlantic Current, with
maximum velocities over 60 cm/sec, it would only take a matter
of months for the journey. As a result, the surface waters would
have insufficient contact with the atmosphere to account for the
observed cooling (Mauritzen, 1996).

The present results demonstrate that there is in fact a large range
of arrival times, as the fluid parcels mix in the regions adjacent to the
main cores of the current. While some drifters reach the Fram Strait
after only 120 days, others are still lingering at Svinøy at that time.
So it makes sense to answer the transit time statistically, in terms of
PDFs of arrival times, e.g. at northern Norway or at the Sørkapp
section. The PDFs for the drifter data are noisy, due to drifter
mortality. But the PDFs from the stochastic data are close enough
to the observed distributions to be used for comparisons. We deduce
the mean arrival time to the entrance to the Barents Sea is over 200
days, and to the Fram Strait is on the order of 500 days.

Treating the cluster as group, we can calculate the velocity of
its center of mass, as shown in Fig. 8. Despite that the drifters
essentially fill the eastern Nordic Seas, there is a positive north-
ward drift. Thus the warm ‘‘slab’’ of water in the east is really
moving northward with a mean velocity of 4–5 cm/sec. We can
compare this to an estimate based on the volume of the inflow
(e.g. Mauritzen, 1996). Treating the inflow as a slab with fixed
dimensions, the estimated time for the transit to the Sørkapp
section (where the total and along-isobath distance from Svinøy
is � 1400 km and 1750 km) is:

T ¼
Volume

Transport
¼

400,000 m� 500 m� 1400,000ð1750,000Þm

8� 106 m3 s�1 � 24� 3600

� 400ð500Þ days, ð2Þ
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with a corresponding velocity of:

u¼
1400,000ð1750,000Þm

T � 24� 3600 s
� 4ð5Þ cm=s: ð3Þ

Thus while the ‘‘slab’’ idealization contrasts with the observed
structure of the mean currents, it is more representative of the
mean motion. This again is because of the extensive mixing
between the mean cores.

This mean velocity is not constant. It is greatest in the south,
before the drifters reach the Lofoten Basin. There, the drifters pause
on their journey. This is seen even when advecting particles
without mixing; the particles recirculate in the gyre. The mean
velocity drops nearly to zero at this point, before reaching values of
4 cm/sec again to the north. Thus the Lofoten Basin prolongs the
contact between the atmosphere and the surface waters, facilitat-
ing their cooling (Isachsen et al., 2007; Rossby et al., 2009).

The results have implications for the translation of hydro-
graphic anomalies through the region. A tagged region of fluid will
disperse over the entire eastern Nordic Seas and lose its tempera-
ture signal in a matter of months. Still, the mean velocities inferred
from the center of mass of the particles are in line with the
propagation speeds inferred for the anomalies (e.g., Furevik, 2001;
Polyakov et al., 2005). This suggests that the latter signals are
probably advective in nature. But the question about the coherence
remains. It has been suggested that the Great Salinity Anomalies in
the North Atlantic maintain their spatial extent over thousands of
kilometers (Belkin et al., 1998; Dickson et al., 1988). We wonder
how such an anomaly would maintain its structure over such
distances. A similar point was made by Wadley and Bigg (2006),
who simulated tracer transport in the northern North Atlantic.

As noted, Sundby and Drinkwater (2007) proposed the inter-
annual temperature and salinity anomalies could be caused by
varying the volume flux into and out of the Arctic Basin, and that
such flux variations are correlated with the NAO index. Flatau
et al. (2003) suggest that the inflow to the Nordic Seas is
correlated with the NAO, and Mork and Blindheim (2000) has
shown that the geostrophic volume flux at Svinøy is also corre-
lated with the NAO. Of course the present results, which apply at
the surface, cannot be used to diagnose volumetric changes.

Lastly, we note that the first-order model with a constant
diffusivity yields reasonable estimates for transit time and dis-
placement statistics. However, the stochastic model is deficient in
that particles too readily exit the mean cores. This in turn
increases the first arrival times at the northern latitudes. Indeed,
some of the drifters actually do take the direct route to Spitzber-
gen, in the NwAC. To capture this behavior will require using
a parametrization like that proposed recently by Ferrari and
Nikurashin (2010), in which the diffusivity is suppressed in the
mean flows. Finding the ‘‘optimal’’ stochastic model to capture
dispersion in the Nordic Seas, would be an excellent follow-up to
the present study.
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