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Altimetry and ocean color observations are used in combination with a coupled physical-primary
production ocean model to investigate anticyclonic eddies at two locations in the Norwegian Sea. Of
particular interest are the formation of the anticyclonic eddies, and their inﬂuence on primary
production. The formation of these anticyclonic eddies are due to baroclinic instabilities set up by shifts
in the wind in north/south direction, leading to simultaneously formation of eddies throughout the
area. After a density stratiﬁcation develops in the upper 100 m of the water column, the anticyclones
become a subsurface lens of well mixed water with the characteristics of intra-thermocline eddies. The
deep mixed layer inside anticyclonic eddies delay phytoplankton bloom by approximately two weeks
compared to the surrounding areas. As the mixed layer within the anticyclones become smaller than
the critical depth, the combination of this and sufﬁciently high nutrient levels support a phytoplankton
bloom. From the satellite observations, there is an evidence of phytoplankton being advected toward
the center of the eddies, but also of isolated phytoplankton blooms within the intra-thermocline eddies.
The combined use of a numerical model and satellite observations provides three-dimensional
information on the structure and properties of both eddies and primary production. The presented
model is particularly useful in cloud-covered areas where ocean color images are frequently
unavailable.
& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
The Norwegian Sea is an area with high mesoscale activity,
particularly in the frontal region between the fresh Norwegian
Coastal Current (NCC) and the eastern branch of the Norwegian
Atlantic Current (NAC). Both currents ﬂow north off the west
coast of Norway north of 623 N. Typically, meanders and eddies are
formed by interactions between time-varying winds and the
irregular bathymetry in the area (Mork, 1981). In this study, the
focus is on several large eddies off the Norwegian shelf between
623 N and 653 N. Of particular interest are the generation mechanism and evolution of the eddies and the impact of these eddies on
primary production. The study is motivated by satellite images of
ocean color, which showed an anticyclonic eddy with high
concentrations of chlorophyll-a (chla) in the region of interest.
Several previous studies have explored mechanisms for eddy
and meander formation at the front between the NAC and NCC.
Ikeda et al. (1989) used a numerical model to study eddies off the
south-western coast of Norway, and found that baroclinic
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instability is essential to forming meanders at the front. These
meanders occasionally grow and detach from the main current,
forming anticyclones on the Atlantic (western) side and cyclones
on the coastal (eastern) side. Ikeda et al. (1989) also noted that
topographic effects are important to the formation of eddies in
their focus area, due to a submarine ridge in the eastern part of
the Norwegian trench that triggers instabilities.
Furthermore, Johannessen et al. (1989) examined the west
coast of Norway between 603 N and 613 N, and concluded that
eddies form through a combination of topographic steering,
vortex stretching and barotropic instability. In addition, the
authors mention that eddies can be generated upstream by
baroclinic instabilities that either grow or propagate into the area.
The off-shelf eddies that are considered in this study are
numerous both in the remotely sensed observations and model
results. The formation and evolution of these eddies have not, to
the best of our knowledge, been described before in conjunction
with primary production.
The studies of Johannessen et al. (1989) and Ikeda et al. (1989)
were based on a combination of in situ data, remote sensing
observations, and numerical ocean models. Here, altimetry
observations are used to identify anticyclonic eddies from positive
sea surface height (SSH) anomalies. Ocean color images are used
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Fig. 1. The observed anticyclone on the 23 May 2008 (a), and on the 29 May 2008 (b) from MERIS, expressed in terms of chla (mg m  3). Note that the color scales differ by a
factor of two. The solid black lines indicate the depth contours in the area, with a scaling of 100 m. (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

2. Materials and methods
A coupled physical-primary production model in a one-way
nested model system consisting of three model grids is used. All
three model conﬁgurations are created with the conformal
mapping tool by Bentsen et al. (1999). The models have identical
discretization in the vertical, with 23 layers of constant density.
2.1. Physical model
The physical model used is the Hybrid Coordinate Ocean
Model (HYCOM; Bleck, 2002), in a nested system consisting of
three model grids. The largest model domain (hereafter: COARSE)
covers the Arctic and Atlantic Oceans from 303 S. It is spun up from
1957, starting from the General Digital Environmental Model Data
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to infer chla concentrations, but unlike SSH data, the amount of
observations is limited by the rather persistent cloud cover over
the Norwegian Sea. Even when using seven-day mosaics, cloud
covered patches can be quite large. Nonetheless, chla concentrations can be observed during cloud-free conditions (Fig. 1).
Because of the difﬁculties of monitoring chla, many unanswered
questions about the development, patchiness, and duration of
phytoplankton blooms in the Norwegian Sea remain.
Previous work on the impact of eddies on marine organisms off
the Norwegain coast include Fossheim et al. (2005), Pedersen
et al. (2005) and Skarjhamar et al. (2007). These studies focus on
higher trophic levels, such as zooplankton and ﬁsh larvae from
in situ observations, and do not address phytoplankton in
particular. Several studies have explored the connection between
mesoscale activity and primary production, see e.g. Oschlies
(2002), McGillicuddy et al. (2007), and Benitez-Nelson et al.
(2007), but not with focus on high-latitude coastal areas.
In the following, the results from a numerical model along
with remote sensing observations is discussed in order to explore
the three-dimensional structure of anticyclonic eddies. The
marine life is rich in abundance and species in the Norwegian
Sea, and connections between primary production and mesoscale
dynamics might also provide knowledge relevant to higher
trophic levels (Olav Rune Godø, personal communication). Details
of the numerical model and remote sensing data are given in
Section 2. Results are described in Section 3, followed by
discussions and conclusions in Section 4.
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Fig. 2. The bathymetry in the model, every 200 m is shown. The circles indicate
the two locations, 1 and 2, for which eddies are discussed. The dashed lines display
the focus area for the study. The dash-dot line marks the section over which the
volume transport commented in the results section, is calculated.

Base climatology (GDEM; Teague et al., 1990), and the drift in
temperature and salinity is found to be negligible (Hansen and
Samuelsen, in preparation). COARSE provides physical and
biological nesting conditions for a 16 km resolution model grid
that covers the Norwegian Sea and the North Sea (hereafter:
MEDIUM). MEDIUM is initiated in 1990 from interpolated ﬁelds
from COARSE, and provides nesting conditions for the smallest
model grid (hereafter: HIGH). HIGH has a horizontal resolution of
4.5 km, and covers an area off the West coast of Norway from
603 N to 703 N (Fig. 2). It is initiated from interpolated ﬁelds from
MEDIUM in June 1994, and is run until January 1998.
In hybrid models, each layer has an assigned density called the
target density (Bleck, 2002). The target densities are given in s0 ,
i.e. in units of potential density referenced to the surface. The
upper ﬁve layers have been assigned with target densities from
0.1 to 0.5 s0 , to ensure sufﬁciently high z-resolution near the
surface and prevent a collapse of layers when adding river runoff
(Winther and Evensen, 2006). When the target density does not
exist in the water column, as will be the case with 0.1–0.5 s0 , the
layers automatically transfer to z-levels. The target densities in
the lower 18 layers ranges from 24.05 to 28.10 s0 . The z-level
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depth is deﬁned to be minimum 3.0 m with a stretching factor of
1.125. Thus, the ﬁrst layer thickness is 3.0 m, the next one 3.375 m
(layer thickness  stretching factor), etc.
Tides are included in MEDIUM, and are part of the nesting
conditions for HIGH. MEDIUM also has a barotropic port at the
entrance to the Baltic Sea, with a volume transport of 0.015 Sv
(1 Sverdrup ¼106 m3 s  1) into the North Sea. The synoptic forcing
used in all three models is 6-hourly ERA-40 ﬁelds with
1.1251  1.1251 resolution (Uppala et al., 2005), provided by the
European Centre for Medium-Range Weather Forecasts. COARSE
is run with a Mellor and Yamada (1982) 2.5 mixing scheme, while
HIGH and MEDIUM are run with a K-Proﬁle Parameterization
mixing scheme (Large et al., 1994). All three models are run with
climatologically river runoff, this includes nutrients for the major
rivers in the North Sea and Norwegian Sea. Institute of Marine
Research, Bergen, Norway, provided the river data as 20 years
time series. From these, monthly climatologically river runoffs
were calculated and used as input for the models. For the rivers
along the coast of the United Kingdom, the climatology was
calculated from the last ﬁve years only, because of known errors
in the observations (Morten Skogen, personal communication).
Wind stress in HYCOM is applied directly on the surface, based on
u- and v-wind velocities, read from the ERA40 ﬁelds.
MEDIUM and HIGH are run with a 4th order momentum
QUICK scheme (Holland et al., 1998; Webb et al., 1998), which
improves the realism of simulated mesoscale activity (Winther
et al., 2007).
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version of the Miami Isopycnic Coordinate Ocean Model (Karen
Assmann, personal communication).
2.3. Observations
The ocean color data originate from MERIS, an optical sensor
installed onboard the ESA satellite ENVISAT. The images are ﬁrst
geometrically corrected, then the chlorophyll concentrations are
retrieved by using a bio-optical semi-analytical algorithm developed by Pozdnyakov et al. (2005). The processed images are
available at hab.nersc.no, as one-day and seven-days composites.
The observations used in this study are the one-day composites,
with a spatial resolution of 1-by-1 km.
Altimetry data are provided by AVISO as weekly gridded sealevel anomaly maps (Ducet et al., 2000). The gridded maps are
merged from TOPEX/Poseidon, Jason-1, ERS-1/2, GFO, and ENVISAT. The horizontal resolution of the gridded data is 15–20 km,
implying that spatial scales of about 50 km can be resolved. The
weekly merged sea-level anomaly ﬁelds are temporal weighted
with a Gaussian function, which is centered on every Tuesday. For
the sake of simplicity all comparisons with model results have
been performed with daily ﬁelds from the day of centering. In
addition to the merged maps, along track data from Jason-1 are
used.

3. Results
3.1. High-resolution model

2.2. Primary production model
The primary production model used in this study is the
Norwegian Ecological Model System (NORWECOM; Skogen et al.,
1995; Skogen and Søiland, 1998). In this run eight components
are included; two phytoplankton classes (diatoms and ﬂagellates),
three nutrients (nitrate, silicate and phosphate), detritus, biogenic
silicate, and oxygen. It is coupled to the physical system through
mixing, advection and light. Surface irradiance is modiﬁed by the
synoptic cloud cover from the ERA-40 ﬁelds, and the self-shading
by the phytoplankton. Solar insolation is however climatological.
The primary production part of COARSE is initiated with
climatologically nutrient ﬁelds in January 1987 (Conkright et al.,
2002). Diatoms, detritus and ﬂagellates are initiated with
0.1 mg-N m  3, biogenic silica with 0.1 mg-Si m  3 and oxygen
with 4300 mg-O m  3. MEDIUM is initiated in January 1993 with
interpolated ﬁelds from COARSE. HIGH is initiated in June 1994,
with interpolated ﬁelds from MEDIUM. COARSE shows negligible
drift in the nutrients (Hansen and Samuelsen, in preparation), and
reaches a steady-state after three years of spin-up for the coupled
system. In addition, the coupled system in MEDIUM reaches
stability after one year, and due to this fast stabilization
six months of spin-up is found to be sufﬁcient for HIGH.
The primary production model was originally developed for
the North Sea, where the water clarity is lower than that in the
Norwegian Sea. The lower clarity in the North Sea is explained by
the high riverine input, which introduce compounds that causes
less clarity (Høyerslev et al., 1996). SeaWiFS data show that the
values in the Norwegian Sea during winter when chlorophyll
concentrations are low, are approximately 0.04–0.05 m  1. Therefore, the non-chlorophyll light attenuation coefﬁcient was
changed from 0.07 to 0.04 m  1. Otherwise, the parameterization
for the primary production model is kept identical to that of
Skogen and Søiland (1998) except the sinking rate of diatoms,
which is kept constant at 0.3 m day  1. The sinking routine is the
one used in the carbon cycle module of the Nansen/Bjerknes

Based on both remote sensing data and numerical results two
locations where anticyclonic eddies appear frequently have been
identiﬁed. These locations are shown in Fig. 2, and both are
associated with sharply curving isobaths. Location 1 is centered at
4:33 E, 63:53 N, and location 2 at 3:13 E, 64:53 N. The depths at
locations 1 and 2 are 1280 and 2069 m, respectively.
From the model results, it was noticed that meander formation
at the front between the NAC and NCC was developing during
southerly winds, and that eddies often were shed at the front
during shifts or decay in the wind ﬁelds. The mean and eddy
kinetic energy at location 1 in the period 1995–1997 was
positively correlated the wind in the north/south direction
(Table 1).
Eddies shed from meanders at the boundary between the NCC
and the NAC are typically 50–100 km in diameter (Mork, 1981),
while some mesoscale dynamics take place on smaller length
scales. Because the resolution of satellite altimetry data is
15–20 km, much of the mesoscale activity is ﬁltered out, leaving
only the larger scale features. The patchiness in ocean color
images often indicates mesoscale activity at smaller length scales
than those detected by satellite altimetry. The numerical results
Table 1
The correlation (correlation coefﬁcient r) between the weekly mean kinetic energy
(MKE) and the weekly eddy kinetic energy (EKE) at location 1 from HIGH and the
weekly wind speed and weekly wind in all directions for the period 1995–1997.
MKE

EKE

Wind speed

0:32**

0:41**

East wind

0:18*
0.13n.s.

0:24**
0.08n.s.

0:52**

0:48**

0:37**

0:31**

West wind
North wind
South wind

Here, ** means signiﬁcant for p o 0:01, * means signiﬁcant for p o 0:05 and n.s.
means not signiﬁcant.
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compared better to the higher resolution (1-by-1 km) ocean color
images, as these observations show much more mesoscale
activity. The numerical model sustained a rich eddy ﬁeld throughout the simulation years, however, the mesoscale features were
somewhat exaggerated (Table 2) compared to the altimetry
observations. It is possible that the model had too many eddies,
which were unrealistically circular and intense.
The model reproduced the large scale current features of the
region realistically, with the NCC ﬂowing north close to the coast,
and the inner branch of the NAC further offshore. The currents
followed the bathymetry closely, however, some degrees of
meandering were evident. Several eddies, both cyclonic and
anticyclonic, were seen in the velocity ﬁelds from HIGH (Fig. 3a),
the cyclonic eddies tended to be smaller in size and had less
intense velocities. This was also seen in the simulated relative
vorticity ﬁeld (Fig. 3b), where cyclonic features (positive vorticity)
were often elongated bands resulting from the current shear.
Anticyclones (negative vorticity) were more often isolated circular
features disconnected from the main ﬂow pattern.
The simulated anticyclone at location 1 (hereafter named A1)
grew from a meander to a detached eddy at the front between the
NAC and the NCC around March 15, 1995 (Fig. 4a–c). It was thus
bordered by two currents ﬂowing north, and surrounded by bands
of positive vorticity. A1 was long-lived, retaining a signature in
sea surface anomaly ﬁelds from HIGH of 5 to 15 cm for 110 days.
The horizontal diameter was 60 km, and the interior homogeneous water mass extended to about 500 m depth. A1 was
manifested as a depression of density surfaces throughout the
water column. Several additional eddies were formed from
Table 2
The number of anticylones and cyclones each year from the model and from the
merged sea level anomalies, at the two locations in the Norwegian Sea.

Simulated
Simulated
Simulated
Simulated

Observed
Observed
Observed
Observed

anticyclones at location 1
cyclones at location 1
anticyclones at location 2
cyclones at location 2

anticyclones at location 1
cyclones at location 1
anticyclones at location 2
cyclones at location 2

1995

1996

1997

7
8
7
7

9
9
6
3

12
5
2
5

3
4
3
5

5
2
5
4

7
4
4
6

meanders in the same area during the simulation period
1995–1997. A1 is interesting, as it supports an isolated phytoplankton bloom during the spring bloom in 1995. Consequently,
the focus will be on the characteristics and dynamics of A1, and its
associated primary production.
The simulated velocity of A1 was highest in the upper 150 m,
at the surface it reached 0.4 m s  1, with anticyclonic ﬂow traced
to 900 m depth. The horizontal shear between A1 and the surface
currents was large, 3  10  5 s  1. Vertical mixing was largest on
the eastern side, facing the boundary between NAC and NCC,
where Atlantic water upwelled from  300 m depth to the
surface. The enhanced mixing on the eastern side may also be
explained by the enhanced mixing from tides over the shelf break
(New and Pingree, 1990). A1 consisted of mixed coastal and
Atlantic water, and this made A1 less dense than the surrounding
water masses (Fig. 4d). The density of A1 changed by less than
0.06 kg m  3 in the four months it was present in the ﬁelds from
HIGH. During the ﬁrst days after its formation, the density
increased by 0.03 kg m  3, probably because saline Atlantic water
was entrained into the eddy.
From the day A1 detached from the meander (day 78) and
until day 140, the vertical structure of A1 looked like a bowl with
homogeneous water. A1 underwent a notable transformation
around day 140, when a density stratiﬁcation developed in the
upper 100 m of the eddy caused by warming of the upper layers of
the water mass by the sun. A1 was surrounded by fresher water,
which was advected around and over it during days 142–143. This
gave A1 the characteristics of an intra-thermocline eddy (ITE);
a lens of weakly stratiﬁed water with doming isopycnals above,
and concave isopycnals below (Fig. 5). A similar development is
described in Hogan and Hurlburt (2006), where an anticyclone
develops into the characteristic ITE by entrainment of warm,
saline water around the cap of the eddy, after a stratiﬁcation
has developed on top of it. The lens spanned 70 km horizontally
and 300 m vertically (at depths 100–400 m). Deﬁning properties
of ITEs include potential vorticity minimum within the eddy,
and maximum current speed in the interior surrounding the
eddy (Gordon et al., 2002). Although anticyclones are routinely
associated with central downwelling, both upwelling and
downwelling (both on the order of 10 m week  1) was found
within A1.
Toward the end of its lifetime A1 shoaled, and after 100 days
the depth was less than 200 m. It also moved into fresher water,
which caused a decrease in density, especially in the upper 50 m.

Fig. 3. Examples of (a) surface streamlines and (b) surface vorticity from the model, on 29 May 1995. The streamlines are very uniform toward Northwest due to strong
winds this day.
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Fig. 4. The formation of A1 for (a) day 72 (13 March), (b) day 75 (16 March) and (c) day 78 (19 March) expressed in terms of sea surface height anomalies (cm). (d) Shows
the density (kg m  3) in layer 10 in the model at day 78, overlaid with the sea surface height anomalies (cm) in solid black lines. A1 is the southernmost eddy labeled in
panels (b)–(d). Contour intervals are 2 cm.

In most cases, the simulated eddies at location 1 propagated
southwest, unless they interacted or merged with other anticyclones at location 2. The path of A1 is given in Fig. 6. After
staying in the same location for about two months, it moved east
toward shallow water due to wind forcing and interaction with
the western branch of the NAC. Finally, it moved south along the
bathymetry with a maximum propagation speed of 10 km day  1.

3.2. Inﬂuence on simulated primary production
The simulated spring bloom in HIGH started around day 120,
which is the end of April. Diatoms bloomed ﬁrst, followed by
ﬂagellates about one month later. The bloom started in south east
and then spread northwest, ﬁnishing ﬁrst in the NCC, and
lingering in areas with high mesoscale activity, for instance at
the front between NCC and NAC. The model has been compared to
observations from the International Council for the Exploration of
the Sea and the Institute of Marine Research, Bergen (IMR), most
of the nutrient and chlorophyll observations are collected by the
IMR. In 1995 there are roughly 4000 nutrient observations, and
3–4 times as many temperature and salinity observations. The
bloom was delayed by approximately 14 days compared to
the observations, likely because of too vigorous vertical mixing in
the model (Hansen and Samuelsen, in preparation). Only diatoms
were blooming at the same time as A1 existed. When the
ﬂagellate bloom was initiated, A1 was too weak to have any
impact on them.
Rey et al. (2007) report of nitrate levels of 4 11 mmol m3 in
the Svinøy section in winter in Atlantic waters, and 6–8 mmolN m  3 in coastal waters. These are results from January 1998, and
the interannual differences are possibly large. The model, in
comparison, shows values of 4–6 mmol-N m  3 in the coastal

water, whereas in the Atlantic waters it has values between 8 and
11.5 mmol-n m  3 in the same section. As is already mentioned,
the model has vigorous vertical mixing, hence the total primary
production in the model is higher ð  110 g  C m2 year1 Þ in the
Atlantic water compared to observations of primary production in
the area (  80 g  C m2 year1 Rey, 2004), due to continuous
renewal of nutrients in the euphotic zone. In the NCC on the
contrary, the total production is somewhat lower than observations, which reports of 90–120 g-C m  2 year  1 (Rey, 1981).
Unfortunately, the results from the model do not allow us to
calculate the primary production from this area, only the gross
production. By comparing the relationship between the gross
production in the area, it is noticed that the model has higher
primary production in the Atlantic water masses compared with
the primary production in the NCC, which is the opposite
compared to what the observations report of. This can be
explained by the low content of nutrients in the whole NCC
water mass, caused by the lack of resolution and riverine input in
the Skagerrak area (Fig. 7). In Hansen and Samuelsen (in
preparation) a thorough comparison of the model results and
observations has been performed, which shows that the model
reproduced all three nutrients very well, except for the
concentrations in the NCC. A1 was composed of both coastal
and Atlantic water, which resulted in it having a bit too low
nutrient concentrations compared to what might be the reality,
hence it will have a total primary production somewhat below
what would have been expected.
Phytoplankton blooms require shallow mixed layers, and
when the mixed layer depth had shoaled sufﬁciently for the
spring bloom to be initiated in the surrounding waters, the mixed
layer depth of A1 was still 350 m. The mixed layer within A1
remained too deep for another two weeks, then shoaled to
o 100 m depth when a density stratiﬁcation was established in

1084

C. Hansen et al. / Deep-Sea Research I 57 (2010) 1079–1091

Fig. 5. Modeled vertical sections showing the density (kg m  3) of A1 on day 93 (3 April) (a) and day 145 (25 May) (b).

the upper layers, i.e. when A1 progressed to an ITE. The
combination of the shallow upper mixed layer on top of the eddy
and sufﬁciently high nutrient levels, triggered a phytoplankton
bloom. The phytoplankton bloom started at the fringes of A1
(Fig. 8a). From the bloom started within the eddy around day 135,
the primary production was high in the upper 20 m. After roughly
eight days, around day 143, a deep maximum at 40–50 m
developed. This deep maximum production continued for about
a fortnight, before the bloom ended. The highest values within the
deep maximum were found in the center of the eddy (Fig. 9).
The simulated phytoplankton blooms at depth ended simultaneously in A1 and in the surrounding waters, and mixing at the
periphery of A1 did not seem strong enough to support a
prolonged bloom. Also, the doming of the upper layers in A1
was not strong enough to introduce further nutrients into the

euphotic zone. Primary production within A1 was comparable
to production in surrounding waters at depths 4 1000 m,
135 g-C m  2 from days 74 to 180, although the peak primary
production was 19% higher in A1 compared to the surroundings
(Fig. 10). As it was difﬁcult to deﬁne the exact location of the edge
of the eddy, the primary production in A1 might have been
underestimated.

3.3. Remotely sensed ocean color
The 17 May 2008 was a relatively cloud-free day, and ocean
color data revealed a patch of low chla at location 2 (Fig. 8c).
Altimetry data show that there is an anticyclone present at
location 2 from the beginning of May (hereafter AOBS). Clouds
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3.4. Satellite altimetry
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Fig. 6. The track of A1 from day 74 (15 March) to day 181 (30 June). The isobaths
show every 100 m.

Satellite altimetry observations showed an anticyclonic eddy
at location 1 with a diameter of 50 km from week two of April
until week three of June 1995 (Fig. 11b). The sea surface height
anomaly was 5 cm. It should be noted that the precision of
altimeters is 1–3 cm (Ducet et al., 2000). It was not possible to
track the propagation of the eddies using the weekly merged sealevel anomaly ﬁelds due to coarse resolution in time and space.
AOBS was visible in altimetry observations at location 2 from
the beginning of May 2008. It had a diameter of 50 km. The sea
surface height anomaly was around 8 cm, but a comparison with
track data from Jason-1 showed an anomaly of up to 15 cm when
the satellite passed right above the eddy. Daily merged maps were
available for this period, and the propagation of AOBS was tracked
for three weeks. It moved little during the ﬁrst two weeks, but
started to move south toward location 1 in week three. AOBS
merged with an anticyclone at location 1 in mid June (Fig. 12).
During the whole simulation period of HIGH, from 1995 to
1997, anticyclones were frequently observed in the altimetry
data.

4. Discussion
Both satellite data and model results showed that meanders
and eddies were ubiquitous along the continental shelf break off
the Norwegian coast, and that patterns of chla could be connected
to these features. In the following, possible processes that control
the formation and path of anticyclonic eddies in the focus area,
and links between eddy characteristics and primary production
are discussed.

4.1. The generation and path of the eddies

Fig. 7. Comparison between simulated and observed (a) nitrate, (b) phosphate and
(c) silicate in April 1995. Observations are marked as colored circles. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)

obstructed the view of location 2 during 18–20 and 22 May; on
21 May there was little sign of phytoplankton bloom in AOBS.
Then, on 23 May there was a spiraling pattern of high chla
concentration, with minimum concentration in the center of AOBS
(Figs. 1a and 8d). One week later, on 29 May, the phytoplankton
bloom spanned the whole eddy (Fig. 1b). The enhanced chla
concentration within AOBS was visible until 4 June.

There are several studies that explain aspects of coastal
currents over various sloping bathymetry conﬁgurations.
Cenedese and Linden (2002) performed experiments with a
rotating annulus using different idealized bottom types, and
found that large amplitude instabilities required a topographic
step (continental ridge), either by itself or in combination with a
topographic slope. They also found that instabilities formed over a
topographic slope alone were suppressed. Reszka and Swaters
(2004) numerically simulated buoyant coastal currents considering the effects of different bathymetry, and found that a general
criterion of instabilities is bottom topography sloping in the
opposite sense compared to isopycnals in the front.
The results from HIGH are consistent with both the above
results, as the bathymetry in the offshore direction at location 1 is
very similar to the continental ridge case in Cenedese and Linden
(2002), and the isopycnals slope upward in the opposite direction
to the bottom topography, as in Reszka and Swaters (2004). This
can explain why model results frequently show meanders and
eddies developing at location 1.
In addition to the effect of the bottom topography, the results
indicate that shifts in the wind in south/north direction have an
inﬂuence on meander and eddy formation. The meanders develop
during episodes of southeasterly wind, and the eddies are usually
shed during shifts/decay in the wind ﬁelds. The correlations given
in Table 1 support that the mean and eddy kinetic energy at
location 1 is more dependent on the north/south wind. Links
between the variability in the NCC and the wind have previously
been discussed in Mork (1981). The author speculated that
changes in the wind forcing trigger perturbations in the mean
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Fig. 8. Phytoplankton bloom development in anticyclone, (a) and (b) from the model (mg-Chla m  3) and (c) and (d) from MERIS (mg-chla  3). The anticyclones from the
observations and from the model show the same development, by ﬁrst having no bloom at all, and then having an isolated bloom captured in the eddy. The diatom
concentrations from the model are a mean over the upper 10 m.

ﬂow, which grow to meanders and eddies due to baroclinic
instability and bathymetry effects.
Mork (1981) also found a connection between northwesterly
winds and maximum volume transport, contrary to Ekman
theory, but consistent with larger scale cyclonic circulation
resulting from northwesterly winds. Mork (1981) mentions,
however, that Pingree and Grifﬁths (1980) attributed maximum
transport to southwesterly winds. In HIGH, no correlations
between the volume transport and the wind were found at a
weekly timescale, where the correlations between the mean and
eddy kinetic energy and the wind forcing were found (Table 1).
A meander in the ﬂow increases the length of the boundary
between the fresh NCC and the denser offshore water, promoting
mixing in the area. The initial formation stage of A1 is therefore
seen as an offshore intrusion of intermediate-density water
(Fig. 4d), which subsequently becomes a coherent anticyclone.
Both Ikeda et al. (1989) and Johannessen et al. (1989) stress that
baroclinic effects are more important than barotropic effects in
anticyclones. The results from HIGH corroborate these ﬁndings, as
the baroclinic velocity component was larger compared to the
barotropic component.
The propagation direction of A1 was initially southeastward
for 26 days, and during this time A1 moved into slightly shallower
water. This motion is contrary to both Cenedese and Linden
(2002), who ﬁnd that anticyclones propagate westward, and Nof
(1983), who predicts propagation along isobaths with shallower
depths to the right. A1 then moved west for 23 days, in closer
accordance with the laboratory experiments of Cenedese and
Whitehead (2000), but contrary to the prediction of an eddy
propagation steered by bottom topography (Nof, 1983). An
example of the southward propagation is seen in the altimeter
observations of AOBS in May 2008 (Fig. 12). It has previously been
assumed that eddies in the area are advected by strong, northward ﬂowing surface currents (Pedersen et al., 2005). However,
eddies at location 1 detached from the meander some distance
from the front in the comparatively quiescent Atlantic water

masses. Still, the seemingly random drift of A1 can only be a result
of advection by the variable currents in the area, the wind forcing,
and interaction with other eddies.
A1 is stationary for weeks at a location where the bottom slope
vanishes and the theory predicts purely westward eddy drift (Nof,
1983; Cushman-Roisin et al., 1990). However, the NAC ﬂows
eastward here, such that the advective forces can balance the
inherent eddy drift and eventually, through the added force from
northwesterly winds, push the eddies eastward.
After a density stratiﬁcation has developed in the upper layers,
A1 evolves into an ITE with characteristics described in Section
3.1. ITEs have previously been observed in the Japan/East Sea by
Gordon et al. (2002). Later, Hogan and Hurlburt (2006) identiﬁed
three formation mechanisms of ITEs in the Japan/East Sea based
on HYCOM simulations: (1) advection of stratiﬁed water above a
pre-existing anticyclone, (2) restratiﬁcation of the upper
layers, for example due to spring and summer heating, and
(3) subduction of water beneath a front.
Spall (1995), Ou and Gordon (2002) and Thomas (2008) all
focus on ITE formation mechanisms involving subduction of a
water mass with low potential vorticity into interior stratiﬁed
layers. The proposed subduction processes in the papers differ,
however. Spall (1995) and Thomas (2008) argue that frontal
instabilities drive vertical motions that subduct low-PV water,
whereas Ou and Gordon (2002) describe how a balance between
advective and diffusive PV ﬂuxes leads to subduction when the
thermocline outcrops in a warmer mixed layer. Common in all
papers is the formation of an interior lens-shaped anticyclonic
eddy.
The subduction process is of minor importance for the
simulated eddies at location 1, as A1 was initially composed of
nearly homogeneous water from the surface and downward. Only
later does it develop into an ITE, as a result of the spring and
summer heating of the Norwegian Sea that created an upper
stratiﬁcation, in addition to entrainment of fresher warmer water,
which contributed to the doming of the upper part. Although ITEs

C. Hansen et al. / Deep-Sea Research I 57 (2010) 1079–1091

1087

Fig. 9. The modeled vertical sections of (a) diatom and (b) nitrate concentrations (mg-N m  3) at day 148 (28 May) in 1995. Note the different vertical scales.

are connected to upwelling of nutrients, and hence upward
vertical velocities within the eddy (McGillicuddy et al., 2007), the
vertical velocities within A1 indicated both downwelling and
upwelling (on the order of 10 m week  1).

4.2. The impact of eddies on primary production
Phytoplankton patchiness in the ocean has been discussed for
decades, ever since the ﬁrst ocean color images revealed a chaotic
pattern of phytoplankton in the oceans. Chla patchiness has been
shown to have a close connection to mesoscale activity (Kahru
et al., 2007; Wilson and Adamec, 2001), and there is general

agreement that mesoscale activity enhances primary production
in the oceans (Falkowski et al., 1991; Oschlies and Garc- on, 1998;
McGillicuddy et al., 2003), but to what extent is still unclear.
McGillicuddy et al. (2007) used both satellite altimetry data
and in situ observations to compare biological production within
different eddies in the Atlantic Ocean. They found large concentrations of biomass at depth within ITEs compared to cyclonic
eddies, although both types are associated with upwelling. This
was attributed to wind effects, because uniform wind blowing
over an anticyclone gave rise to differential stress on either side of
the eddy, thereby creating a divergence in the eddy center. The
resulting upwelling velocity was between 0.1 and 1.6 m day  1. In
a comment to McGillicuddy et al. (2003), Mahadevan et al. (2008)
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suggests an alternative mechanism for upwelling nutrients, where
submesoscale processes and nonlinear Ekman transport can lead
to intense upwelling and biological production along the fringes

of an anticyclone. Phytoplankton is then advected toward the
center of the eddy.
Both mechanisms described above might be relevant to
primary production in AOBS, because of the transition from
‘regular’ anticyclone to an ITE. In the ocean color data from the
23 May 2008, the spiraling bands of high chla that are
characteristic of anticyclones, were evident. The spiraling bands
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are possibly caused by advection of phytoplankton from the
periphery, a process that is discussed in Lehahn et al. (2007). In
anticyclones, the center of the eddy is characterized by a chla
minimum, but with time this may change to a maximum due to a
build-up of old phytoplankton (Mahadevan et al., 2008) advected
towards the eddy center from the periphery.
After May 29, the chla pattern in AOBS changed, as there was
then high chla concentration in the eddy center (Fig. 1b)
compared to the periphery and surrounding waters. At this time,
AOBS resembled the simulated A1 from HIGH. The phytoplankton
bloom in the waters surrounding AOBS was earlier than within
the eddy, and the maximum concentration of chla in the spiraling
patters within the eddy was half the chla concentration it had
obtained at this date. Thus, this maximum chla concentration
within the eddy was probably not caused by advection alone, as
HIGH did not capture the radial bands of chla.
The horizontal resolution of the numerical model was not
sufﬁciently high to simulate the chla bands, as it is 2–3 times
lower than the Rossby radius in the area, which roughly varies
between 8 and 12 km. Hence, it will not be able to catch all the
mesoscale activity. Increasing the resolution of HIGH such that it
is able to simulate the chla bands means multiplying the number
of grid cells by approximately 16. Unfortunately, this is not
possible due to the computational costs, as it would mean one
month of wall time to model one year. Still, A1 has a diameter of
60 km, which gives at least 10 grid points across, which should be
sufﬁcient to discuss this eddy. The lack of resolution will possibly
have an inﬂuence on the total primary production within A1,
which without this feature probably will be somewhat lower than
with.
Unfortunately, there is a time lag between the satellite images
and the model simulations. Although altimetry observations show
that there is an anticyclone present at location 1 at the same time
as A1 is present at location 1 in HIGH, it does not necessarily mean
that HIGH has reconstructed the correct process. We do believe,
given the time of the year, that these two incidents has been
similar, and that we can use the results from HIGH and the
satellite images together, although with some considerations.
The development of a shallow upper mixed layer on top of A1,
in combination with sufﬁciently high levels of nutrients for the
phytoplankton to grow, triggered an isolated phytoplankton
bloom within the eddy. The similarities between the chla pattern
in the observed AOBS and the simulated A1 indicate that the same
happened in AOBS.
Ledwell et al. (2008) report of a high chla maximum observed
in the center of an ITE in the subtropical North Atlantic. The
simulated deep chla maximum seen in A1 resembles much
the one found in Ledwell et al. (2008), as it had the same patchy
shape and was located in the center of the eddy. Still, it did not
last any longer or have a higher concentration than the deep chla
maximum in the surrounding water mass contrary to the chla
maximum observed in Ledwell et al. (2008). In HYCOM, the ocean
surface velocity is not included in the computation of the wind
stress. This is, according to Ledwell et al. (2008), needed to get the
sufﬁcient upwelling in the eddy. Hence, the model will not be able
to simulate a possible prolonged deep chla concentration. On
the other hand, there are several differences as to the location of
the ITE in Ledwell et al. (2008) and the one described here. In the
Norwegian Sea, the deep mixed layer during winter will introduce
high levels of nutrients in the euphotic zone, and there is no
permanent thermocline there. The doming of the ITE has to be
stronger than seen in A1, especially toward the end of the spring
bloom, to get a signiﬁcant inﬂuence on the length of the
phytoplankton bloom. Without in situ observations, we cannot
comment on the length of a deep chla concentration in AOBS, as
the ocean color images only sees the upper layers of the ocean.
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Anticyclones generally have no or a negative effect on the total
primary production, whereas an ITE may have a positive effect
(McGillicuddy et al., 1998, 2007; Mahadevan et al., 2008). When
comparing primary production within A1 to the surrounding
waters, it is noticed that the peak primary production within A1
was about 19% higher compared to that of the surrounding
waters. The difference in the peak primary production can be
explained by raised temperature during the two weeks that
passed from the peak production outside to inside the eddy, in
combination with less wind in the period when the primary
production within the eddy reached its peak. No discernible
inﬂuence of A1 on the total production (sum of the primary
production over the 110 days the eddy was visible) can be seen.
However, HIGH had lower nutrient concentration in the NCC
compared to observations (Hansen and Samuelsen, in preparation), which led to too low concentration within A1 than in the
surrounding water. This possibly had a negative effect on the
primary production, which might have been larger than in the
surrounding waters if the nutrient concentration in the NCC had
been higher. Similarly, AOBS might have supported a larger
interior bloom compared to its surroundings, as there was high
production at the periphery before the central bloom was
triggered. The doming upper layers of ITEs can introduce more
nutrients into the euphotic layer, which have a positive effect on
the primary production (McGillicuddy et al., 1998). In this study,
though, this effect was not clearly depicted in the model, as the
doming of the upper part of the ITE was rather shallow in addition
to the model showing both up- and downwelling in the center of
the eddy.
Due to the timing of A1, only the diatoms were affected by it.
Without in situ observations, which phytoplankton group that
formed the bloom in AOBS cannot be decided, but in previous
studies it has been shown that the larger phytoplankton classes,
often diatoms, dominate the bloom within eddies (Lima et al.,
2002; Benitez-Nelson et al., 2007; McNeil et al., 1999). It is still
uncertain what the effects, if any, would be if anticyclonic eddies
or ITEs had been present during the ﬂagellate bloom.

5. Conclusions
It is shown here that meanders form in the frontal area
between the NCC and NAC at speciﬁc locations that are associated
with a gentle inshore topographic slope and a steep offshore drop.
The appearance of meanders in the ﬂow ﬁeld correlates with
shifts in the wind direction. The growing meanders may
eventually detach from the main ﬂow as anticyclonic eddies
consisting of intermediate-density water due to frontal mixing of
Atlantic and coastal water. During spring and summer, a surface
density stratiﬁcation develops, and the anticyclones acquire the
characteristics of ITEs. The eddies were seen both in remote
sensing observations and the numerical model.
Anticyclones are usually connected to low chla concentrations,
however, ocean color images from the Norwegian Sea show
anticyclones with high chla concentrations within compared to
the surrounding water masses. Model simulations show that the
isolated phytoplankton bloom is caused by the transformation of
the anticyclone into an ITE, due to warming by the sun and
advection of fresh water into and over the eddy. Due to the
description of the wind stress in the model, the upwelling in the
simulated ITE is weak, hence we cannot conclude that it creates a
long lasting deep chla maximum, although this is possible. The
model does not catch the radial bands of chla concentrations
shown in the ocean color images, but these are probably due to
advection of phytoplankton toward the center of the eddy.
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In the Norwegian Sea, ocean color images are sparse due to a
frequent cloud cover, and even the seven days composites can
contain large patches of missing data. A combination of ocean
color images, altimetry data, and results from a coupled physicalprimary production numerical model have given additional
information about the development of the phytoplankton bloom
coincident with the presence of anticyclonic eddies. Some
features were not adequately simulated in the numerical model,
perhaps the most important of these were the spiraling patterns
of chla seen in the ocean color images, which are also a reﬂection
of submesoscale dynamics. Increased resolution might improve
the results, but it does not guarantee that the model reproduces
mesoscale activity correctly. Including data assimilation in the
model would also improve the timing and location of the eddies,
but higher resolution altimetry data would then be required.

Acknowledgments
This work was funded by a private donation from Trond Mohn
A/S. We thank the Norwegian Supercomputing Project (NOTUR)
for a grant of CPU time, number nn2993k, and H. Drange, L.
Bertino, D. L. Aksnes and J. A. Johannessen for useful comments on
the manuscript. The www.hab.nersc.no website is provided under
the ESA GMES MarCoast Consortium and the Norwegian SatOcean
programme. The Jason-1 track data was provided by AVISO.
References
Benitez-Nelson, C., Bidigare, R., Dickey, T., Landry, M., Leonard, C., Brown, S., Nencioli,
F., Rii, M., Maiti, K., Becker, J., Bibby, T., Black, W., Cai, W.-J., Carlson, C., Chen, F.,
Kuwahara, V., Mahaffey, C., McAndrew, P., Quay, P., Rappé, M., Selph, K., Simmons,
M., Yang, E., 2007. Mesoscale eddies drive increased silica export in the
subtropical Paciﬁc Ocean. Science 316. doi:10.1126/science.1136221.
Bentsen, M., Evensen, G., Drange, H., Jenkins, A.D., 1999. Coordinate transformation
on a sphere using conformal mapping. Mon. Weather Rev. 127, 2733–2740.
Bleck, R., 2002. An oceanic general circulation model framed in hybrid isopycniccartesian coordinates. Ocean Modell. 4, 55–88.
Cenedese, C., Linden, P.F., 2002. Stability of a buoyancy-driven coastal current at
the shelf break. J. Fluid Mech. 452, 97–121.
Cenedese, C., Whitehead, J., 2000. Eddy-shedding from a boundary current around
a cape over a sloping bottom. J. Phys. Oceanogr. 30, 1514–1531.
Conkright, M., Antonov, I., Baranova, O., Boyer, T., Garcia, H., Gelfeld, R., Johnson, D.,
Locarnini, R., Murphy, P., O’Brien, T., Smolyar, I., Stephens, C., 2002. World
Ocean Database Volume 1: Introduction. U.S. Government Printing Ofﬁce,
Washington, DC.
Cushman-Roisin, B., Chassignet, E.P., Benyang, T., 1990. Westward motion of
mesoscale eddies. J. Phys. Oceanogr. 20 (5), 758–768.
Ducet, N., Traon, P., Reverdin, G., 2000. Global high-resolution mapping of ocean
circulation from TOPEX/Poseidon and ERS-1 and -2. J. Geophys. Res. 105,
19477–19498.
Falkowski, P., Ziemann, D., Kolber, Z., Bienfang, P., 1991. Role of eddy pumping in
enhancing primary production in the ocean. Nature 352, 55–58.
Fossheim, M., Zhou, M., Tande, K., Pedersen, O.-P., Zhu, Y., Edvardsen, A., 2005.
Interactions between biological and environmental structures along the coast
of Norway. Mar. Ecol. Prog. Ser. 300, 147–158.
Gordon, A., Giulivi, C., Lee, C., Bower, A., Talley, L., 2002. Japan/East Sea intrathermocline eddies. J. Phys. Oceanogr. 32 doi:10.1175/1520-0485(2002)032
/1960:JESIES 2.0.CO;2.
Hansen, C., Samuelsen, A., in preparation. Interannual variability of the primary
production in the Norwegian Sea: relation to the NAO in a numerical model.
Hogan, P., Hurlburt, H., 2006. Why do intrathermocline eddies form in the Japan/
East Sea. Oceanography 19, 134–143.
Holland, W., Chow, J., Bryan, F., 1998. Application of a third-order upwind scheme
in the NCAR ocean model. J. Clim. 11, 1487–1493.
Høyerslev, N., Holt, N., Aarup, T., 1996. Optical measurements in the North SeaBaltic Sea transition zone. i. On the origin of the deep water in the Kattegat.
Cont. Shelf Res. 16, 1329–1342.
Ikeda, M., Johannessen, J., Lygre, K., Sandven, S., 1989. A process study of mesoscale
meanders and eddies in the Norwegian Coastal Current. J. Phys. Oceanogr. 19,
20–35.
Johannessen, J., Svendsen, E., Sandven, S., Johannessen, O., Lygre, K., 1989. Threedimensional structure of mesoscale eddies in the Norwegian Coastal Current.
J. Phys. Oceanogr. 19, 3–19.
Kahru, M., Fiedler, P., Gille, S., Manzano, M., Mitchell, G., 2007. Sea level anomalies
control phytoplankton biomass in the Costa Rica Dome area. Geophys. Res.
Lett. 34. doi:10.1029/2007GL031631.

Large, W., Mcwilliams, J., Doney, S., 1994. Oceanic vertical mixing: a review and a
model with a nonlocal boundary-layer parameterization. Rev. Geophys. 32,
363–403.
Ledwell, J., McGillicuddy Jr., D., Anderson, L., 2008. Nutrient ﬂux into an intense
deep chlorophyll layer in a mode-water eddy. Deep-Sea Res. II 55. doi:10.1016/
j.dsr2.2008.02.005.
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