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ABSTRACT
The distribution of surface eddy kinetic energy (EKE) depicts main oceanic surface circulation features.
The interannual variability of EKE and associated geostrophic velocity anomalies in the North Atlantic
Ocean were analyzed to describe the variations in oceanic currents between 1993 and 2002. The sea level
anomaly maps of the combined TOPEX/Poseidon ⫹ ERS-1/2 and TOPEX/Poseidon-alone satellite altimetry data were used to derive EKE. The study focused on the areas of the Gulf Stream extension (GS),
North Atlantic Current (NAC), Azores Current (AC), and the northeastern (Rockall Channel and Iceland
Basin) and northwestern (Irminger Basin and Labrador Sea) North Atlantic. The interannual variability of
the altimetry-derived EKE field in the GS extension area reflected the meridional displacements of the GS
core described in earlier studies. The interannual change of EKE in the AC was characterized by high values
in 1993–95 followed by lower EKE in subsequent years. The interannual variability of EKE in the NAC area
west of the Mid-Atlantic Ridge exhibited an out-of-phase change between the band centered at ⬃47°N and
two bands on either side centered at ⬃43° and ⬃50°N. In the Rockall Channel the geostrophic velocity
anomalies indicated an intensified northeastward flow in 1993–95 followed by a relaxation in 1996–2000.
The EKE band associated with the NAC branch in the Iceland Basin was found to be extended farther west
after 1996, possibly following the North Atlantic Oscillation (NAO)-induced shift of the subpolar front. A
rise of EKE was observed in the Irminger Basin from 1995 to 1999. This rise may have been associated with
large anticyclonic geostrophic velocity anomalies, which indicated significant weakening of the cyclonic
circulation in the Irminger Basin after 1996, and/or with possibly intensified eddy generation mechanisms
due to the NAO-induced approach of the subpolar front. The interannual change of EKE in the Labrador
Sea did not appear to always follow the atmospheric forcing expressed by NAO. Therefore other eddy
generation mechanisms in the Labrador Sea can be important.

1. Introduction
Satellite altimetry provides an efficient tool to study
oceanic circulation (for detailed information about the
possibilities of satellite altimetry, see Fu and Cazenave
2001). Ocean currents can be decomposed in a mean
geostrophic flow, a mesoscale eddy component, which
is also assumed to be in geostrophic balance, and the
nongeostrophic Ekman drift, produced by the varying
wind forcing. It is not now feasible to derive absolute
gesotrophic circulation from the altimetry data, because present geoid models are not accurate enough to
estimate dynamic topography except at very long wave-
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lengths. Therefore, only the eddy geostrophic velocities, or geostrophic velocity anomalies, can be determined from the altimetric sea level anomaly (SLA)
data, where long-term mean sea level is taken as a reference zero-level.
In the absence of the absolute geostrophic velocity
estimates, the present research assumes a possibility to
study the large-scale oceanic circulation and its variability using eddy kinetic energy (EKE). This assumption
relies on the fact that, because of the eddy generation
mechanisms, the largest EKE is concentrated along the
main oceanic frontal zones associated with major currents (Richardson 1983; Krauss and Käse 1984). The
EKE receives contribution from mesoscale vortices,
Rossby and Kelvin waves, and temporal variations of
the large-scale current pattern. Therefore, it is likely
that the variations of EKE reflect the spatial and temporal changes in the location and intensity of the currents (Heywood et al. 1994; White and Heywood 1995).
This study focused on the 30°–65°N, 5°–65°W sector
of the North Atlantic Ocean (Fig. 1). The surface circulation in the investigated sector of the Northern At-
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FIG. 1. The investigated sector of the North Atlantic Ocean with plotted bottom topography, which is drawn every 1000 m, and surface circulation. The right-tilted shading indicates
the area where the warm waters of the North Atlantic Current flow toward the north. The
left-tilted shading represents a part of the subtropical anticyclonic gyre (adapted from Krauss
1986). Abbreviations used: GS, Gulf Stream extension; NAC, North Atlantic Current; AC,
Azores Current; IC, Irminger Current; WGC, West Greenland Current; EGC, East Greenland Current; LC, Labrador Current; RC, Rockall Channel; RHP, Rockall Hatton Plateau;
SENR, South East Newfoundland Ridge; FC, Flemish Cap; IcB, Iceland Basin; and IrB,
Irminger Basin.

lantic is governed by the Gulf Stream (GS) in the west,
the Azores Current (AC) in the south at about 33°–
35°N, and the North Atlantic Current (NAC), which
separates the anticyclonic subtropical and cyclonic subpolar gyres. The GS extension south of the Grand
Banks, encompassed by the region studied here, represents a highly variable meandering jet characterized by
intensive eddy activity (Rossby 1996; Käse and Krauss
1996). Position of the GS in this area has manifested
seasonal and interannual meridional shifts (Ionov et al.
1986; Kelly et al. 1999; Reverdin et al. 2003). After
crossing the Southeast Newfoundland Ridge, the GS
divides into two branches: the southern branch creates
the AC flowing to the east and the northern branch
becomes the NAC.
The AC has been observed by shipborne measurements (Sy 1988; Klein and Siedler 1989), drifters (Fratantoni 2001; Reverdin et al. 2003), and satellite altimetry (e.g., Tokmakian and Challenor 1993). It is less
manifested than the NAC because of the fact that the
Azores front is much weaker than the subpolar front
(Käse and Krauss 1996). The classical picture of the
NAC and its branches presented by Dietrich et al.
(1975) was lately reviewed by Krauss (1986) and Krauss
et al. (1987). Based on the trajectories of satellite-

tracked buoys and hydrographic sections, the NAC was
described as a superposition of a broad west wind drift
and a frontal jet in the western part of the North Atlantic (Fig. 1). Krauss et al. (1987) stated that nonpermanent jets appear between the Azores and subpolar
fronts as a transient phenomenon related to the eddy
field between the Mid-Atlantic Ridge (MAR) and
Grand Banks. According to Sy (1988), west of the
MAR, the NAC divides into a part that is fixed to the
permanent subpolar front and into one or more transient current branches between the front and 45°N.
From previous studies, the NAC proved to be the
main source of EKE for the northern North Atlantic
(Krauss and Käse 1984). Although there have been
many studies dedicated to the North Atlantic Ocean,
and to the NAC in particular, some disputes regarding
branching of currents, their preferred paths, etc., still
remain actual. A large number of investigations have
been devoted to the EKE distribution, derived basically
from satellite-tracked drifter measurements and in the
recent time from satellite altimetry (e.g., Wyrtki et al.
1976; Richardson 1983; Menard 1983; Krauss and Käse
1984; Heywood et al. 1994; White and Heywood 1995;
Fratantoni 2001; Reverdin et al. 2003). However, so far
there is little information available about the variability
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of the EKE field, especially interannual, which is
closely related to the variability of currents. This lack of
knowledge is mainly caused by the irregularity and
poor spatial resolution of shipborne and drifter surveys.
The advent of satellite altimetry has facilitated the
study of oceanic variability in time and space, especially
following the launch of the Ocean Topography Experiment (TOPEX)/Poseidon (T/P) mission in October
1992 (Fu et al. 1994).
The study of the seasonal variations in EKE field can
help to understand whether the direct atmospheric
forcing by fluctuating winds, which is usually stronger
during winter, and the seasonal variability of density
structure can be effective mechanisms for generating
much of the observed oceanic mesoscale variability.
While a wind-induced barotropic variability of O(1
cm2 s⫺2) constitutes a significant fraction of total EKE
in the deep ocean, it appeared to be of minor importance in the surface layer (Stammer and Böning 1996,
1999). Studying four years of T/P data, Stammer and
Wunsch (1999) showed that over most of the mid- and
low-latitude oceans and along major oceanic fronts,
seasonal variations of EKE are negligible. Thus, the
major source of the near-surface eddy activity is attributed to the baroclinic and barotropic instability of major oceanic flows. However, seasonally varying EKE is
observed in some regions with high wind energy, notably in the northeastern Pacific and in the northern
North Atlantic (Stammer and Wunsch 1999). White
and Heywood (1995) described the seasonal differences
in EKE in the northern North Atlantic and related
them to the varying wind forcing.
Heywood et al. (1994) and then White and Heywood
(1995), using data from T/P (October 1992–September
1994) and preceding Geosat (December 1987–
December 1988) and the first European Remote Sensing Satellite (ERS-1) (May 1992–April 1993) altimetry
missions, showed that the EKE field in the North Atlantic manifests changes at interannual time scales.
Their studies confirmed a close relationship between
EKE and mean currents, constrained by topography
(Heywood et al. 1994), and suggested that outside the
strong currents in the subpolar gyre, eddies are primarily driven by wind stress (White and Heywood 1995).
Since that time the accurate T/P data have been obtained for about 10 yr. These data are constantly being
updated because of the successful continuation of the
T/P mission and the start of the Jason-1 mission in October 2001 as a successor of T/P. This paper aims to
describe the interannual variability of EKE in the
North Atlantic Ocean (30°–65°N, 5°–65°W) as it appeared in satellite altimetry data from October 1992 to
February 2002. The horizontal displacements of major
currents and changes of their intensity are expected to
be reflected in the spatial and temporal variations of
the EKE field. Special emphasis is given to regional
studies: to the high variability GS extension and the
NAC areas west of the MAR, to the relatively lower
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variability AC, and to the northeastern (Rockall Channel and Iceland Basin) and northwestern (Irminger Basin and Labrador Sea) parts of the North Atlantic
Ocean. The surface circulation changes depicted by the
varying EKE distribution are compared with the North
Atlantic Oscillation (NAO). The NAO is a filtered simplification of the atmospheric forcing with an emphasis
on the zonal winds expressed by the NAO index (for
detailed information about the NAO see Hurrell 2003).
The subsequent information is organized as follows.
In section 2, the altimeter data used and the calculation
of EKE are described. The observational results of the
study are presented in section 3, where the mesoscale
sea level change, mean EKE field and its comparison
with the hydrographic observations, and the interannual variability of EKE in several regions are discussed
in detail. Section 4 reviews main conclusions of the
study.

2. Data and method
The SLA data used in this study are the combined
TOPEX/Poseidon ⫹ ERS-1/2 (henceforth T/P ⫹ ERS)
and TOPEX/Poseidon (henceforth T/P) alone from 14
October 1992 to 13 February 2002. The SLA data (x, y,
t) are mapped on a 1/3° Mercator projection grid. This
implies that zonal (⌬x) and meridional (⌬y) distances
between the corners of a grid square remain identical
(⌬x ⫽ ⌬y) and vary with the cosine of latitude (e.g.,
from 37 km at the equator to 18.5 km at 60°N/S). Thus
the spatial resolution increases with latitude. There is
one map every 7 days. The combined T/P ⫹ ERS data
when compared with T/P data alone have a better spatial coverage and thus provide more homogeneous and
reduced mapping errors and more realistic sea level and
geostrophic velocity statistics (Ducet et al. 2000).
Hence, it is expected that most of the ocean eddy energy will be conserved in the combined data. However,
there are no combined T/P ⫹ ERS-1 maps available
between January 1994 and March 1995 (ERS-1 ice
monitoring and geodetic missions) and the T/P-alone
data are used to fill this gap.
The data are corrected for instrumental errors, environmental perturbations (wet tropospheric, dry tropospheric, and ionospheric effects), ocean wave influence
(sea state bias), tidal influence (most recent GOT99
tidal correction), and inverse barometer effect corrected with a variable mean pressure (Dorandeu and
Le Traon 1999). Tidal and inverse barometer corrections for ERS-1/2 are made to be homogenous with T/P.
The ERS-1/2 orbit is globally adjusted to the more precise T/P orbit (Le Traon and Ogor 1998). The SLA data
are obtained relative to a 7-yr mean (January 1993–
January 1999) and a specific processing is performed to
get an ERS-1/2 mean consistent with T/P mean
(SSALTO/DUACS 2001). The grid points affected by
the seasonal occurrence of ice were left out of consideration.
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As has already been mentioned, the eddy field is
considered to be in geostrophic balance, so that it is
possible to compute surface eddy velocities u⬘ and ⬘
from the SLA data using the geostrophic relation. In
this case a 7-yr mean sea surface height is a reference
zero level. The Mercator projection grid provides a
convenient tool for computing the geostrophic velocities. Apart from the along track analysis, where both u⬘
and ⬘ geostrophic components are evaluated only at
crossovers or by assumption of isotropic velocity variance (Menard 1983), on the Mercator grid it is possible
to compute both u⬘ and ⬘ components using SLA differences between diagonally neighboring grid points.
The geostrophic velocity anomalies were used to monitor the relative changes of the annual mean surface
circulation from year to year.
Following Menard (1983), the surface EKE is estimated as one-half of the sum of the squared eddy velocity components averaged over N weeks (since there
is one map every 7 days):
EKE ⫽

1
2N

t⫹N⫺1

兺

关共u⬘兲2 ⫹ 共⬘兲2兴.

共1兲

t⫽1

The averaging in (1) was performed using moving averages for N ⫽ 53 to reveal the interannual change and
for N ⫽ 5 to resolve the seasonal signal.
The EKE values calculated from the combined T/P ⫹
ERS data were compared with those derived from the
T/P-alone dataset in order to assess the discrepancy
imposed by the different spatial resolution. The largest
absolute difference between both data sets was observed along the major currents where variability is
largest: the GS, the NAC, and the AC (not shown). The
largest relative difference (taking into account the magnitude of EKE) is observed mainly in the low-variability eastern North Atlantic and in the NAC area east
of the Grand Banks. Here, the T/P-derived EKE constitutes from 40%–90% of the T/P ⫹ ERS-derived
EKE. The minimum percentage is located at the centers of the T/P intertrack spaces (“diamonds”). Along
the GS extension the T/P-derived EKE generally
makes up 70%–100% of the T/P ⫹ ERS values except
at some diamonds, where it varies from 40%–70%. This
discrepancy is caused by the large T/P intertrack distances at low latitudes and it tends to increase toward
the lower variability eastern North Atlantic. In the
north, where the tracks of T/P get closer, the agreement
between two EKE estimates is fairly good. The T/P
data make up 70%–100% of the EKE derived from the
T/P ⫹ ERS data north of 53°N. Thus, this comparison
showed to what degree the T/P-alone data underestimate mesoscale variability and how this underestimation is distributed over the North Atlantic. Hence, one
has to be careful when interpreting the time series of
EKE. It is necessary to bear in mind that the magnitude
of EKE in 1994 and 1995 is underestimated relative to
the T/P ⫹ ERS-derived values. In the following analysis
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of EKE variability, when a more accurate temporal
structure was a priority, the T/P-derived EKE was used.
To visualize the interannual change, EKE was calculated for years 1993 and 1996–2001 using the T/P ⫹
ERS data, and for years 1994 and 1995 using the T/P
data alone. Each year starts in December. Thus nine
independent estimates from December 1992 to December 2001 were yielded. To reduce the underestimation
of EKE by the T/P data, a 7-yr average of the ratio
EKET/P⫹ERS/EKET/P, leaving out the years of 1994 and
1995, was estimated for each grid point and used as a
coefficient to correct the T/P-derived EKE values in
1994 and 1995. The application of the coefficient to the
7 yr (1993, 1996–2001) of the T/P-derived EKE significantly reduced the discrepancy between the individual
T/P ⫹ ERS and T/P EKE estimates in the lower latitudes. In the high-variability regions of the GS extension and the NAC, and in the eastern part of the North
Atlantic the corrected T/P-derived EKE became in
general no more than 10% different from the T/P ⫹
ERS-derived EKE. However, the applied correction
did not greatly reduce the difference between the T/P⫺
and T/P ⫹ ERS-derived EKE estimates in the subpolar
North Atlantic. In the low-variability area between the
northwestern corner of the NAC and the Irminger Basin, the difference even increased (not shown). Therefore, to study the interannual change of EKE, a correction for years 1994 and 1995 was applied in the GS
extension, in the AC and in the NAC areas, but no
correction for years 1994 and 1995 was applied in the
northeastern and northwestern North Atlantic.

3. Results
a. Mesoscale sea level variability
In this study, the SLA time series (x, y, t) were
considered as composed of three modes of variability:
interannual changes, annual cycle, and high-frequency
signals (x, y, t) ⫽ i(x, y, t) ⫹ a(x, y, t) ⫹ m(x, y, t).
The interannual changes i occur basically because of
the variations of oceanic heat and salt content, induced
by changes of heat and freshwater exchange between
ocean and atmosphere, and changes of advection,
caused by varying wind stress curl. The annual cycle a
(harmonic period ⫽ 1 yr) mainly reflects variations of
sea level due to the seasonal changes of buoyancy
fluxes across the air–sea interface. As was shown recently (Volkov and van Aken 2003), the sea level in the
northern North Atlantic Ocean, in particular north of
52°–53°N is subject to significant seasonal (up to 30%–
50% of total variance) and interannual variations (up
to 20%–40% of total variance). All signals having periods shorter than 1 yr are considered here as highfrequency signals or mesoscale variability m. It is assumed that the mesoscale variability is generally represented by mesoscale eddies generated by instability
processes and topographic effects. Besides this, other
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processes like long baroclinic Rossby waves also contribute to this group. This section aims to characterize
the portion of variance the mesoscale change m is responsible for.
To reveal and subsequently extract the interannual
change i(x, y, t), the SLA data (x, y, t) were filtered
with a moving average over a period of about 1 yr (N ⫽
53 samples in 7-day sampling period altimetry data).
This permitted capturing most of the interannual variability detectable on the investigated time interval. The
harmonic annual cycle was approximated by a sine
function a(x, y, t) ⫽ A(x, y) sin[2t ⫹ (x, y)] with a
frequency  ⫽ 1 cycle per year. Amplitude A and phase
 were estimated using a least squares method. Subsequently, both the interannual signal and annual cycle
were subtracted from (x, y, t).
The root-mean-square (rms) of the residual mesoscale variability m(x, y, t) is shown in Fig. 2. The rms
distribution outlines the main surface circulation pattern in the North Atlantic (cf. with Fig. 1). The maximum rms of m(x, y, t) is observed along the GS extension (over 25 cm rms). At the site where the GS is
transformed to the NAC flowing north along the Grand
Banks and the AC heading to the southeast–east (35°–
40°N, 45°W) the rms of m(x, y, t) is around 15–20 cm.
Farther east and northeast, the AC and the NAC are
detectable as mesoscale SLA fields outlined by 3–5 cm
rms values. There are relatively high rms values (over 3
cm rms) in the Iceland Basin and in the Labrador Sea.
Relatively low rms values are observed in the Rockall
Channel (2–3 cm rms).

Last, the percentage of variance explained by m(x, y,
t) (determination coefficient) was calculated to evaluate the relative contribution of the mesoscale sea level
variability to the total variance (Fig. 3). As one would
expect the maximum values are typical of dynamic
zones where the mesoscale change overpowers the lowfrequency variability. Along the GS, NAC, and the AC
west of the MAR the determination coefficient of the
mesoscale variability exceeded 50%–70%. It reached
90% in the Northwest Corner of the NAC near 50°N,
40–45°W and in the AC region near 34°N, 44°W. The
Northwest Corner, as a retroflection area of the NAC,
was already proven to be highly variable in intensity
and position of the stream (e.g., Lazier 1994). The distribution of the determination coefficient west of the
MAR outlines a band of the NAC at about 47°N where
the portion of the mesoscale variability exceeds 60%.
This band can possibly be connected with the abovementioned branching of the main NAC stream (Krauss
1986; Krauss et al. 1987; Sy 1988; Sy et al. 1992). East of
the MAR the determination coefficient is generally
above 30% level with relatively high values along the
AC (over 50%). Only in the most eastern areas and
some regions of the northern North Atlantic the mesoscale processes constitute less than 30% of total variance. Another maximum, where the determination coefficient exceeds 50% is observed in the Labrador Sea.
Elevated drifter-derived EKE values confirming the
importance of mesoscale processes in the Labrador Sea
were recently documented by Fratantoni (2001) and
Reverdin et al. (2003).

FIG. 2. Rms of mesoscale SLA (cm) after the annual cycle and the interannual signal
have been subtracted. Bottom topography represented by thin dashed contours is drawn every
1000 m.
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FIG. 3. Determination coefficient (%) of the residual SLA after the annual cycle and the
interannual signal have been subtracted. Thick dashed contours delineate 30% level and thick
continuous contours delineate 50% and 70% levels. Bottom topography represented by thin
dashed contours is drawn every 1000 m.

b. Mean eddy kinetic energy field
The mean EKE field, calculated over the investigated time interval besides the period when the combined data are not available (⬃8 yr), depicts the main
areas of eddy generation associated with the GS, AC,
and the NAC and its branches (Fig. 4). The maximum
EKE exceeding 2500 cm2 s⫺2 is observed along the GS
to the south of the Newfoundland Rise. The AC, flowing eastward, is seen along 33°–34°N and has EKE in
the range of 50–200 cm2 s⫺2. In the NAC, traveling to
the north along the Grand Banks, EKE ranges from
500 to 1000 cm2 s⫺2. It almost approaches 1500 cm2 s⫺2
at about 43°N, 43°W and 46°N, 41°W. The site around
43°N, 43°W is associated with a large anticyclonic
quasi-permanent Mann eddy (Mann 1967; Rossby
1996). It is well defined in the average drifter-derived
current velocity fields (Reverdin et al. 2003; Fratantoni
2001). The current reaches the MAR with EKE equal
to 150–200 cm2 s⫺2. In the eastern part of the North
Atlantic Ocean, behind the ridge, EKE mainly varies
from 25 to 100 cm2 s⫺2. From Fig. 4 one can see that the
NAC is indeed the main source of eddies in the North
Atlantic Ocean. The 50 cm2 s⫺2 contour nearly coincides with the subpolar front at about 52°N. The EKE
field outlines the NAC as a superposition of a broad
west wind drift and a frontal jet crossing the MAR at
the Charlie–Gibbs Fracture Zone (Krauss, 1986). After
having crossed the ridge, the NAC veers to the north
continuing to flow into the Iceland Basin along with

some water entering the Rockall Channel. It is interesting to note a relatively high EKE area on the northwestern flank of the Rockall–Hatton Plateau. Quasipermanent eddies, existing here, are possibly generated
by baroclinic instability of the current flowing along the
subpolar front over the steeply sloping bottom relief
and partly perhaps by shedding off the southeastern
wedge of the plateau. Some water of the NAC recirculates along the eastern slope of the Reykjanes Ridge
in the Iceland Basin (Otto and van Aken 1996;
Valdimarsson and Malmberg 1999) and possibly crosses
it at approximately 57°N. It is suggested by a relatively
high rms of the mesoscale SLA (Fig. 2) and EKE (Fig.
4). On the western flank of the Reykjanes Ridge and
in the center of the Irminger Basin an elevated EKE
area (25–50 cm2 s⫺2) is observed. It corresponds to a
poleward current that is a persistent feature on the
western flank of the ridge originating from at least 57°N
(Reverdin et al. 2003). The East and West Greenland
Currents are also seen in Fig. 4 with EKE values ranging from 25 to 50 cm2 s⫺2. There is a local EKE maximum (⬎50 cm2 s⫺2) in the Labrador Sea associated
with the West Greenland Current. However, for the
EKE calculation the seasons are not equally represented in the Labrador Sea because of the seasonal
presence of ice.
Along the GS extension, the estimates of EKE by
Menard (1983) from Seasat altimeter data are in the
range of 400–1600 cm2 s⫺2. These estimates are signifi-
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FIG. 4. Mean eddy kinetic energy (cm2 s⫺2) in the North Atlantic Ocean computed from the
combined T/P⫹ERS satellite altimetry data. Bottom topography represented by thin dashed
contours is drawn every 1000 m.

cantly lower than those obtained in this and other studies because of the poorer spatial resolution of the grid
produced from SEASAT ground tracks, different sampling periods, and smoothing techniques. Le Traon and
Rouquet (1990) and later Heywood et al. (1994) calculated surface EKE from Geosat and ERS-1 datasets and
obtained values larger than those of Menard. The largest values for ERS-1 (May 1992–April 1993) were
found in the GS extension (⬎1000 cm2 s⫺2) and along
the NAC as it flows around the Flemish Cap (500–1000
cm2 s⫺2). The lowest EKE (mainly 50–200 cm2 s⫺2)
was estimated in the low-variability regions east of
the MAR and in the Subpolar gyre. The Geosat EKE
estimates (January–December 1987 and 1988) when
compared with ERS-1 (May 1992–April 1993) showed
larger values along the NAC (⬎1000 cm2 s⫺2). Later,
White and Heywood (1995) obtained four years average EKE for Geosat (1987, 1988) and T/P (1992/93,
1993/94). In their study EKE exceeded 1000 cm2 s⫺2
along the GS extension and the NAC, decreasing to
⬃200 cm2 s⫺2 at the MAR and to 20–200 cm2 s⫺2 in the
low-variability regions. Ducet et al. (2000) first computed EKE using the high-resolution (0.25° ⫻ 0.25°)
combined T/P ⫹ ERS-1 and -2 SLA data, which yielded
EKE levels 30% higher than from the T/P SLA data
alone. The combined data appear to be more suitable
for EKE derivations because it better resolves mesoscale features unlike the individual data sets. The mean
EKE field presented in this study (Fig. 4) compares well
with Ducet et al. (2000), especially in terms of depiction

the surface circulation pattern in the Northern Atlantic.
However, the computed EKE appears to be somewhat lower in the low-variability regions of the northern and eastern North Atlantic. This discrepancy can be
attributed to more sophisticated data preprocessing
techniques applied to the dataset used in the present
study resulting in noise reduction (SSALTO/DUACS
2001).
The drifter-derived EKE appears to be approximately 2 to 4 times higher than corresponding values
derived from satellite altimetry in some low-variability
areas outside the GS extension and NAC flowing along
the Newfoundland Rise (Otto and van Aken 1996; Fratantoni 2001; Reverdin et al. 2003). This discrepancy is
thought to be a result of differences in spatial resolution
and sampling period of drifter and altimeter measurements. Another reason of why the difference between
altimeter- and drifter-derived EKE may exist is an assumption of geostrophy when we calculate EKE from
the satellite altimetry data and impossibility to estimate
ageostrophic motions. This becomes especially important in the areas outside the strong currents because
there hardly exists a significant slope of sea surface to
associate with the geostrophic motion, but the variable
Ekman drift may account for a greatest portion of all
motions.

c. Comparison with hydrographic data
To illustrate how the maxima of surface EKE depict
the frontal zones and are associated with currents, hy-
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drographic data were also investigated. The focus is on
the northern part of the North Atlantic Ocean (50°–
65°N, 5°–45°W, ), comprising the transatlantic Ireland–
Greenland AR7E section performed along two tracks:
one over the Rockall–Hatton Plateau and another surrounding it from the south–southwest (Fig. 5b). The
hydrographic data for this section were obtained from
1990 to 2003. In total, the data from twelve cruises conducted in different times of year, but mainly in August–
September, were studied. There were four cruises per-
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formed along the northern version of AR7E and eight
cruises performed along the southern version of AR7E
(Table 1). R/V Tyro did not take any measurements in
the central and western Irminger Basin in 1990; therefore the data in this area start in 1991.
The altimetry-derived EKE was compared with the
density profiles and dynamic heights obtained during
the cruises. Figure 5 presents the averaged density profiles for the northern (four cruises) and southern (eight
cruises) varieties of AR7E section (Figs. 5a, c), and
long-term average EKE (⬃8 yr excluding the time
when the merged data are not available) (Fig. 5b). The
density profiles were plotted only for upper 1000 dbar
since density does not significantly change below.
Dynamic heights between 200 and 2000 dbar isobaric
surfaces were also coupled with EKE (not shown).
The choice of the 200–2000-dbar-depth range reduced
the seasonal bias, which may be large in upper 200-m
layer.
As seen in Fig. 5, across both the northern and southern varieties of AR7E section the cores of long-term
averaged EKE (Fig. 5b) coincided with maximum horizontal density gradients (Figs. 5a, c), associated with
the NAC to the south and southwest of the Rockall–
Hatton Plateau, and in the Iceland Basin. The cores
of EKE in these areas were also found to coincide
with the largest dynamic height slopes across the NAC
(not shown). Dome-shaped isopicnal surfaces and
corresponding local maxima of the altimetry-derived
EKE in the Irminger Basin reflected a poleward flow
along the western flank of the Reykjanes Ridge and
an equatorward East Greenland Current (EGC) along
the eastern coast of Greenland. The density profiles
and dynamic heights for individual cruises and corresponding EKE also showed a good agreement (not
shown).
Thus, the hydrographic data presented an observational evidence that high EKE cores are basically confined to oceanic fronts, supporting the hypothesis of
hydrodynamical instability mechanisms as the primary
source of mesoscale eddy fields. As the present analysis
TABLE 1. Cruises conducted along the northern (N) and
southern (S) varieties of the section AR7E from 1990 to 2003.
Time

FIG. 5. (a) Averaged density anomaly (kg m⫺3) profile for the
northern variety of AR7E section. (b) Northern part of the North
Atlantic with plotted average EKE (cm2 s⫺2) and both northern
(filled triangles) and southern (semifilled triangles) varieties of
AR7E section. The bottom topography is shown every 1000 m. (c)
Averaged density anomaly (kg m⫺3) profile for the southern version of AR7E section. Arrows show the position of frontal zones.

Month

Year

Research vessel

Version of
AR7E section

Jul
Apr
Aug–Sep
Aug–Sep
Aug–Sep
Dec
May–Jun
Aug–Sep
Aug–Sep
May–Jun
Oct
Aug–Sep

1990
1991
1991
1991
1992
1994
1995
1996
1997
1999
2000
2003

Tyro
Tyro
Darwin
Meteor
Valdivia
Meteor
Valdivia
Valdivia
Meteor
Meteor/Valdivia
Pelagia
Pelagia

S
N
N
S
S
S
S
S
S
S
N
N
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showed, the latter is possibly valid not only for the high
gradient strong currents like GS and NAC west of the
MAR, but also for lower gradient frontal zones and
associated with them weaker currents (the NAC in the
Iceland Basin, poleward flow over the western flank of
the Reykjanes Ridge, EGC, etc.). In the end, it should
be noted that the time scale of the dissipation processes
of EKE is apparently so small that EKE does not diffuse very far from the generation area giving us an
opportunity to track the paths of currents.

d. Interannual variability of EKE
Surface circulation in the North Atlantic Ocean experiences considerable interannual variations: ocean
gyre circulation changes (Curry and McCartney 2001),
meridional shifts of the GS (Ionov et al. 1986; Taylor
and Stephens 1998; Rossby and Benway 2000; Frankignoul et al. 2001; Reverdin et al. 2003), nonpermanent
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branching of the NAC west of the MAR (Sy 1988; Sy et
al. 1992; Käse and Krauss 1996), changes of the NAC in
the Iceland Basin (Bersch 2002) and Rockall Channel
(Holliday 2003), variations in the Irminger Basin (Flatau et al. 2003) and the Labrador Sea (Han and Tang
2001), etc. Based on the theoretical assumptions and
observational evidence presented above, changes of the
altimeter-derived EKE from year to year are expected
to reflect the interannual variability of the large-scale
surface currents.
The EKE anomalies estimated as a deviation from a
mean value for years 1993–2001 are presented in Fig. 6.
To estimate the EKE anomalies the T/P ⫹ ERSderived mean EKE was calculated over 7 yr leaving out
years 1994 and 1995, whereas 9 yr of the T/P measurements were used to estimate the T/P-derived mean
EKE. A correction factor for the T/P-derived EKE in
1994 and 1995 was applied. As one can see, the EKE
field in the North Atlantic in 1993–2001 was subject to

FIG. 6. Maps of annual mean (Dec–Nov) eddy kinetic energy anomalies (cm2 s⫺2) in the North Atlantic Ocean. The anomalies for
years 1994 and 1995 were computed using the gridded corrected T/P data as a deviation from 9-yr mean. The anomalies for other years
were computed using the combined T/P⫹ERS data as a deviation from 7-yr mean leaving out the years of 1994 and 1995. Thick isolines
indicate ⫾100 cm2 s⫺2 level of EKE anomaly. Dashed isolines denote bottom topography, which is drawn every 1000 m.
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significant spatial and temporal interannual changes
possibly connected with the variability of major currents. The EKE anomaly amplitudes exceeded 500
cm2 s⫺2 along the GS extension and NAC, which constitutes around 25% of maximum EKE magnitude in
these high-variance areas of the North Atlantic.

e. Gulf Stream extension (GS)
As follows from Fig. 6, the GS south of the Newfoundland Rise during the studied time interval experienced meridional shifts of EKE. In 1993 and 1994
positive EKE anomalies were observed along 40°–42°N
adjoining the area with negative EKE anomalies southward. Then EKE at 40°–42°N decreased in 1995 and
from 1997 to 1999 and in 2001 positive anomalies were
observed at about 36°–38°N.
The GS path as it turns east at Cape Hatterras experiences wavelike motions associated with meandering
and meridional shifts. Observations have shown that
the interannual variations in the meridional position of
the GS path are possibly connected with changes in
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atmospheric forcing (e.g., Kelly et al. 1996). Taylor and
Stephens (1998) studying the interannual changes in the
position of the northern wall of the GS from 1966 to
1996 showed that the latitude of the GS is correlated
with the NAO index; a positive NAO phase associated
with stronger westerly winds favors more northerly position of the GS path about 2 yr later. Rossby and Benway (2000) suggested that meridional displacements of
the GS could be caused by a time-varying transport of
Labrador shelf water. The latter affects the surface salinity, which is correlated with the NAO with a lag of
about 1.5 yr. Frankignoul et al. (2001) determined the
position of the GS from the along-track altimetry data
using the method of Kelly and Gille (1990). They concluded that northward (southward) displacements of
the GS occur 11–18 months after the NAO has reached
the extreme of a positive (negative) phase.
The maps of absolute annual mean EKE and geostrophic velocity anomalies in the GS area are presented in Fig. 7. The highest EKE values and the widest
EKE band can be seen in the area of the New England
Seamount chain at about 63°–65°W. Between 50° and

FIG. 7. Maps of annual mean EKE (cm2 s⫺2) and geostrophic velocity anomalies in the Gulf Stream extension area. EKE was
computed from the combined T/P⫹ERS satellite altimetry data for years 1993 and 1996–2001 and from T/P data alone for years 1994
and 1995 with a correction factor applied. The vectors of velocity anomalies are shown only starting from 10 cm s⫺1.
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FIG. 8. Lateral meridional distribution of EKE (cm2 s⫺2) at 64° and 55°W across the Gulf Stream from 1993
to 2001. Vertical lines indicate 9-yr average position of the highest EKE peak.

65°W the core of largest EKE was observed at 38°–
41°N and experienced meridional displacements within
about 2° zonal band. The interannual variability of the
meridional EKE structure of the GS at 64° and 55°W is
shown in Fig. 8. It is seen that at 55° and 65°W the core
of maximum EKE was within 1° distance from the 9-yr
average position. The most northerly position of the
EKE core was observed from 1993 to 1996 at 65°W and
from 1993 to 1997 at 55°W. In 1998 the core of EKE
was at its southernmost location. This coincides well

with the position of the GS in the findings of Frankignoul et al. (2001), Rossby and Benway (2000), and
Taylor and Stephens (1998). Since the NAO turned
from a positive to a strongly negative phase in winter
1995/96 (Hurrell 2003, see online at http://www.cgd.
ucar.edu/⬃jhurrell/nao.html), the southward shift of
EKE in 1998 corresponds to the southward shift of the
GS core observed about 2 yr after the reversal of the
NAO phase. In 2000 the core of EKE returned to its
9-yr average position. In 2001 a peak of EKE was again
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present to the south of the average position probably
following another negative NAO index in winter 2000/
01. The interannual variability of the geostrophic velocity anomalies (Fig. 7) confirms the lateral changes of
the current velocity. From 1993 to 1995 predominantly
eastward anomalous velocities were concentrated along
⬃40°N adjoining the band of mostly westward velocities in the south along ⬃38°N. Then from 1997 through
1998 the situation reversed with the eastward velocity
anomalies situated to the south of the westward ones.
The EKE distribution in the GS extension area (Fig.
7) shows a gyre-like feature located at about 37°N,
53°W and outlined by approximately 300 cm2 s⫺2 contour. This is possibly a reflection of an anticyclonic recirculation gyre. Such a gyre was mentioned by Fratantoni (2001) on the basis of drifter data, and it is seen on
the maps of average current velocities presented in
Reverdin et al. (2003).
To summarize, it is possible to say that the interannual variability of the altimetry-derived EKE field in
the GS extension area reflects the meridional displace-

VOLUME 35

ments of the GS core, which also was detected using
other techniques.

f. North Atlantic Current (NAC)
Figure 6 depicts tremendous spatial and temporal interannual variations of EKE along the NAC between
25° and 45°W that occurred in 1993–2001. The variability is especially reflected in the meridional shifts of
maximum and minimum EKE values in the area to the
west of the MAR. The maps of the yearly absolute
EKE and geostrophic velocity anomalies in the NAC
area are presented in Fig. 9. Relatively high EKE cores
possibly connected with the NAC jets occasionally appeared on the background of the NAC northeastern
drift at about 43°, 47°, and 50°N. These cores were
mostly associated with the increased eastward, northeastward flow as suggested by the geostrophic velocity
anomalies (Fig. 9). The northern wall of the NAC is
associated with the subpolar front and is fixed at 50°–
52°N (Figs. 4, 9). It appears that the 45°–48°N area
varies out of phase with the two areas on either side

FIG. 9. Maps of annual mean EKE (cm2 s⫺2) and geostrophic velocity anomalies in the North Atlantic Current area. EKE was
computed from the combined T/P⫹ERS satellite altimetry data for years 1993 and 1996–2001 and from T/P data alone for years 1994
and 1995 with a correction factor applied. The vectors of velocity anomalies are shown only starting from 10 cm s⫺1.
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FIG. 10. First empirical orthogonal function (EOF-1) of the T/P-derived EKE in the region
of the North Atlantic Current explaining 35% of total variance. Before the computation of
EOF, the data were smoothed by a mean value over 1° ⫻ 1°. Thick contour delineates zero
level.

along 42°–43° and 49°–52°N. When high EKE anomalies were observed along 42°–43° and 49°–52°N (Figs. 6
and 9; years 1993, 1994, 1997, 1998), an opposite situation occurred along 45°–48°N (Figs. 6 and 9; years 1995,
1999, 2000, 2001). This is confirmed by the first empirical orthogonal function (EOF-1) of the EKE time series explaining 35% of total variance in 40°–55°N, 25°–
45°W domain (Fig. 10). One can see that EOF-1 depicts
a three-zoned standing oscillation pattern with two side
bands varying out-of-phase with the central band. The
same pattern of the EKE variability in the NAC was
also depicted by EOF-1, explaining 20% of total variance, computed for the whole domain (30°–65°N, 5°–
65°W, ) of the study (not shown).
A Hovmöller diagram in Fig. 11 displays the temporal variation of EKE and geostrophic velocity anomalies averaged over a longitudinal band between 38° and
42°W. The band lies across the NAC flowing north
along the Flemish Cap (Figs. 4, 9). Here, the T/P SLA
data alone were used to obtain a uniform EKE time
series and T/P⫹ERS SLA data to estimate geostrophic
velocity anomalies. Although the absolute EKE values
were underestimated, they did not greatly deteriorate
the spatial and temporal pattern of the interannual
change. As seen in Fig. 11, predominantly eastward/
westward anomalous velocities are associated with the
areas of positive/negative EKE anomalies. This suggests that in the NAC an increase/decrease of EKE
mainly reflects an intensification/relaxation of the eastward current. However, in the areas where westward
flows exist, for example, in the southern part of the

Mann gyre, an increase of EKE can also be associated
with westward anomalous velocities.
The observed EKE anomalies are possibly connected
with the NAC branches and can perhaps be an indicator of their strength. For example, in 1993/94 and 1996/
97, the positive EKE anomalies were observed at
⬃43°–44° and 50°N. This coincided with the strengthening of the eastward flows at these positions suggested
by the geostrophic velocity anomalies shown in Fig. 9.
The eastward velocities in 1993 coincided well with an
elevated EKE band extending from ⬃50°N and possibly representing the northern NAC branch. In 1994 this
branch became weaker veering south. In 1995 the distribution of EKE was characterized by increased EKE
along ⬃47°N and decreased EKE to the north and
south (Figs. 9, 11). The eastward flow intensified
around 40°W, but farther east the directions of geostrophic velocity anomalies are more chaotic, possibly
because of high eddy activity. In 1996/97 there was a
very large positive EKE anomaly at 42°–43°N in the
area of the anticyclonic Mann eddy. At that time the
band of elevated EKE and eastward geostrophic velocity anomalies at 42°–43°N extended farther east up to
the MAR. As suggested by Fig. 9 in 1999–2000 most of
the NAC waters possibly turned northeastward at
⬃44°–47°N, which coincided with the occurrence of
positive EKE anomalies at this site (Fig. 11).

g. Azores Current (AC)
The AC is generated near the southeastern Newfoundland Ridge where a part of the flow veers south-
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FIG. 11. Time–latitude diagram of the T/P-derived EKE (cm2 s⫺2) anomalies and T/P⫹ERSderived geostrophic velocity (cm s⫺1) anomalies averaged over a longitudinal band between
42° and 38°W. Shaded areas represent negative EKE anomalies while blank areas denote
positive EKE anomalies.

eastward (Fig. 1). A part of this flow is possibly
incorporated in the anticyclonic gyre centered at about
37°N, 53°W and already mentioned above. Another
part of the flow continues to move southeastward
reaching 33°–34°N (Reverdin et al., 2003). The anticyclonic eddies east of the NAC are reported to play
an important role in forming the AC. The water from
their eastern flank can join the southeastward flow
(Käse and Krauss, 1996). At 33°–34°N the current turns
directly to the east and is traceable as a zonal band with
relatively large EKE up to approximately 10°W (Fig.
4), which is known as the AC proper. Some water from
the anticyclonic Mann eddy may also contribute to the
AC, which was documented by Reverdin et al. (2003)
on the basis of a drifter study. The maps of annual mean
absolute EKE and geostrophic velocity anomalies are
shown in Fig. 12. The interannual variability of EKE
in the AC from 1993 to 2001 was characterized by lateral shifts of the EKE core and changes of magnitude (Figs. 6, 12). The largest positive EKE anomalies
were observed in 1993–95 followed by relatively low
EKE in subsequent years, which is possibly connected
to the relaxation of westerly winds after 1996 expressed
by the NAO index. The width of the high EKE band
associated with the AC is also subjected to the interannual variations. In 1993 the maximum EKE extended
along ⬃33°–34°N and was associated with an intensified eastward flow, suggested by the eastward geostrophic velocity anomalies along the EKE core (Fig.
12). Westward geostrophic velocity anomalies were
present to the north and south of the high EKE
band. In 1995 the eastward geostrophic velocities at

33°–34°N decreased while they increased at ⬃35°–36°N
and ⬃31°–32°N. The latter was accompanied by a
widening of the elevated EKE band in the AC. In the
following years EKE in the AC became lower, especially east of the MAR (east of ⬃35°–30°W). In
2001 eastward geostrophic velocity anomalies were observed at 34°–35°N between 35° and 27°W and at 36°N
east of 22°W, adjoining westward geostrophic velocity
anomalies to the south suggesting a northward shift of
the AC.

h. Northeastern North Atlantic
This section focuses on the area 50°–65°N, 5°–35°W,
where the NAC, after it has crossed the MAR, turns
toward north–northeast. There it meets the Rockall–
Hatton Plateau (RHP) and splits into two branches:
one continuing to flow northward across the Iceland
Basin and another, directed to the northeast along the
narrow Rockall Channel. The surface circulation in this
region was described by Otto and van Aken (1996) on
the basis of drifter data.
The maps of annual mean EKE and geostrophic velocity anomalies in the region during the investigated
time interval derived from the combined TP ⫹ ERS
data are presented in Fig. 13. The geostrophic velocity
anomalies were smoothed by moving average over 5 ⫻
5 grid points. Eddy kinetic energy is subjected to noticeable interannual changes along the NAC branches
in the Iceland Basin and Rockall Channel. To trace the
temporal change of the NAC branches the T/P-derived
EKE values were averaged over three subareas in both
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FIG. 12. Maps of annual mean EKE (cm2 s⫺2) and geostrophic velocity anomalies in the Azores Current area. EKE was computed
from the combined T/P⫹ERS satellite altimetry data for years 1993 and 1996–2001 and from T/P data alone for years 1994 and 1995
with a correction factor applied. The vectors of velocity anomalies are shown only starting from 5 cm s⫺1.

the Iceland Basin and Rockall Channel (Fig. 14), where
the NAC branches were found. The distribution of surface EKE was the main criterion for choosing the subareas for averaging. The northernmost area in the Iceland Basin (IcB-1) is characterized by highest EKE.
The other two areas (IcB-2 and IcB-3) were selected to
follow the changes of width of the NAC branch in the
Iceland Basin. In the Rockall Channel one area represents the inner part (RC-2) with largest observed EKE
values while the other two areas represent the outlet
region in the northeast (RC-1) and the inlet region in
the southwest (RC-3).
According to Stammer and Wunsch (1999) the seasonal change of EKE can be important in this part of
the North Atlantic. Therefore, to better understand the
relation between the atmospheric forcing and surface
circulation presumably reflected by EKE, the time series of EKE calculated over five successive weeks to
resolve the seasonal signal were compared with the seasonal NAO indices. The latter are based on the difference of normalized sea level pressures between Ponta
Delgada, Azores; and Stykkisholmur/Reykjavik, Ice-

land (Hurrell et al. 2003; also online at http://www.cgd.
ucar.edu/⬃jhurrell). Figure 14 presents the time series
of EKE and NAO index for each subarea in the Iceland
Basin and Rockall Channel.
From 1993 to 1995 there was a relatively narrow high
EKE band to the southwest of the RHP outlined by 50
cm2 s⫺2 contour (Fig. 13). This band was connected
with the high EKE area in the Iceland Basin. As suggested by the geostrophic velocity anomalies in the Iceland Basin, in 1993 there was a northeastward anomalous flow south of 57°N along the eastern flank of the
Reykjanes Ridge to the area with largest EKE and a
narrow southward anomalous flow over the western
slope of the RHP. This can indicate a stronger NAC
flow farther west of the RHP, a weaker flow in the
vicinity of the RHP, and a suppressed southwestward
recirculation along the eastern flank of the Reykjanes
Ridge. Northeastward velocity anomalies were also observed in the Rockall Channel from 1993 to 1995 suggesting a possible strengthening of the eastern branch
of the NAC. Then in 1996 a decrease of EKE occurred
in the area southwest of the RHP and the contour of 50
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FIG. 13. Maps of annual mean EKE (cm2 s⫺2) and geostrophic velocity anomalies in the northeastern North Atlantic. EKE was
computed from the combined T/P⫹ERS and T/P-alone (year 1994 and partly 1995) satellite altimetry data (no correction applied for
years of 1994 and 1995). The vectors of velocity anomalies are shown starting from 1 cm s⫺1.

cm2 s⫺2 shifted farther west (Figs. 13, 14). The geostrophic velocity anomalies in the Iceland Basin show a
reversal in the year of 1996 as compared with 1993. The
NAC flow over the western slope of the RHP and the
southwestward recirculation along the eastern flank of
the Reykjanes Ridge probably intensified. The NAC
branch in the Rockall Channel perhaps became weaker
in 1996–98 since the geostrophic velocity anomalies
were predominantly directed southwest or confused
(Fig. 13). Starting from 1997 the band of large EKE
southwest of the RHP widened with its western boundary shifting up to ⬃28°W probably following the NAOinduced shift of the subpolar front which was monitored by hydrographic studies (Bersch 2002; Verbrugge
and Reverdin 2003).
The variability of EKE in the northeastern part of
the North Atlantic exhibited considerable seasonality
(Fig. 14). The seasonal change of EKE overpowered
the interannual change. In most cases peaks of EKE

occurred in spring and appeared to follow after the
peaks of high NAO indices in winter. In the Iceland
Basin and southern inlet of the Rockall Channel EKE
was low in 1996 after the change of the NAO phase
from positive to negative. The peaks of the observed
EKE do not always correspond to the peaks in the
NAO index, which suggests that the atmospheric forcing is not the only factor determining EKE in this region.
The interannual variability of EKE in the Iceland
Basin and Rockall Channel is lower than the seasonal
change and difficult to interpret. Figure 14 shows that
EKE in the western sector of the NAC in the Iceland
Basin (IcB-2) after a peak value in 1993 was not high in
1994/95 as compared with the years after 1996 while a
peak EKE in the eastern sector (IcB-3) was observed in
1995. Eddy kinetic energy increased in both southern
sectors in 1996–99 with larger EKE values in the western sector of the NAC (Fig. 14), which supports the
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FIG. 14. Mean EKE (cm2 s⫺2) in the northeastern North Atlantic with (top) the indicated areas used
for averaging: the time series of EKE (black thick line), computed over each 5 weeks and averaged over
IcB-1, IcB-2, and IcB-3 in the Iceland Basin and RC-1, RC-2, and RC-3 in the Rockall Channel and their
yearly running means (gray thick line); seasonal normalized NAO index (thin dashed line). Bottom
topography in the top figure is drawn every 500 m.

widening of the elevated EKE band in the Iceland Basin outlined by Fig. 13 after 1996.
It was recently shown that the interannual variations
in temperature and salinity in the Rockall Channel are
basically modulated by changes in regional circulation
(Holliday 2003). The Rockall Channel is subjected
to the influence of Western North Atlantic Water

(WNAW) coming together with the NAC and Eastern
North Atlantic Water (ENAW) flowing in from the
south. The first is cooler and fresher relative to the
latter. Holliday (2003) showed that maximum temperature and salinity in the Rockall Channel occurred
along with the minimum of WNAW influx (in early
1980s and late 1990s). Figure 13 shows that the geo-
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strophic velocity anomalies in the Rockall Channel
were mostly directed northeastward in 1993–95 and
southwestward in 1996–2000 indicating correspondingly a strengthening and a relaxation of the average
northeastward flow. Thus a strengthening/relaxation of
the flow coincides with an increased/decreased transport of WNAW confirming the findings of Holliday
(2003). However, no clear evidence of this circulation
changes can be obtained from the variability of EKE
alone. This is not surprising as the Rockall Channel is a
complex, topographically constrained region, where
the bottom relief, the balance between the WNAW
and ENAW inflow from the south, and the atmospheric
forcing are all factors determining the magnitude of
EKE.

i. Northwestern North Atlantic
The maps of annual mean EKE and geostrophic velocity anomalies in the northwestern North Atlantic
Ocean for the investigated time interval are shown in
Fig. 15. The geostrophic velocity anomalies were
smoothed by a moving average over 5 ⫻ 5 grid points.
As was done for the northeastern part of the North
Atlantic, EKE calculated for each 5-week interval was
averaged over 57°–63°N, 32°–38°W in the Irminger Ba-
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sin (IrB); 57°–63°N, 49°–56°W area in the Labrador Sea
(LS); and over 58°–62°N, 41°–42°W in the East Greenland Current (Fig. 16).
Most of EKE in the Irminger Basin is concentrated
along two bands parallel to each other and to the Reykjanes Ridge. The most prominent feature of the observed interannual change is the rise of EKE in the
Irminger Basin that started in 1995 and reached its
maximum in 1998/99. Then EKE decreased in 2000 and
increased again in 2001 (Figs. 15, 16). As was recently
documented (Flatau et al. 2003), the circulation
changes in the northwestern North Atlantic between
1992 and 1998 were characterized by intensification/
relaxation of the cyclonic circulation in the Irminger
Basin during positive/negative NAO phase. It is seen in
Fig. 15 that there was an intensified poleward flow
along the western flank of the Reykjanes Ridge and
predominantly southward velocity anomalies were observed in the Labrador Sea in 1993–95 when the wind
stress was strong (Han and Tang 2001). This confirms
the findings of Flatau et al. (2003). After the switch of
the NAO phase from positive to negative that occurred
in 1996 the pattern of anomalous circulation reversed
and southward velocity anomalies were present along
the western flank of the Reykjanes Ridge (years 1997–
2001) and western coast of Greenland (years 1998–

FIG. 15. Maps of annual mean EKE (cm2 s⫺2) and geostrophic velocity anomalies in the Irminger Basin and Labrador Sea. EKE was
computed from the combined T/P⫹ERS and T/P-alone (year 1994 and partly 1995) satellite altimetry data (no correction applied for
years of 1994 and 1995). The vectors of velocity anomalies are shown starting from 1 cm s⫺1.
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FIG. 16. Mean EKE (cm2 s⫺2) in the northwestern North Atlantic with
(top) the indicated areas used for averaging: the time series of EKE
(black thick line), computed over each 5 weeks and averaged over IrB in
the Irminger Basin, LS in the Labrador Sea, and EGC in the East Greenland Current areas, and their yearly running means (gray thick line);
seasonal normalized NAO index (thin dashed line). Bottom topography
in the top figure is drawn every 500 m.

2001), and northward anomalies were observed along
the eastern coast of Greenland (years 1998–2001). The
reversal of the geostrophic velocity anomalies coincided with an overall sea level rise in the subpolar
North Atlantic (Reverdin et al. 1999; Volkov and van
Aken 2003). The latter followed the NAO-induced in-

crease of the heat content of the subpolar North Atlantic and a westward shift of the subpolar front, which
facilitated the advection of warm and saline NAC water
into the subpolar gyre (Verbrugge and Reverdin 2003;
Volkov and van Aken 2003; Bersch 2002; Bersch et al.
1999).
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The seasonal change of EKE in the Irminger Basin is
considerably lower than the interannual (Fig. 16). The
peaks of highest EKE did not occur only in winter when
the wind stress is maximum so that the atmospheric
forcing does not seem to be directly responsible for the
interannual change of EKE in this region. The rise of
EKE that occurred in the Irminger Basin from 1995 to
1999 and in 2001 could possibly be a reflection of the
large velocity anomalies connected with the relaxation
of the large-scale subpolar gyre and the decrease of the
surface cyclonic flow. On the other hand, the distribution of large yearly geostrophic velocity anomalies is
not only related to the large EKE areas (Fig. 15). This
is not surprising since EKE is a measure of geostrophic
velocity variance over yearly time intervals. Another
contribution to the rise of EKE in the Irminger Basin
could be associated with eddy generation mechanisms
at the subpolar front, which underwent the NAOinduced westward shift (Bersch 2002). It appears that
the rise of EKE involves two bands: easternmost in the
vicinity of the Reykjanes Ridge and westernmost in the
center of the Irminger Basin (Fig. 15). It can be suggested that while the easternmost band is associated
with the frontal northeastward flow along the western
flank of the Reykjanes Ridge (Fig. 5), the westernmost
band of EKE owes its existence to the convectively
generated near-surface front. The presence of two parallel EKE bands in the Irminger Basin still poses a
question, however, and in order to address it, an additional research is needed.
The variability of EKE in the East Greenland Current exhibited apparent seasonality (Fig. 16). Maxima
EKE values are generally associated with autumn period that coincides with the time of maximum seasonal
sea level occurrence (Volkov and van Aken 2003).
Therefore, high autumn EKE in the EGC may be
caused by seasonal variation of geostrophic flow determined by the seasonal change of sea level near the
eastern coast of Greenland.
In the Labrador Sea the variability of EKE is more
complex (Fig. 16). Figure 16 shows that the seasonal
change of EKE is well pronounced and in some years
appeared to be coherent with the seasonal NAO index.
Maximum values of EKE were found to be associated
with the high winter NAO indices from 1998 to 2001,
but not in the early part of the record. On the basis of
T/P and hydrographic data, Han and Tang (2001) found
a positive correlation between the changes of total
southward volume transport in the Labrador Sea in
spring/summer and the winter NAO index. This is confirmed by the geostrophic velocity anomalies in the Labrador Sea, which are mainly directed southwards in
1993–95 (Fig. 15). However, the direct atmospheric
forcing does not appear to be the prime factor determining the variability of EKE in the Labrador Sea. As
seen in Fig. 16, EKE was fairly low during high winter
NAO indices in 1993–95 and the greatest EKE occurred in the winters of 1996/97 (negative NAO index),
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1997/98, and 1998/99. A recent study by Eden and Böning (2002) suggested that the source of the large EKE in
the Labrador Sea can be related to the formation of
eddies from the West Greenland Current (WGC) due
to barotropic instability in the local topographical conditions. Eddies are formed at the location where the
steep continental slope of Greenland adjoins the
slightly sloping shelf area to the north. Thus the varying
EKE field in the Labrador Sea, besides the direct atmospheric forcing, can be modulated by instability of
the WGC flowing over the abruptly changing topography.

4. Summary
This study has attempted to contribute to our knowledge of the interannual variability of the surface currents in the North Atlantic Ocean. The surface EKE
was used to analyze the interannual variability of the
position and intensity of surface currents. It was shown
that EKE is subject to significant interannual variations
throughout the North Atlantic as well as to seasonal
changes in the northern parts, in particular, in the Iceland Basin, Rockall Channel, and Labrador Sea.
The mean EKE field, computed from the combined
T/P ⫹ ERS altimetry data, is concentrated along major
frontal currents and thus outlines the main surface circulation pattern (Fig. 4). The largest EKE exceeding
2500 cm2 s⫺2 was found in the GS extension area. The
NAC was observed as a broad northeastward drift with
EKE ranging between 1000 cm2 s⫺2 in the west and 100
cm2 s⫺2 in the east of the current. The AC was represented by EKE of 50–200 cm2 s⫺2 between about 32°–
36°N. The mesoscale variability, which largely determines the EKE field, appeared to be responsible for
over 50% of total sea level variance in the high variability areas of the GS, NAC, and AC.
The hydrographic data obtained from 1990 to 2003 in
the northern North Atlantic showed that the position of
high EKE cores corresponded to the position of frontal
zones depicted by the density distribution and dynamic
heights. This confirmed the theory that the instability
processes along the frontal currents can possibly be the
main source of eddy energy in the ocean, while the time
scale of the dissipation mechanisms appears to be so
small that EKE does not diffuse far from the source
area. Thus it was concluded that in the absence of sufficiently accurate dynamic topography for the estimation of absolute currents, EKE can be used as a proxy
to determine the position and analyze the intensity of
oceanic currents.
The interannual variability of EKE in the GS extension area was expressed by meridional displacements
within a 2° band. The meridional displacements of the
EKE core were characterized by a most northerly position in 1993–96 followed by a southward shift. The
most southern position was reached in 1998, approxi-
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mately 2 yr after the NAO had reversed to its extreme
negative phase in 1996. The shift of EKE was accompanied by lateral restructuring of the geostrophic velocity anomalies along the GS extension indicating an
intensification of the southern flank of the current after
1996. These findings corresponded to those documented by Frankignoul et al. (2001), Rossby and Benway (2000), and Taylor and Stephens (1998), who found
approximately similar time lag between the shifts of the
GS core and NAO events. Thus the core of EKE in the
GS extension area appeared to be mainly associated
with the core of the current.
The interannual change of EKE in the NAC west of
the Mid-Atlantic Ridge was found to be governed by
variations in EKE distribution between three zones
centered at ⬃43°, ⬃47°, and 50°N possibly connected
with the current jets. This research showed that, on the
interannual time scale, EKE in the central zone varied
out of phase with the side zones. It appeared that positive EKE anomalies in the NAC were generally associated with eastward geostrophic velocity anomalies
whereas negative EKE anomalies corresponded to
anomalous westward velocities. This implies that when
the eastward flow at ⬃43° and ⬃50°N strengthens, the
eastward flow at ⬃47°N becomes weaker and vise
versa.
This research showed that EKE in the AC in 1993–95
was larger than in subsequent years, especially east of
the Mid-Atlantic Ridge. The decrease of EKE could
possibly be induced by the overall weakening of eastward flow due to the relaxation of westerly winds associated with the negative NAO indices in winter of
1995/96 and 1996/97.
The interannual change of EKE in the Iceland Basin
reflected the earlier monitored NAO–induced westward shift of the subpolar front that occurred after
1996. In the Rockall Channel the geostrophic velocity
anomalies indicated an intensified northeastward flow
in 1993–95 followed by a relaxation in 1996–2000. In
both the Iceland Basin and Rockall Channel the seasonal change of EKE was found to overpower the interannual change, especially in the high EKE area
northwest of the RHP.
The present research confirmed the previously documented changes in the circulation within the subpolar
gyre: the intensification/relaxation of the cyclonic circulation during the positive/negative phase of NAO. In
the Irminger Basin the seasonal changes of EKE were
found to be lower than the interannual changes. The
rise of EKE from 1995 to 1999 and in 2001 was attributed to two possible sources. First, the large geostrophic velocity anomalies that indicated the significant weakening of the cyclonic circulation. Second, the
instability processes at the subpolar front, which is subject to the NAO-induced shifts toward the Irminger
Basin. In the Labrador Sea the seasonal change of EKE
was found to overpower the interannual change. The
seasonal and interannual variability of EKE here did

not appear to be completely coherent with the atmospheric forcing expressed by NAO. Therefore, other
processes, like seasonally modulated instability of the
WGC under specific topographical conditions, may
possibly be very important.
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