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Abstract: The annual cycle of surface eddy kinetic energy (EKE) and its influence on eddy momentum fluxes are 
investigated using an updated record of satellite altimeter data. It is found that there is a phase difference between the annual 
cycles of EKE in the western boundary current regions and EKE in the interior of the subtropical gyres, suggesting that 
different mechanisms may be at work in different parts of the subtropical gyres. The annual cycles of EKE averaged in the 
two hemispheres are found to be of similar magnitude but in opposite phase. As a result, the globally-averaged EKE shows 
little seasonal variability. The longer record of altimeter data used in this study has brought out a clearer and simpler picture 
of eddy momentum fluxes in the Gulf Stream and Kuroshio Extensions: eddies in both regions systematically flux westerly 
momentum into the western boundary current jets. Considerable seasonal variations in eddy momentum fluxes are found 
in the western boundary current regions, which potentially play an important role in modulating the strength of the western 
boundary currents and their associated recirculation gyres on the seasonal time scale.
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1.	Introduction 

Eddies play an important role in shaping the 
large-scale ocean circulation and in transporting 
climatically-relevant tracers such as heat, salt 

and nutrient in the ocean (e.g. Zhai et al., 2004; Hecht 
et al., 2008; Greatbatch et al., 2010b). The strength of 
the eddy activity, often measured by the energy carried 
by the eddies, varies on a variety of time scales ranging 
from seasonal to decadal (e.g. Stammer and Wunsch, 
1999; Qiu, 1999; Penduff et al., 2004; Zhai et al., 2008; 
Zhai and Wunsch, 2013; Rieck et al., 2015), as a result 
of both forced and intrinsic variability (Wilson et al., 
2015).

On the seasonal time scale, Qiu (1999) found that 
the North Pacific Subtropical Countercurrent (STCC) 
is subject to strong baroclinic instability in spring, but 
is only weakly unstable in autumn, owing to seasonal 
variations of the background stratification. As a result, 
eddy kinetic energy (EKE) associated with the STCC has 
a maximum in April/May and a minimum in December/

January. On the other hand, Zhai et al. (2008) found that 
surface EKE in the Gulf Stream region peaks in summer, 
although the local ocean stratification appears to be 
most baroclinically unstable (as measured by the Eady 
growth rate (Eady, 1949)) in late winter. They further 
found that EKE in all the subtropical gyres in both 
hemispheres peaks in respective hemispheric summers. 
Zhai et al. (2008) attributed the greater magnitude 
of EKE in summer to weaker eddy energy damping 
arising from the thermal capping of the eddies during 
summer, whereas during winter the eddies are much 
more exposed and more strongly damped via thermal 
interactions with the atmosphere (Zhai and Greatbatch, 
2006a,b). The mechanical damping of the eddies by 
the relative wind effect (Duhaut and Straub, 2006; Zhai 
and Greatbatch, 2007; Xu et al., 2016) may also have 
contributed to the observed EKE annual cycle, since 
the relative wind damping effect depends on the wind 
speed, which tends to be stronger during the winter 
season. More recently, Rieck et al. (2015) investigated 
the annual cycle of surface EKE using a global eddy-
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permitting ocean model. They also found that EKE 
peaks in summer in all subtropical gyres of the Pacific 
and Atlantic, and suggested thermal interactions with the 
atmosphere to be the most likely cause of the summer 
maximum of surface EKE. The mechanism(s) by which 
the ocean eddy energy is modulated seasonally is still 
an open question. It also remains unclear whether the 
seasonal variations of EKE have any dynamical impact, 
for example, on eddy-mean flow interactions. 

In this paper, we revisit the annual cycle of surface 
EKE using an updated record of satellite altimeter data 
and highlight a few features that have not been made 
explicit in the previous studies. We also investigate for 
the first time the impact of the annual cycle of surface 
EKE on eddy momentum fluxes, primarily in the western 
boundary current regions. 

2.	Data and Method 
The daily sea surface height (SSH) anomalies produced 
and distr ibuted by the Copernicus Marine and 
Environment Monitoring Service (CMEMS) (http://
www.marine.copernicus.eu) are used in this study for the 
period from 1 January 1993 to 31 December 2016. This 
SSH anomaly product merges the Ocean Topography 
Experiment (TOPEX)/Poseidon, Jason-1, ERS-1/2 and 
Envisat altimetry measurements onto a 0.25° × 0.25° 
grid and has been widely used for studying mesoscale 
variability in the ocean (e.g. Ducet and Le Traon, 2001; 
Zhai et al., 2008; Rieck et al., 2015; Xu et al., 2016). 
More detailed information about the altimeter data 
including error analysis can be found in Ducet and 
Le Traon (2001). Here we first compute the zonal (u') 

and meridional (ν') components of surface geostrophic 
velocity anomalies from the daily SSH anomalies via 
geostrophy (Ducet and Le Traon, 2001), and then use 
them to calculate the surface EKE ( +

2
) and eddy 

momentum flux (u'ν')1. The annual cycles of EKE and 
eddy momentum flux are obtained by taking their mean 
values of each calendar month over all 24 years of 
our study period, respectively. In this study, we define 
January, February and March to be winter months; 
April, May and June to be spring months; July, August 
and September to be summer months; and October, 
November and December to be autumn months. As will 
be seen later, this definition of seasons is motivated by 
the observed annual cycle of surface EKE.

3.	Results

3.1	 EKE
EKE averaged over the period of 1993–2016 is cha
racterized by large values in the western boundary 
current regions and in the Southern Ocean and by 
moderate and low values in the eastern part and the 
interior of the ocean basins (Figure 1), consistent with a 
number of previous studies (e.g. Stammer and Wunsch, 
1999; Zhai et al., 2008; Rieck et al., 2015). The spatial 
patterns of EKE in all four seasons are very similar to 
that of the annual mean (not shown).

The seasonal EKE anomalies (with respect to the 
annual mean) exhibit striking coherent large-scale 
patterns, with the annual cycles of EKE in the two 
hemispheres appearing to be in opposite phase to each 
other (Figure 2). Starting from its seasonal minimum 

1
　The other two eddy momentum flux terms, u'u' and ν'ν', although not negligible when considering the local momentum balance, make 

no contribution to the eddy momentum forcing of the zonal-mean zonal flow.

Figure 1. Time-mean EKE over the period of 1993–2016. Regions within 5° of the equator and regions shallower than 300 m are excluded 
in the calculation. The four green rectangular boxes mark the Gulf Stream region ([75°–40°W, 34°–45°N]), the Kuroshio Extension region 
([135°–168°E, 30°–40°N]), the interior of the North Pacific ([125°–180°E, 15°–28°N]) and the Southern Ocean ([35°–60°S]).

Time-mean EKE (m2s-2)
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in boreal winter, EKE in both the subtropical North 
Pacific and North Atlantic, including the Kuroshio 
Extension and Gulf Stream, gradually increases as the 
year progresses. EKE in the interior of the subtropical 
gyres reaches its maximum first (in boreal spring), 
which is followed a few months later (in boreal summer) 
by EKE in the western boundary current regions. 
After that, EKE in the subtropical North Pacific and 
North Atlantic gradually decreases towards its winter 
minimum. The seasonal evolution of EKE in the Southern 
Hemisphere (SH) is generally in opposite phase to 
that in the Northern Hemisphere (NH), with positive 
EKE anomalies in austral spring/summer and negative 
anomalies in austral autumn/winter. One exception is the 
EKE off the west coast of Australia, which appears to be 
out of phase with EKE off the east coast and also EKE 
in other western boundary current regions in the SH.

Figure 3a shows the annual cycles of EKE averaged in 
the Kuroshio Extension, the Gulf Stream, the interior of 
the North Pacific and the Southern Ocean. EKE in both 
western boundary current regions reaches its maximum 

in August (25%–30% greater than its winter minimum), 
whereas EKE in the interior of the NH subtropical 
gyres peaks in May/June (~80% greater than its winter 
minimum), i.e., 2 to 3 months earlier. This phase 
difference between the interior of the subtropical gyres 
and western boundary current regions suggests that 
different mechanisms may be at work in maintaining the 
annual cycles of EKE in different parts of the subtropical 
gyres (Qiu, 1999; Zhai et al., 2008). Therefore, the 
previous statement of EKE in the subtropical gyres 
peaks in respective hemispheric summers is not entirely 
accurate (Zhai et al., 2008; Rieck et al., 2015). One 
subtlety revealed by Figure 2 is that there appears to be 
a phase difference between the annual cycles of EKE 
on the southern and northern flanks of the Kuroshio 
Current (Rieck et al., 2015). The reason for this phase 
difference across the Kuroshio Current is not clear and 
requires further investigation in the future. In contrast, 
the amplitude of the EKE annual cycle in the Southern 
Ocean is very small (Figure 3a).

Averaged over each hemisphere (poleward of 5° in 
latitude), EKE in the NH and SH peaks in respective 
hemispheric summers (Figure 3b). The summer maxi
mums of EKE in the NH and SH are about 20% and 15% 
greater, respectively, than their winter minimums. As 

Figure 2. Seasonal EKE anomalies (m2s-2) in (A) winter, (B) 
spring, (C) summer and (D) autumn.

Figure 3. Annual cycles of EKE averaged in (A) the Kuroshio 
Extension region, the Gulf Stream, the interior of the North 
Pacific, and the Southern Ocean (see the green rectangular boxes 
in Figure 1), and (B) the Northern Hemisphere (NH), the Southern 
Hemisphere (SH), and the global ocean.

(A) JFM

(B) AMJ

(C) JAS

(D) OND

(A) 
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the annual cycles of EKE averaged over the NH and SH 
are of similar magnitude but in opposite phase to each 
other, the globally-averaged EKE shows little seasonal 
variability.

3.2	 Eddy Momentum Flux
The global eddy momentum flux averaged over our study 
period, u'ν', reveals a number of organised patterns with 
alternating signs (Figure 4). Large values of u'ν' are 
concentrated mostly in the western boundary currents 
regions and in the Southern Ocean. In the South Indian 
and South Pacific Oceans, there are wide-spread ne
gative u'ν' equatorward of ~24°S and a narrow band of 
positive u'ν' immediately poleward of that latitude. A 
band of positive u'ν' is found to the east of the Hawaii 
Islands, extending all the way to the western boundary, 
suggesting a far-reaching effect of these island chains 
in shaping eddy momentum flux in the North Pacific. 
Near the continental slopes, a striking feature emerges: 
u'ν' is ubiquitously positive where the continental slope 
is orientated in the southwest/northeast direction and 
is ubiquitously negative where the continental slope 
is orientated in the southeast/northwest direction. As 
noted by Greatbatch et al. (2010a), the steep continental 
slope encourages not only the mean flow but also flow 
variability to be predominantly in the along-slope di
rection (see Morrow et al. (1994) and Scott et al. (2008) 
for evidence of the alignment of surface current variance 
ellipses with steep topography). As such,  u' and ν' 
tend to be positively correlated when the continental 
slope is orientated in the southwest/northeast direction, 
producing positive u'ν'. The opposite is true when the 
continental slope is orientated in the southeast/northwest 
direction.

We now focus on u'ν' and its seasonal variations in 
the Kuroshio and Gulf Stream regions. In the case of 

the Gulf Stream, there are two prominent features: a 
double-blade shaped positive u'ν' immediately following 
the separation of the Gulf Stream from the coast near 
Cape Hatteras and a patch of negative u'ν' to the south 
of the Grand Banks of Newfoundland (Figure 5). 
Both features were also noted in Ducet and Le Traon 
(2001) and Greatbatch et al. (2010a) where fewer years 
(5 and 12 years respectively) of altimeter data were 
used to estimate surface eddy momentum fluxes. The 
robustness of these features is therefore demonstrated 
by their occurrence regardless of the analysis periods 
used in the present and previous studies. Both features 
can be explained by preferred flow variability along the 
direction of the mean flow (northeastward near Cape 
Hatteras and southeastward south of the Grand Banks), 
due most likely to the constraint of the neighboring 
continental slope (Greatbatch et al., 2010a). On the other 
hand, the longer averaging period used in this study 
does bring out a clearer picture of u'ν' in the region 
between the New England Seamounts and the Grand 
Banks. Negative values of u'ν' are generally found on 
the northern flank of the Gulf Stream and positive values 
on the southern flank (Figure 5b), supporting the idea 
that horizontal momentum fluxes by the eddies act to 
strengthen the Gulf Stream jet. To get rid of the small-
scale features in Figure 5, we zonally average u'ν' over 
the Gulf Stream region (bold black line in Figure 6a). 
It becomes clear that the eddies systematically extract 
westerly momentum from both sides of the Gulf Stream 
and flux it into the Gulf Stream jet in the latitude 
band between 37°N and 41°N. In doing so, the eddy 
momentum flux, u'ν', contributes to driving both the 
northern and southern recirculation gyres of the Gulf 
Stream (Greatbatch et al., 2010b). 

The overall patterns of u'ν' in both winter and summer 
are very similar to that of the annual mean, although 

Figure 4. Time-mean u'ν' over the period of 1993–2016.

Time-mean u'v' (m2s-2)
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the double-blade feature near Cape Hatteras becomes 
more pronounced in summer (Figure 7). As a result, 
after zonal averaging, the peak value of u'ν' at 37°N is 
about one-third greater in summer than in winter, and the 
convergence of westerly momentum flux into the zonal-
mean zonal flow between 37°N and 41°N is about 18% 
greater in summer than in winter (Figure 6a).  The result 
that large eddy momentum flux and flux convergence 
are found in summer is consistent with the annual cycle 
of EKE in this region, which also peaks in the summer 
season. We argue that these seasonal variations of u'ν', 
being sizable in magnitude, may play an important role 
in modulating the strength of the Gulf Stream and its 
recirculation gyres on the seasonal time scale. 

In the Kuroshio Extension region, there is an array 
of u'ν' patches of alternating signs between Japan and 
155°E (Figure 8), broadly similar to those found in 
Ducet and Le Traon (2001) and Greatbatch et al. (2010a), 
again demonstrating the robustness of these features. The 
juxtaposition of u'ν' patches and the mean flow meanders 
shows that there is preferred flow variability along the 
direction of the mean flow meander. Indeed, positive 
patches of u'ν' are found in the Kuroshio meander where 
the mean flow is northeastward, and negative patches 
where the mean flow is southeastward (Figure 8b). In 
Greatbatch et al. (2010a), u'ν' after zonal integrating, was 

Figure 5. Time-mean u'ν'  in the Gulf Stream region overlaid (A) with bathymetry contours with contour interval of 1000 m and (B) with 
the mean sea surface height contours from Niiler et al. (2003) with contour interval of 0.1 m. Note the different colour scale from that 
used in Figure 4.

Figure 6. Zonal-mean u'ν' in (A) the Gulf Stream region and (B) 
the Kuroshio Extension region.

(A) 

(B) 

(A) Time-mean u'v' (m2s-2) with bathymetry contours

(B) Time-mean u'v' (m2s-2) with mean sea surface height contours

Latitude (°N)
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Figure 7. (A) Winter-mean and (B) summer-mean u'ν'  in the Gulf Stream region overlaid with the mean sea surface height contours from 
Niiler et al. (2003) with contour interval of 0.1 m.

Figure 8. Time-mean u'ν'  in the Kuroshio Extension region overlaid (A) with bathymetry contours with contour interval of 1000 m and (B) 
with the mean sea surface height contours from Niiler et al. (2003) with contour interval of 0.1 m.

(A) Winter-mean u'v' (m2s-2)

(B) Summer-mean u'v' (m2s-2)

(A) Time-mean u'v' (m2s-2) with bathymetry contours

(B) Time-mean u'v' (m2s-2) with mean sea surface height contours
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found to change sign several times between 30°N and 
40°N, implying that eddy momentum flux feeds/extracts 
westerly momentum into/out of alternating latitude 
bands, although no such bands of zonal mean flow 
were found in the Niiler et al. (2003) mean sea surface 
height product. With the longer record of altimeter data 
that has now become available, a clearer and simpler 
picture emerges after zonal averaging (bold black line 
in Figure 6b): the eddies systematically extract westerly 
momentum from regions to the south and north of the 
Kuroshio Current and deposit it in the latitude band 
between 32°N and 35.5°N where the strongest zonal-
mean zonal flow is situated (see Figure 7 in Greatbatch 
et al. (2010a)). We therefore conclude that, at least in the 
zonal-mean sense, eddy momentum fluxes in the Gulf 
Stream and Kuroshio Extensions are not that dissimilar: 
they both act to strengthen the western boundary current 
and drive the recirculation gyres to the north and south 
(Qiu et al., 2008; Greatbatch et al., 2010b). 

The seasonal variations of u'ν' are more pronounced 
in the Kuroshio Extension region: both the middle ne
gative and positive patches of u'ν' become visibly more 
enhanced in summer (Figure 9). Figure 6b shows that 
the positive peak of the zonal-mean u'ν' is over twice 
greater in summer than in winter (and also shifts slightly 
northward in summer), while the negative peak at 35.5°N 

is ~25% greater in winter than in summer. Consequently, 
the convergence of westerly momentum flux into the 
latitudes between the maximum and minimum zonal-
mean u'ν' is ~13% greater in summer than in winter. 
We therefore expect a stronger eddy-driven northern 
recirculation gyre in winter and a much stronger eddy-
driven southern recirculation gyre in summer in the 
Kuroshio Extension region.

4.	Summary
In this study, we have investigated the annual cycle of 
surface EKE and its influence on eddy momentum flux 
using an updated record of satellite altimeter data. Our 
main findings are:
•	 EKE in the western boundary current regions and 

EKE in the interior of the subtropical gyres peak 
in summer and late spring, respectively. The phase 
difference between them suggests that different 
mechanisms may be at work in maintaining the 
annual cycles of EKE in different parts of the 
subtropical gyres.

•	 The annual cycles of EKE averaged over the NH 
and SH are of similar magnitude but in opposite 
phase to each other, both reaching their seasonal 
maximums in respective hemispheric summers. As 
a result, the globally-averaged EKE shows little 

Figure 9. (A) Winter-mean and (B) summer-mean u'ν'  in the Kuroshio Extension region overlaid with the mean sea surface height 
contours from Niiler et al. (2003) with contour interval of 0.1 m.

(A) Winter-mean u'v' (m2s-2)

(B) Summer-mean u'v' (m2s-2)
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seasonal variability. 
•	 Thanks to the longer record of altimeter data that 

has now become available, clearer and simpler pic
tures of eddy momentum flux in the Gulf Stream 
and Kuroshio Extension emerge. Between the 
New England Seamounts and the Grand Banks of 
Newfoundland, negative values of u'ν' are generally 
found to the north of the Gulf stream and positive 
values to the south, supporting the idea that eddies 
systematically flux westerly momentum into the 
Gulf Stream jet. The zonal-mean structure of u'ν' 
in the Kuroshio Extension is found to be similar to 
that in the Gulf Stream, in contrast with the findings 
in the earlier studies where fewer years of altimeter 
data were used.

•	 Our results show that the annual cycle of surface 
EKE does have dynamical consequences for eddy-
mean flow interactions. Large eddy momentum 
flux and flux convergence are found in the western 
boundary current regions in the summer season 
when surface EKE reaches its maximum. We ar
gue that the seasonal variations of u'ν' are sizable 
in magnitude and may play an important role in 
modulating the strength of the western boundary 
currents and their associated recirculation gyres on 
the seasonal time scale.
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