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[1] The seasonal variation of eddy kinetic energy (EKE) of
the North Pacific Subtropical Countercurrent (STCC) was
investigated by analyzing the data from an eddy-resolving
OGCM with the horizontal resolution 1/12� in comparison
with satellite altimetry data. Although the annual cycle of
simulated EKE of the whole STCC domain showed
agreement with satellite data, with a maximum in spring
and a minimum in fall, it revealed latitudinal dependence;
that is, near 19�N the EKE level is higher in summer than in
winter, but it is higher in winter than in summer north of
20�N. The OGCM also reproduced two branches of the
STCC, which affect the EKE variation. The variation of
EKE level was shown to be closely related to the growth
rate of baroclinic eddies. The simulated zonal velocity is
much larger than climatological value, thus allowing much
faster growth of baroclinic eddies. Citation: Noh, Y., B. Y.
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1. Introduction

[2] Major advances have been made recently in the
understanding of mesoscale variability of the ocean thanks
to the availability of satellite altimetry data and eddy-
resolving ocean general circulation models (OGCM) [e.g.,
Stammer, 1997; Qiu, 1999; Smith et al., 2000; Ducet and Le
Traon, 2001; Brachet et al., 2004].
[3] In particular, Qiu [1999] has found from the analysis

of TOPEX/Poseidon (T/P) satellite data that the eddy
kinetic energy (EKE) of the North Pacific Subtropical
Countercurrent (STCC), which flows eastward near the
center of the western North Pacific subtropical gyre,
shows a well-defined annual cycle with a maximum in
April/May and a minimum in December/January with the
amplitude exceeding 200 cm2s�2. He also showed that the
seasonal modulation of EKE is a manifestation of baro-
clinic instability.
[4] Meanwhile, several observation data analyses sug-

gested that the STCC is actually made of multiple zonal

bands of eastward currents [Hasunuma and Yoshida, 1978;
White and Walker, 1985; Aoki et al., 2002; Kobashi and
Kawamura, 2002]. For example, Aoki et al. [2002] and
Kobashi and Kawamura [2002] suggested two branches of
the STCC; one along 24�N from 130�E to 160�W and the
other along 20�N from about 150�E to the west of Hawaii
Island. The latter is often called separately as the Hawaiian
Lee Countercurrent [Qiu et al., 1997]. They also found that
each branch has a different seasonal variation pattern.
[5] In the present paper we examined whether such an

annual cycle of the EKE of the STCC is reproduced in an
OGCM, together with the corresponding realistic distribu-
tions of velocity and temperature. It is also interesting to
see how the EKE variation is related to two branches of
the STCC. Furthermore, the OGCM data provides us
information on the relation between EKE and the subsur-
face oceanic structure, which is unavailable from satellite
data.

2. Model

[6] The OGCM used in this study (RIAMOM) is a
multilevel model with a free surface that solves hydrostatic
primitive equations. The model covers from 95�E to 70�W
in longitude and from 50�S to 65�N in latitude. The
horizontal grid interval is 1/12� in both latitudinal and
longitudinal directions, and there are 70 vertical levels, with
9 levels in the upper 90 m. Note that the horizontal
resolution of the OGCM must be smaller than 1/10� in
order to resolve mesoscale eddies globally [Smith et al.,
2000]. The advection of momentum is treated by the
generalized Arakawa scheme [Ishizaki and Motoi, 1999],
which conserves potential enstrophy as well as kinetic
energy. It also uses an improved advection scheme of tracers
by Webb et al. [1998] and the biharmonic diffusion for both
momentum and tracers. The vertical mixing is improved by
the Noh scheme, which was shown to reproduce more
realistic subsurface stratification [Noh and Kim, 1999;
Noh et al., 2002]. The detailed explanation and the general
performance of the model is given by You [2005].
[7] The model was started from the state of rest with

climatological temperature and salinity distributions by
WOA94 [Levitus and Boyer, 1994; Levitus et al., 1994],
and was forced by the climatological forcing of wind stress
and heat flux from the NCEP reanalysis data. The combined
boundary condition using both the climatological flux and a
restoring term was used for the heat flux, similar to Noh et
al. [2002], and the restoring boundary condition was used
for salinity. At the southern boundary, temperature and
salinity were restored to climatological values. The model
was integrated for 25 years, which is long enough for the
upper ocean to reach quasi-equilibrium. Three-dimensional
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prognostic variables were archived every model day of the
last year, and were used for analysis.

3. Results

[8] Figure 1 compared the rms sea surface height anom-
aly (SSHA) in the Pacific Ocean, obtained from OGCM and
satellite data. The gradient of SSHA h0, where h0 represents
an anomaly from the annual mean SSH, is related to the
horizontal velocity of mesoscale eddies u0g by geostrophic
balance, i.e., u0g = (g/f )k � rh0, and thus to EKE [hu02gi +
hv02gi]/2. The satellite data has the horizontal resolution of
0.25�, and was obtained at 10 day intervals. A similar
pattern appears from both data with high SSHA variability
in the regions of the Kuroshio, the North Equatorial
Countercurrent, and the STCC, although the SSHA of the
Kuroshio is stronger and broader than satellite data. Higher
SSHA variability from satellite data in the regions of low
variability, such as the eastern basin, is mainly due to higher
signal error [Smith et al., 2000].
[9] The annual cycle of EKE in the STCC region 19�–

25�N, 135�E–175�W also shows agreement between two
data with a maximum in spring and a minimum in fall,
although a phase lead of about 2 months appears in the

OGCM results (Figure 2). Both the stronger SSHA of the
western boundary current and the phase difference in the
annual cycle of EKE, in comparison with satellite data, were
also found in the Atlantic Ocean [Brachet et al., 2004].
[10] Meanwhile, the zonally averaged EKE shows a

stronger meridional variation in OGCM results than in
satellite data, with the higher EKE level near 19�N
(Figure 3). Weaker meridional variation in the observation
data may be affected by the existence of interannual
variations. Furthermore, OGCM results reveal that the
seasonal variation pattern of EKE differs depending on
latitude. Near 19�N the EKE level is higher in summer than
in winter, whereas north of 20�N it is higher in winter than
in summer. On the other hand, the EKE level in spring is
always higher than that in fall in the whole domain.
[11] In order to investigate the oceanic structure associ-

ated with the EKE variation, we examined the temperature
distribution along 150�E in comparison with the climatol-
ogy (Figure 4). The simulated result reproduces well the
general features of climatological temperature distribution at
all seasons. Furthermore, it reproduces two subsurface
fronts predicted from previous hydrographic data analysis
[Aoki et al., 2002; Kobashi and Kawamura, 2002], a
stronger one along 18–20�N and a weaker one along 24–
26�N, corresponding to southern and northern branches of
the STCC, respectively.
[12] The corresponding distribution of zonal velocity

reveals multiple zonal bands of alternating zonal velocity,
including two branches of the STCC (Figure 5). The weaker
northern branch along 24–26�N is weakest in September
and December and the stronger southern branch along 18–
20�N is weakest in March, in agreement with Kobashi and
Kawamura [2002]. The zonal velocity is also consistent
with the field observation (>20 cms�1) [Roden, 1998; Aoki
et al., 2002]. On the other hand, it is in contrast to a single
zonal band of the STCC estimated from climatological
hydrology that is much weaker (<10 cms�1), shallower
(<100 m), and wider (>500 km) [see Qiu, 1999, Figure 9].
Note that the averaging process removes fluctuation in the
temperature distribution in climatological data, as shown in

Figure 1. Map of the rms sea surface height anomaly
(SSHA) variability in the North Pacific from the (top)
OGCM and (bottom) T/P.

Figure 2. Annual cycle of the EKE anomalies of the
STCC inferred from the OGCM (solid line) and T/P (dots).
The data from T/P are from October 1992 to December
1997.

Figure 3. Meridional variation of the zonally averaged
EKE distributions (135�E–175�W) in four seasons from the
OGCM (solid line) and T/P (dashed line) (JFM: winter
(blue), AMJ: spring (green), JAS: summer (red), and OND:
fall (yellow)).
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Figure 4, and thus decreasing the zonal velocity. Figure 5
also confirms the existence of alternating zonal jets in the
global ocean found recently in the satellite and high
resolution OGCM data [Nakano and Hasumi, 2005;
Maximenko et al., 2005].

[13] It has been known that mesoscale eddies are gener-
ated primarily by baroclinic instability [Stammer, 1997;
Qiu, 1999]. Therefore, we examined the meridional distri-
bution of the growth rate of baroclinic eddies (f/N)dU/dz
[Charney, 1947; Eady, 1949] at each season, where both the
Brunt-Väisälä frequency N and the vertical shear of zonal
velocity dU/dz were calculated over the depth of 400 m, and
the Coriolis parameter f was fixed. It shows a good
correlation with the EKE variation in Figure 3 in the
meridional distribution and in the seasonal variation
(Figure 6a). In particular, near 19�N (north of 20�N), the
value of ( f/N)dU/dz is high in summer (winter) and low in
winter (summer), in accord with the EKE variation. It
suggests that stronger zonal velocity of the southern branch
of the STCC makes the EKE level near 19�N higher in
summer. Meanwhile, the weaker stratification appears to be
mainly responsible for the enhancement of the EKE level
north of 20�N in winter. The meridional distribution of the
vertical velocity shear only, dU/dz, as used by Stammer
[1997] and Qiu [1999], could not reproduce the seasonal
variation north of 20�N properly, suggesting the importance
of stratification for baroclinic instability in this region (not
shown). The values of ( f/N)dU/dz near 19�N in spring and
fall are comparable, however, although the EKE level is
higher in spring. The reason is not clear, but it can be
attributed to other sources of EKE such as barotropic
instability.

Figure 4. Temperature distribution at 150�E at each
season from the (left) OGCM and (right) climatological
data.

Figure 5. Zonal velocity distribution at 150�E at each
season from the OGCM.

Figure 6. Meridional variation of the zonally averaged
value of ( f/N )dU/dz (135�E–175�W) at each season from
the OGCM. (a) JFM: winter (blue), AMJ: spring (green),
JAS: summer (red), and OND: fall (yellow). (b) Two-month
phase-lead: NDJ (blue), FMA (green), MJJ (red), ASO
(yellow).
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[14] On the other hand, the meridional variation of
(f/N)dU/dz with a phase-lead of 2 months shows poor
correlation with Figure 3 (Figure 6b), suggesting that there
is no phase lag between baroclinic instability and EKE. It
does not agree with the result based on the satellite and
climatological data [Qiu, 1999; Kobashi and Kawamura,
2002], where 2 month phase-lag appears in the annual cycle
of EKE. We can expect that the time scale for the growth of
baroclinic eddies is much shorter here, because dU/dz is
much larger than the climatological one.

4. Conclusion

[15] We have shown that an eddy-resolving OGCM
reproduces well the observed annual cycle of the EKE level
of the STCC, a maximum in spring and a minimum in fall,
along with the realistic distributions of temperature and
velocity.
[16] At the same time, the simulation result reveals several

new insights regarding the mesoscale variability of the
STCC. The seasonal variation of EKE shows a different
pattern depending on latitude. Near 19�N the EKE level is
higher in summer than in winter, but it is higher in winter than
in summer north of 20�N. The OGCM also reproduced two
branches of the STCC, which affect the EKE variation. The
variation of EKE level was shown to be closely related to the
growth rate of baroclinic eddies (f/N)dU/dz. The simulated
zonal velocity is much larger than climatological value, thus
allowing much faster growth of baroclinic eddies.
[17] Meanwhile, the simulated EKE along the southern

branch of the STCC and the Kuroshio is higher than satellite
data, and a phase difference appears between the two
seasonal variations of EKE. This discrepancy is possibly
attributed to the coarser resolution of satellite data, which
cannot detect smaller scale eddies with faster growth rate,
but more studies on both satellite data and the OGCM are
required in the future study to resolve it. Finally, we should
mention that, although we used the T/P data in order to
avoid confusion in comparing the results with those of Qiu
[1999], the difference from the updated AVISO combined
satellite data set is insignificant for the mesoscale variability
of the STCC region.
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