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ABSTRACT

Altimetry data from the first 5%-yr TOPEX/Poseidon mission (October 1992-December 1997) are analyzed
focusing on the North Pacific Subtropical Countercurrent (STCC) near the center of the Pacific’'s western sub-
tropical gyre. The multiyear altimetry data reveal that the eastward-flowing STCC is a highly variable zonal
current, whose area-averaged eddy kinetic energy level (338 cm? s72) reaches half the eddy kinetic energy level
of the Kuroshio Extension. The eddy kinetic energy of the STCC has awell-defined annual cycle with amaximum
in April/May and a minimum in December/January. The peak-to-peak amplitude of this seasonal eddy kinetic
energy modulation exceeds 200 cm? s-2. No such distinct annual cycle of the eddy kinetic energy is found in
any other zonal current of the North Pacific Ocean. Using a 2%-layer reduced-gravity model representing the
vertically sheared STCC—North Equatorial Current (NEC) system, it is shown that the seasonal modulation of
the STCC's eddy field is a manifestation in the intensity of baroclinic instability. In spring the STCC-NEC
system has a large vertical velocity shear and a weak vertical stratification, subjecting it to strong baroclinic
instability. In fall, reduction in the vertical velocity shear between the STCC and its underlying NEC, and
intensification of the upper-layer stratification weakens the baroclinic instability. In comparison with the STCC
of 19°-25°N, the altimetry data reveal that the westward-flowing NEC existing between 10° and 15°N has a
relatively low eddy kinetic energy level, despite being a stronger vertically sheared zonal current than the STCC.
That the NEC is less eddy energetic is shown to be due to both its presence in a low-latitude band and its
unidirectional flow. Both of these factors make it more difficult to reverse the potential vorticity gradient of the
mean state (i.e., satisfying the necessary condition for the baroclinic instability) in the NEC than in the STCC—
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NEC system.

1. Introduction

The launch of the TOPEX/Poseidon (T/P) satellitein
1992 and its successful multiyear measurements of the
sea surface height field provided the oceanography com-
munity with an excellent opportunity to study the var-
iability of the world's ocean circulations (Fu et al. 1994;
T/P special issues of Journal of Geophysical Research
of December 1994 and December 1995). In addition to
being a useful means to monitor the global sea surface
height field on a temporally repetitive basis, the T/P
altimetric data are also helpful in revealing new features
of the ocean circulation in regions where the variability
is heretofore thought to be relatively weak. Figure 1
shows the distribution of the rms sea surface height
(SSH) variability in the North Pacific derived from the
T/P atimeter data over the past 5% years (October
1992-December 1997). High SSH variability regionsin
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Fig. 1 include the Kuroshio/Kuroshio Extension south-
east of Japan, the North Equatorial Countercurrent along
5°N, and the region off the Pacific coast of Central
America around 11°N. The high SSH variations of this
latter region are due to the westward migration of the
energetic anticyclonic eddies induced at the Gulf of Te-
huantepec and the Gulf of Papagayo (Stumpf and Le-
geckis 1977; McCreary et al. 1988).

In addition to these well-known current and eddy sys-
tems in the North Pacific, Fig. 1 shows aregional max-
imum of the SSH variability that hasan rmsvalue >0.10
m and extends from 135°E to 175°W in a zonal band
from 19°N to 25°N. A similar high variability band in
the western North Pacific was previously noted by Wyrt-
ki (1975) in his analysis of historical hydrographic data
and by Aoki and Imawaki (1996) in their analysis of
the Geosat altimetric data. Superposition of this high
variability band upon the surface dynamic topography
map of the North Pacific (see the dashed box in Fig. 2)
indicates that this band is located where the isobaths of
the dynamic topography veer eastward near the center
of the subtropical gyre. As depicted in Fig. 3, these
eastward veering isobaths between 19°N and 27°N cor-
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Fic. 1. Map of the rms sea surface height (SSH) variability in the North Pacific Ocean. Based on the T/P atimetric data from October
1992 to December 1997. The rms values are evaluated first along the T/P ground tracks and are mapped subsequently using a Gaussian

smoother with the decorrelation scales of 0.5° lat and 1.5° long. No

respond to the surface eastward flow of the North Pacific
Subtropical Countercurrent (STCC).

Discovery of the STCC in the western North Pacific
subtropical gyre by Japanese scientists dates back to the
mid 1960s. By computing the Sverdrup transport from
the springtime wind stress data, Yoshida and Kidokoro
(1967) predicted the existence of an eastward flow at
20°-25°N in the western North Pacific, a region where
one would otherwise expect a westward flow feeding
the western boundary current based on the classical
wind-driven circulation theory. The presence of this
eastward current, which Yoshida and Kidokoro dubbed
the STCC, was later confirmed both by Uda and Ha
sunuma (1969) from direct current meter observations
and geostrophic calculations and by White et al. (1978)
using historical XBT data.

To place the STCC in the context of the large-scale
subtropical circulation, we show in Fig. 4 a typical,
meridional temperature cross section observed in the

steric height effect is removed.

western North Pacific. In this figure, the sharp thermal
front at 36°N corresponds to the Kuroshio Extension.
The thermocline associated with the Kuroshio Extension
is deep, reaching greater than 800 m. The thermocline
in between 19° and 27°N has an upper and a lower
branch. The upper branch corresponds to the eastward-
flowing STCC and the lower branch corresponds to the
wind-driven, westward-flowing North Equatorial Cur-
rent (NEC). Notice that the strong, meridional temper-
ature gradient in the surface layer around 26°N is com-
monly known as the Subtropical Front (Roden 1975).
As shown in Fig. 4 and studies by Roden (1980) and
Yuan and Talley (1996), its geographical position islo-
cated poleward of 25°N in the western North Pacific.
In other words, the high SSH variability band detected
by the T/P atimeters (between 19° and 25°N) are as-
sociated more with the vertically sheared STCC-NEC
system than with the fluctuations of the outcropping
Subtropical Front itself.
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FiG. 2. Mean sea surface dynamic topography relative to 1000 dbar. Units are centimeters. Based on the climatological temperature and
salinity (T-S) datasets of Levitus and Boyer (1994) and Levitus et a. (1994). The dashed box denotes the zonal band of high SSH variability

of the STCC detected by the T/P altimeters.

Early theories on the STCC and the Subtropical Front
by Roden (1975, 1980) and Welander (1981) have em-
phasized the Ekman convergence induced by westerlies
to the north and trades to the south. More recent theories
have stressed the importance of the surface buoyancy
forcing coupled with the geostrophic convergence,
which causes the midgyre front and its associated zonal
current (Cushman-Roisin 1984; Kubokawa 1997). The
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FiG. 3. Geostrophic zonal flow pattern along 145°E computed from
the climatological temperature and salinity datasets of Levitus and
Boyer (1994) and Levitus et al. (1994). The reference level is 1000
dbar and contour units are meters per second. The near-surface east-
ward flow between 19.5° and 27.5°N corresponds to the STCC.

numerical modeling studies by Takeuchi (1984, 1986)
appear to support this geostrophic convergence theory.
Dewar (1992), on the other hand, proposed that an adi-
abatic wind-driven model can cause such asurfacefront
due to the nonlinear nature of the continuity eguation.

Because the STCC encompasses a geographical do-
main as large as 60° in longitude (130°E-170°W) and
8° in latitude (19°-27°N), our knowledge about its spa-
tial and temporal variability remains limited. With long-
term observational datafrom the T/P satellite now avail-
able, this study attempts to first characterize the nature
of the STCC variahility. One interesting result revealed
by the T/P altimeter datais that the mesoscal e eddy field
associated with the STCC-NEC system undergoes are-
markably regular seasonal cycle. In the second half of
this study, a simple dynamic model is adopted to elu-
cidate the causes of this seasonal eddy field modulation.

Another salient feature unveiled by Fig. 1 is that in
the zonal band from 10°N to 18°N where the main body
of the westward-flowing NEC is located, the SSH var-
iability has relatively low rms values (<0.08 m). This
result is somewhat unexpected given that the flow speed
and the vertical velocity shear of the NEC are much
stronger than those of the STCC. As shown in Fig. 3,
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FiG. 4. Meridional temperature profile observed in the western North Pacific along 144°E in February 1987. Based on XBT and CTD mea-
surements from R/V Takuyo of Japan Marine Safety Agency and R/V Kaiyo-Maru of Tohoku Regional Fisheries Research Laboratory.

the typical value for the NEC's vertical velocity shear
is3.5 X 10~* s7*, whereas it is 2.0 X 10~* s~* for the
STCC. A recent study by Stammer (1997a) showed that
the eddy kinetic energy level is closely related to the
magnitude of the vertical shear in the mean flows: higher
eddy variability regions coincide generally with stronger
baroclinic mean flows. Clearly, the NEC and the STCC
regions in the North Pacific Ocean do not follow this
general tendency. In the present study, this observed
aspect of the subtropical circulation variability will also
be addressed.

This paper is organized as follows. In section 2, we
start with a brief description of the T/P altimeter data
and present results from the T/P dataanalysis. Particular
attention is paid to the eddy kinetic energy field of the
STCC and comparisons are made with other zonal cur-
rents in the North Pacific. In section 3, a verticaly
sheared 2Y:-layer reduced-gravity model is adopted to
explore the physics underlying the observed seasonal
modulation of the STCC eddy field. Discussions and
stability properties of the NEC are provided in section
4. Section 5 summarizes the results from the present
study.

2. Results from T/P altimeter data

TOPEX/Poseidon altimeter data from the period of
October 1992 through December 1997 (repeat cycles

2-195) are used in this study. For al ground tracks
passing the North Pacific Ocean, we first adjust the raw
atimeter datafor various environmental corrections, in-
cluding the dry troposphere, the tides, and the inverse
barometer effect, according to the GDR users handbook
(Callahan 1993). After these corrections, the height data
are interpolated to a common latitude grid with a one-
per-second sample rate (about 5.6 km along a ground
track). The alongtrack anomalous SSH profiles are then
calculated by subtracting from each height profile the
temporally averaged profile (namely, the geoid plus the
5%-yr mean SSH). Finaly, a low-pass filter, which has
a half-power point at 26 km, is applied to the anomal ous
SSH data to suppress small-scale noises. Note that this
low-pass filtering haslittle influence upon the mesoscal e
eddy signals of interest to this study.

Using the 5% yr of the T/P data, we plot in Fig. 5a
the time series of the eddy kinetic energy averaged in
the region of 19°-25°N, 135°E-175°W (i.e., the dashed
box in Fig. 2). Here the eddy kinetic energy is estimated
from the alongtrack anomalous SSH data (h’) by as-
suming geostrophy and isotropic conditions, namely,

_ g

EKE = (u2) withu, = t s

@

where u, denotes the cross-track geostrophic velocity,
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(a) EKE in the STCC region: 135°E-175°W, 19°-25°N
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(b) Detrended EKE anomalies in the STCC region
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Fic. 5. (a) Time series of the eddy kinetic energy inferred from the T/P data in the STCC region 19°—
25°N, 135°E-175°W. (b) Same as in (a) with linear trend removed. The solid line indicates the best fit by

the annual and semiannual harmonics.

f isthe Coliolis parameter, sis the alongtrack distance,
and angle brackets denote the ensemble average from
both the ascending and descending track estimates. The
mean eddy kinetic energy level in the STCC region is
338 cm?s~2, which translatesinto arms surface vel ocity
change of 18 cm s *. Given that the mean flow of the
STCCis5cmstorless,* thislarge rmssurface vel ocity
implies that the presence of the mean STCC can be
masked by eddies for a given instance. This indeed is
the case in some of the hydrographic data presented by
Uda and Hasunuma (1969) and Hasunuma and Yoshida
(1978) in which the eastward-flowing STCC is often
“blurred” by signals of mesoscale eddies.

One interesting result revealed by Fig. 5a is the ex-
istence of a distinct annua cycle in the STCC’s eddy
kinetic energy field; the EKE level of the STCC attains
a maximum in April/May and decreases to a minimum
in December/January. This seasonal eddy field modula-
tion becomes even clearer if we remove the linear trend
in Fig. 5a and fit a curve with the annual and semiannual
harmonics (see Fig. 5b). The amplitude of the seasonal
eddy kinetic energy change is large: the EKE level in
April/May (~440 cm? s72) is double that of December/

* The mean kinetic energy level in the region of 19°-25°N, 135°E—
175°W based on the climatological surface geostrophic flow is 1.9
cm? s2,

January. Figure 6 shows the zonally averaged EKE dis-
tributions as a function of season and latitude. Notice
that the meridional EKE profiles do not depend sensi-
tively on the season: the EKE peak, for example, is lo-
cated around 22°N in all seasons. In spring (AMJ), a
secondary EKE peak can befound around 19°N, although
its presence is less clear in the other seasons.

To highlight the regularity in the EKE field of the
STCC, we plot in Fig. 7 the eddy kinetic energy time

600 L e

16°N

18°N 20°N 22°N 24°N R6°N 28°N

Fic. 6. Meridional profiles of the zonally averaged eddy kinetic
energy distributions (135°E-175°W) in the four seasons, JFM: winter;
AMJ: spring; JAS: summer; and OND: fall.
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(a) EKE anomalies in the KE region: 140°E—170°W, 32°-38°N
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(b) EKE anomalies in the NEC region: 135°E—175°W, 10°-16°N
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FiG. 7. (a) Time series of the eddy kinetic energy (with the linear trend removed) in the Kuroshio Extension
region 32°-38°N, 140°E-170°W. (b) Same as (a) except for the NEC region 10°-16°N, 135°E-175°W. The
solid line in each panel indicates the best fit by the annual and semiannual harmonics.

series in its two neighboring current regions: the Ku-
roshio Extension (32°-38°N, 140°E-170°W) and the
NEC (10°-16°N, 135°E-175°W). Like in Fig. 5b, these
time series have been detrended and their mean EKE
and linear trend values are summarized in Table 1. For
both the Kuroshio Extension and the NEC, the seasonal
EKE signals are much less prominent. The annual/semi-
annual harmonic curves in both Figs. 7aand 7b explain
less than 25% of the variances in the detrended EKE
time series. Thisisin sharp contrast to the annual/semi-
annual harmonic curvein Fig. 5b, which explained 70%
of the EKE variance in the STCC.

Figure 5 shows that the interannual variations exist
in the eddy field of the STCC as well. The EKE level,
for example, is unseasonably high in March—October
1996. In addition, a linear trend with an annual EKE

TABLE 1. The mean eddy kinetic energy level, the linear trend in
the EKE field over the 5.2 years of the T/P mission, and the ratio of
the long-term EKE change over the mean EKE value in the zonal
current regions of the STCC, the Kuroshio Extension, and the NEC.

Linear
Mean EKE trend Ratio of
level (cm? s2 long-term
Current (cm? s72) yr-t) EKE change
STCC 338 22.9 35.2%
Kuroshio Extension 661 —-19.4 —15.3%
NEC 217 12.0 28.8%

increase of 23 cm? s-2ispresent in the time seriesshown
in Fig. 5a. Over the 5%-yr period of the T/P mission,
this amounts to an EKE increase of 120 cm? s2, or a
35% increase over the mean EKE level of the STCC.
Interestingly, along-term increase in the EKE level with
a similar ratio (29%; see Table 1) is also observed in
the NEC during the same period. In contrast, the eddy
kinetic energy level in the Kuroshio Extension experi-
enced a weak drop over the 5% yr of the T/P mission
(see also Qiu 1995). Though important, the details of
the interannual changes in these current systems will
not be pursued in this study.

It is worth emphasizing that the seasonal eddy field
modulation detected by the T/P altimetersis not aresult
of the seasonal steric height change (Stammer 1997b)
or of the changes due to the seasonal migration and
intensification of the STCC. To explicitly evaluate the
EKE changes due to these factors, we calculated the
EKE time series based on the low-pass filtered anom-
alous SSH data. The low-pass filter adopted has a half-
pass point at 300 days and effectively removes the in-
traannual, mesoscale signals. The EKE changes thus
computed have a peak-to-peak seasonal amplitude of
less than 20 cm? s2, much smaller than the seasonal
amplitude of 200 cm? s~2 shown in Fig. 5. In other
words, the eddy kinetic energy signals in Fig. 5 are
mostly associated with the eddy field of the STCC as
opposed to the seasonal changes of the mean STCC
itself.
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and (b).

To examine the length scal e of the eddy field in detail,
we estimated the mean wavenumber spectra of the
alongtrack SSH data in the region 18°-30°N, 135°E—
175°W (Fig. 8a). Here a meridional segment of 12° is
chosen in order to estimate the spectral distribution at
wavelengths longer than the first-mode Rossby radius
of deformation. Notice that the spectra derived inde-
pendently from the ascending and descending track data
are nearly identical. In the intermediate wavelengths
(100-300 km), Fig. 8a shows that the spectra are well
represented by ak—2 dependence, with k being the along-
track wavenumber. As the wavelengths become longer
than 350 km, the spectra begin to level off. As noted
by several previous studies (e.g., Fu 1983; Le Traon et
al. 1990; Stammer 1997a), this break in the spectral
slope occurs close to 27 times the regional first-mode
Rosshy radius of deformation, and separates the geo-
strophic turbulent regime from the regime where the
planetary B effect dominates. From Emery et al. (1984)
and Chelton et al. (1998), the first-mode Rossby radius
of deformation R, in the STCC isabout 58 km, or 27R;
= 364 km (see the arrow in Fig. 8a). Because the first-
mode Rossby radius of deformation is the preferred
length scale for eddies generated by the process of baro-
clinic instability (Pedlosky 1987), the result of Fig. 8a
hints that such an instability process is likely at work
in the STCC system. This hypothesis will be tested in
the following section.

In concluding this section, we show in Fig. 8b the
mean wavenumber spectra in the Kuroshio Extension

region estimated from the T/P atimeter data. In this
region of higher eddy kinetic energy, the spectral slope
in the intermediate wavel ength range follows k=4, steep-
er than that in the STCC region. Asin the STCC region,
however, the spectral break occurs again near 27 times
the regional first-mode Rossby radius of deformation.
The averaged R, in the Kuroshio Extension region is
about 38 km (Emery et al. 1984; Chelton et al. 1998).
In both Figs. 8a and 8b, a k=*5 relation is found for
signals with wavelengths shorter than 100 km; this ap-
pears to be a global feature of the T/P data and is at-
tributable to the ““noises’ due to environmental and
geophysical corrections (Stammer 1997a).

3. Theoretical considerations

That the spectral regime shift occurs around 27R;,
as revealed above from the T/P data analysis, suggests
that the eddy field of the STCC is possibly related to
the baroclinic instability process. This, in turn, points
to the importance of the vertical velocity shear between
the eastward-flowing STCC and the westward-flowing
NEC. Given the shallow presence of the STCC, it is of
no surprise that the vertical velocity shear between the
STCC and its underlying NEC is sensitive to the sea-
sonal surface wind and buoyancy forcings. In Fig. 9,
we present the thermal structures and the zonal geo-
strophic velocity profiles of the STCC-NEC in the four
months representing different seasons. Due to the sur-
face cooling beginning in late October, the well-strati-
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Fic. 9. Seasonal evolution of the thermal structures and the zonal geostrophic velocities of the STCC and the NEC along

150°E. Based on the monthly climatological T-S datasets of Levitus and Boyer (1994) and Levitus et a. (1994). Contour units

are degrees Celsius for temperature and meters per second for velocity. The reference level is 1000 dbar.
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Fic. 10. Seasonal change in the vertical velocity shear between the
STCC and its underlying NEC (solid line) vs the seasonal change in
the detrended EKE level of the STCC from the T/P observations
(dashed line; same as the solid line in Fig. 5b). Here, the vertical
velocity shear is the climatological, zonal velocity shear between 0
and 400 m averaged in the region of 19°-25°N, 140°-170°E. Based
on the monthly T-S datasets of Levitus and Boyer (1994) and Levitus
et al. (1994).

fied upper thermocline of the STCC of summer/fall (Fig.
9c) is destroyed in winter (Fig. 9d). Asthe latitudinally
varying surface cooling progresses, the convectively in-
duced tilt of the upper thermocline enhances and it
reaches the maximum n early spring (Fig. 9a). The steep
thermal front structure of the STCC is subsequently re-
placed by a flatter seasonal thermocline when the sur-
face buoyancy forcing changes from cooling to heating
(Fig. 9b).

The dynamical consequence of this seasona upper-
thermocline evolution is that the vertically sheared
STCC-NEC system undergoes a regular seasonal
change. The vertical velocity shear of the STCC-NEC,
as shown in Fig. 10 (solid line), is strongest in March
when the upper-thermocline tilt reaches the maximum
and is weakest in October when the stratified seasonal
thermocline starts to collapse. Notice that the peak-to-
peak amplitude of this seasonal change, 0.02 m s1, is
40% that of the mean vertical shear between the STCC
and the NEC (0.05 m s1). Because of the nature of the
mixed layer dynamics (e.g., Denman 1973), the annual
cycle of the vertical STCC-NEC shear is asymmetric,
with the wintertime increase in velocity shear taking
place at a faster rate than the weakening of the shear
over the summer and fall seasons. It is interesting to
note that the annual cycle of the STCC-NEC shear leads
the eddy kinetic energy cycle of the STCC (the dashed
line in Fig. 10) by about 2 months. A hypothesis that
we can form based on Fig. 10 is that as the vertical
shear intensifies in late winter and early spring, the
STCC—NEC becomes baroclinically unstable, and this
instability weakens when the vertical velocity shear of
the STCC-NEC decreases in the summer and fall sea-
sons. In other words, the distinct annual cycle in the
eddy kinetic energy level of the STCC region is a man-
ifestation of the intensity of the baroclinic instability
and that the 2-month lag is the length of time the un-
stable waves need to fully grow.
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To test this hypothesis, we adopt in this study asimple
dynamic model in which the ocean is assumed to consist
of two active upper layers and an infinitely deep abyssal
layer (a.k.a., the 2%-layer reduced-gravity model). In
the surface layer, we assume the mean layer thickness
is H, and the mean zonal flow is U, representing the
eastward-flowing STCC. In the second layer, the mean
layer thickness is H, and the mean zonal flow is U,,
which corresponds to the westward-flowing NEC. The
density in each layer is assumed to be p,, (n = 1, 2, and
3). Under the quasigeostrophic approximation, the lin-
earized equations governing the perturbation potential
vorticity g, are

(2 + Uni)qn + 8_1—1"% — 0, (2)
ot X ay ox

where ¢, is the perturbation streamfunction and II,, is
the mean potential vorticity in the n layer (n = 1 and
2; see Pedlosky 1987).

For simplicity, we will assume that the mean flow U,
are meridionally uniform. This assumption eliminates
the barotropic instability mechanism from our consid-
eration. Justifications for this assumption will be con-
sidered in section 4a. Given the constant U, the per-
turbation streamfunction and the meridional gradient of
IT, in the 2%-layer reduced-gravity model can be ex-
pressed by

1
0, = V¢, + W((bz ) ©)
1
q = V¢, + W(d)l — b, — vd,) 4
1
I, = B+ 55U, — U ©
1
sz =B - W(Ul - U, - 7U2)1 (6)
where
5= i P2 P and
H21 Ps — Pz,
1 _
A== s = p2) gy, @)
o pO

In the above equations, V2 denotes the horizontal La-
placian operator, B the meridional gradient of the Cor-
iolis parameter, f, the Coriolis parameter at the refer-
ence latitude, and p, the reference density. In Eq. (7),
d isthe layer depth ratio and vy is the stratification ratio.
The reason that we have chosen the internal Rossby
radius A to be scaled by the second-layer quantities, that
is, H, and p; — p,, in Eqg. (7) will become obvious in
the following discussion.
By substituting the normal mode solution

¢, = Re[A, expi(kx + ly — ket)] (8)
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TABLE 2. Parameter values appropriate for the STCC-NEC system
in the spring and fall seasons. Dashes in the third column denote the
fall value the same as that in the spring season.

Parameter Spring value Fall value
f, 523 X 105s? —

B 215 X 10% st m? —

U, 0.03ms+t 0.0l ms+t
U, —0.03mst —

H, 150 m —

H, 300 m —

p1 23.90 o, 22.85 o,
Py 26.00 o, —

Ps 27.75 oy —

¥ 1.2 1.8
2| 300 km —

into Eqg. (2) and using Egs. (3)—(6), we have

1
_K2A1 + —(Az - Al)

(Ul - C) yOA2 + HlyAl
=0 (9
1
(U, — )| —K2A, + W(Al — A= YA)| + LA,
=0, (10)

where K2 = k? + |2 isthe total wavenumber. Requiring
nontrivial solutions for A, leads to

P+
c? — (Ul + U2 - TQ)C
I, 11 P
+ <u1u2 + ”R o % — %) =0, (11
where

1 1+
oo (o A on (s 12,

and
R — K2 + iy K2 + — i
yA2 vA2 y28\4

Notice that the results of the above 2%-layer reduced-
gravity model reduce to those of the Phillips two-layer
model if we take y - 0 and yA2 - (p, — p,)gH.,/
pof2 [see Pedlosky (1987) for details]. The 2%-layer
reduced-gravity model has also been used recently by
Liu (1999) to examine the behaviors of baroclinic Ross-
by waves in the main thermoclinein the planetary wave
limit (i.e., K - 0).

In Table 2, we summarize the parameter values ap-
propriate for the STCC-NEC system in the spring and
fall seasons, respectively. The reference latitude for f,
and B is taken at 21°N; the other parameter values are
estimated from the monthly, climatological datasets of
Levitus and Boyer (1994) and Levituset a. (1994). The
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FiG. 11. (a) Phase speed and (b) growth rate as a function of zonal
wavenumber k calculated from Eq. (11). Solid lines are the results
for spring and dashed lines for fall. Parameter values appropriate for
the spring and fall seasons are given in Table 2.

major difference between the spring and fall conditions
resides in two parameters; U, and y. While the spring-
time STCC (or U,) isrelatively fast, its speed isreduced
in fall due to the flattening of the upper thermocline.
As shown in Fig. 10, the reduction in U, in the fall
season is about 0.02 m s . The stratification ratio y
[recall Eq. (7)] for the STCC-NEC is about 1.2 in the
spring season; it increasesto 1.8 infall dueto the surface
heating, which decreases the surface layer density p,
(see Fig. 9). Notice that in the second layer, the thermal
structure and the flow condition of the NEC are rela-
tively stable regardless of the season.

Using Eg. (11) withc = ¢, + ic; and the values listed
in Table 2, we plot in Fig. 11 the phase speed (c,) and
the growth rate (kc;) of the STCC-NEC system as a
function of the zonal wavenumber k. The solid and
dashed lines denote the results under the spring and fall
conditions, respectively. Although the STCC-NEC sys-
tem is unstable under both conditions, a substantial dif-
ference in the growth rate is found between the two
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seasons. The most unstable wave in spring has kc, =
0.0156 day-*, or an e-folding timescale of 64 days,
whereas the e-folding timescale under the fall condition
is O(180 days). In addition, the window within which
the unstable waves are permissible is considerably nar-
rower in fall than in spring (Fig. 11b). Notice that the
difference between the two seasons also appears in the
phase speed for the most unstable mode: in spring, c,
= —18cm s, whereasitis —2.6 cm s tin fall.

The result that the springtime STCC-NEC system is
baroclinically more unstable than its fall counterpart is
attributable to the stronger vertical shear U, — U, and
the reduced stratification ratio (i.e., a smaller ) of the
spring season. Physically this can be understood interms
of the stahility criterion for the 24-layer reduced-gravity
system. Multiplying Eq. (9) by A;H,/(U, — ¢) and Eq.
(10) by A,H,/(U, — ¢) and adding the two results, we
have

H H

KAHAL + Ho9) + —Z(A — A)? + 2
YA? A2

_ Hil, P+ H,IL,

U, -c U, — ¢

As both the real and imaginary part of Eq. (13) must
vanish separately, we have

A (13)

Hll_[1y H2H2y
c» P+ s)=0 (4
'(|u1— T, - o 14

from the imaginary part. For the mode to be unstable
(c, # 0), Eq. (14) indicates

ILIT,, < O (15)

namely, the potential vorticity gradient of the mean state
in the two active layers must be opposite. Since U, —
U, > 0inthe STCC-NEC system, I, isalwayspositive
[recall Eqg. (5)]. As such, the necessary condition for
instability of the modeled STCC-NEC systemisIl,, <
0. By rewriting Eq. (6), this leads to

U, — (1 + y)U, > yA2B. (26)

Clearly, a stronger vertical velocity shear U, — U, and
asmaller stratification ratio iy would help meet this con-
dition and thereby increase the potential for the baro-
clinic instahility.

4. Discussions

The stability analysis result presented above supports
the notion that the well-defined annual cyclein the eddy
kinetic energy field of the STCC region reflects the sea-
sonal modulation inintensity of the baroclinicinstability
of the STCC-NEC system. The two important factors
controlling this seasonal modulation are the flow speed
of the STCC and the density in the STCC layer; the
former determines the vertical velocity shear and the
latter influences the stratification of the seasonally vary-
ing basic state.
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a. Presence of the Subtropical Front

The adoption of a 2%-layer, reduced-gravity model
in section 3 precludes the dynamics associated with the
surfacing of the Subtropical Front, such as the baro-
tropic and frontal instabilities. The effect of the Sub-
tropical Front, which appears in winter/spring along
26°N (see Fig. 4), is not pursued in this study for the
following reasons. The high EKE band, as shown in
Fig. 6, exists south of 25°N. That the EKE peak in all
seasons is located around 22°N suggests that the energy
source for the observed high EKE does not reside in
the Subtropical Front. A careful look at the zonal ve-
locity profilesin Fig. 9 indicates that the high EKE band
of 19°-25°N is where the westward-flowing NEC be-
neath the STCC is relatively strong. Beneath the Sub-
tropical Front in winter and spring, Fig. 9 shows the
westward flow being close to zero. This fact points to
the importance of the vertical velocity shear between
the NEC and STCC in providing the energy source for
the observed eddy field. It also justifies the use of the
2Y%-layer, reduced-gravity model for understanding the
instability processes in the STCC-NEC system.

b. Parameter sensitivity of the STCC-NEC system

In this subsection, we will comment on some of the
parameter values listed in Table 2 and discuss the in-
stahility sensitivity of the various basic-state parameters.
From the thermal-wind relation and the climatological
temperature-salinity data, we are able to obtain a reli-
able time series of the vertical velocity shear between
the STCC and the NEC, U, — U, (Fig. 10). The values
for U, and U,, however, can be offset by a reference
mean flow (defined below as U,) because of the as-
sumption of alevel of no-motion. The magnitude of this
mean flow may be estimated from the ocean genera
circulation model (OGCM) that is driven by realistic
surface wind and buoyancy fluxes. In the OGCM result
presented by Semtner and Chervin (1992, their Fig. 12),
the depth-averaged transport in the STCC region is
about 3 Sv/° lat (Sv = 10° m? s7) westward. With an
average depth of 3000 m in the region, this translates
into a zonal mean flow of U, = —0.9 cm s*. In Fig.
12a, we plot the growth rate dependence on U,, when
itisvaried in the range of =4.0 cm s~* under the spring-
time condition of the STCC-NEC. (The solid line of
Fig. 11b corresponds to the section along U, = 0 in
Fig. 12a.) While the addition of a mean zonal flow in
the two active upper layers does change the instability
characteristics, its effect is quantitatively small when U,
is on the order of 1 cm s*.

It isinteresting to note from Fig. 12athat a westward
mean flow (U, < 0) works to enhance the baroclinic
instability, whereas an eastward U, tends to weaken the
instability. This again can be understood by the stability
criterion derived in section 3. With an addition of U,
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to U, and U,, the necessary condition for instability,
Eqg. (16), modifies to

U, — 1+ yU, = YU, > yA26. (17)

As the density ratio vy is a positively defined quantity,
an eastward U, would reduce the potential for the baro-
clinicinstability, whereas awestward U, would enhance
such a potential.

The values of H, and p, in Table 2 determine the two
nondimensional parameters 6 and y as defined in Eq.
(7). For the H,, values listed in Table 2, we selected the
mean depth above the 24.8 o, density surface as H, and
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Fic. 12. Growth rate dependence on (a) the reference mean flow
U,, (b) thedepthratio § = H,/H,, and (c) the meridional wavenumber
I, for the springtime STCC-NEC system. Contour units are day *.

the mean layer thickness between the 24.8 o, and 26.2
o, density surfaces as H,. These two density surfaces
correspond roughly to the 20° and 12°C isotherms in
Fig. 9, respectively. The Levitus climatological T-Sdata
were then used to determine p, in the individual layers.
Figure 12b shows the growth rate as a function of k
when H, is selected differently under the springtime
condition. Note that changing H, aso affects the p,
value, and this adjustment based on the climatological
T-S datais incorporated in Fig. 12b. (The solid line of
Fig. 11b corresponds to the section along § = 0.5 in
Fig. 12b.) Asin Fig. 12a, adifferent H,/H, ratio changes
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the stability characteristics quantitatively. In particular,
alarger H, value moves the short-wave cutoff to alon-
ger wavelength whereas a smaller H, value (i.e., asH,
becomes more comparable to H,) expands the window
for the permissible unstable waves. This dependence on
H, can again be explained by Eg. (16) with the rec-
ognition that A2 on the rhs of Eq. (16) is proportional
to H,.

The last parameter 27/1 in Table 2 is the meridional
wavelength assumed in the normal mode solution. Its
value, 300 km, is chosen such that the zonal wavelength
of the resultant most unstable mode has a comparable
scale (i.e., the eddy field is nearly isotropic), as sug-
gested by the T/P altimeter measurement. Figure 12c
shows the growth rate dependence when | is altered in
the range between 27/l = 193 km and 500 km for the
springtime STCC-NEC system. (The solid line of Fig.
11b corresponds to the section along | = 2.09 X 10-5
m-*in Fig. 12c.) Asthe assumed | value increases, the
zonal wavenumber k of the most unstable mode de-
creases, and vice versa. In the real ocean, | is aquantity
to be determined by the baroclinic instability process,
rather than prescribed. If the isotropic assumption is
valid, Fig. 12c indicates that the most unstable mode
with k = | should have alength scale of 300 km. Notice
that this scale is close to where the spectral slope in-
ferred from the T/P data changes from the geostrophic
turbulent region to the g-dominant regime (Fig. 8a).

c. Sability of the NEC

In contrast to the STCC-NEC system in the zona
band of 19°-25°N, the T/P result further revealed that
the westward-flowing NEC in the zonal band of 10°—
18°N is comparatively stable (Fig. 1). As may be easily
identified in Fig. 3, this band corresponds to the main
body of the NEC that has a fast surface velocity core
of 0.16 m s~* with a substantial vertical velocity shear
above the main thermocline. Why is this stronger zonal
current less eddy energetic than its neighboring, weakly
sheared STCC-NEC system?

Insight for answering this question can again be
gained from the simple 2%-layer model of section 3.
By dividing the upper ocean above the main thermocline
into two sublayers, we list in Table 3 the parameter
values appropriate for the NEC under the 2%-layer rep-
resentation. Like for the STCC-NEC system, the pa-
rameter values were chosen based on the Levitus cli-
matological T-S data. For these values, the solution to
Eg. (11) indicates that the NEC is baroclinically stable.
In fact, when the maximum growth rate is plotted as a
function of U, and U, for the parameter values listed
in Table 3, Fig. 13 shows that a westward-flowing cur-
rent with |[U,| > |U,| (i.e., the upper-left half of the third
quadrant in Fig. 13) is mostly stable.

To understand this result, it is helpful to reexamine
the necessary condition for instability, Eq. (15). Unlike
the STCC-NEC system, the potential vorticity gradient
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TABLE 3. Parameter values appropriate for the 2%-layer reduced-
gravity NEC model.

Parameter NEC

f, 328 X 10°st
B 224 X 107% stm
U, —015mst?
U, -0.05mst
H, 150 m

H, 150 m

‘A 22.85 oy

P2 26.00 o

Ps 27.75 o,

Y 1.8

27/l 330 km

of the second layer, 11, for awestward-flowing current
such as the NEC will be positive [see the definition in
Eq.(6)]. In order to satisfy Eqg. (15) in this case, the
upper-layer potential vorticity gradient 11,, must be neg-
ative, or,

Uy — U,[ > 6yA%B. (18)

The rhs of Eq. (18) may be rewritten as BgH,(p, — p.)/
p.f2 and is a measure of the baroclinic Rossby wave
speed. For the values appropriate for the NEC (Table
3), 6yA?B = 0.096 m s *. Thus, the vertical velocity
shear has to be at least 0.096 m s* in order for the
NEC to become baroclinically unstable. Notice that Eq.
(18) is not a sufficient condition for the baroclinic in-
stability.? In fact, there exists a large area in the U, /U,
space of Fig. 13 where a westward flow is stable even
though its vertical velocity shear |U, — U,| exceeds
0.096 m s* (see the stippled areain Fig. 13). The NEC
with U, = —0.15mstand U, = —0.05 m s fals
in this area. One important factor contributing to the
NEC's stability isits presencein low latitude. As shown
in Fig. 2, the center latitude for the NEC in the western
North Pacific is along 13°N. Being in a low latitude
increases the in situ baroclinic Rossby wave speed
dyA?B and raises the minimum vertical velocity shear
required for the NEC to be baroclinically unstable. Were
it located in the latitude band of the STCC, the NEC
would have been baroclinically unstable.

Admittedly, a layered model with only two active
layers tends to suppress the weaker instability modes
that would otherwise exist in a continuously stratified
model (Pedlosky 1987). The result that for zona cur-
rents above the main thermocline, awestward flow with
dUl9z < 0 would be baroclinically more stable than a
surface-eastward/subsurface-westward flow is a robust
feature. This is so because the same potential vorticity
argument for the 2%-layer reduced-gravity model isval-
id for a more complicated model of the NEC. This fea-
ture, together with the fact that the NEC is located at a

2 The sufficient condition in this case is that the discriminant of
Eq. (11) is negative.
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day—1.

lower latitude than the STCC-NEC system, explains
why the SSH variability from the T/P altimeter datais
less energetic in the NEC band than in the STCC band.

5. Summary

Using the altimeter data from the first 5%4-yr TOPEX/
Poseidon mission, we investigated the SSH fluctuations
in the North Pacific Ocean. Particular attention has been
paid to the region of the eastward-flowing Subtropical
Countercurrent near the center of the North Pacific sub-
tropical gyre. Embedded in the energetic wind-driven
subtropical circulation, the shallow STCC has thus far
not been recognized as a dynamically prominent current
system. This is largely due to our lack of knowledge
about the spatial and temporal changes of the STCC.
The multiyear T/P altimeter data reveal that the STCC
isahighly variable zonal current. Its area-averaged eddy
kinetic energy level is 338 cm? s—2 and can be compared
with the eddy kinetic energy level of the Kuroshio Ex-
tension at 661 cm? s2. This high eddy kinetic energy
level suggests that the importance of the STCC in the
subtropical circulation may have been underappreciated
in the past.

One striking aspect of the STCC observed by the T/P
altimetersisthat its eddy kinetic energy level undergoes
awell-defined annual cycle. The eddy kinetic energy of
the STCC is maximum in April/May and minimum in
December/January, with the April/May level (440 cm?
s2) nearly doubling the level of December/January (240
cm? s2). No such distinct annual cycle in the eddy
kinetic energy level is found in the other zonal currents
of the North Pacific Ocean. In order to clarify the dy-
namics controlling this annual cycle, we adopted in this
study a 2%-layer reduced-gravity model representing the
vertically sheared STCC-NEC system. Using the pa-
rameter values appropriate for the mean state of the
STCC-NEC in spring and fall, respectively, we showed
that the springtime condition is considerably more fa-
vorable for baroclinic instability than the fall condition.
The two factors contributing to this difference in the
mean state are the vertical velocity shear of the STCC—
NEC and the density difference between the STCC and
NEC layers. In spring, the vertical velocity shear of the
STCC-NEC is large due to the latitudinally dependent
surface cooling, which steepens the isopycnals in the
surface layer and reduces, at the same time, the density
jump between the STCC and NEC layers. The seasonal
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heating over the summer and fall seasons, on the other
hand, reduces the STCC-NEC shear and increases the
density jump between the STCC and NEC layers. Asa
result of the different mean state, the maximum growth
rate for the springtime STCC-NEC is O(60 days),
whereas it is O(180 days) for the fall STCC-NEC. It is
this seasonal difference in the intensity of instability
that modulates the eddy kinetic energy level observed
in the STCC-NEC system. That the theoretically pre-
dicted e-folding timescale in spring is O(60 days) cor-
responds well with the time lag between the maximum
STCC—NEC’s shear in March and the peak eddy kinetic
energy level in May (Fig. 10).

The question of how the unstable waveswould evolve
after the initial disturbances in the STCC-NEC attain
finite amplitude, however, cannot be addressed by the
linear stability analysisof thisstudy. Existing theoretical
and numerical studies suggest that the unstable waves
are likely to evolve into eddies, whose length scales
tend to increase through nonlinear cascade processes
(Rhines 1977; Halliwell et al. 1994). The increase in
eddy size ceases eventually as the eddies become large
enough to disperse as baroclinic Rossby waves. Indeed,
the presence of westward-propagating baroclinic Ross-
by waves in the STCC region has been identified in
recent studies by Chelton and Schlax (1996; see their
Fig. 2c) and by Aoki and Imawaki (1996). That the SSH
anomaliestend to increase in amplitude westward in the
band of the STCC (Fig. 1) is likely a manifestation of
the eddy kinetic energy generated initially in the unsta-
ble STCC-NEC system being transferred westward by
the baroclinic Rossby waves. Future studies are needed
to further clarify the nonlinear evolution of these waves
and to examine their impact upon the northward-flowing
Kuroshio along the western boundary of the Pacific
Ocean.

Another intriguing aspect of the subtropical circula-
tion revealed by the T/P observation is the low eddy
kinetic energy level associated with the westward-flow-
ing North Equatorial Current. This is despite the fact
that the NEC is a stronger vertically sheared zonal cur-
rent than the STCC. That the NEC isless eddy energetic
is argued in this study to be due to its presence in a
low-latitude band and due to its flow being unidirec-
tional [i.e., U(2) < 0throughout the water column above
the main thermocling]. For a surface-intensified zonal
flow, both of these factors make the reversal of the
potential vorticity gradient of the mean state, or satis-
fying the necessary condition for the baroclinic insta-
bility, difficult.

Finally, we comment that the high eddy kinetic energy
associated with the STCC in the North Pacific Ocean
resides in a zona band (19°-25°N) south of the sub-
tropical front. A similar frontal structure, named the
subtropical convergence zone, exists in the western
North Atlantic Ocean as well (Halliwell et al. 1991).
As in the North Pacific, the North Atlantic subtropical
front is located in the zonal band of 26°-32°N. Unlike
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in the North Pacific, however, the T/P altimeter data
revealed no regional eddy kinetic energy maximum
south of the subtropical convergence zone in the North
Atlantic (see, e.g., Fig. 3a in Stammer 1997a). This
result from the T/P observations raises a fundamental
guestion about the relationship between the subtropical
fronts and the subtropical countercurrents and points to
the need for future studies to clarify the different be-
haviors of the subtropical countercurrents in different
world oceans.
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