Wind-driven circulation in the subarctic north Pacific
using altimeter data
Osamu Isoguchi1 and Hiroshi Kawamura2
1

Remote Sensing Technology Center of Japan, Office Tower X 21F, Harumi Island Triton Square,
1-8-10 Harumi, Chuo-ku, Tokyo 104-6021, Japan
e-mail: isoguchi@restec.or.jp
2
Center for Atmospheric and Oceanic Studies, Graduate School of Science, Tohoku University, Aoba,
Sendai 980-8578, Japan

Time-dependent wind-driven circulation in the subarctic north Pacific is investigated by using
Topex/Poseidon (T/P) altimeter data and European Centre for Medium-Range Weather Forecasts
(ECMWF) wind data for about 6 years. The first empirical orthogonal function (EOF) of the T/Pderived sea level anomaly (SLA) without the variation related to the steric height change (SLA1)
and the first EOF of the ECMWF-based wind stress curl fields represent basin-sized south-north
oscillations and their time series agree well with a correlation of 0.49. They appear to express the
spin-up and spin-down of the subarctic gyre. The third EOF of SLA (SLA3) and the second EOF
of the wind stress curl are also related to the variation of the subarctic gyre. Though the correlation
of their time series is 0.27, drastic changes in early winter coincide well. The two EOF pairs can be
considered to mean that the SLA variation followed by the latitudinal migration of the Aleutian
low is separated into two standing oscillation patterns, that is, the sea level variation combined
with SLA1 and SLA3 expresses seasonal variations of the wind-driven circulation of the subarctic
gyre. The interannual SLAs constructed by subtracting the SLA1 and SLA3 components clearly
show trans-pacific westward propagation even in the high-latitudes. The time series of SLA1 is
in agreement with that of in situ SLAs measured with the tide gauge at Petropavlovsk (53-01N,
158-38E), which implies the possibility to monitor the subarctic circulation using tide gauge data.

1. Introduction
The subarctic gyre in the north Pacific is an anticlockwise gyre, whose western boundary currents
flow along the eastern Pacific coasts of the Eurasian
continent and Japan. The Oyashio, which is a
part of the western boundary current, sometimes
intrudes southward along the Japanese coast with
cold water from winter to late spring and seriously
influences fishery and agriculture in the northern
Japan through a change in ocean and weather conditions. Therefore, behaviors of the whole gyre have
been discussed in the relation between the southward intrusion of the Oyashio and the change of
atmospheric fields using indices based on long-term

data (Sekine 1988; Hanawa 1995; Sekine 1999).
Sekine (1988) showed that in the year when anomalous southward intrusions of the Oyashio had
occurred, the southward shift of the latitude with
no wind stress curl had been observed by the development of the prominent Aleutian low and indicated that the occurrence of the Oyashio intrusion was associated with the global change in the
atmospheric circulation. In addition, Sekine (1999)
successfully simulated the anomalous southward
shift of the Oyashio using a two-layer numerical model driven by the 26-year observed wind
stress and pointed out that the anomalous southward intrusions of the Oyashio could be essentially
explained by the barotropic response of the ocean
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to the change of the wind stress characterized by
the southward development of the Aleutian low.
Hanawa (1995) also investigated time series of the
annual mean southernmost latitude of the First
Oyashio Intrusion and of winter time Sverdrup
transport of the subarctic north Pacific and got
a good agreement with a correlation of 0.81, and
proposed a simple prediction model for the annual
mean southernmost latitude of the First Oyashio
Intrusion.
On the other hand, there are a few studies applying the dynamic parameters such as velocities and
sea surface dynamic topography and focusing on
seasonal time scales (Kashiwai and Kono 1990;
Kashiwai 1991; Uehara et al 1997) because the in
situ observations in winter time are especially difficult so there are few such measurement series.
Recent improvement of satellite altimetry
enabled us to investigate time-dependent features of the ocean circulation in the subarctic region throughout a year. It has been
shown that the altimeter-derived large-scale variations can be basically described by the timedependent Sverdrup relation (Fu and Davidson
1995; Isoguchi et al 1997; Stammer 1997). Using
2-year Topex/Poseidon (hereafter, T/P) altimeter data, Isoguchi et al (1997) showed that the
variation of the first empirical orthogonal function (EOF) of the sea level anomaly (SLA) relative to the spatial mean SLA north of 20◦ N in
the Pacific agreed well with those of the dominant EOFs of European Centre for Medium-Range
Weather Forecasts (ECMWF)-based wind stress
curl and that of Sverdrup transport near 40◦ N. The
time series of the first EOF of SLA was in agreement with that of in situ Oyashio current measured
by the moored current meter off Hokkaido Island
with a correlation of 0.6. These fluctuations represented the seasonal variation, that is, the western boundary current in the subarctic north Pacific
abruptly strengthens in early winter and they concluded that the SLA variation in the subarctic
north Pacific was approximately explained by the
time-dependent wind-driven circulation. Stammer
(1997) also found a significant correlation between
the T/P-derived meridional mass transport and
Sverdrup transports in the Pacific north of 40◦ N.
After these researches, T/P has been expanding
the observation periods, which reached 7 years in
2000. In this paper, we revisit the study of Isoguchi
et al (1997) by analyzing about 6-years of T/Pderived SLA data and ECMWF wind data. We
examine their results for a long time period and
treat an inter-annual pattern as well, which was difficult to determine in the previous study because of
the 2-year data. Furthermore, by investigating the
T/P-derived wind-driven variation and in situ SLA
measured with a tide gauge in the western bound-

ary region, the feasibility to monitor the subarctic
gyre using operational tide gauge data is discussed.
The T/P-derived SLA, the ECMWF wind, and
tide gauge data are briefly described in section 2. In
section 3, analyzed results are described as follows:
first, variation related to wind-driven circulation is
investigated by an EOF analysis, and second, interannual SLA patterns are described, and finally,
T/P-derived wind-driven pattern is compared with
in situ tide gauge data. Section 4 contains discussions and section 5 gives a summary.
2. Data
The T/P data used in this study were provided by
the NASA Ocean Altimeter Pathfinder Data Set
(Koblinsky et al 1999a). They are collinear data for
a 10-day repeat cycle and cover from September
23rd, 1992 to January 10th, 1999. Koblinsky et al
(1999b) compared the dataset with 86 global daily
tide gauge data and reported that the root-meansquare (rms) difference and the mean correlation
were 5.9 cm and 0.78, respectively. The presented
rms difference of 5.9 cm may seem to be inadequate
for this study, but we have to note that the tide
gauges contain continental as well as open ocean
islands and, in addition, the distance between the
gauges and the collinear data is not taken into
account.
For this study, we produced 1◦ × 1◦ 10-day SLA
maps by computing a weighted average of adjacent collinear SLAs. The data weights are assigned
using a Gaussian function with an e-folding scale of
2.8◦ . The interpolation parameter is simply determined to be the T/P ground track spacing at midlatitudes. Isoguchi et al (1997) compared the 2year SLA maps with the 2 tide gauge data of the
Aleutian Islands. They got good correspondence,
that is, the correlation coefficients were 0.75 and
0.67 and the standard deviations of a difference
were 2.9 cm and 2.5 cm, and verified that the 1◦ ×1◦
SLA maps were adequate to study even the subarctic gyre in the north Pacific.
Wind data were obtained from the ECMWF surface data set. The 2.5◦ ×2.5◦ twice-daily 10-m wind
was first converted to wind stress using Kondo’s
(1975) drag coefficient and was averaged for about
a 10-day interval according to a T/P cycle. The
wind stress curl anomalies relative to the 6-year
mean was then calculated. In addition to this, the
time series of the Sverdrup transport was derived
by integrating the wind stress curl from the eastern ends of the Pacific.
The tide gauge data were collected by the Integrated Global Ocean Services System (IGOSS) Sea
Level Program in the Pacific (ISLP-Pac). We used
the pressure-corrected monthly mean SLAs.

Circulation in the subarctic north Pacific
3. Results
3.1 EOFs related to wind-driven circulation

Sea Level Anomalies (cm)

Sea level variation corrected for pressure effects
and tidal components mainly consists of the steric
height change caused by a seasonal water density change in the upper ocean and wind-induced
variation (Gill and Niiler 1973). They estimated
each component of sea level variation in the north
Pacific and north Atlantic using historical hydrographic and wind data and then pointed out that
the steric height component dominated in midlatitudes. Improvement of an orbit determination
of T/P made it possible to detect the seasonal variation related to the steric height change by altimeter data (Stammer and Wunsch 1994; Stammer
1997). Stammer (1997) estimated the steric height
variation from ECMWF-provided net sea surface
heat flux data and compared them with the T/Pderived SLAs. In mid- and high-latitudes where the
steric components dominate, their amplitudes and
spatial patterns showed good agreement.
In order to discuss a wind-induced sea level component, it’s important to estimate and eliminate
the steric height component that does not generally affect a surface current. From the phase maps
of an annual cycle of the T/P data (Stammer and
Wunsch 1994; Stammer 1997), it can be considered that the sea level north of 20◦ N in the north
Pacific shows maximum fluctuations in September–
October, which are mainly caused by the steric
height component. According to Isoguchi et al
(1997), we produced the 10-day SLA maps without steric-like components by removing the spatial
mean SLA north of 20◦ N. The time series of the
spatial mean SLA depicted in figure 1 shows the
annual cycle with amplitude of several centimeters
and with the maximum in autumn and the minimum in spring, accounting for 41% of all the variance. This estimate corresponds well with those of
the Gill and Niiler (1973) using conventional hydro-

Figure 1.
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graphic data and Stammer (1997) using the abovementioned ECMWF flux data.
To detect a large-scale variation pattern, an EOF
analysis was performed for the above-processed
SLA maps (hereafter, SLA) and the wind stress
curl fields. The time series on each grid of both
fields was first normalized with its standard deviation. Its correlation matrix was used for the EOF
calculation to put a spatial weight uniform. The
EOF results are summarized in table 1. As a result
of the Monte Carlo technique (e.g., Overland and
Preisendorfer 1982), the first 19 EOFs of the SLA
and the first 27 EOFs of the wind stress curl are
statistically significant at the 95% level in the sense
that they are distinguishable from noise. The first 4
EOFs of both the fields are, however, summarized
because they can be interpreted in the geophysical
point of view.
The first and third EOFs of the SLA (hereafter
referred to as SLA1 and SLA3, respectively) and
the first and second EOFs of the wind stress curl
(hereafter Curl1 and Curl2, respectively) represent
north-south oscillations and these two pairs can be
explained as a wind-driven pattern. The result of
SLA1 and Curl1 is shown in figure 2 and that of
SLA3 and Curl2 is shown in figure 3. In each figure,
the spatial pattern of SLA, that of wind stress curl,
and both the time series are indicated in the top,
middle, and bottom panels, respectively. The time
series are normalized and then the values of the
spatial pattern indicate the correlation coefficients
between the time series of the respective EOFs and
the SLA or wind stress curl anomaly at each grid
point.
Both SLA1 and Curl1 shown in figure 2 indicate
the basin-sized oscillation with maximum amplitude along about 40◦ N and account for 21% and
14.7% of their variance, respectively. The correlation coefficient of their time series is 0.49 that
exceeds 99% confidence level. They show characteristic seasonal variation, that is, their time series
abruptly jump up in early winter and gradually go
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Table 1. A summary of the Empirical Orthogonal Function analyses.
Contribution rate, %
Data

1st mode
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Figure 2. Spatial patterns of the first EOF of the SLAs relative to the spatial mean north of 20◦ N (top) and the first
EOF of the wind stress curl fields (middle) and their normalized time series (bottom). The value at each grid point of the
spatial patterns indicates correlation coefficients between the time series of respective EOFs (shown in bottom figures) and
those of respective fields at that point. The contour interval is 0.2. The contribution rate of each EOF is shown above the
upper right corner of each spatial pattern. The time series for the SLAs and the wind stress curl anomalies are depicted
with black and gray lines, respectively.

down toward late fall. Behaviors of these components can be explained by the following geophysical phenomena; in early winter, the Aleutian low
shifts southward or strengths, providing positive
wind stress curl in the subarctic region, and then,

at the same time or one month later, the sea level
of the zonal area with a center of 40◦ N falls. Especially the spatial pattern of SLA1 has the closest
contour along the Kuril Islands where the western boundary currents of the Oyashio and the
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Figure 3. Same as figure 2, except for the third EOF of the SLAs (top) and the second EOF of the wind stress curl fields
(middle).

East Kamchatka Current flow, giving the upward
sea surface slope toward the Sea of Okhotsk,
which is equivalent to a strong southwestward current in winter. The variation pattern of SLA1
agrees well with the general understanding and the
results of previous studies (Hata 1965; Uehara et
al 1997). Uehara et al (1997) analyzed several current records for 6 to 11 months measured in the
southeast off Hokkaido Islands and showed that the
Oyashio was stable southwestward flow in parallel to the local isobaths and usually intensified the
most in February.
SLA1 and Curl1 are similar to the EOF results
of Isoguchi et al (1997), i.e., the first EOFs of
the SLA and wind stress curl fields (see their figure 5(a) and figure 8(a)) using about 2-year data.
The correlation coefficient between the time series

was 0.59. They also compared the time series of
the first EOF of the SLA with in situ Oyashio
current for one year and a half measured with a
moored current meter at 1,250 m depth and with
the Sverdrup transport at 40◦ N calculated from the
ECMWF wind data and got correlations of 0.62
and 0.70, respectively. From these results, they concluded that the first EOF of SLA represented the
variation related to time-dependent wind-driven
circulation of the subarctic north Pacific. SLA1
and Curl1 derived in the present study, thus, support Isoguchi et al’s (1997) conclusion even for
a long period. From figure 2, in addition, correspondence of a tendency of the year-to-year
change is visible, that is to say, both the time
series show that their winter peak is weak from
1993 to 1994 and strong from 1995 to 1998. It
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might give a sign of interannual variation of the
subarctic gyre.
The pair of SLA3 and Curl2 (figure 3) also has
zonal spatial patterns. The center of their oscillations is, however, near 30◦ N and 50◦ N, which
are different from those of SLA1 and Curl1 and
their contribution rate are 10.3% and 6.4% (about
a half of those of SLA1 and Curl1), respectively.
Although the correlation of their EOFs is 0.27, it
is exceeding the 99% confidence interval of 0.129.
The time series of SLA3 indicates the seasonal signal with the minimum in early winter (December or
January), in spite of the large year-to-year change.
That of Curl2 shows a similar tendency as well
though it has large variability. This may be also
interpreted as a time-dependent wind-driven pattern. The maximums in early winter are a little
ahead of the abrupt change of the pair of SLA1
and Curl1, and the positive wind stress curl is put
into the northern zonal area and the sea level of
the subarctic basin lowers at almost the same time.
The spatial pattern of SLA3 is similar to the climatical circulation pattern of the subarctic north
Pacific, i.e., the subarctic gyre in the north Pacific
is narrow in its center and divided into the two subgyres, the western subarctic gyre and the Alaskan
gyre (Ohtani 1991). It can be inferred that SLA3 is
related to the subarctic circulation though it does
not include the mean pattern but only represents
time variable components.
The above-mentioned 2 EOF pairs indicate that
the variation followed by the latitudinal migration
of the Aleutian low is separated into the 2 standing oscillation patterns, that is, the sea level variation combined by SLA1 and SLA3 expresses seasonal variation of the wind-driven circulation of
the subarctic gyre. An SLA3-like pattern was not
derived in Isoguchi et al (1997). The longer period
data used in this study probably leads the pair of
SLA3 and Curl2. The EOF pair shown in figure 3,
however, has larger amplitude in the mid-latitudes,
which may imply that the independent variations
in the mid- and high-latitudes are united to one
EOF by a characteristic of an EOF analysis.
3.2 Interannual SLA variations
The second EOF of SLA (hereafter referred to as
SLA2) whose contribution rate is 15.5% has a large
amplitude in high-latitudes north of 40◦ N and had
a spatial structure of an east–west oscillation (figure 4). Its time series has a trend-like long-term
variation, which was reversed at the beginning of
1996. SLA2 probably represents progressing waves
especially in high-latitudes. The fourth EOF of
SLA (SLA4) accounting for 7.4% has much variance in the eastern Pacific and its spatial pattern

shows an opposite sign between the region along
the western coast of north America spreading from
central America to the Gulf of Alaska and their
offshore region (figure 5). Its time variance changing positive to negative from 1997 through 1998
showed that the negative SLA along the western
coast in 1997 turned to positive in 1998. From late
1997 to early 1998 was the mature phase of the
97/98 El Niño and the strong positive SLA accumulated in the eastern equatorial Pacific and SLA4
is thus considered to express the anomalous SLA
propagating northward along the coast with a little
late phase of mature El Niño and La Niña phases
and leaving off the coast as the westward propagating Rossby waves. Evidence of northward propagation of SLAs piled up in the eastern equatorial Pacific due to El Niño events has been shown
using historical tide gauge sea level data (Enfield
and Allen 1980; Chelton and Davis 1982), and their
peeling away from the coast as a Rossby wave
has also been simulated by modeling (Jacobs et al
1994).
Though SLA2 and SLA4 are the interannual
patterns, the EOF calculation decomposes propagating waves into standing oscillations. Hereupon,
we produced interannual SLAs (referred to as
IA-SLA) by subtracting the seasonal components
reconstructed by SLA1 and SLA3 for examination
of the interannual SLA variations. Time-longitude
plots of IA-SLA along 20◦ , 30◦ , 40◦ and 50◦ N are
depicted in figure 6. Westward propagation patterns of IA-SLAs are visible throughout the entire
latitudinal range. They are similar to those of Chelton and Schlax (1996), which have been derived
from the 3-year T/P SLAs filtered to focus the
long Rossby waves. It is noteworthy that even
in the subarctic region, SLAs propagate westward
across the entire Pacific, spending several years
(see, figure 6(c and d). The trans-Pacific propagation in mid- and high-latitudes has been recently
demonstrated by both model experience and observation measurements (Jacobs et al 1994; Chelton
and Schlax 1996), and implies some impact to the
northwestern Pacific (Jacobs et al 1994).
3.3 Comparison of SLA1 with in situ tide
gauge data
The time series of SLA1, which is considered to
represent the wind-driven components of the subarctic gyre in the north Pacific, is compared with
that of monthly tide gauge data at PetropavlovskKamchatskiy at (53–01N, 158–38E) (hereafter
referred as P-K) in the east coast of the Kamchatska (figure 7). The 10-day time series of SLA1
is converted to monthly data for comparison. The
in situ tide gauges also express the same seasonal
feature of a sudden rise in early winter followed by
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Figure 4. Spatial pattern (upper) and time series of the second mode of the EOF of the SLAs (lower) relative to the spatial
mean north of 20◦ N.
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Same as figure 4, except for the fourth mode of the EOF.
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a calm decrease in the following seasons and the
same year-to-year variance as SLA1. The correlation coefficient, 0.62, exceeds the 99% significant
level using the t-distribution. It can be seen that
the tide gauge time series is a little ahead of SLA1
especially in 94/95, 95/96, 97/98 and 98/99 winter. This corresponds to the year when the time
series of SLA3 have large variability in early winter,
which implies that the sea level change composed

of SLA1 and SLA3 represent well the tide-gauge
records at P-K.
The fact that the local tide gauge SLAs at PK captures the gyre-scale wind-forced SLA variation in the subarctic region implies the feasibility
to monitor the subarctic circulation using the tide
gauge data. It also indicates that the tide gauge
records at P-K having been collected over 30 years
may be valuable data to study a long term vari-
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ation. Kashiwai (1991) has reported that annual
mean sea level at P-K shows significant negative
correlation with an index of the strength of winter
westerly monsoon.
4. Discussions
As mentioned in the previous section, SLA1 and
SLA3 represent the time-dependent wind-driven
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pattern. Here, to verify it, their time series are
compared with those of the Sverdrup transport
calculated by integrating the ECMWF-based wind
stress curl from an eastern boundary (figure 8).
The time series of SLA1 and SLA3 agreed most
with those of the Sverdrup transport at 40◦ N and
50◦ N, respectively, where SLA1 and SLA3 have a
center of their variance, and their respective correlation coefficients were 0.57 and 0.54. Good agree-
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Figure 8. Comparisons between the time series of the first (upper) and the third (lower) EOFs of the SLA (depicted with
black lines) and the Sverdrup transport anomalies at 40◦ N (upper) and 50◦ N (lower). The time series of the EOFs and
the Sverdrup transport anomalies are shown with black and gray lines, respectively. The signs of Sverdrup transport are
reversed for a comparison, corresponding to southward transports in the western boundary region.

ment of the seasonal and year-to-year features can
be confirmed from both the comparisons. Especially, SLA3, which does not agree so much with
Curl2, is in good agreement with the Sverdrup
transport at 50◦ N. These results support the idea
that SLA1 and SLA3 are the time-dependent winddriven (Sverdrup sea level) patterns, these SLA
variations are related to the wind system repre-

sented by Curl1 and Curl2, and the Aleutian low
surely contributes to its intensity and migration.
Although the comparison of SLA1 and the Sverdrup transport at 40◦ N indicates the highest correlation without time lag, the time series of the
Sverdrup transport is a little ahead of that of SLA1
regarding the abrupt jump during winter in some
years, i.e., 92/93, 93/94, 94/95, 95/96 and 98/99.
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This can be also seen at the comparison between
SLA1 and Curl1 (see, figure 2). As for response of
the sea surface height to the wind forcing, Willebrand et al (1980) has reported that the barotropic
response in the open ocean is dominated by topographic Rossby waves at periods between a week
and a month and by a time-dependent Sverdrup
balance at periods longer than a month. Numerical studies in the north Pacific using barotropic
models have also indicated the adjustment time
of 30–50 days (Greatbatch and Goulding 1989).
Detailed examinations regarding the slight phase
differences indicated in the present study should be
made using numerical models in future.
The spatial patterns of the wind-driven EOF
pairs have zonal structure but show some differences. For instance, the spatial zero line of SLA1
is at lower latitude than that of Curl1. These
differences may be attributed to less reliance of
wind data during winter in the northern north
Pacific, which was reported by Rienecker et al
(1996), comparing surface wind products including the ECMWF re-analyses. As the long-term
satellite scatterometer winds are recently available, future studies using these data instead of reanalysis winds would be required.
The propagation patterns shown in section 3.2
were derived from IA-SLAs north of 20◦ N, which
means that SLAs removed (1) the spatial mean
SLAs as steric-like components and (2) SLA1 and
SLA3 as Sverdrup (wind-driven) sea level components, which accounts for about 18% of the total
variance including steric variability. This suggests
that the SLAs, which Chelton and Schlax (1996)
have eliminated by the filtering, are almost equivalent to the steric and Sverdrup sea level components, and then, because each component can be
linearly combined, rough estimates of the degree
to which each component contributes can be provided; in the north Pacific north of 20◦ N, the steric
and wind-driven (Sverdrup) components account
for 41% and 18%, respectively, and almost all of
the rest may be explained by the propagating
components. In the present study, moreover, the
EOF analysis happened to work as a good filter
and succeeded in separation of the Sverdrup sea
level and baroclinic Rossby waves. Consequently,
the time-dependent wind-driven relation (Sverdrup
relation) can be considered to be attained even in
the northwestern Pacific where the variability of
the propagating waves was strong as pointed out
by Fu and Davidson (1995).
As shown in section 3.3, the time series of SLA1
was in good agreement with that of tide gauge
sea level at Petropavlovsk-Kamchatskiy (P-K). In
contrast, it does not correlate well with the tide
gauge sea levels at Kushiro (42–58N,144–23E) and
Adak (51–52N,176–38E) located in the subarctic
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region as well with correlation coefficients of −0.15
and −0.13. P-K maybe in the region where the
sea level rise caused by the spin-up of the subarctic gyre clearly appear because the Kamchatska
plays an important role as a western boundary
and it is also located near the northern boundary, the Aleutian islands, of the subarctic gyre.
On the other hand, though Kushiro also faces the
Oyashio, the warm eddies cut off from the Kuroshio
and the steric variance dominating compared with
the wind-forced variance probably reduce the correspondence. Figure 9 shows the annual cycle of
SLAs at 6 tide gauges facing the western Pacific.
They are calculated using tide-gauge records of
more than 20 years. As reported by Kashiwai
(1991), they have shown the regional features. At
Mera, Miyako and Ayukawa, which are located
in the subtropical gyre and the perturbed area,
the maximum appears in September–October and
then the steric variance dominates. At Kushiro and
Yuzhno Kurilsk facing the Oyashio, there are the
2 maxima of September–October and December–
January, which implies that the steric component
and the spin-up component have almost the same
variance. At P-K, the maximum is in January and
thus the coastal sea level rise caused by the spin-up
contributes more. These results also support that
P-K can be a suitable point to monitor the subarctic gyre in the north Pacific.
5. Summary
Large-scale sea level variation in the Pacific north
of 20◦ N was analyzed in terms of the wind-driven
circulation by using about 6-year T/P sea level
data and ECMWF wind data. In mid- and highlatitudes, because steric height components that
correspond to heating and cooling cycle dominates, they were first estimated as spatial mean
SLAs and were then removed from raw SLAs to
emphases on current-related components. Their
variance reached 40% of the total variance.
To detect dominant large-scale SLA patterns
responding to atmospheric forcing, the EOF calculations were performed for both the SLAs and
wind stress curl anomalies. The results showed that
the 2 EOF pairs, that is, one pair were SLA1 and
Curl1 and the other SLA3 and Curl2, were connected to the wind-driven circulation. That is to
say, positive wind stress curl anomalies inputted in
winter by either intensification or southward shift
of the Aleutian low led to the spin-up of the subarctic gyre and a drop of interior sea levels linked
with a rise of boundary sea levels. SLA1, in particular, showed the same spatial pattern and the
time-varying feature as the Isoguchi et al’s (1997)
EOF first mode of SLA, indicating the validity of
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Figure 9. Annual cycle of the monthly mean SLAs at 6 tide gauge stations, whose locations are indicated in each panel.
Solid circles show the mean SLAs of each month from 1958 to 1994 and sticks attached to the circles the standard deviations
of the monthly mean SLAs from the annual cycle. Each annual cycle is put twice side by side.

their result even for a long period. SLA1 corresponded well to Curl1 in not only seasonal feature,
i.e., the abrupt spin-up in early winter followed by
the gradual spin-down, but also year-to-year variability so that SLA1 was considered to express

the strength of the subarctic gyre. It was also
suggested that the EOF calculation divided the
wind stress curl fields related to the latitudinal
shift and the SLA variation responding to them
into respective two standing oscillation modes. The

Circulation in the subarctic north Pacific
time series of SLA1 and SLA3 showed significant
correlation with those of the Sverdrup transport
at 40◦ N and 50◦ N, respectively, where each EOF
had the maximum of amplitude. The above results
implied that SLA1 and SLA3 could be approximately explained by the time-dependent winddriven circulation (Sverdrup relation).
Interannual SLA maps were calculated by
removing the Sverdrup SLA components reconstructed by SLA1 and SLA3 showing seasonal
variation. From the longitude-time plots of the
interannual SLAs, its westward propagation across
the Pacific was confirmed throughout the entire
latitudinal range. These propagating patterns were
nearly equal to those of Chelton and Schlax’s
(1996) baroclinic Rossby waves, which had been
derived from the smoothed T/P data.
These results made it possible to propose the
following rough estimate: 41% of the large-scale
sea level variations after the inverse-barometer and
tidal corrections in the Pacific north of 20◦ N, can
be explained by the steric height, 18% of them
can be accounted for by the wind-driven circulation (Sverdrup relation), and the most part of the
rest of them may be the propagation components
as the baroclinic Rossby waves.
Finally, we compared time series of SLA1 with
that of the monthly mean tide-gauge sea level
at Petropavlovsk-Kamchatskiy (P-K) located not
only in the western boundary but also in the northern one of the subarctic gyre in the north Pacific.
A year-to-year variation as well as a seasonal feature corresponded well to each other and the correlation coefficient was 0.62. Because it has been
proved for SLA1 to express well the variation of
the subarctic north Pacific, it is expected that
the tide gauge records at P-K which have been
stored over 40 years would be valuable data for
research of a long-term variability and, in addition,
P-K can be a good observation point for subarctic
north Pacific.
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