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Abstract

The upper ocean, atmosphere and their interaction over the North Pacific exhibit pronounced decadal
to interdecadal variations. A diagnostic equation for analyzing the heat budget for decadal variability in
winter sea surface temperature (SST) is derived that can properly account for subsurface geostrophic
advection, and strong seasonal cycle in the depth and temperature of the ocean mixed layer. A model-
assimilated ocean dataset, partially validated for the period of the TOPEX/Poseidon mission, is used to
evaluate the relative importance of subsurface advection and surface forcing due to wind-induced tur-
bulent heat flux and Ekman advection. For our analysis, two key regions are chosen where decadal SST
variance reaches local maxima, centered at 170�E, 42�N (Region A) and 155�W, 35�N (Region B),
respectively.

Region B is under the direct influence of the Aleutian Low, where the surface effects are dominant.
Region A is part of the Kuroshio-Oyashio Extension, where the winter mixed layer is deep and the
subsurface geostrophic advection contributes significantly to low-frequency winter SST variations. Our
analysis suggests that anomalous geostrophic advection changes signs north and south 38�N, presum-
ably as a result of ocean gyre circulation adjustment to wind changes to the east. The surface forcing
shows a larger-scale structure covering the entire mid-latitude North Pacific, in response to basin-wide
changes in atmospheric circulation.

1. Introduction

Low-frequency variations on interdecadal
timescales are observed in winter sea surface
temperature (SST) in the mid-latitude North
Pacific (Tanimoto et al. 1993; Deser et al. 1996;
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Nakamura et al. 1997; Tomita et al. 2001). The
centers of action, defined here by large root-
mean-square (rms) variance of low-pass filtered
winter SST anomalies (SSTAs), appear along
the sub-arctic frontal zone near the dateline
and to the southeast (Fig. 1).

Wind-induced changes in surface heat flux
are a major forcing for non-seasonal SST varia-
tion in the off-equatorial oceans (Frankignoul
1985; Cayan 1992). Positive (negative) SSTAs
are often found to be associated with a weak-
ening (enhancement) of the prevailing wind. In
the tropics, this local wind-SST co-variability
leads to a wind-evaporation-SST feedback
that favors a distinctive spatial pattern anti-
symmetric about the equator (Xie et al. 1999).
In the extratropics, however, such coherence
between local wind and SST is either inter-
preted as evidence in support of the stochastic
forcing scenario (Frankignoul 1985) or at-
tributed to tropical forcing such as El Niño/
Southern Oscillation (ENSO; Alexander et al.
2002).

Subsurface ocean dynamics have been sug-
gested as important for low-frequency SST var-
iations in the North Pacific (Latif and Barnett
1994). Indeed, a recent study based on an ocean
general circulation model (GCM) hindcast (Xie
et al. 2000) identified the Kuroshio-Oyashio
Extension (KOE) region east of Japan as a

window of coupling between SST and subsur-
face ocean that opens only in winter (see also
Miller et al. 1994; Schneider et al. 2002). This
is consistent with Qiu (2000) who found that
geostrophic advection estimated from satellite
altimetry measurements was much larger than
Ekman advection and comparable with surface
heat flux forcing in the Kuroshio Extension
(141�E–180, 31�–37�N; see also Qiu and Kelly
(1993), Yasuda et al. (2000)). Because of lack of
in-situ observations over the vast North Pacific,
direct estimates of subsurface advective effect
on low-frequency SST variability have not been
possible. Qiu (2000) is an exception, but the use
of TOPEX/Poseidon (T/P) altimetry limited his
analysis to a short period for 1992–99.

The present study is an attempt at a direct
estimate of geostrophic advection to assess its
relative importance to local surface processes
of surface turbulence heat flux and Ekman ad-
vection. The in-situ observations are too sparse,
while satellite altimetry measurements are too
short duration to address decadal variability.
Here, we use a new model-assimilated data-
set called the Simple Ocean Data Assimilation
(SODA; Giese and Carton 1999; Carton et al.
2000), which assimilates nearly all the avail-
able surface and subsurface measurements, in-
situ and by satellite, and uses an ocean GCM
to interpolate these data of various types. Such

 

Fig. 1. Rms variance in �C of low-pass filtered (>5 yr) SST in winter (January–March) in the
mid-latitude North Pacific. Contour intervals are 0.05�C, with values greater than 0.4�C shaded.
Key regions to be analyzed, namely Regions A (165�E–175�W, 38�–46�N) and B (163�–147�W,
30�–40�N), are marked by boxes.
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model-assimilated datasets will certainly im-
prove as the assimilation techniques improve
and more data are collected. We consider it a
useful exercise to evaluate the advective effect
using the currently available SODA, given that
it has never been done before for decadal vari-
ability. Indeed, we will show that advection
anomalies from SODA and T/P generally agree
during their overlapping period.

The second purpose of this study is to devise
a methodology for subsurface advection esti-
mate. Previously, some authors estimated the
advection only during the winter season (Miller
et al. 1994; Yasuda and Hanawa 1997; Qiu
2000), but subsurface ocean temperature is
known to carry the history of previous winters
(Alexander et al. 1999). It is unclear how to
estimate the turbulent entrainment heat flux
that is strong at the mixed layer bottom during
boreal fall. We will propose a diagnostic scheme
that effectively sidesteps this difficulty with
turbulent mixing. The two SSTA centers of
action in the central North Pacific and to its
east (Fig. 1) are the focus of this study. We will
apply this scheme and estimate the subsurface
advection.

In the rest of this note, Section 2 introduces
datasets to be used. Section 3 derives a ten-
dency equation for the ocean mixed-layer tem-
perature. Section 4 applies this tendency equa-
tion to the assimilation data and evaluates the
effects of surface and subsurface variations on

decadal SSTAs. Section 5 gives a summary of
this work.

2. Data

We use the following four datasets. The first
is the SODA, which is based on multivariate
optimal interpolation using the Modular Ocean
Model-2 physics (Carton et al. 2000). The
SODA analysis provides three-dimensional
fields of salinity, temperature, and current
velocity in the global ocean from 60�S to 60�N
for the period 1950–99 at monthly time resolu-
tion. The spatial resolution is approximately 1�

in both longitudinal and latitudinal directions.
In the vertical, there are 20 levels with a reso-
lution of 15 m near the surface. The number of
subsurface observations below 250 m increased
dramatically in the late 1960s as a result of the
use of expendable bathythermograph (XBT)
and conductivity-temperature-depth (CTD) sen-
sors. The spatial density of observations is high
in the mid-latitude North Pacific because of
major shipping lanes between Asia, Hawaii,
and North America (see Fig. 1 of Carton et al.
2000). The present work, therefore, sets the
analysis domain to the mid-latitude North
Pacific and the analysis period from 1970 to
1999. A quality check of SODA is performed in
Fig. 2 that shows the long-term (1970–99)
mean mixed layer in winter. Since salinity con-
tributes to the formation of mixed layer in mid-

 

Fig. 2. Long-term (1970–99) mean of winter (January–March) mixed layer depth. Contour interval
is 20 m, with values deeper than 120 m shaded.
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and high-latitudes, the mixed layer is defined
as where the density is within 0.125 kg m�3 of
the surface value. It is confirmed that the
mixed layer distribution based on SODA is
similar to observations (cf., Huang and Qiu
1994).

The second is the global ice and SST (GISST)
dataset compiled at the U. K. Meteorological
Office, which is provided on a 1� � 1� lon.-lat.
grid for the period of 1903–99 (Rayner et al.
1996). The missing data without sufficient
observations are reconstructed by a linear sum
of covariance empirical orthogonal functions
weighted by corresponding adjusted time co-
efficients (Parker et al. 1995). For the 30-year
period we focus on here, the data quality is
generally good over the North Pacific.

The SODA version we analyzed does not pro-
vide the atmospheric thermal forcing applied
to the model. We use the National Centers for
Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) rean-
alysis (Kalnay et al. 1996) for surface thermal
forcing estimation. The surface variables are
available at monthly time resolution from 1948
to 1999, covering the entire globe on the Gaus-
sian grid.

The altimeters on the T/P and European Re-
mote Sensing (ERS) satellites provide observa-
tions of sea surface height since 1992. To vali-
date the geostrophic advection estimated from
the SODA analysis data, we employ the ob-
servations complied to those at monthly time
resolution from 1992 to 1999 and on a 1� � 1�

lon.-lat. grid in the Pacific with GISST.
To filter out the interannual signals of ENSO

and to highlight the lower-frequency variations,
we apply the 5-term weighted running mean
to yearly time series throughout this work, in
which the weights are derived from the bino-
mial coefficients, namely (1, 4, 6, 4, 1)/16. Using
autocorrelation function (Fraedrich et al. 1995),
the degree of freedom of the smoothed time
series is estimated for the Student t-test of
significance.

3. Winter mixed-layer heat budget

The method of diagnosing the budget of win-
ter SST variations is not well established. Some
studies focus exclusively on the winter-mean
contributions by ocean-atmospheric processes
(Miller et al. 1994; Yasuda and Hanawa 1997;

Qiu 2000), which may underestimate the ocean
dynamic effects as shown in Subsection 3.2.
Here, we develop a diagnostic scheme for mixed
layer heat budget.

3.1 Tendency equation
The governing equation for ocean tempera-

ture T is

qT

qt
¼ �u � ‘T � w

qT

qz
þ q

qz
k
qT

qz

� �
; ð3:1Þ

where u and w are the horizontal and vertical
velocities, respectively, and k is the eddy dif-
fusivity. Here we have neglected the horizontal
diffusion term. Integrating this equation from
the surface to the maximum depth of winter
mixed layer (h) gives rise to

q

qt

ðh

0

T dz ¼ �
ðh

0

u � ‘T dz þ Q

cpr
� Vert; ð3:2Þ

where Q is surface heat flux, cp and r are the
specific heat at constant pressure and density
of seawater, and Vert combines the advective
and diffusive flux at z ¼ h. In the mid-latitude
North Pacific, the mixed layer is deepest and
SSTs are at the minimum in March. Integrat-
ing (3.2) for one year from March of year (n � 1)
to March of year n yields

DTmw

Dt
¼ � hUE � ‘Tmi/h|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

E

� 1

h

ð h

0

hug � ‘Tidz|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
G

þ hQi

cprh
� hVerti/h; ð3:3Þ

where the subscript m denotes the values in
the mixed layer, w winter values, g and E
geostrophic and Ekman components of the
ocean current. The bracket denotes the annual

average: h i ¼ 1

Dt

ðDt

0

dt; Dt denotes the differ-

ence between two consecutive Marches (Dt ¼ 1
year); and UE ¼ t� k/ðrf Þ is the Ekman trans-
port where t is the surface wind stress, k and f
are the vertical unit vector and the Coriolis
parameter. Thus, E and G are the advection by
the Ekman and geostrophic flow, respectively.

If the March SST does not change inter-
annually, the right hand side (rhs) of Eq.
(3.3) reaches a balance. Defining interannual
anomalies as E 0 ¼ E � E with the overbar
denoting the long-term mean, we obtain a ten-
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dency equation for low-frequency variations in
March SST

DTmw

Dt
¼ �E 0 � G 0 þ hQi 0/cprh � hVerti 0/h:

ð3:4Þ

Section 4 makes a quantitative estimate of
each term on the rhs. We will neglect the verti-
cal flux at z ¼ h because the vertical advection
is small in the mid-latitudes and the turbulent
entrainment at the bottom of the winter mixed
layer is small (e.g., Qiu 2000). The seasonal en-
trainment associated with the deepening mixed
layer from fall to winter and its interannual
variations are implicitly included in our formu-
lation as discussed below.

3.2 Geostrophic advection
Equation (3.4) states that the rate of change

of low-frequency winter SST is caused by the
annual-means of advection and heat flux in-
stead of the winter means. Why do winter SST
anomalies care about geostrophic advection
in summer? To illustrate this, let us assume
that the seasonal deepening of the mixed layer
takes place abruptly at the end of summer, t ¼
tn�1/2 (Fig. 3). The associated entrainment re-
sets the mixed layer temperature to the vertical
mean temperature within the winter mixed
layer as geostrophic advection keeps changing
subsurface temperature in summer (Schneider
et al. 2002). Therefore, a heat budget analysis
using only three-month winter data will under-
estimate the geostrophic advection by a factor
of four (geostrophic currents have only a weak
seasonal cycle in the mid-latitudes).

If one only focuses the heat budget near the
sea surface (say at the first vertical grid point),
he may find a large contribution by the en-
trainment in late fall and early winter. But this
apparent entrainment of subsurface anomalies
ultimately comes from geostrophic advection
during the warm seasons. In the late winter,
the entrainment is weak as the mixed layer
reaches its maximum depth.

In the absence of horizontal advection (E 0 ¼ 0
and G 0 ¼ 0), Eq. (3.4) is reduced to that de-
scribing the local re-emergence mechanism, in
which winter deep mixing entrains water tem-
perature set in the previous winter (Alexander
et al. 1999). Thus, our formulation may be
viewed as a generalization of the local re-

emergence mechanism that includes non-local
advective effects.

3.3 Decomposition of surface heat flux
While latent heat flux QE is often treated as a

single term, it contains two physically distinct
components: atmospheric forcing and oceanic
response. Anomalous wind-induced flux change
is just one example of the former that is a key
to air-sea interaction in the off-equatorial trop-
ics (Xie et al. 1999). The latter arises from the
temperature dependence of evaporation and
can be sometimes linearized as a Newtonian
cooling (Haney 1971). In the mid-latitudes
where temperature gradient is large and winds
are strong, advective effects on air temperature
and humidity are not negligible. Because such
advective effects are difficult to quantify, we
will decompose latent and sensible heat (QH)
flux into wind-induced component

Q 0
a ¼ �W 0

W
ðQE þ QHÞ; ð3:5Þ

and the residual Q 0
T

Q 0
E þ Q 0

H ¼ Q 0
a þ Q 0

T ; ð3:6Þ

 

Fig. 3. Schematic diagram of seasonal
variations in the mixed layer. Qnet, Qa,
and QT are for surface heat flux. E, G,
and W signify Ekman and geostrophic
advections, and vertical entrainment,
respectively. TmwðnÞ indicates winter
mixed layer temperature in an arbi-
trary year n. Shade implies the summer
sub-mixed layer where seawater is en-
trained in winter.
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where W is the wind speed. Although Q 0
T also

includes atmospheric advective effects, it is
indeed highly correlated with SST anomalies
(Fig. 4). Thus, we can approximate it as a lin-
ear Newtonian damping, Q 0

T AeT 0
m. For low-

frequency SST variations caused by wind-
induced heat flux changes (frequency of e@ (1
year)�1), the forcing (Q 0

a) and response (Q 0
T) can

be largely in balance. As a result, the net heat
flux vanishes. Diagnosis based on the net heat
flux would conclude, incorrectly, that heat flux
forcing is unimportant.

In summer, Q 0
T and winter mixed-layer tem-

perature (T 0
m) are not correlated (Fig. 4a).

Because of this and because the winter SSTAs
tend to be larger than the summer ones in most
of the mid-latitude North Pacific, hQ 0

Ti is de-
termined by the Newtonian cooling in winter.
Indeed, the correlation between hQ 0

Ti and win-
ter mixed layer temperature is very high (0.80,
Fig. 4c). An effective damping rate can be esti-
mated from Fig. 4c: e
 ¼ (1.5 year)�1, suggest-
ing that on decadal and longer timescales, the
terms on the rhs of Eq. (3.4) are nearly in bal-
ance.

In the following analysis, we use the NCEP/
NCAR reanalysis for surface heat flux. No
attempt is made to estimate the shortwave and
longwave radiative flux not because it is unim-
portant but because of the large uncertainties
in it in the reanalysis (Kalnay et al. 1996).
The SODA data are used to estimate Ekman

and geostrophic advections. Because the atmo-
spheric and oceanic variables are from inde-
pendent assimilated model results, we do not
attempt to close the heat budget. Our estimates
would improve if SODA had used the NCEP
surface heat flux in the assimilation.

4. Contribution of surface and
subsurface effects

Large decadal SST variance reaches local
maxima in the following two areas: Region A
around the dateline and in the northern KOE
(165�E–175�W, 38�–46�N), and Region B in the
eastern North Pacific (163�–147�W, 30�–40�N)
as marked in Fig. 1 (Miller et al. 1994; Deser
et al. 1996; Nakamura et al. 1997; Tomita et al.
2001). In this section, we estimate the geostro-
phic advection, Ekman advection, and wind-
induced heat flux terms at these two centers
of action of decadal SST variations in the mid-
latitude North Pacific. Since they are both pro-
portional to wind speed changes, we will com-
bine the Ekman advection and wind-induced
surface heat terms and call their sum the sur-
face forcing. Figures 5 and 6 illustrate winter
(January–March) mean SST variations at the
two centers of action, and the corresponding
time series of geostrophic advection and surface
forcing terms, which are divided by the local
damping rate (e
) to diagnose the effective forc-
ing in �C. The rms of variance and correlation
statistics are summarized in Table 1.

Fig. 4. Scatter diagrams of winter mixed-layer temperature (Tm) and seasonal-mean QT over the
northern mid-latitude North Pacific (160�E–160�W, 38�–45�N), (a) in summer (July–Septem-
ber) and (b) in winter (January–March). (c) is same as (a) and (b) but for Tm and annual-mean QT .
The correlation coefficient (R) and the regression relation between QT and Tm are displayed at the
upper-left part in each panel. The number in parentheses for R is the correlation coefficient at the
95% level based on the two-tailed Student t-test.
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4.1 Box mean
Region A displays quasi-decadal SST varia-

tions, with positive maxima in early 1970s, 80s
and 90s (Fig. 5a). Subsurface forcing is signifi-
cantly correlated with SSTA, indicating that
it consistently acts to produce low-frequency
winter SSTAs in Region A (Table 1). On the
other hand, surface forcing also contributes to
the low-frequency SST variations, especially in
periods such as early 1970s or late 1980s (Fig.
5c).

In Region B, subsurface advection is small
in magnitude and is not significantly correlated
with SSTA (Fig. 6b and Table 1). In compari-
son, surface forcing is strong and highly cor-
related with SSTA (Fig. 6c and Table 1). Thus
we conclude that the surface Ekman advection
and wind-induced heat flux are the dominant
forcing for low-frequency SST variations in
Region B. As such, the contribution of subsur-

face effects toward low-frequency winter SSTAs
varies over the mid-latitude North Pacific.

Deser et al. (1996) reported that in the KOE
region, the seawater temperature anomalies
are in phase from the surface to at least 400-m
without much attenuation in amplitude. In the
eastern North Pacific, by contrast, temperature
anomalies lag in phase and decreases in ampli-
tude with increasing depth. Such differences in

 

Fig. 5. (a) unsmoothed (bars) and low-
pass filtered (solid line) SST anomalies
in winter (January–March), anomalies
of (b) geostrophic advection and (c)
surface forcing (Ekman advection plus
wind-induced heat flux), all area-
averaged in Region A (Fig. 1). (b) and
(c) are annual-averages from April of
the preceding year to March. Unit is �C
for the three panels.

Table 1. Rms variance in �C of low-
pass filtered (>5 yr) winter (January–
March) SST, geostrophic advection
(GA), and the sum of Ekman advection
and wind-induced heat flux (EAþWF)
in Regions A and B. The latter two var-
iables are annual mean from April of
the preceding year to March. In paren-
theses are the correlation coefficients
with SST, with the bold face denoting
correlations significant at the 95% level
(0.58) based on a two-tailed Student t-
test.

 

 

 

Fig. 6. As in Fig. 5 but for Region B.
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the vertical structure of temperature anomaly
are consistent with our heat budget analysis,
suggesting that ocean dynamics are important
in the KOE (Region A), while surface forcing is
dominant in the eastern North Pacific (Region
B).

In order to validate the reliability of geo-
strophic advection estimated from the SODA
data, we compare it with an alternative esti-
mate based on observational data only, namely
GISST, and T/P and ERS altimetry data for
the period 1992–99 (Fig. 7). The advection by
anomalous current velocity, u 0

g � ‘T, is com-
puted by using geostrophic current anomaly
(u 0

g) derived from monthly satellite sea level
height anomaly and SST in winter (T). Here we
use T to approximate winter mixed-layer tem-
perature and subsurface temperature beneath
the seasonal thermocline in warm seasons. The
temporal variability agrees remarkably well
between the two estimates and their correla-
tions are above 0.9 and significant at the 99%
level in both Regions A and B. The agreement
may be partially due to the assimilation of T/P
and ERS data in SODA, but their agreement

is at least comforting and gives us some confi-
dence in SODA.

4.2 Spatial distribution
In order to diagnose the spatial distribution

of surface and subsurface effects, we performed
composite analysis using decadal SST varia-
tions in Regions A and B as the reference time
series, respectively. Figure 8 shows the dif-
ferences of winter (January–March) SST, geo-
strophic advection, and the surface forcing
between years when SSTAs in Region A are
positive and those when they are negative.
Corresponding anomalous subsurface currents
at 100 m depth (Fig. 8b) and the surface wind
anomalies at 10 m (Fig. 8c) are also plotted.

Over the positive SSTA in Region A (Fig. 8a),
anomalous geostrophic advection is generally
positive in association with north- or northeast-
ward current anomalies (Fig. 8b), but there
is considerable scattering in the direction of
anomalous current. On the other hand, Fig. 8c
shows that the surface wind field is dominated
by easterly anomalies in the mid-latitudes, as
part of an anti-cyclonic anomalous circulation
centered on the Bering Sea. The anomalous
easterlies reduce the speed of the prevailing
westerly winds and turbulent heat flux from
the ocean surface. The combined effects of posi-
tive geostrophic advection and reduced surface
flux cooling give rise to the maximum warming
in Region A. Immediately south of Region A,
there is a band of negative anomalies in geo-
strophic advection while the surface forcing is
still positive. In Xie et al.’s (2000) GCM, SST is
restored toward the climatology while the full
history of observed wind stress is applied. This
modeling setting effectively removes anomalous
thermal forcing from the atmosphere. In their
model, SST anomalies in Region A tend to show
opposite polarities to those to the south (not
shown), consistent with the north-south dipole
structure in the diagnosed geostrophic advec-
tion field in Fig. 8b in and south of Region A
(see also Miller et al. 1998).

When the low-pass filtered SSTAs are posi-
tive in Region B (Fig. 9a), surface forcing is
strong and positive due to the anomalous east-
erlies that weaken the prevailing westerlies
(Fig. 9c). The wind anomalies are part of an
anti-cyclonic circulation with a center south-
east of that in the Region A composite. The

 

Fig. 7. Annual-mean geostrophic advec-
tion anomalies estimated from the
SODA analysis data (filled bars) and
from the GISST, and T/P and ERS
altimetry data (open) as a function of
time in Regions A (a) and B (b). Corre-
lations between the two estimates are
above 0.9, significant at the 99% level
(0.83). The anomalies are defined as the
deviations from the 8-year mean for
1992–99.

Journal of the Meteorological Society of Japan1296 Vol. 80, No. 5



Fig. 8. Composite anomalies based on the SST time series in Region A: (a) SST in winter (January–
March), (b) geostrophic advection, and (c) the sum of Ekman advection and wind-induced heat flux.
Unit is �C, with the color scale at the bottom. Vectors indicate the anomalous currents at the
100-m depth in (b) and the 10-m height wind anomalies in (c), with the scales shown near each
right-bottom corner.
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geostrophic advection anomalies change sign
within Region B (Fig. 9b), making it unlikely to
be the major contributor to the SST variability
there.

5. Summary

We have derived a diagnostic equation for
estimating local surface forcing and subsur-

Fig. 9. As in Fig. 8 but for Region B.
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face dynamic effects on winter-time SSTAs. Our
analysis indicates that subsurface geostrophic
advection throughout the year contributes to
the winter SST, since sub-mixed layer tem-
perature changes during the warm season are
entrained into the winter mixed layer by the
intense vertical mixing in late fall and winter.
Yet, this scheme sidesteps the difficulty of eval-
uating turbulent mixing by computing the heat
budget vertically integrated from the surface to
the bottom of the March mixed layer. This di-
agnostic scheme is a generalization of the local
re-emergence mechanism as geostrophic advec-
tion causes the temperature beneath the sea-
sonal thermocline to vary slowly during the
warm season. Unlike many previous studies,
we separate anomalous turbulence surface heat
flux into wind-induced forcing and the residual,
and show that to a large extent, the residual
behaves like a Newtonian cooling and can be
treated as a passive oceanic response.

We then use this scheme to diagnose the rel-
ative importance of subsurface advection and
local surface forcing (wind-induced surface heat
flux plus the Ekman advection) in regions of
the large decadal SST variance: Region A in the
northern KOE (170�E, 42�N) and Region B in
the eastern North Pacific (155�W, 35�N). The
heat budgets are quite different between them.
In Region A, the subsurface advection consis-
tently contributes to decadal winter SSTAs. In
Region B, on the other hand, the surface effect
dominates while the subsurface advection is
very small.

In the KOE region east of Japan, the winter
mixed layer is deep (Fig. 2), allowing a signifi-
cant effect of subsurface advection on SST. Our
analysis of geostrophic advection suggests a
meridional dipole straddling the 38�N latitude
in the western half of the North Pacific (Fig.
8b), presumably a result of the adjustment
of ocean gyre circulation to wind changes to
the east, which was found in both observa-
tions (Deser et al. 1999) and GCM simulations
(Miller et al. 1998; Seager et al. 2001). The
surface forcing, on the other hand, shows a
larger-scale structure extending over the entire
mid-latitude North Pacific. As a result, there is
a tendency for the surface forcing and subsur-
face advection to be in-phase north of 38�N and
out-of-phase to the south. Such local differences
in the surface and subsurface effects are due to

the spatial-scale difference between anomalous
oceanic and atmospheric circulations.

Our analysis differs from previous modeling
studies, in an attempt at a direct estimate of
ocean dynamics effect on decadal SSTAs in
winter from the model-assimilated SODA. We
show that the estimate from SODA agrees with
that from T/P and ERS satellite measure-
ments. Along with recent studies (Miller et al.
1994; Deser et al. 1999), our analysis shows
that ocean dynamics have a significant role to
play in decadal climate variability in the KOE
region. How SSTAs there feedback onto the
atmosphere is a subject under intense debate
and current active research (Peng et al. 1997;
Yulaeva et al. 2001).
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