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seasonal climate conditions using SST and tropospheric
geopotential height data.

2. Correlation Analysis

[7] First, we compared the TWC transport in autumn
with the precipitation in winter at Japanese cities. The ocean
current over the past nine years was measured using an
acoustic Doppler current profiler (ADCP) mounted on a
commercial ferryboat operating along the line shown in
Figure 1a. In this study, a long time series of geostrophic
transport was reconstructed using the sea-level differences
across the TKS from the tide gauge data available since
the 1960s [Takikawa and Yoon, 2005]. Precipitation data
measured by the JapanMeteorological Agency were averaged
over the three consecutive months of December, January,
and February (DJF) from 1976/77 to 2005/06.
[8] Figure 1 shows the correlation coefficients between

the volume transport of the TWC averaged from September
to November (SON) and the precipitation in the following
winter (DJF). Positive and negative correlations were
clearly separated by mountain barriers regardless of the
measured or estimated transport. The positive correlation in
the northwestern side basically confirms the finding of
Hirose and Fukudome [2006]: Large (small) TWC transport
in autumn carries more (less) heat into the JES and thus
the high (low) water temperature strengthens (weakens)
evaporation and precipitation in winter. The lag correlation
between the area-averaged precipitation and the measured
or estimated transport is 0.60 or 0.45.
[9] The reason for the negative correlation in the Pacific

side of the Japanese Islands could not be easily explained.
The areal correlations of !0.62 and !0.47 satisfy the 95%
significance level, both for the measured and estimated
transports, respectively. The northwesterly winter monsoon
is not likely to be the direct cause because the moisture is
lost in the mountains and the wind eventually dries up on
reaching the populated region between Tokyo and Osaka.

The winter precipitation, occasionally brought to the Pacific
coast by the southerly winds associated with extratropical
cyclones, rather seems to be hardly influenced by the
maritime conditions of the JES region. Moreover, the direct
correlation of the winter precipitation averaged over the two
regions was weaker than the significance level of 95%,
implying the presence of a controlling factor other than the
local air-sea interaction.
[10] Second, we investigated the correlation between the

TWC transport and the atmospheric pressure field to find
whether a strong connection between the warm current and
the precipitation pattern exists. Figure 2 indicates a close
relationship between the time-mean transport in SON and
the tropospheric variation in the following DJF. Large
(small) transport of the TWC leads to the development of
a weak (strong) westerly jet and a weak (strong) low
pressure anomaly over the Kamchatka Peninsula. The
dipole correlation pattern closely resembles the western
Pacific (WP) pattern, which is one of the typical winter
teleconnection patterns found in the Northern Hemisphere
500hPa geopotential height field [Wallace and Gutzler,
1981; Barnston and Livezey, 1987]. A positive center of
the action is located in the Kamchatka Peninsula, and
the negative correlation extends zonally in the western
subtropical Pacific. The lead-lag correlations with the mea-
sured transport data are as strong as ±0.9, suggesting a
significant contribution of the warm current to the winter
climate system.
[11] A direct comparison of the two measures, the TWC

transport in autumn and the WP index in winter, reveals the
considerable similarity (Figure 3a). The WP index was
calculated by a rotated principal component analysis of
the 500hPa height anomalies at National Centers for
Environmental Prediction (NCEP). Its sign was reversed
to fit the original definition given by Wallace and Gutzler
[1981]. The WP index in winter shows a time variation
similar to the TWC transport in the previous autumn. The
lead-lag correlations with the measured and estimated

Figure 1. Lag correlations between the (a) measured or (b) estimated transport of the Tsushima Warm Current (TWC) in
autumn (SON) and the precipitation over the Japanese Islands in the following winter (DJF) for the periods of 1997/98
(Figure 1a) to 2005/06 or 1976/77 to 2005/06 (Figure 1b). The green line indicates the section of the TKS across which the
ship-mounted ADCP performs the measurement. The two boxes on the Japan Sea and the Pacific Ocean sides represent the
regions over which the precipitation data are averaged.
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the errors in remote-sensing measurements. Here, we use a
combination of the two SST datasets of Reynolds and Smith
[1994] and Minobe and Maeda [2005] to reduce the
uncertainty. The former showed a large-scale variation after
an optimal interpolation, but the latter retained small-scale
features with many missing values. The combined SST
anomaly of November and December (ND), which gives a
smooth estimate of December 1st, is then compared with the
TWC transport in autumn or the climate index in winter for
the period from 1976/77 to 2005/06.
[17] Although covariance magnitudes are small and the

patterns show noisy patches (Figure 4), some similarities are
observed at mid-latitude; warm anomalies extend eastward
from the eastern JES, and a cold anomaly is located in the
Yellow Sea. The positive and negative anomalies observed
in Figure 4a imply coherence of the TWC transport in
autumn with the northwestern boundary current system.
For instance, a large (small) transport through the TKS
might be counterbalanced with a small (large) transport of
the Yellow Sea Warm Current, resulting in a negative
correlation between the JES and the Yellow Sea. Such
coherent variation in the surface thermal conditions possibly
contributes to the activity of the WP teleconnection
pattern, as indicated by the similar covariance structures
(Figures 4a and 4b).
[18] On the other hand, a large-scale negative covariance

between the subtropical SST anomaly and the WP index in
winter (Figure 4b) could not be explained by the TWC
transport. There seem to be independent factors existing in
the subtropical gyre related to the WP variability, which are
partially supported by the weak correlation between the
Kuroshio and TWC transports. The Kuroshio transport
estimated in the East China Sea [Kawabe, 1995] lead the
TWC transport in autumn less significantly (strongest
correlation of !0.32 at a four-month lag). The lead-lag
correlations between the Kuroshio transport and the winter
WP index are also negligible within ±0.2. The interannual
changes in the TWC transport in autumn may be related

to the subarctic variations (35–50!N) rather than the
subtropical ones, as illuminated by Figure 4.

4. Concluding Remarks

[19] The autumn transport of the Tsushima Warm Current
(TWC) can be an excellent predictor of the western Pacific
(WP) teleconnection pattern associated with the precipita-
tion pattern in the Japanese archipelago in the following
winter. Since the three-month lag between the autumn
current and the climate index in winter cannot be explained
by short atmospheric timescales, we interpret the strong
preceding correlation as an indicator of ocean-to-
atmosphere feedback in the extratropics. The interannual
fluctuations in the WP pattern can be at least partly
attributed to the variations in the ocean currents in
the northwestern Pacific, especially in the marginal seas.
However, the TWC transport in autumn shows no correla-
tion with the other dominant pattern of PNA. Variations in
the regional ocean contribute to the difference in the
behavior of the WP and PNA teleconnection patterns.
[20] The correlation of the WP index in winter with the El

Niño indices was more stationary and weaker than that with
the TWC transport in autumn. In addition to the tropical
factors controlling the North Pacific climate, the local
oceanic changes can modify the seasonal condition.
Coupling the two independent factors for a further accurate
prediction of the WP teleconnection pattern, owing to their
statistical independence, is recommended.
[21] Analyzing ocean currents can be a promising

approach in clarifying the role of oceans in the climate
system. The SST is easily influenced by both active and
passive roles of oceans, resulting in a small covariance as
shown in this study. Vertically-integrated ocean currents
give a direct measure of the meridional heat transport,
which is more robust than the surface variable due to
high-frequency atmospheric variabilities. Long-term and
accurate measurement of ocean currents at various locations

Figure 4. Covariance of ND SST and the normalized index of the SON transport of (a) the TWC or (b) the DJF WP. The
units are degrees Celsius.
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SST variability in the East Asian Marginal Seas is important for regional weather. 
In the East/Japan Sea, the warm transport by the Tsushima Warm Current 

influences wintertime SST and precipitation.



nudging with a relaxation time of 3 days, and the sea surface
height was assimilated by an approximate Kalman filter
[Hirose et al., 2007].
[6] We used the fifth‐generation mesoscale model of the

Penn State University and National Center for Atmospheric
Research (PSU‐NCAR MM5 version 3 available at http://
www.mmm.ucar.edu/mm5/documents/tutorial‐v3‐notes.
html) [Dudhia, 1993;Grell et al., 1995] with 23 sigma layers.
The initial and boundary conditions were calculated from
the NCEP (National Centers for Environmental Predic-
tion) Global Tropospheric Analyses (ds083.2). Seventeen
initial conditions, from 0000 UTC on 28 December 2004
to 0000 UTC on 1 January 2005, were applied to the

ensemble experiments for Cases W and C. The mother
domain, with a central latitude of 48°N and longitude of
145°E, consists of a 203 ! 209 horizontal grid with 30 km
resolution, and the two‐way nested domain with 10 km
resolution (130 ! 130 grid) is located in the Japan Sea.
The daily mean SSTs in 2003 and 2005 were given each
day for the Japan Sea (The monthly mean difference
between two SSTs is shown in Figure 1a); weekly NOAA
(National Oceanic and Atmospheric Administration) opti-
mum interpolation SST [Reynolds and Smith, 1994] were
used in other areas for all experiments. Atmospheric radiation
was calculated by choosing the cloud‐radiation option,
and the land‐surface temperature was calculated by a
five‐layer soil model based on the vertical diffusion
equation. An explicit moisture scheme (including mixed
phase), the Medium‐Range Forecast–Planetary Boundary
Layer (MRF–PBL) scheme, and Grell cumulus parame-
terization were used in the simulation (http://www.mmm.
ucar.edu/mm5/documents/tutorial‐v3‐notes.html).

3. Results

[7] In the winter season, the monthly mean Okhotsk
Trough is developed around 50°N, 150°E (Figure 1b). Low
pressure is located over the Okhotsk Sea, around which the
westerly jet meanders. The simulated feature is consistent
with that in the NCEP/NCAR reanalysis [Kalnay et al.,
1996]. The cold air mass intrudes southward from the polar
region over the Japan Sea. A strong westerly jet (>30 m s!1)
blows over the Japan Sea where the contours of geopotential
height (5200–5400 m) are closely spaced. The cold surface
conditions over the Japan Sea result in the intensification
of the Okhotsk Low. The geopotential height at 500 hPa in
Case C is 20 m lower than that in Case W over the
Okhotsk Sea area (Figure 1c), suggesting that the decrease
of the surface temperature by the small volume transport of
the Tsushima Warm Current leads to the depression of the
500‐hPa geopotential height over the Kamchatka Peninsula
[Hirose et al., 2009]. On the other hand, the signal around
Japan in Hirose et al. [2009] is not seen in the present
simulation. The difference between the simulated geopo-
tential anomaly and the climatic pattern around southern
Japan and the Kuroshio might result from the absence of
the SST anomaly over the Pacific and East China Sea in
the model. Enhancement of the Okhotsk Low was also
found at 700 hPa. The enhanced contrast in surface tem-
perature between the cold Japan Sea and the warm Pacific
results in enhanced baroclinicity around Japan, thereby
amplifying the cyclone advancing northeastward over the
Japan Sea in Case C. However, it is difficult to detect a
statistically significant evidence for an influence of the
Japan‐Sea SST anomaly on cyclogenesis based on ensemble
averages, because the developing cyclone is not strong over
the Japan Sea. In addition, Japan Sea cyclones commonly
merge with pre‐existing fully developed cyclones around the
Japanese Islands and Okhotsk Sea, indicating that the
dynamical effect of the Japan Sea may be limited to around
the Japanese Islands and Okhotsk Sea. The present study
focuses on the regional effect of the Japan‐Sea condition on
the monthly mean atmospheric circulation.
[8] Although the influence of the land‐ocean contrast on

synoptic‐scale cyclogenesis has been examined using
GCMs [e.g., Brayshaw et al., 2009], the effects of the Japan

Figure 1. Longitude–latitude distributions of ensemble
averages of (a) difference in surface temperature (K)
between two cases (Case C minus Case W) in an inner
domain, (b) geopotential height (m) in Case W, and (c) the
difference in geopotential height (Case C minus Case W) at
500 hPa. Shaded areas exceed the 90% confidence level in
Figures 1b and 1c. J, O, B and P indicate the Japan Sea,
the Okhotsk Sea, the Bering Sea, and the Pacific, respec-
tively. The white dashed line in Figure 1c represents a
trough.
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TWC and its representation on SST have some connection to the large-scale 
atmospheric circulation pattern.transport are 0.90 and 0.57, respectively. The seasonal lag is

crucial in predicting the WP pattern, because the correlation
shows a prominent peak at a three-month difference
(Figure 3b) but it is negligible simultaneously in autumn
or in winter (0.13 or !0.18).
[12] On the other hand, the TWC transport does not

appear to affect the other dominant structure of the PNA
teleconnection pattern. The PNA index provided by the
NCEP gives negligible correlations, regardless of the lead
time (Figure 3b). The TWC and associated oceanic changes
seem to influence a certain natural variability in the North
Pacific in winter.
[13] Previous studies have indicated that the ENSO event

is a major controlling factor of the PNA and WP patterns
[Horel and Wallace, 1981;Mo and Livezey, 1986]. However,
the correlations of the WP index in winter and the El Niño
indices are weaker than the significance level for the past
30 years (Figure 3b). Besides, the correlation coefficients
hardly depend on the lead-lag time. The PNA index shows a
higher and smoother dependence on the preceding El Niño
indices (Figure 3b). The tropical variation probably has
a large-scale and long-term effect on the North Pacific
teleconnection patterns, as explained in the previous studies.
The transport variation of the TWC can be an additional sharp
local predictor of the WP pattern in winter.
[14] Some studies also clarified that the interannual

variation in the WP pattern largely affects the winter
precipitation on the Japanese Islands; Lau [1988] and Ueno
[1993] revealed a high (low) probability of rain or snow on
the Pacific side during a negative (positive) phase of the WP
pattern. Takano et al. [2008] recently showed that the
convective activity over the JES region is correlated with
the WP index. This relationship is consistent with our
finding of the north-south difference in the correlation
pattern between the ocean current in autumn and the
precipitation in winter (Figure 1). Thus, we are successful
in linking the TWC transport in autumn and the precipita-
tion pattern on the Japanese Islands in winter on the basis of
the WP teleconnection pattern.

3. Discussion

[15] The strong statistical relationship implies the
existence of an ocean-to-atmosphere feedback in the

extratropics; the wind-driven ocean variation may signifi-
cantly affect the climate teleconnection pattern. Although
many studies concluded the dominance of atmospheric
forcing of the extratropical oceans, the present work
suggests the ocean current forcing of the wintertime climate
to a certain extent. However, the strong correlation does not
ensure that the TWC transport in autumn solely controls the
WP pattern in winter because the TWC is only a part of the
western boundary current system in the North Pacific. It
may be more rational to consider that the TWC variation
represents large-scale variation in the northwestern Pacific
with the marginal seas, based on their strong connectivity
[Minato and Kimura, 1980; Toba et al., 1982].
[16] Assuming the existence of regional ocean-to-

atmosphere feedback, the SST can be regarded as an
interface variable between the ocean current in autumn
and the climate pattern in winter. Many studies have already
established the fact that the SST anomaly precedes
the regional climate in winter by one or two months
[e.g., Tanimoto et al., 2003; Hirose and Fukudome,
2006; Frankignoul and Sennéchael, 2007]. However, the
accuracy of the historical SST data was not sufficiently high
either due to the limited number of in-situ observations or

Figure 2. Correlation coefficients between the estimated
TWC transport in autumn (the green line in Figure 1) and
the 500hPa height data of the NCEP reanalysis in the
following winter.

Figure 3. (a) Interannual variation of the measured and
estimated transports in 106m3/s through the TKS in autumn
shown by crosses and circles, respectively. The WP index
given by the NCEP is indicated by closed triangles along a
dashed curve for the following winter, but the sign is used as
defined by Wallace and Gutzler [1981]. (b) Lag correlations
between the TWC transport or the Niño-3 index and the WP
index in winter are indicated by the solid lines. Further,
dashed lines indicate the correlations of the TWC transport in
autumn with the PNA index in winter. The dotted lines
represent the significance level of 95%.
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Presumably, the marginal sea processes would also play some role in the 
downstream North Pacific circulation.



Dominant modes of wintertime SST variability
identified from the NOAA OISST 

(25 km, daily,1982-2010)
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How will these two dominant modes of SST anomaly patterns

impact the regional and large-scale circulation patterns?

EOF1 EOF2

Main question:

And are the circulation response symmetric with respect to 
the sign of SST anomaly pattern?



Regional atmospheric model simulation

d02: 60km

d03: 12km

CTL EOF1P EOF1M EOF2P EOF2M

• Model:  WRF 3.3
• Lower BC: 

• NOAA daily climatology 1982-2010
• Lateral BC:

• NCEP 6-hourly climatology 
1980-2010

• 6 month integration: Nov.-Apr.

• CTL, EOF1P, EOF1M:  40-member
• EOF2P, EOF2M:  20-member

Two-way feedback

d01: 180km

• Focus on November-January response

• Initial adjustment period

• Quasi-equilibrium state

Two-way feedback

Lateral BC: NCEP 6-hourly climatology



1. SLP responses for the different time-scale and ensemble 
averaging



Ensemble member 1-10 Ensemble member 11-20

Ensemble member 21-30 Ensemble member 31-40

[mb]

EOF1P-CTL

A deterministic SLP response to the diabatic forcing in 1-14 days

Ensemble mean 1-40

L



A chaotic quasi-equilibrium response in 15-91 
days due to the circulation change.

[mb]

Ensemble member 31-40Ensemble member 21-30

Ensemble member 11-20Ensemble member 1-10
EOF1P-CTL

Ensemble mean 1-40



Some robust and significant SLP response emerge as more ensemble 
members are used for averaging.

EOF1P-CTL 1-10 member mean 1-20-member mean

1-30 member mean 1-40 member mean
 Black 

contours: 
significant 

at 95%

15-91 day



 2. Local response in precipitation in NDJ (15-91 day)



15-91 day averaged responses in precipitation, SLP, and surface wind
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A symmetric rainfall response to the polarity of rainfall, but not in SLP.



15-91 day averaged responses in precipitation, SLP, and surface wind
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3. Downstream responses in atmospheric 
circulation



The initial baroclinic response is followed by an equivalent 
barotropic structure

Baroclinic initial response and a fast transition 
toward the barotropic structure

Time-series of pattern correlation in geopotential height anomaly 
at 200mb and 850mb
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 Black contours: 
significant at 95%

meter

meter

 An equivalent barotropic height response

40-member ensemble mean

EOF1P-CTL

• High in the Pacific Northwest.
• Low over Kamchatka Peninsula 

200 mb HGT 
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There are common circulation responses regardless of the SST forcing.

40 members

EOF1P-CTL EOF1M-CTL

H HL LH

40 members

20 members

EOF2P-CTL EOF2M-CTL

HHL

20 members

• Responses are 
distinct over forcing 
region, depending on 
the sign of diabatic 
forcing.

• SLP High in the 
Pacific NW and Low 
over the Kamchatka 
Peninsula are shown 
as somewhat 
common feature.

Showing responses 
in Tair, 10m-wind 

and SLP



Summary

• Two dominant modes of wintertime SST variability produce differing 
circulation responses during the two periods of

• Initial adjustment: a deterministic and baroclinic response to the 
diabatic forcing

• Quasi-equilibrium: a chaotic circulation response with an equivalent 
barotropic vertical structure

• A statistically significant response pattern is identified after 
averaging 40 ensemble members.

• Precipitation response is largely symmetric with respect to the 
polarity of prescribed SST anomalies. 

• SLP High in the Pacific Northwest and Low over the Kamchatka 
Peninsula tend to commonly appear regardless of the sign/pattern of 
the SST anomalies.
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