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[1] From Empirical Orthogonal Function (EOF) analysis of the atmospheric and
oceanic variables over the North Pacific during the northern hemispheric winter
(1960–2009), we were able to determine that the second mode of the EOF is related to
North Pacific winter blocking. Our composite analysis reveals that the structures of the
variables during winters with contrasting frequencies of blocking events are
systematically different and show quite opposite pattern in the North Pacific. During
winters with frequent blocking occurrence, a north–south dipole pattern of geopotential
height anomaly is formed, and the associated westerly winds are weakened (strengthen)
north (south) of 35�N. These factors bring variations of ocean advection and ocean
surface heat flux, resulting in a dipole pattern of Sea Surface Temperature (SST), with a
warm anomaly north of 35�N and a cold anomaly to the south. The effect of SST on
blocking is examined using an Atmospheric General Circulation Model (AGCM)
experiment. In the experiment, the SST anomaly related to blocking is applied as a
boundary forcing of the AGCM to investigate the effect of SST on the formation of
blocking. From the experiment, we also concluded that the winter blocking is not induced
by North Pacific SST forcing, although consistent linkage between oceanic and
atmospheric variables is evident.

Citation: You, J.-E., and J.-B. Ahn (2012), The anomalous structures of atmospheric and oceanic variables associated with the
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1. Introduction

[2] Blocking is defined as a stagnant or slowly moving
quasi-stationary ridge that normally builds up over the North
Pacific and North Atlantic during northern hemispheric
winter. This synoptic phenomenon is usually related to
several extreme weather events such as an extraordinarily
warm or cold and wet or dry winter [Matsueda et al., 2009;
Buehler et al., 2011]. For these reasons, a better under-
standing and prediction of the blocking phenomenon is
necessary.
[3] Several indices have been used as objective methods

in order to detect blocking. The most popular method is an
index that uses meridional geopotential height gradients.
The index was originally defined by Rex [1950] and has
been used in many studies [e.g., Lejenäs and Øakland, 1983;
Tibaldi and Molteni, 1990; Trigo et al., 2004; Barriopedro
et al., 2006]. In addition, various indices have been
defined, such as the blocking intensity index, described as
the average intensity of the daily maximum heights in an
event [Lupo, 1997]; the index using meridional potential

temperature gradients [Pelly and Hoskins, 2003]; and the
Blocking Index (BI) with two dimensions [Diao et al.,
2006]. The results of statistical characteristics analysis of
northern hemisphere blocking via the blocking indices have
shown that blocking is strong and long-lasting in the North
Atlantic and North Pacific, especially in the winter
[Wiedenmann et al., 2002; Barriopedro et al., 2006].
[4] In terms of blocking, many studies have emphasized

the role of internal atmospheric transient eddies [e.g.,
Kalnay-Rivas and Merkine, 1981; Shutts 1983; Holopainen
and Fortelius, 1987; Nakamura et al., 1997; Huang et al.,
2002]. Whereas, some studies have proposed that ocean
heat forcing is able to reinforce blocking [e.g., Kung et al.,
1990; Huang et al., 2002; Tilly et al., 2008].
[5] According to general air-sea interaction studies, it is

well known that atmospheric forcing has an influence on Sea
Surface Temperature (SST) at middle and high latitudes
[e.g., Frankignoul, 1985; Liu et al., 2006; Alexander, 2010].
On the other hand, many experiments have been conducted
to assess atmospheric changes in response to SST anomalies
at midlatitudes [e.g., Lau and Nath, 1990; Peng and
Whitaker, 1999; Rodwell et al., 1999; Huang et al., 2002;
Liu and Wu, 2004; Ferreira and Frankignoul, 2005].
Regarding experiments carried out to examine the influence
of SST on blocking formation, Kung et al. [1990] conducted
a simulation of blocking formation for January 1979, apply-
ing global observed SST anomalies as a boundary condition
of the General Circulation Model (GCM). Tilly et al. [2008]
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proposed that diabatic processes contribute to the two cases
of Southern Hemisphere blocking intensification through
the theoretical study using vorticity equations; however, the
previous studies on heating as a contributor of blocking
were not generalized. Furthermore, experiments to deter-
mine how blocking formation is affected by midlatitude
SST have not yet been carried out. According to previous
studies, the atmospheric response affected by SST anoma-
lies is small in midlatitudes [Liu and Wu, 2004], and has
different characteristics depending on experimental condi-
tions such as forcing areas, experimental period, and model
types. Regarding the feedback between atmosphere and
ocean, however, some studies [Palmer and Zhaobo, 1985;
Watanabe, 2001; Liu and Wu, 2004] insisted that there is
positive feedback between warm SST and higher pressure
through the role of surface heat flux.
[6] In this study, we considered the possibility that

blocking has an effect on the ocean, the potential of blocking
formation influenced by SST anomaly associated with the
blocking, and the probability that blocking occurs through
the interaction between the atmosphere and the ocean. To
accomplish this, first of all, we found the blocking mode
though EOF analysis of the atmosphere and ocean fields
during northern hemispheric winter; based on this, we ana-
lyzed composite reanalysis fields. Through this analysis, we
assessed all the possibilities mentioned above.
[7] In section 2, we introduce the data and method used to

calculate the blocking index, while in section 3, we deter-
mine the blocking mode using Empirical Orthogonal Func-
tion (EOF) analysis. In section 4, we investigate the
anomalous structures of variables associated with the
blocking frequency through the analysis of the anomaly
composites. In section 5, we study the possibility of an effect

of SST using an Atmospheric GCM (AGCM). A summary
and conclusion are given in section 5.

2. Data and Method

2.1. Data

[8] The data used in the study are reanalysis data provided
by the NOAA Earth System Research Laboratory and
ECMWF’s Ocean ReAnalysis (ORA). The National Centers
for Environmental Prediction/National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis-1 data with a
2.5� � 2.5� resolution are used for geopotential height and
wind for the period from 1960 to 2009. In addition, NOAA-
CIRES 20C reanalysis-2 data constructed on a 1.9� � 1.9�
grid for the period from 1960 to 2007 are used for the esti-
mation of the radiation and heat fluxes at the ocean surface.
[9] As for the ocean variables, ORA products are used for

SST and currents for the period between 1960 and 2008. The
data has 29 vertical levels from 5 to 5250 m, and is orga-
nized by horizontal 1� � 1� grids. NOAA Optimum Inter-
polation SST data from 1982 to 2008 with 1� � 1� grids are
also used.

2.2. Definition of Blocking Index

[10] In this study, we defined blocking from an index that
considers meridional geopotential height gradients derived
from the criterion of Barriopedro et al. [2006] which is
based on the method proposed by Tibaldi and Molteni
[1990]. This index was calculated using the daily mean
500 hPa geopotential height for 50 winters (1960–2009) as
follows:

GHGN lð Þ ¼ Z l;fNð Þ � Z l;f0ð Þ
fN � f0

;

GHGS lð Þ ¼ Z l;f0ð Þ � Z l;fSð Þ
f0 � fS

;
ð1Þ

where Z(l, f) is the 500 hPa geopotential height at (l, f),
and GHGN(l) and GHGS(l) are southern and northern 500
hPa geopotential height gradients, respectively, at a given
latitude (f) as follows:

fN ¼ 77:5�N þD;
f0 ¼ 60:0�N þD;
fS ¼ 40:0�N þD;

D ¼ �5:0�;�2:5�; 0:0�; 2:5�; 5:0�:

ð2Þ

[11] The five values for D were applied, and five results
for GPGN(l) and GPGS(l) were computed, respectively. A
longitude is considered to be blocked when GHGN(l) is less
than �10 gpm per latitude with a GHGS(l) larger than 0 for
at least one case among the five different latitudes:

GHGN lð Þ < �10gpm ⋅ lat�1;
GHGS lð Þ > 0:

ð3Þ

[12] Furthermore, such condition must continue over five
or more days to be considered as blocking. The blocking
frequency (BF) is defined as the ratio of the blocking days to
90-days of a winter [Barriopedro et al., 2006] between 1960
and 2009.
[13] In Figure 1, the BF displayed in the longitude and

time (year) domain has a high value in the North Pacific and

Figure 1. Distribution of the winter blocking frequency in
the longitude and time domain.
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North Atlantic, with the respective maxima located along
180� and 0�. In the case of the North Pacific, blocking was
significantly decreased from the late 1980s to the early
1990s and from 1997 to 2008, whereas there were no nota-
ble changes in the North Atlantic. The North Pacific block-
ing index, BF_pacific, was defined as the average over the
region of 110�E–120�W to analyze the North Pacific
blocking in this study. Figure 2 shows the time series of
BF_pacific. It has a range from 0 to 24% (0–22 days), and
the average of 50 winters is 5.5% (5 days). The 20 winters
with a higher BF_pacific than average are defined as winters
of high blocking frequency (HBW), and the 30 winters with
a lower BF_pacific than average are defined as winters of
low blocking frequency (LBW); these are compared in
section 4.

3. Blocking Mode and EOF Analysis of the North
Pacific in Winter

[14] To determine the dominant modes of North Pacific
climate variability, EOF analysis has been performed for
geopotential height (GPH), the U component of wind
(U-wind), temperature at 500 hPa, and SST. The analysis
domain is 110�E–120�W, 20–75�N and the trend was
removed prior to analysis.
[15] Table 1 shows the correlation coefficient between

BF_pacific and EOF time series of the first two modes for
each variable. Except for U-wind, the variables were not
correlated with BF_pacific in the first EOF mode. It is gen-
erally known that the first mode has a significant relation
with Arctic Oscillation (AO) [e.g., Thompson and Wallace
1998]. Whereas, in the second EOF mode, the correlation
coefficient between BF_pacific and the SST is �0.4, the
geopotential height is 0.66, the U-wind is �0.55, and the

temperature is �0.62. Therefore, it can be inferred that
the second EOF mode is quite related to blocking.
[16] As a result of spatial pattern analysis for the same

variables, the composite anomaly field of HBW and LBW
displayed a similar pattern to the second EOF mode,
describing 17–22% of the total variance for each variable
(Figure 3). If we compare the two kinds of patterns, the
positive and negative signs of SST and U-wind change along
35�N and 55�N, while geopotential height and temperature
change in terms of the sign along 45�N. The result seems to
differ slightly (not shown) if we use different reanalysis data
(e.g., Extended Reconstructed SST (ERSST)), but variations
in scale as well as the positive and negative areas of the two
patterns resemble each other.
[17] According to the results, the second EOF mode is

defined as the blocking mode in North Pacific. We assess
how meteorological variables are connected in the blocking
mode using the analysis of composite anomaly fields for
HBW and LBW in the following section.

4. The Anomalous Structures of Variables
Associated With North Pacific Winter Blocking

4.1. Height and Wind Change Associated With
Blocking

[18] Figures 4a and 4b show the vertical cross-sections of
composite geopotential height anomaly for HBW along
60�N and 180�, respectively. The blocking has a barotropic
structure in the vertical, with a positive height anomaly from
ground to upper levels. Meanwhile, there is a dipole-like
pattern whereby there is a negative height anomaly south of
45�N along the 180�, and a positive height anomaly above
that latitude.

Table 1. Correlation Coefficients Between the BF_Pacific and the EOF PC Time Series of Each Variable at 500 hPa
for the Winter Season

Correlation

SST GPH U-wind Temperature

pc1 pc2 pc1 pc2 pc1 pc2 pc1 pc2

BF_pacific 0.11 �0.40 0.22 0.66 �0.46 �0.55 �0.10 �0.62

Figure 2. Interannual variability of averaged BF over the region of 110�E–120�W, 1960–2009. The hor-
izontal line indicates the average for 50 years.
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[19] Figure 5 shows the climatological mean and the
composite anomaly fields for HBW and LBW of the geo-
potential height at surface, at 500 hPa, and at 300 hPa. The
composite anomalies in the HBW and LBW have opposite
patterns, as shown in the figure. Thus, we can infer that the
local circulations in the two cases are quite opposite and that
the blocking is systematic feature.
[20] During the HBW, the flows meander more at the

upper level; at the same time, the surface Aleutian Low is
weakened and moves southward. Therefore, the meridional
height gradients are reduced centering at 45�N, and are
increased around 25�N, with positive anomaly located at
high latitude and negative anomaly located at low latitude. In
the LBW, however, the zonal flow becomes strong at the
upper level and the surface Aleutian Low is strengthened and
moves northward. Therefore, the meridional height gradients
are increased around 45�N and reduced around 25�N.

[21] The zonal wind also has opposite patterns in the
HBW and LBW (Figure 6) in association with the geopo-
tential height. The composite anomaly fields for the HBW of
geopotential height (Figure 5) showed that the center of
positive anomaly was along 60�N, and maximum negative
anomaly was along 35�N, so the meridional geopotential
height difference is reduced, particularly at 35�N–60�N.
This result in reduced westerly winds over that area, while
the westerly winds are strengthened in relatively low lati-
tudes around 25�N. Therefore, the westerly wind bands in
midlatitude tend to move southward, corresponding to the
area of large geopotential height gradients. In contrast, in
LBW, the meridional geopotential height difference is
developed compared to climatology over 35–60�N. Associ-
ated with this, the westerly wind band strengthens and
appears more northward than climatology.

Figure 3. Composite anomaly for winters with (a, d, g, j) higher BF, with (b, e, h, k) lower BF than the
50-year average, and the second EOF mode of (c) SST, (f) GPH, (i) U-wind, and (l) temperature at
500 hPa.
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4.2. The SST Change Associated With Blocking

[22] Figure 7 shows the climatological mean and the
composite anomaly fields in the HBW and LBW of SST.
During the period, in HBW and LBW, the composite SST
anomaly fields display opposite patterns to each other. The
center of positive anomaly is located along 43�N, and that of
negative anomaly is located along 25�N in HBW, similar to

the zonal wind anomaly field. Figures 8a and 8b illustrate
vertical cross-sections of the composite sea temperature
anomaly and current vector anomaly in HBW along the
east–west direction and along the north–south direction,
respectively. Sea temperature anomaly related to blocking
appears systematically, to a depth of approximately 400 m.
A similar anomaly pattern is formed almost uniformly from

Figure 4. The composite geopotential height anomaly for HBW on a vertical cross-section along
(a) 60�N and (b) 180�.

Figure 5. The (left) climatological mean fields of geopotential height, the (center) composite anomaly
for HBW and (right) LBW at the (top) surface, (middle) 500 hPa, and (bottom) 300 hPa.
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the surface to a depth of approximately 100 m. The surface
wind causes the current vector anomaly near the surface,
particularly for meridional current. Furthermore, at a depth of
50 m below, anomalous downward (upward) vertical motion
appears in the velocity convergence (divergence) area.
[23] In this study, to determine which physical processes

contribute to the formation of the SST anomaly, first, we
estimated surface heat flux as follows:

H ¼ HSR � HLR þ HSH þ HLHð Þ: ð4Þ

[24] The net downward surface heat flux (H) is the sum of
net downward solar radiation flux (HSR), net upward long
wave radiation flux (HLR), net upward sensible heat flux
(HSH), and net upward latent heat flux (HLH); the climato-
logical net heat flux associated with the two anomalies

during HBW and LBW is shown in Figure 9. In HBW,
more upward heat is seen in low latitudes west of
150�W, but there are downward anomalies in the other
areas of the North Pacific, resulting in the increase of sea
temperature around the area of 160�E–160�W, 40�N–
60�N. The net downward surface heat flux anomaly is
primarily formed by HSH and HLH under the influence of
wind. At high latitude a lesser amount of heat is exported
where the surface westerly wind is weakened from the
ocean surface and contributes to the increase of sea
temperature. In contrast, for low latitudes, more heat is
exported where wind is strengthened and contributes to
cooling. However, the composite anomaly of net down-
ward surface heat flux has different patterns compared
with that of SST, including the location of the SST
anomaly core along the 43�N.

Figure 6. As in Figure 5, but for U-wind.

Figure 7. The (left) climatological mean fields of SST; the (middle) composite anomaly for HBW and
(right) LBW at the surface.
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[25] In order to address the discrepancy, the ocean heat
advection is considered as another factor that can affect SST
and is estimated as follows:

Zonal heat advection ¼ �rCp

Z0

zb

�U
∂�T
∂x

dz; ð5Þ

Meridional heat advection ¼ �rCp

Z0

zb

�V
∂�T
∂y

dz; ð6Þ

Vertical heat advection ¼ �rCp

Z0

zb

�W
∂�T
∂z

dz: ð7Þ

Figure 8. A vertical cross-section of sea temperature and (a) zonal (unit: m/s) and vertical current (unit:
104 m/s) as vectors along 45�N and (b) meridional (unit: m/s) and vertical current (unit: 104 m/s) as vectors
along 180�. The climatological mean fields (top); composite anomaly for HBW (middle) and LBW
(bottom).
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[26] Here, r is the density, 1022.4 Kg ⋅ m�3; Cp is the
specific heat of the ocean, 3940 J ⋅ Kg�1�C�1, and zb is
30 m as the sub-surface. All flux terms have positive
value when they contribute to the heat gain in a unit
column of upper ocean (0 � zb). As an example, zonal
heat advection was produced by integrating the product
of the mean zonal current (Ū) and the zonal temperature
gradient (∂�T=∂x) into the unit volume vertically integrated
from the surface to a depth of 30 m. Each heat advection
is shown in Figure 10. The most variable flux due to
blocking is meridional heat advection. During the HBW,
meridional heat advection reinforces cooling to the south of
35�N, and the heating to the north of 35�N. In particular, it
contributes to heating in the areas of 37�N–47�N and

160�E–170�W. The variation of anomalous westerly wind,
as shown in section 4.1, contributes to the formation of
anomalous meridional heat advection. The North Pacific
current flows mainly from the north to the south Pacific in
the meridional mean fields, but during the HBW, the
weakened westerly wind results in less transport of cold
water from high latitude; therefore, sea temperature increa-
ses to the north of 35�N. In the lower latitude, conversely,
the strengthened westerly wind leads to stronger cold
advection, and this contributes to the cooling of the sea
temperature.
[27] The sum of net downward heat flux and heat advec-

tions for HBW and LBW are shown in Figure 11. Compar-
ing with the SST anomalies represented in Figure 7, we can

Figure 9. As in Figure 7, but for downward net surface heat flux (unit: 10�7 Wm�2 3 month).

Figure 10. As in Figure 7, but for zonal heat advection (upper), meridional heat advection (middle), and
vertical heat advection (bottom) (unit: 10�7 Wm�2 3 month).
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see that the positive and negative area and the region
located at the maximum and minimum value are similar. It
implies that the factor that contributes most to the change
in sea temperature is meridional heat advection; and that
surface heat flux also partially affects the temperature near
the surface. Thus, these changes related to blocking seem
to eventually produce the dipole pattern of anomalous
SST.

4.3. The Atmospheric Response Experiment Using
AGCM

[28] Lau and Nath [1990] imposed a warm SST anom-
aly forcing in a particular area of North Pacific (rectangle
centered at 31.5�N, 161�W) using AGCM. They argued
that in the result of the experiment, a positive height
anomaly of the barotropic structure may be formed in the
north region of the forcing area. In this study, we examine
whether the dipole pattern of SST anomaly associated with
blocking can influence the formation of blocking using
AGCM experiments. NCAR/CCM3 AGCM was used for
the experiment. The horizontal resolution of CCM3 is
spectral T42 (approximately 2.8125� Gaussian grid), and
vertically it has 18 hybrid sigma-pressure levels. The model
includes a land surface model (LSM) that employs six
vertical levels.
[29] Two kinds of experiments were performed using SST

as the boundary condition for AGCM. The control experi-
ment (CE) used the climatology of SST, while the transient
blocking experiment (TBE) used dipole SST anomalies

related to HBW and LBW blockings added to climatological
SST. We investigated whether changes in SST can influence
the formation of blocking by comparing the results of the
two kinds of experiments.
[30] Long-term integration was performed for 30 years

starting from on arbitrary year (January 15, 2009 in our
experiment) under given climatological monthly mean SST
averaged over 1982 to 2008 as the lower boundary condi-
tion, so that the atmosphere reaches quasi-equilibrium state
sufficiently. Then, the climatology SST was given continu-
ously as the lower boundary condition for CE from the 31st
year to February of 32nd year. The SSTs related to HBW
and LBW (Figure 12) were applied for the AGCM as lower
boundary conditions for the same period (Figure 13). Since
the SST anomaly related to strong blocking can be three
times larger than the composite case, the 3-time larger
anomaly forcings related to blocking were gradually
imposed from June to winter (December–February). The
results of the experiments were analyzed for three months
from December of the 31st year to the next February.
Figure 14 shows the 500 hPa geopotential height anomalies,
and Figure 14a shows the result of the experiment (TBE
(HBW) – CE) applied to the SST anomaly associated with
HBW as forcing, in which a positive anomaly appears cen-
tering on the Kamchatka Peninsula. Figure 14b illustrates the
result of the experiment given the SST anomaly related to
LBW as forcing, and a stronger anomaly appears in a region
similar to the result related to HBW. As shown in the figure,

Figure 11. Composite anomaly for (left) HBW and (right) LBW of the sum of net downward heat flux
and heat advections.

Figure 12. SST forcing related to (a) HBW and (b) LBW.
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systematic changes related to blocking such as those dis-
cussed in Section 4.1 were not reproduced in the experi-
mental result with SST forcing. Therefore, it can be
considered that midlatitude SST forcing did not act on the
formation of blocking.
[31] Hence, we analyzed the result of CE where SST

forcing was not applied to examine whether blocking can
be formed by other factors such as atmospheric internal
variability regardless of SST forcing. Figure 15 represents
the winter mean 500 hPa geopotential height anomalies
of CE integration for 29 years. The spatial correlation
coefficients between the spatial patterns of CE for each
year and the composite anomaly of 500 hPa geopotential
height associated with HBW are shown. In the results of
CE, a blocking-like pattern that had a spatial correlation
coefficient higher than 0.37, 95% level of confidence,
appeared five times. Meanwhile, in the NCEP/NCAR
reanalysis data, the phenomenon appeared eight times
from 1981 to 2009 (Figure 16). From this experiment, we
found that blocking patterns appearing in real atmosphere
occurred in the model despite the fact that only the cli-
matological SST was applied. It implies that the winter
blocking is not induced by the North Pacific SST forcing.
Instead, as was reported by several papers, other factors
such as internal dynamics of atmosphere [e.g., Kalnay-
Rivas and Merkine, 1981; Shutts 1983; Holopainen and
Fortelius, 1987; Nakamura et al., 1997], surface bound-
ary forcing due to snow cover and sea-ice [e.g., Lee and
Jhun, 2006] and anomalous equatorial SST forcing asso-
ciated with El Nino and La Nina [e.g., Renwick and
Wallace, 1996; Wiedenmann et al., 2002] can be

alternatives to explain the generation mechanism of the
North Pacific winter blocking.

5. Summary and Conclusion

[32] In this study, the possibility of a winter blocking
effect on the ocean over the North Pacific and the proba-
bility of the ocean’s role in blocking were examined. EOF
analyses were carried out for major atmospheric and oce-
anic variables in winter over the North Pacific. From these
analyses, we discovered that the second mode is related to
North Pacific blocking in winter. The second mode
showed a similar pattern to the composite anomaly fields
of HBW and LBW based on the blocking classification of
Barriopedro et al. [2006]. The composite anomaly fields
of HBW and LBW for different atmospheric and oceanic
variables have exactly the opposite sign to each other.
This means that blocking and its influence appear sys-
tematically in the North Pacific.
[33] The geopotential height has a dipole-like structure in

HBW (LBW) that shows positive (negative) anomaly at high
latitude and negative (positive) anomaly at low latitude.
Thus, the meridional height gradients are reduced, and
westerly wind weakens in HBW. The mean surface ocean
current flows southeastward in the North Pacific, but the
weakened westerly wind results in less transport of cold
water from high latitude. In addition, the reduced wind speed
induces a lesser amount of upward heat flux at the ocean
surface. Thus, anomalous warm SST was produced at mid-
latitude of 35–55�N. In contrast, increased meridional height
gradients and strengthened westerly wind eventually cause a

Figure 13. Experimental design.

Figure 14. The 500 hPa geopotential height anomalies as the experimental result with SST forcing
related to (a) HBW and (b) LBW.
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release of more heat flux upward and produce cold advec-
tion, resulting in anomalous cold SST at latitudes lower than
35�N, west of 150�W. Thus, SST anomaly related to HBW
and LBW has a dipole-like pattern through the atmospheric
blocking influence.
[34] Also, in this study, AGCM experiments had been

conducted with SST forcing related to blocking to under-
stand whether SST can play a role in the creation and
maintenance of blocking. According to our results, system-
atic atmospheric response to the dipole pattern of SST
forcing related to blocking did not appear as shown in the
observation. Furthermore, a pattern of atmospheric anomaly
similar to blocking also appeared without North Pacific SST
forcing in the result of the control experiment for 29 years.
Hence, we suggest that the winter blocking is not induced by
North Pacific SST forcing, although consistent linkage
between oceanic and atmospheric variables is evident. Fur-
ther analytical and numerical studies on the generation of
blocking are necessary, with considerations for the roles of
atmospheric internal dynamics, surface boundary forcing
due to snow cover and sea-ice and anomalous equatorial
SST forcing associated with El Nino and La Nina events.

[35] Acknowledgment. This work is funded by the Korean Meteoro-
logical Administration Research and Development Program under Grant
CATER 2012–3083 and CATER 2012–3100.
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