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ABSTRACT

A new East Asian winter monsoon index, which reflects the 300-hPa meridional wind shear associated with
the jet stream, was defined to describe the variability of the winter monsoon in midlatitude East Asia. Thisindex
represents very well the seasonal mean winter temperature over Korea, Japan, and eastern China. The National
Centers for Environmental Prediction—National Center for Atmospheric Research reanalysis data from 1958 to
2001 were used to examine the composite structures of strong and weak winter monsoons based on this index.
The composite strong winter monsoon is characterized by an enhanced upper-level jet stream south of Japan, a
strengthened midtropospheric East Asian trough, a stronger than normal Aleutian low and Siberian high, and
increased low-level northeasterlies along the Russian coast. This composite structure suggests that a cold winter
in Korea and Japan depends critically on processes that control the pressure gradients between the Aleutian low
and the Siberian high. Power spectral analysis of the index shows significant peaks occurring in 3—-4, 6-8, and
around 18 yr. The decadal peak is primarily due to a prominent cold period from 1980 to 1986 versus a warm
period from 1987 to 1993. The regressed sea level pressure field for the interannual component resembles the
composite strong winter monsoon pattern, whereas the sea level pressure pattern for the decadal component
bears close similarity to that of the Arctic Oscillation. These conditions in the winter monsoon are associated
with excess snowfall in October over the Siberian high, northeastern China, and far eastern Russia. The sensitivity
experiments with the Seoul National University general circulation model suggest that the change in snow depth
in autumn over the Siberian high and northeastern China may lead to the variability of the winter monsoon
intensity. The teleconnection analysis confirms that development of the Siberian high and/or the Aleutian low
is associated with an enhanced East Asian winter monsoon; the Arctic Oscillation is closely related to the winter
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monsoon intensity on the decadal time scale.

1. Introduction

There have been many efforts to understand the win-
ter climate, and to predict the variation of the winter
monsoon circulation in East Asia (Chang and Lau 1982;
Chang et al. 1979; Ding and Krishnamurti 1987; Mu-
rakami 1987; Zhang et al. 1997). Zhang et al. (1997)
summarized the mean winter monsoon circulation of
East Asia. Their study indicated that the key driving
force for the winter monsoon is the available potential
energy generated by the differential heating between
land and sea. The main heating source exists near the
equatorial western Pacific. The latent heat release as-
sociated with intense convective precipitation in the
equatorial western Pacific induces the local Hadley cir-
culation in the meridional direction. To the far north of
this convective center, avery strong cold dome lies near
the Siberian region. The East Asian jet, the Siberian
high, the 500-hPatrough, and the convection center near
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the western Pacific are inherently related to each other.
These planetary-scale features characterize the three-
dimensional winter monsoon circulation. Some previous
studies showed the genesis and development of the Si-
berian high resulted from the combined effects of the
mass convergence at middle and upper levels, and the
radiative cooling (Ding and Krishnamurti 1987; Ding
1990). Ding and Krishnamurti (1987) illustrated that the
intensity of the Siberian cold dome is maintained by the
strong radiative cooling, the large-scal e descending mo-
tion by the Siberian high, a strong local Hadley circu-
lation, and the persistent cold-air advection throughout
the troposphere. According to Murakami (1987), the
Tibetan Plateau not only largely controls the flow con-
figuration in the lower troposphere but also greatly in-
fluences the thermally driven direct Hadley cell and the
200-hPa jet stream.

Among the factors influencing the East Asian winter
monsoon, the snow cover over the Eurasian continent
may be used as a precursor of the winter climate var-
iation in East Asia. Watanabe and Nitta (1999) showed
that the decrease of snow cover of East Asiain autumn
results in an increase in surface temperature in East
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Asia, a decrease in sea level pressure and geopotential
height at 500 hPa in the Arctic region, and an increase
in sealevel pressure and geopotential height at 500 hPa
in the North Pacific. The results of Watanabe and Nitta
(1999) also support those of Yamazaki (1989), which
suggests that the decrease of the albedo in East Asiais
associated with aweakening of the Aleutian low. Results
from several atmospheric genera circulation models
(AGCMs) are quite consistent with the observation anal -
ysis (Walland and Simmonds 1997; Walsh and Ross
1988). Walsh and Ross (1988) ran the National Center
for Atmospheric Research (NCAR) Community Climate
Model version OB (CCMOB) forecast model for 30 days
for the cases of both extensive and reduced Eurasian
snow cover in winter. The differences between the two
model runs included a deeper Aleutian low and reduced
air temperature throughout the lower half of the tro-
pospherein the region over and downstream of the snow
anomaly when the snow cover was more extensive. Wal -
land and Simmonds (1997) also showed the effects of
snow cover using an AGCM, and their results supported
the previous results. For short- to medium-range weath-
er forecasting, observational analyses also demonstrate
the simultaneous relationship between the snow cover
in East Asia and the atmospheric circulation down-
stream in winter, which is remarkably similar to that
identified in those model runs. The positive snow cover
anomaly over East Asiain midwinter is associated with
a decrease in air temperature over this transient snow
region, a stronger East Asian jet, and negative geopo-
tential height anomalies at the 500-hPa level over the
North Pacific Ocean (Clark and Serreze 2000).

The active and inactive northeasterly East Asian mon-
soons not only control the local weather and climate in
the East Asian region but also exert a strong impact on
the extratropical and tropical planetary-scale circula-
tions (Chang and Lau 1982), and even influence the
convection and the sea surface temperatures (SSTs) near
the Maritime Continent (Chang et al. 1979). Zhang et
al. (1996, 1997) found that the East Asian winter mon-
soon tends to be weaker during the mature phase of El
Nifio. Thereis a close relationship between ENSO and
the interannual variation of the winter monsoon and the
cold surge in East China (Zhang et al. 1997). Wang et
al. (2000) recently noted the existence of a Pacific—East
Asia teleconnection pattern with anticyclone (cyclone)
anomalies emanating from the equatorial central Pacific
northwestward toward East Asia during an El Nifio (La
Nifia) winter. They further suggested that a positive ther-
modynamic feedback between the anticyclonic anomaly
and the SST in the western North Pecific is responsible
for the existence of this teleconnection. Kitoh's (1988)
resultsimply potential impacts of the SST in the western
North Pacific on the East Asian winter climate.

Many researchers are interested in the relationship
between the Arctic Oscillation (AO) and global climate
variation, including the East Asian monsoon. Gong et
al. (2001) showed that the winter temperature over east-
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ern Chinais strongly connected to the sealevel pressure
(SLP) variation in the high latitude of the Eurasian con-
tinent (Siberian high region). According to Gong et al.,
the positive phase of the AO isassociated with the lower
SLP over the polar region and much of the Eurasian
continent. Therefore, the Siberian high may play anim-
portant role in connecting the AO and the surface tem-
perature over eastern China. Gong et a. (2001) also
suggested that the Eurasian pattern (EU) and the AO
pattern might play more notable roles in the East Asian
winter monsoon and the regional climate than the west-
ern Pacific pattern (WP). It has been found that the AO
is strongly coupled to surface air temperature fluctua-
tions over the Eurasian continent (Thompson and Wal-
lace 2000a,b; Kerr 1999). The variability of some re-
gional circulation systems such as the Aleutian low also
shows an apparent relation to the AO (Overland et al.
1999). Thompson and Wallace (2000a) indicated that
the temperature advection associated with the AO-re-
lated zonal component of the anomalous flow plays an
important role in establishing and maintaining the sta-
tionary wave pattern.

In spite of the diverse effortsto explain the East Asian
winter monsoon, many unexplained features and char-
acteristics of the winter monsoon still remain. First of
all, there arefew defined indicesfor the winter monsoon,
especially in midlatitude East Asia. In the case of the
south East Asian and Indian summer monsoons, many
meteorol ogists have defined the monsoon indices to in-
vestigate the characteristics of the summer monsoon
(Lawu et al. 2000; Wang and Fan 1999; Webster and Yang
1992). Therefore, our study tries to define a new East
Asian winter monsoon index (EAWMI). It should be
noted that the region of the East Asian winter monsoon
in our study covers the area of northeastern China, Ko-
rea, and Japan, unlike the region used in most previous
East Asian monsoon studies. Second, after Mantua et
al.’s (1997) study, the decadal variation in the atmo-
sphere and the ocean is one of the most interesting is-
sues, but that in the East Asian winter monsoon is of
relatively little concern as yet. To understand well the
characteristics of the winter monsoon, the separation of
interannual and interdecadal monsoon variabilities in
East Asia is needed. Therefore, we will analyze the
decadal characteristics of the East Asian winter mon-
soon using the EAWMI. Finally, the relationship be-
tween the East Asian winter monsoon and the global
circulation is aso needed to understand the monsoon
system in more detail, though some previous studies
revealed the relations both between ENSO and the mid-
latitude circulation and between the AO and the east
China climate.

The datasets and model experiments used in our study
are described in section 2. The definition of the EAWMI
and its characteristics are presented in section 3. The
effect of snow cover in autumn on the East Asian winter
monsoon and the teleconnection of the East Asian mon-
soon are shown in section 4 and section 5, respectively.
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The summary and discussion are given in section 6 and
section 7, respectively.

2. Data and model description

The observed data used in this study are obtained
from the monthly mean reanalysis dataset of the Na-
tional Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) and
the National Oceanic and Atmospheric Administration
(NOAA) SST dataset for the 43-winter period from
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Fic. 1. The climatological mean fields of (a) the sealevel pressure,
(b) the surface temperature, (c) the wind vector at 850 hPa, (d) the
geopotential height at 500 hPa, and (e) the zonal wind speed at 300
hPa for the winters of 1958/59—2000/01.

1958/59 to 2000/01 (Kalnay et al. 1996). The resolution
of the NCEP-NCAR reanalysis data is 2.5° in latitude
and longitude along with the 12 pressure levels from
1000 to 100 hPa. The observed SST data from 1958/
59 to 2000/01 are those reconstructed at NCER They
have been obtained by applying a new interpolation
method, based on spatial patterns from empirical or-
thogonal functions (EOFs) of SST anomalies for the
period 1982—2001 to the monthly SST values of the
Comprehensive Ocean—-Atmosphere Data Set (COADS)
for the period 1950—2001. The reconstructed SST fields
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Fic. 2. The map of the correlation coefficient between the sealevel
pressure averaged over the boxed area of Fig. 1a and the zonal wind
speed at each grid point at the 300-hPa level. The regions exceeding
the 95% significance level are shaded.

have lower root-mean-square differences than SST
fields derived from the traditional NCEP-NCAR anal-
ysis of optimum interpolation. The horizontal resolution
of SST datais 2° in latitude and longitude. Each winter
season consists of the 3-month period from December
to February. The snow cover data are derived from
NOAA satellites and compiled at the National Environ-
mental Satellite, Data, and Information Service. The
data consist of weekly snow cover data, which indicate
only the presence or the absence of snow inthe Northern
Hemisphere. The original 89 X 89 grid data spaced on
a polar stereographic projection are converted to 180 X
45 grid data with a 2° X 2° resolution from December
1973 to February 2001. The snow depth data, which are
used as an initial condition of the model experiment,
are Atmospheric Model Intercomparison Project
(AMIP) climatological data.

The Seoul National University (SNU) AGCM (SNU-
AGCM), with triangular truncation at the two-dimen-
sional wavenumber 31 (T31), which has been developed
in the Climatological Dynamics Laboratory of SNU, is
used in our computations. This spectral model is based
on the three-dimensional primitive equations with 20
vertical levels. The SNU-AGCM consists of severa

(a) zonal wind speed anomaly
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FiG. 4. The map of the correlation coefficient between the EAWMI
and the surface temperature at each grid point. The regions exceeding
the 95% significance level are shaded.

physical processes and a detailed explanation of the
model is provided by Kim (1999).

3. Structures of strong and weak monsoons
a. Definition of the East Asian winter monsoon index

As mentioned above, the climate in the East Asian
region is greatly influenced by the monsoon circulation,
and many studies have shown that the Siberian high is
important for forming the monsoon circulation in the
wintertime. In order to describe the intensity of the win-
ter monsoon circulation, we define the East Asian winter
monsoon index (EAWMI) in our study. Before defining
the EAWMI, the climatological mean fields for the win-
ters of 1958/59—-2000/01 are summarized (Fig. 1). These
climatological mean fields are characterized by the Si-
berian high and the Aleutian low in the sea level pres-
sure system, the significant meridional temperature gra-
dient of surface temperature in the East Asian region,
the predominant northwesterlies over northeastern Asia
in the lowest troposphere, the strong trough over north-
eastern Asia at 500 hPa, and the strong polar jet stream
just south of Japan at 300 hPa. The central area of the
Siberian high, which is located in the region 40°—60°N,
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(b) surface temperature anomaly
50N — y
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Fic. 3. The structure of the first mode (53.95%) of SVD between the anomalous surface temperature field and the
anomalous zonal wind speed field at 300 hPa. (a) The zonal wind speed anomaly at 300 hPa and (b) the surface

temperature anomaly.
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Fic. 5. The time series of the EAWMI from the winter of 1958 to
the winter of 2000.

80°-120°E, and is used in the process of defining the
EAWMI later, isboxed in Fig. 1a. The wind field at 850
hPa (Fig. 1c) shows that there are two distinct wind
direction regimes over East Asiain the northern winter.
One is the northwesterly regime north of 20°N, espe-
cially over northeastern Asia and the other the easterly
regime south of 20°N. Our study is focused only on the
former regime. These northwesterlies over northeastern
Asia originate from the anticyclonic flow associated
with the Siberian high and the cyclonic flow associated
with the Aleutian low. They bring the cold air from the
polar region into the East Asian region in the northern
wintertime. The core of the polar jet stream at the 300-
hPa level is evident just south of Japan (Fig. 1€). The
position of the jet core is closely related to the merid-
ional temperature gradient at the surface (Fig. 1b) with
the thermal wind relationship. Asthe northwesterly win-
ter monsoon flow over northeastern Asia becomes
strong, it brings more cold air and produces a stronger
meridional temperature gradient. Therefore, the stronger
monsoon flow leads to a stronger polar jet stream over
the East Asian region.

Figure 2 shows the correlation coefficient between
the SLP averaged over the central area of the Siberian
high (boxed region in Fig. 1a) and the zonal wind speed
at each grid point at the 300-hPa level. The maximum
negative correlation islocated in the north of the Korean
peninsula with a zonally elongated shape, while the
maximum positive correlation isin the region including
South Korea and the southern part of Japan where the
polar jet coreislocated. This correlation pattern implies
that the jet stream in its core region becomes strong and
the zonal wind speed in the maximum negative corre-
lation region becomes weak when the Siberian high de-
velops. In this situation the anomal ous cyclonic vorticity
over the East Asian region is enhanced and it leads to
the development of a trough in the upper level (Eagle-
man 1985; Holton 1992). This development of atrough
is usually associated with the cold surge in the East
Asian region.

In order to support the view that the correlation pat-
tern between the Siberian high and the zonal wind speed
at 300 hPa is a dynamically significant one, we per-
formed singular value decomposition (SVD) analyses
between the surface temperature field over East Asia
and other meteorological fields [SLR, the wind vector
at 850 hPa (V4), the geopotential height at 500 hPa
(Zs00), @nd the zonal wind at 300 hPa (U,,,)] over an
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area wider than East Asia. Figure 3 shows the structure
of the first mode (53.95%) of the SVD between the
anomal ous surface temperature and the anomal ous zonal
wind speed field at 300 hPa. The first mode of the SVD
between the surface temperature field over the (25°-
50°N, 105°-145°E) region (Fig. 3b) and the zonal wind
speed field at 300 hPa over the (0°~70°N, 60°E-140°W)
region (Fig. 3a) is the most significant case. Figure 3
illustrates clearly the good relationship between the
anomal ous surface temperature field and the anomalous
zonal wind speed field in the region concerned and
shows a pattern very similar to Fig. 2.

Therefore, it is reasonable to use the zonal wind speeds
averaged over the boxed regions of Fig. 2 to define the
EAWMI. The EAWMI is defined as the difference in the
area-averaged zonal wind speed at the 300-hPa level be-
tween the two boxed regions. That is,

EAWMI = U,(27.5°-37.5°N, 110°~170°E)
— Uy (50°—60°N, 80°—140°E).

This index is not very sensitive to the boxed area of
the negative correlation coefficient. The correlation co-
efficient between the EAWMI and the first SVD mode
of U,y (Fig. 3a) is 0.88 (99% significance level).

The correlation pattern between the EAWMI and the
surface temperature at each grid point is shown in Fig.
4. The highly negatively correlated area of more than
95% significance coversthe East Asian region, in which
the highest correlation coefficient of —0.8 falls on the
southern part of the Korean peninsula and the middle
part of Japan. This figure suggests that the decrease
(increase) in surface temperature in the East Asian re-
gion is large when the EAWMI is large and positive
(negative). Thisis physically understandable in the fol-
lowing way. As the Siberian high develops, the north-
westerly flow and thus the cold advection becomes
strong in the East Asian region and leads to the strength-
ening of the meridional temperature gradient just south
of Korea and Japan. The strong meridional temperature
gradient is associated with the strong jet stream in the
jet core region. The anomalous cyclonic vorticity to the
north of the jet stream enhances the anomal ous cyclonic
circulation and monsoon trough at 500 hPa over the
East Asian region. The surface temperature in the East
Asian region decreases significantly due to the strong
cold advection by strong northwesterlies associated with
an enhanced monsoon trough when the EAWM I islarge.
There is positive feedback between jet stream and sur-
face temperature. Therefore, the EAWMI is a good in-
dicator representing the intensity of the winter monsoon
in East Asia, especially in Korea, Japan, and north-
eastern China.

The correlation pattern between the surface temper-
ature and a winter monsoon index directly obtained by
using the mean surface temperature over the region
(20°—45°N, 105°-145°E) is very similar to that between
the surface temperature and the EAWMI. Therefore, the



716 JOURNAL OF CLIMATE VOLUME 17
Weak
(b) U300
70N 70N
60N | son]
50N 50N+
4oN] - 40N+
3N,y NS
20N 208, Y-
10N] - - 18] - -
Or B0r 100 120t 140f 160F 180 160W kot BOF  100F
(c) Z500 (d) Z500
70N 7ON fsrpgrzmm—

B

50N+
40N+

30N
20N
10N] - -

E T Y y " y
QGOE BOE 100E 120E 140E 160E

180

150W

—
2m/s

o

6ON

40N

120E 150E

90t

nk
60E 180

—_—
2m/s

Fic. 6. The composite maps of (&), (b) the zonal wind speed anomaly at 300 hPa; (c), (d) the geopotential height anomaly at 500 hPa;
(e), (f) the wind vector anomaly at 850 hPa; (g), (h) the sea level pressure anomaly; and (i), (j) the surface air temperature for strong
monsoon winters (left panels) and weak monsoon winters (right panels). The areas exceeding the 95% significance level are shaded.

EAWMI isappropriatefor representing climatic features
at the surface. The SLP itself averaged over the boxed
areain Fig. 1a has been tested as to whether it is a good
index to represent the intensity of the winter monsoon
in East Asia. The result was that the correlation coef-
ficients between the SLP of the Siberian high region
and the surface temperature over East Asiaarein general
smaller than those between the EAWM I and the surface

temperature (not shown). That is, the SLP of the Si-
berian high region is not as good as the zonal wind
speed difference at the 300-hPa level as a winter mon-
soon index in the East Asian region. The winter mon-
soon in East Asiais associated with the zonal pressure
gradient, which depends strongly on the development
of both the Siberian high and Aleutian low. Unlike the
index obtained by considering only the variation of the
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Siberian high SLP, the EAWMI has a good correlation
with the variability of the Aleutian low as well as the
Siberian high. It should be remembered that the strong
winter monsoon in East Asia is closely related to the
development of not only the Siberian high but also the
Aleutian low.

b. Strong and weak monsoon composites

The time series of the EAWMI from the winter of
1958 to the winter of 2000 yields seven strong winter

Power
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FiG. 7. The power spectrum result for the EAWMI.

monsoon years and seven weak winter monsoon years
(Fig. 5), based on the 0.9 standard deviation of theindex.
Here, the winter of 1958 denotes December of 1958,
January of 1959, and February of 1959. The seven
strong winter monsoon years are 1967, 1969, 1976,
1980, 1983, 1984, and 1985, while the seven weak win-
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Fic. 8. The time series of the EAWMI for (@) the interannual
component and (b) the interdecadal component.
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ter monsoon years are 1958, 1971, 1972, 1978, 1989,
1991, and 1997. Among the seven strong monsoon
years, 1969 and 1976 are El Nifio years and 1984 is a
La Nifia year but the others are normal years. On the
other hand, 1971 is a La Nifa year, 1972, 1991 and
1997 are El Nifio years, and the others are normal years
among the seven weak monsoon years. Therefore, the
winter monsoon variation in the East Asian region does
not seem to be closely related to ENSO phenomena.
However, there is a tendency that El Nifios occur in
much more negative EAWMI years than positive EAW-
MI years. It isreversed for La Nifas (Fig. 5). Also, the
south East Asian regions, such as the southeast part of
China, the southeast China Sea, and the western North
Pacific, have some meaningful correlationswith ENSO,
as was previously mentioned in the introduction (Zhang
et a. 1996, 1997; Wang et al. 2000).

The composite maps of anomalies of the meteoro-
logical variables for strong monsoon winters and weak
monsoon winters are shown in Fig. 6. All anomaly pat-
terns in strong monsoon winters are clearly contrasted
with those in weak monsoon winters. The strong mon-
soon winters are characterized by the strengthened polar
jet stream at the 300-hPa level, the deepened Aleutian
low at the 500-hPa level and the surface, the strength-
ened northerly winds at the 850-hPa level in the East
Asian region especially along the Russian coast, the
developed Siberian high, and the cooler surface tem-
peratures in East Asia. Most of the anomalies are sig-
nificant at the 95% level of a Student’'s t test (shaded
areain Fig. 6) in the central areas of the anomaly. It is
worthy of note that most anomaly patterns in the weak
monsoon winters are opposite to those in the strong
monsoon winters even in the remote areas, as well as
in the East Asian region (not shown for the global pat-
tern). This implies that the East Asian winter monsoon
system is linked to the global circulation.

c. Interannual and interdecadal components

The dominant periods embedded in the EAWMI are
shown in Fig. 7. The predominant peaks in the EAWMI
are at 3.4, 18.0, and 6.5 yr. The EAWMI has a strong
interdecadal variability as well as a strong interannual
variability. Thus, the period of the EAWMI can be di-
vided into two components: the interannual component
and the interdecadal component.

Figure 8 shows the time series of the EAWM I for the
interannual component (period of 1-9 yr) and the in-
terdecadal component (period of more than 10 yr). Itis
noted that the EAWMI is dominated by the interannual
component before 1980 and by both the interannual and
interdecadal components from 1980 to 1993. In other
words, the time series of the interannual component of
the EAWMI (Fig. 8a) is amost the same as that of the
EAWMI itself (Fig. 5) before 1980 but the time series
of the interdecadal component of the EAWMI (Fig. 8b)
shows the opposite phase of the EAWMI to be dominant
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from 1980 to 1993. If one projects the meteorological
anomaly fields onto the time series of either the EAWMI
or its interannual/interdecadal component, those re-
gressed fields can be obtained. Regressed field patterns
of meteorological elementssuch asU .y, Zs00, U750y Vso,
T4, and SLP for the original value of the EAWMI and
its interannual component are similar to their composite
patterns for strong monsoons (not shown). Those pat-
terns of SLP, Z,,,, and U, for the interannual and in-
terdecadal components are shown in Fig. 9. The right
panel of Fig. 9 illustrates that the interdecadal com-
ponent is the negative phase of the Arctic Oscillation
(AO). Figure 10 shows the second and the first EOFs
of SLP and the regressed fields of each mode. The first
EOF mode of SLP is caled AO, and the SLP pattern
and the regressed fields of the first mode (Fig. 10, right
panels) are very similar to the interdecadal component
of the East Asian winter monsoon. Thisimplies that the
East-Asian winter monsoon system is associated with
AO on an interdecadal time scale. On the other hand,
the interannual component (Fig. 9, left panels) has a
very similar pattern to the second mode of the EOF of
SLP and its associated regressed field (Fig. 10, left pan-
els).

The anomaly fields in seven strong monsoon winters
(1980-86), which are indicated by vertical dashed lines
in Fig. 8b, are compared to those in seven weak mon-
soon winters (1987-93) in Fig. 11. Theanomaly patterns
of zonal wind speed at 300 hPa are clearly contrasted
in the distribution of opposite signs between strong and
weak monsoon winters. Other patterns of variables such
as geopotential heights at 500 hPa, wind vectors at 850
hPa, and surface temperatures al so have contrasting fea-
tures like the zonal wind speed at 300 hPa (not shown).
However, no distributions of opposite sign between
strong and weak monsoon winters exist in the whole
pattern of sea level pressure. That is, the AO pattern of
positive phase is clear in the weak monsoon period,
while that of negative phase is not clear in the strong
monsoon period (Figs. 11b and 11d). If we choose the
strong and weak monsoon periods with a 10-yr interval,
that is, 1976-85 for the strong monsoon winter and
1988-97 for the weak monsoon winter, we can see the
obvious opposite patterns between these two periods
even in the distribution of sealevel pressure anomalies
(not shown). This implies that AO occurs more clearly
in the regressed fields on the decadal time scale rather
than on the interannual time scale.

We mentioned the necessity of the separation of the
interannual and the interdecadal monsoon variabilities
in East Asia in the introduction. From considering the
interannual and interdecadal components, we find that
the climate patterns associated with the two components
are different from each other and that one of the dy-
namics controlling the interdecadal component may be
AO.
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(a) interannual (SLP)

(b) interdecadal (SLP)

Fic. 9. The regressed fields of (a), (b) sea level pressure; (c), (d) geopotential height at 500 hPa; and
(e), (f) zonal wind speed at 300 hPa for the interannual component (left panels) and the interdecadal
component (right panels).

4. Effects of snow cover in autumn on the East
Asian winter monsoon

One of the possible factors affecting the East Asian
winter monsoon system is the snow cover over the Si-
berian high region. The variation of snow cover in au-
tumn over this region is positively correlated with the

EAWMI (Fig. 12). This implies that a strong winter
monsoon is expected when the snow cover is large in
autumn. Figure 12 shows another area where the cor-
relation coefficient is relatively high, that is, northeast-
ern China and far eastern Russia. Clark and Serreze
(2000) revealed that the snow cover in winter over these
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(a) The second EOF (SLP)
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(b) The first EOF (SLP)

(d)

Fic. 10. The EOF modes of (a), (b) the sea level pressure; (c), (d) the regressed fields of the geopotential
height at 500 hPa; and (c), (f) the zonal wind speed at 300 hPa for the second mode (left panels) and the

first mode (right panels).

areas is closely associated with the atmospheric circu-
lation over the North Pacific Ocean during the boreal
winter. According to their result the Aleutian low is
deepened when the anomaly of snow cover north of the
Korean peninsula is positively large. The pattern of the
EAWMI—-snow cover correlation for only October is

very similar to Fig. 12 with a stronger correlation, but
the correlation for September or November is more or
less insignificant (not shown). The reason for the in-
creased correlation in October isthat thereislittle snow
in September while the snow already coversalarge area
in November.

VoLuMmE 17
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(a) Strong
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(b) Strong

Fic. 11. The anomaly fields of (a), (c) the zonal wind speed at 300 hPa and (b), (d) the sea level pressure for the
strong monsoon winters of 1980-86 (top panels) and the weak monsoon winters of 1987-93 (bottom panels).
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FiG. 12. The correlation coefficients between the snow cover in
autumn and the EAWMI. The areas exceeding the 95% significance
level are shaded.

The differences in the snow cover anomaly in autumn
and winter between the weak monsoon period and the
strong monsoon period are shown in Fig. 13. It isevident
that the snow cover over the Siberian high region in the
weak monsoon period (1987/88-1993/94) is much less
than that in the strong monsoon period (1980/81-1986/
87). This is more dominant in autumn than in winter.
This result supports Fig. 12. It suggests that a strong
winter monsoon is anticipated when a strong positive
snow cover anomaly over the Siberian high region and
the region north of the Korean peninsulaexistsin autumn.
In order to confirm the effect of the snow cover anomaly
in autumn, some model experiments have been per-
formed. The previous observational and model results
(Walsh and Ross 1988; Walland and Simmonds 1997;
Clark and Serreze 2000) show the simultaneous corre-
lation between snow cover and the circulation in winter.
In this paper, we focus on the lag correlation between
snow cover in autumn and the circulation in winter.
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(a) Autumn
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Fic. 13. The snow cover difference (weak monsoon period minus
strong monsoon period) in (&) autumn and (b) winter.

The model used in our study isthe SNU-AGCM. For
a description of the model, the reader isreferred to Lee
et a. (2002) and Kim (1999). The snow depth has been
used in our model experiments instead of the snow cov-
er, because the SNU-AGCM cannot handle the snow
cover. For weak monsoon runs the initial condition has
been taken as half of the snow depth over both the
Siberian high region and the region north of the Korean
peninsula (Fig. 14b). The model integration has been
performed from 1 November to 28 February. The con-
trol run has been done using the AMIP November snow
depth (Fig. 14a) and five ensemble runs have been per-
formed with different atmospheric situations. The re-
sults for the northern midwinter are shown in Fig. 15.
The weakening of the polar jet stream at 300 hPa, the
filling of the Aleutian low, and the warming of the sur-
face temperature over the Siberian high region are pre-
dominant, although the centers of the anomalies have
been shifted eastward. Since the sea level pressure and
geopotential height at 500 hPa show the AO pattern,
we can expect that the interdecadal variation associated
with the East Asian monsoon (right panels of Fig. 9 and
Fig. 10) may be influenced by the variation in the snow
cover in autumn. By observational analysis, Watanabe
and Nitta (1999) showed that the decrease of the snow
cover over East Asia in autumn results in an AO-like
pattern: the increase of the surface temperature in East
Asia, the decrease of the sea level pressure and geo-
potential height at 500 hPain the Arctic region, and the
increase of the sealevel pressure and geopotential height
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FiG. 14. The initia conditions of (&) the snow depth for the control
run and (b) the snow depth anomaly for the weak monsoon runs.

at 500 hPa in the North Pacific. Thus, by an enhanced
AO pattern on the decadal time scale, the amount of
snow over the above-mentioned area in autumn could
certainly be one of the factors affecting the decadal
variation of the East Asian winter monsoon.

5. Teleconnections

In order to investigate the possibility of a remote
connection, the EAWMI defined in our paper is com-
pared to other indices such as the North Pacific index
(NP), the North Atlantic Oscillation index (NAO), the
Arctic Oscillation index (AO), Nifio-3.4, the Siberian
high index (SH), and the Pacific decadal oscillation
(PDO) index. The NP defined by Trenberth and Hurrell
(1994) is the sea level pressure anomaly averaged over
the region between 30°-65°N and 160°E—140°W. This
index represents well the Aleutian low variation. The
NAO has been defined by Hurrell (1995) as

NAO = 05 X [P'(40°N, 10°W) — P'(65°N, 20°W)],

where P’ is the SLP anomaly. The AO and the PDO
denote the time series of the first EOF mode of SLP
and the North Pacific SST, respectively. On the other
hand, the Nifio-3.4 index is defined as the SST anomaly
averaged over the region between 5°S-5°N and 170°E—
120°W, and SH is defined as the SL P anomaly averaged
over the area between 40°-60°N and 80°-120°E.
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(b) Z500

Fic. 15. The model results for Jan from five ensemble runs in the case of a weak winter monsoon. The areas
exceeding the 95% significance level are shaded.

The correlation coefficients between the EAWMI and
various indices for the unfiltered data, and the inter-
annual component and the interdecadal component are
summarized in Tables 1-3, respectively. The correlation
coefficients between NP-SH and the EAWM | using un-
filtered data, and the interannual and interdecadal com-
ponents are all high. For NAO, AO, and PDO, the cor-
relation coefficients with the EAWMI using the inter-
decadal component are much higher than those using

unfiltered data and the interannual component. By con-
trast, the correlation coefficient between Nifio-3.4 and
the EAWMI for the interannual component is the most
significant among the three correlation coefficients. For
theinterannual component, the EAWM | has a significant
negative correlation (—0.48) with NP and a positive
correlation (0.68) with SH as expected. However, other
indices have little correlation with the EAWMI. The
anticorrelation between NP and Nifio-3.4 shown in Ta-

TAaBLE 1. Correlation coefficients between the EAWMI and various indices for the unfiltered data.

EAWMI NP NAO AO Nifio-3.4 SH
NP —0.50* 1.00
NAO 0.03 0.01 1.00
AO —0.16 0.17 0.77* 1.00
Nifo-3.4 —-0.21 —0.39* —0.03 —0.07 1.00
SH 0.61* —0.30* —-0.24 —0.30 —0.09 1.00
PDO 0.05 —0.02 0.20 0.18 0.02 —0.05

* Significant at 95% level.
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TaABLE 2. Same as in Table 1 except for the interannual component.

EAWMI NP NAO AO Nifo-3.4 SH
NP —0.48* 1.00
NAO 0.24 0.06 1.00
AO 0.05 0.15 0.69* 1.00
Nifio-3.4 -0.25 —0.45* -0.10 -0.16 1.00
SH 0.68* —0.25 0.11 —0.06 —-0.17 1.00
PDO 0.23 —0.04 0.03 0.02 -0.15 0.14
* Significant at 95% level.
ble 2 iswell known, and is associated with the Pacific— 6. Summary

North American (PNA) pattern over this area. On the
other hand, for the interdecadal component, the corre-
lation between the EAWMI and NAO-AOQ is strong and
negative. (Note that there is little correlation between
the EAWMI and NAO-AO for the interannual com-
ponent.) This implies that AO or NAO is closely as-
sociated with the East Asian winter monsoon system on
the decadal time scale. Another interesting feature of
the teleconnection for the interdecadal component isthat
AO or NAO has a strong negative correlation with SH.
However, AO and NAO have no correlation with NP
on the decadal time scale. Therefore, AO or NAO may
affect the Siberian high but not the Aleutian low and
thus ultimately influence the East Asian winter monsoon
system on the decadal time scale.

Previous studies support our results about the rela-
tionship between AO-NAO and the East Asian winter
monsoon. Thompson and Wallace (2001) showed that
cold events occur with much greater frequency over East
Asiaunder low-index AO conditions. Gong et al. (2001)
also revealed that the wintertime temperature over east-
ern Chinais strongly connected to SLP variation at high
latitudes on the Eurasian continent (the Siberian high
region), and the negative phase of AO is associated with
the strong Siberian high. Therefore, the negative phase
of AO is related to the cold winter in eastern China. In
this paper, we have suggested that the relationship
among AO-NAO, the Siberian high, and the East Asian
winter monsoon is dominant on the interdecadal time
scale and not on the interannual time scale. Therelation
between AO-NAO and the Siberian high may be ex-
plained by the temperature advection from high latitude
associated with AO-NAO (Thompson and Wallace
2000a).

Most study on the East Asian monsoon has been per-
formed in relation to the northern summer features,
which are associated with precipitation. The northern
winter monsoon, which is mainly associated with tem-
perature, has been given relatively less attention than
the summer monsoon. The region that covers Korea,
Japan, and the northeastern part of China experiences
cold or warm winters depending on the intensity of the
East Asian monsoon. The surface temperature in this
region strongly depends on the cold advection due to
the prevailing northwesterlies. In order to describe the
intensity of the winter monsoon over this area, an ap-
propriate index is necessary. A new East Asian winter
monsoon index (EAWMI) defined in our study is very
good for representing the winter monsoon over the
northeastern part of Asia, especially for Korea, Japan,
and northeastern China.

The composite maps for strong winter monsoons and
weak winter monsoons using our monsoon index show
distinct opposite patterns in the meteorological vari-
ables, such as the zonal wind at 300 hPa, the geopo-
tential height at 500 hPa, the wind vector at 850 hPa,
the sea level pressure, and the surface temperature, in
the middle and high latitudes of the Northern Hemi-
sphere. These maps for strong monsoons indicate (i) the
enhanced polar jet stream at 300 hPa, (ii) the strength-
ened trough in the East Asian region and the developed
Aleutian low at 500 hPa, (iii) the increased northerly
wind speeds at 850 hPa along the Russian coast, and
(iv) the developed Siberian high and Aleutian low at
the surface.

From the power spectrum analysis of the EAWMI,
the EAWM I could be divided into two components: the

TABLE 3. Same as in Table 1 except for the interdecadal component.

EAWMI NP NAO AO Nifio-3.4 SH
NP —0.54* 1.00
NAO —0.51* 0.09 1.00
AO —0.68* 0.08 0.87* 1.00
Nifio-3.4 0.00 —0.20 0.19 0.24 1.00
SH 0.55* —0.41* —0.73* —0.59* 0.07 1.00
PDO —0.43* 0.04 0.52* 0.55* 0.52* —0.32

* Significant at 95% level.
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interannual component and the interdecadal component.
The regressed fields from the projection onto the inter-
annua components of the EAWMI resembl e the second
EOF of SLP and the related regressed fields. The re-
gressed field patterns for the interdecadal component
are not similar to those for the interannua one, but
indicate an Arctic Oscillation. Thisimpliesthat the East
Asian winter monsoon system is associated with the
Arctic Oscillation index (AO) on the decadal time scale.

The snow cover/snow depth in autumn can be one of
the factors influencing the intensity of the East Asian
winter monsoon. The variation of snow cover in autumn,
especially in October, over the Siberian high region and
the region of northeastern China and far eastern Russia
is positively correlated with the EAWMI. This suggests
that a strong (weak) winter monsoon is expected when
the snow cover over the above-mentioned regionislarge
(small) in autumn. The results of our model experiments
using the snow depth data support this observational
analysis and show an AO-like pattern and the close
relationship between the variation of the Aleutian low
and the snow amount in the East Asian region. There-
fore, it can be expected that the snow cover in autumn
over the Siberian high region and the region of north-
eastern China and far eastern Russia is associated with
the decadal variation of the East Asian winter monsoon.

The EAWMI has been compared to other indices such
as the North Pacific index (NP), the North Atlantic Os-
cillation index (NAO), the AO, the Nifio-3.4 region, the
Siberian high index (SH), and the Pacific decadal os-
cillation (PDO). The interannual component of the
EAWMI is negatively correlated with NP and positively
correlated with SH. On the other hand, the interdecadal
component of the EAWMI has a negative correlation
with NP, NAO, and AO, and is positively correlated
with SH. It is noted that the EAWMI is strongly asso-
ciated with NAO or AO on the decadal time scale only.
Furthermore, NAO or AO is strongly negatively cor-
related with SH on thistime scale only. Thisfact implies
that the East Asian winter monsoon system may be as-
sociated with the Arctic Oscillation through the Siberian
high on the decadal time scale.

7. Discussion

The different patterns of interannual and interdecadal
variabilities of the East Asian winter monsoon may be
controlled by different factors. For the interannual var-
iability, the East Asian winter monsoon is controlled by
the interannual variation of the Siberian high and the
Aleutian low. The possible factors that affect the inter-
annual variability of the Siberian high are the local Had-
ley circulation caused by convection in the western Pa-
cific (Zhang et al. 1997), the interannual variability of
radiative cooling (Ding and Krishnamurti 1987), the Ti-
betan Plateau (Murakami 1987), and so on. On the other
hand, one of the possible factors that influence the in-
terannual variability of the Aleutian low is ENSO.
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For the interdecadal variability, we expect that the
interdecadal variation associated with the East Asian
monsoon may be controlled by the variation of snow
cover/snow depth in autumn, since the sealevel pressure
and the geopotential height at 500 hPa for responses to
the snow cover/snow depth in autumn in our model
experiments show an AO-like pattern. Watanabe and
Nitta (1999) indicated that the snow cover over the Eur-
asian continent in autumn is associated with an AO-like
pattern in the atmospheric circulation in winter. How-
ever, the snow cover anomalies in autumn were like
pulses, with a decadal time scale, in contrast to the
continuous anomalies in the atmosphere. The snow cov-
er/snow depth is thought to be an internal variable of
climate. Therefore, it is likely that the snow anomalies
in autumn in eastern Eurasia may have a role as an
amplifier for the atmospheric shifts. From the relation-
ship between the EAWMI and the climate indices, the
snow cover over the Siberian high region, northeastern
China, and far eastern Russia in autumn may be asso-
ciated with the interdecadal variation of AO in winter,
and then the interdecadal variation of AO influencesthe
interdecadal variation of the Siberian high and the East
Asian winter monsoon.

The mechanism that is linking the snowfall in autumn
to the decadal variability of the winter monsoon inten-
sity could be explained asfollows. The decrease of snow
cover/snow depth over East Asia in autumn assists the
increase in surface temperature and upward motion over
the same region. The integration of our model shows
that the warm surface region extends eastward, the re-
gion of upward motion also shifts eastward, and the
upward motion strengthens (not shown). This upward
motion induces a compensating downward motion and
the associated convergence field is also enhanced in the
upper layer over the North Pacific. Therefore, the de-
crease of snow cover/snow depth in autumn over East
Asia could lead to aweakening of the Aleutian low. On
the other hand, alack of autumn snow cover would lead
directly to adelay and weakening of the buildup of cold
air over the Siberian high region by the weak cold ad-
vection from high latitudes associated with a positive
phase of AO. Through this procedure, the reduced snow-
fall in autumn over the Siberian high region, the region
of northeastern China, and far eastern Russia induces
the weak East Asian winter monsoon.

Our new winter monsoon index is an alternative tool
for describing the winter monsoon system in the East
Asia region quantitatively, especially in Korea, Japan,
and the northeastern part of China, while in previous
studies, most monsoon indices described the monsoon
system in the southeastern part of China. Our index,
EAWMI, well described the characteristics of the East
Asian winter monsoon, and could be easily used to re-
veal the relationship between the winter monsoon and
global climate variability. Using this index, we could
also show the interannual and interdecadal variations of
the winter monsoon, which have not been considered



726

up to now. We hope that our new index will be widely
used to reveal unexplained monsoon features and their
associated mechanisms in the near future.
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