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Abstract

We examined interannual variation in snow-
accumulation events in Tokyo and the relationship of
this variation to large-scale atmospheric patterns. Years
when snow-accumulation events occurred tended to
coincide with a west-to-east wavetrain pattern in the
middle and upper troposphere over Eurasia. The
pattern, which includes cyclonic anomalies over Europe
and East Asia and anticyclonic anomalies over Siberia,
is identical to the negative phase of the Eurasian (EU)
pattern, which is the leading mode of an empirical or-
thogonal function (EOF) analysis applied for the Eastern
Hemisphere in the 500-hPa height field. Anomalous cold
air associated with the negative EU pattern widely
covers East Asia and Japan in the lower troposphere. No
significant relation to storm-track activities around
Japan was found except for extremely deep snowfall
years. The cold atmospheric anomaly associated with
the negative EU pattern possibly lowers the surface
air temperature over Tokyo, creating an environment
favorable to snowfall and snow accumulation. In the
extremely deep snow years, the signature of the EU
pattern was weak, and storm tracks over the ocean to
the south of Japan were significantly active. No clear
long-term trend in snow-accumulation events was
found, although a downward trend due to anthropo-
genic effects was expected.

1. Introduction

Even a few centimeters of snow accumulation in
Tokyo can cause massive traffic congestion and rail-
service delays. As Tokyo is a key center of global and
national economic and political activities, disruptions
caused by snowfall can negatively affect the Japanese
economy. Thus, the ability to provide long-term fore-
casts of snowfall in Tokyo is important. However, many
previous meteorological studies have focused on short-
term forecasts or on events such as the relationship
between snowfall in Tokyo and the location and path of
cyclones (e.g., Ito 1956; Yamamoto 1984). Furthermore,
while numerous past studies have examined snowfall in
Tokyo and synoptic-scale conditions (e.g., Ito 1956;
Yamamoto 1984; Yasuda and Tomine 1998), the lack of
research from a global-scale perspective has prevented
long-term forecasting.

Large-scale atmospheric modes that may be related
to the winter climate of Japan include the Arctic
Oscillation (AO), Western Pacific (WP) pattern, and
Eurasian (EU) pattern. The WP pattern is a north-south
dipole pattern around Japan that is related to snowfall

in regions along the Sea of Japan (Tachibana et al. 2007).
The EU pattern is a west-east wavetrain pattern that
originates over western Europe and moves toward
Japan (Wallace and Gutzlar 1981). The EU pattern is
connected to amplification of AO (Ohashi and Yamazaki
1999). Thompson and Wallace (2000) examined the link
between the AO and extreme meteorological events
around the world, briefly mentioning the association of
AO with snowfall in Tokyo. However, no previous
studies have considered in detail the interannual varia-
tion in snowfall in Tokyo and its relationship to large-
scale atmospheric teleconnection patterns, which is the
focus of this paper.

2. Data and methods

The analysis period was 1958 through 2006. Snow
data were obtained from the monthly archives of the
Tokyo Meteorological Weather Station, which is located
in the center of Tokyo and operated by the Japan
Meteorological Agency (JMA; data available at www.
data.kishou.go.jp). We analyzed data from January
through March, the months when snowfall is most
likely in Tokyo. Using the snow-depth data, we classi-
fied each month of all study years into two categories:
months in which snow accumulation was observed, re-
gardless of snow depth, and months in which no snow
accumulation was observed. Based on this categoriza-
tion, we then examined the statistical differences in
large-scale atmospheric circulations and sea surface
temperatures (SSTs). Additionally, we analyzed the ex-
tremely deep snowfall months in which the snow was
deeper than or equal to 10 cm.

Daily data from the National Centers for Environ-
mental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) reanalysis dataset were used to
analyze the large-scale atmospheric fields and deter-
mine storm-track activity. We defined storm tracks by
(v ‒ ��)(T ‒ ��), where T and v are daily temperature and
daily meridional component of the wind at 850 hPa re-
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Fig. 1. Monthly integrated snow depth in Tokyo in each month
of each year.
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spectively, and �� and �� are 5-day-mean values. The
value of (v ‒ ��)(T ‒ ��) was calculated day by day. The
monthly mean value of (v ‒ ��)(T ‒ ��) was then derived
as the monthly mean storm track to estimate the
climatological storm track and its interannual devia-
tion. According to this formulation, we extracted the
variability with a timescale shorter than 5 days. To
examine the relationship with environmental SSTs,
Global Sea Ice and Sea Surface Temperature data
(GISST) from 1958 through 2000 were also used.

We also analyzed the snow data of some neighboring
JMA stations. Overall results are almost identical to
those found in Tokyo. Therefore the results shown in
this paper are applicable not only to Tokyo but also to
the area around Tokyo.

3. Interannual variation

Figure 1 shows the interannual variation in snow
depth, illustrating that most snowfall occurs in
February. In more than half of the years studied, Tokyo
experienced snow accumulation in February. In January
and March, snow accumulation occurred in about half
and one-third of the years, respectively. However, in
December, snow accumulation was recorded in only 6
years (not shown). Because there were so few snow-
accumulation events in December, we examined only
January, February, and March in this study. Both the
earliest and most recent periods tended to show fewer
snow-accumulation months compared to the middle of
the period studied. There was no prominent downward
trend in any of the months, although a downward trend
due to global warming and warming caused by the
urban heat island effect was expected. Therefore, we
rejected the popular notion that snowfall has been de-
creasing due to anthropogenic effects, at least during
the latter half of the last century and from the view-
point of the number of months having snow accumula-
tion.

4. Relationship to large scale patterns

Based on Fig. 1, we classified all months (i.e., 147
months from 1958 through 2006) into two categories:
snow-accumulation months (n = 61) and no-snow
months (n = 86). Anomaly fields of the NCEP/NCAR
reanalysis data and SST data in each month from the
monthly climatology were prepared in advance.
Composite large-scale anomaly patterns of snow months
were then calculated (Fig. 2). The 500-hPa height
pattern shows negative anomalies over western Europe
and the Russian Far East, whereas positive anomalies
are located in between these areas. Similar patterns
were also found in the upper troposphere (figures not
shown). The 1000-hPa height field reveals negative
anomalies over western Europe and positive anomalies
over Siberia and Japan. The local circulation pattern
around Japan implies the presence of eastern geo-
strophic wind anomalies over Japan, although overall
the anomalies do not reach the level of statistical signifi-
cance. Significant cold anomalies widely cover the
Russian Far East and East Asia in the 850-hPa tempera-
ture field. The temperature pattern is similar to that of
the 500-hPa height, although the signatures over
Europe and Siberia are weak. Japan is located at the
eastern edge of the cold anomalies.

This cross-continental negative-positive-negative
pattern resembles the teleconnection of the EU pattern.
To confirm this, we objectively extracted the leading
mode of the 500-hPa height over the Eurasian continent
by empirical orthogonal function (EOF) analysis with an
area-weighted covariance matrix using the 147-month
anomaly fields. The area of the EOF calculation covered

approximately the Eastern Hemisphere from 20°W to
160°E and 30°N to 67.5°N. The leading EOF explains
about 22% of the total variability. Figure 3 shows com-
posite patterns of the leading mode. The pattern of the
500-hPa height is almost identical to the snow-month
pattern shown in Fig. 2. In both, the patterns of the
wave activity flux move from Europe toward the Far
East. The flux of the EOF is stronger for Europe than for
the Far East, and the flux of the snow months is
stronger over the Far East than for Europe. The overall
similarities in the two figures indicate that the large-
scale pattern related to snow in Tokyo is that of Rossby
waves traveling from Europe to the Far East and that
this wave pattern is a leading mode over Eurasia. The
patterns in the lower troposphere of the EOF leading
mode in the Eastern Hemisphere were also similar to
that of snow events in Tokyo (Figures not shown). The
500-hPa height amplitude shown in Fig. 2 is smaller
than that in Fig. 3. This small amplitude can result from
the fact that some snow events exceptionally occurred
even in the positive phase of the EU pattern. The occur-
rence rates of the snow event in negative EU months
were 42% for the months of the extremely large negative
EU index (negatively exceeded minus one standard de-
viation), and 49% for the months of the non-extreme
negative EU index (the other months with the negative
EU index). On the other hand, 26% of the extreme EU-
positive months experienced the snow. Therefore, the
months with the negative EU index can experience the
snow with higher probability than those with the
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Fig. 2. Composite large-scale atmospheric fields for snow-
accumulation events (top left) for the 500-hPa height field and
the wave activity flux defined by Takaya and Nakamura
(2001), (top right) for the 1000-hPa height field, (bottom left) for
the 850-hPa temperature field, and the storm track (bottom
right). Gradations of shading indicate statistical significance
exceeding 90, 95, and 99% by t-tests, in which we assume that
all the monthly mean values are independent. Shades of red
and blue correspond to positive and negative anomalies, re-
spectively. The height and temperature are in meters and
Kelvin, respectively. The unit length of the wave activity flux
is shown in the bottom-right corner (0.3 m s‒2). The contour in-
tervals are 5 m, 3 m, 0.3 K, and 0.5 K m s‒1 for the 500-hPa
height, 1000-hPa height, temperature, and storm track respec-
tively.
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positive EU index. This implies that other hidden
factors are also related to the snow.

The patterns shown in Figs. 2 and 3 are similar to
that of a negative phase of the EU pattern identified by
Wallace and Gutzlar (1981), who also showed a west-
east wave pattern over Eurasia. However, the spatial
phases of the present figures differ from those reported
by Wallace and Gutzlar (1981), with the action centers
of the geopotential height of Wallace and Gutzlar (1981)
located at the nodes in our study. Instead, our patterns
more closely resemble the EU patterns identified by
rotated EOF analysis by Barnston and Livezey (1987),
or “type 1” of the EU pattern classified by Ohashi and
Yamazaki (1999). Although identification of the EU
pattern depends somewhat on the definition used, for
this study we considered the cross-continental pattern
shown by the present EOF analysis to be the EU
pattern.

Because cyclones directly bring snow events, we also
examined the relationship between storm-track activity
and snow in Tokyo. No statistically significant signa-
ture of storm-track activity was observable around
Japan (bottom right of Fig. 2). However, as pointed out
by Ito (1956) and Yamamoto (1984), the path of mid-
latitude cyclones tends to be to the south of Japan when
snowfall occurs in Tokyo. This suggests that storm
activity around Japan is not the primary determinant of
snowfall events in Tokyo at the interannual time scale.

Next, large-scale anomaly patterns of the extremely
deep snowfall months in which the snow was deeper
than or equal to 10 cm are demonstrated (Fig. 4). Overall
patterns are different from those in Fig. 2. The EU-like
signatures is weak in the 500-hPa and 1000-hPa height
fields. This indicates that connection to the EU pattern
is stronger in the non-extreme snow months than in the
extremely deep snowfall months. In fact, there was only
one extremely deep snowfall month in the extreme
negative EU months in which the EU index negatively
exceeded minus one standard deviation. The connection

of the storm track around Japan is more significant than
Fig. 2. An active storm-track area is located over the
Pacific Ocean to the south of Japan. This strengthened
storm track is in agreement with the points by Ito
(1956) and Yamamoto (1984).

5. Relationship to SSTs

Sea-surface temperatures were remotely related to
the snow and EU patterns. Figure 5 presents composite
SST anomalies in the snow months and in the months
with an anomalous value of the leading EOF. In snow
months, negative anomalies widely cover the mid-
latitude North Pacific Ocean, while positive anomalies
occur off the coast of western North America. This
structure is somewhat similar to the Pacific Decadal os-
cillation (PDO) introduced by Mantua et al. (1997), even
though the tropical Pacific signature is absent. The
absence of a signature in the tropical Pacific also indi-
cates that the El Ni�no-Southern Oscillation (ENSO) is
not related to the snow in Tokyo. Over the North
Atlantic, a significant tripole pattern, which interacts
with the North Atlantic Oscillation (e.g., Rodwell et al.
1999; Tanimoto and Xie 2002), has been associated with
the EU pattern. Also the PDO may be related to long-
term multi-decadal variations of the snow in Tokyo.
Local SSTs are negative around Japan, although their
signatures do not reach a significant level in the snow
months.

6. Discussion and remarks

We examined long-term variation in snow-
accumulation events in Tokyo and the relationship of
this variation to large-scale atmospheric patterns and
surrounding SSTs. The large-scale atmospheric pattern
was closely related to the EU pattern, suggesting that
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Fig. 3. As in Fig. 2, except for composite 500-hPa fields of the
leading EOF. The months (n = 18) in which the amplitude of the
time coefficient of the EOF negatively exceeded minus one
standard deviation were chosen for the composite. The contour
intervals are 15 m, 10 m. The unit length of the wave activity
flux is shown in the bottom-right corner and has a value of 3
m s‒2.

Fig. 4. As in Fig. 2, except for the extremely deep snowfall
months (n = 22). The unit length of the wave activity flux is
shown in the bottom-right corner (0.6 m s‒2). The contour inter-
vals are 5 m, 5 m, 0.3 K, and 1 K m s‒1 for the 500-hPa height,
1000-hPa height, temperature, and storm track respectively.
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the EU pattern is a key factor in snow-accumulation
events in Tokyo at the interannual time scale. In years
when snow accumulation occurred in Tokyo, the EU
pattern tended to be negative (i.e., negative height
anomalies over Europe, positive anomalies over central
Siberia, and negative anomalies over the Far East). In
addition, anomalously cold temperatures in the lower
troposphere around East Asia were found in association
with the EU pattern. Local SSTs around Japan were also
slightly colder. The cold conditions in East Asia associ-
ated with the EU pattern corresponded to surface cold
anomalies coupled with the upper tropospheric station-
ary Rossby wavetrain over Eurasia (Takaya and
Nakamura 2005). These colder-than-normal conditions
may lower the surface air temperature in Tokyo,
creating more potential for precipitation to form into
snow as the wintertime climatological surface air tem-
perature of Tokyo nears freezing (e.g., Yamamoto 1984;
Yasuda and Tomine 1998). Easterly or northeasterly
winds in the lower troposphere may supply moist
maritime air masses, and hence possible precipitation, to
Tokyo, which is located at the southeastern edge of the
main island of Japan. Storm-track activities around
Japan were not significantly correlated with the varia-
tion in the EU pattern. Although this suggests that
cyclone movement is not connected with the EU pattern
in its negative phase, the colder environments in
negative EU years may lead to some precipitation asso-
ciated with cyclones falling as snow, which may accu-
mulate in Tokyo. However, the cold anomalies around
Japan are not large. This suggests the existence of other
unknown processes. Further researches are needed in
the future.

In the month of the extremely deep snowfall, large-
scale patterns are not strongly related to the EU pattern.
The storm track is significantly active over the ocean
located to the south of Japan in contrast to the non-
extreme snow months. This connection to the storm
track is in agreement with the previous studies pointed
out by Ito (1956) and Yamamoto (1984), in which the
path of mid-latitude cyclones tends to be to the south of
Japan when snowfall occurs in Tokyo. The large-scale
500-hPa height field in Fig. 4 also signifies the tendency

of a southward shift of the jet around Japan although
values do not reach a significant level. This southward
shift of the jet can be in association with the large
storm-track activity over the ocean to the south of
Japan.

No significant negative long-term trend in snowfall
events was found, although anthropogenic effects may
play a strong role in the climatic warming tendency in
Tokyo. Because the EU pattern also showed no signifi-
cant trend, the absence of a trend in snowfall events is
reasonable. However, studies have identified signatures
of multi-decadal timescales in the EU pattern (e.g.,
Ohashi and Yamazaki 1999). Further research on the
formation mechanism of the EU pattern, as well as its
long-term variations, is needed for more accurate long-
term forecasts. This study focused only on whether
snow accumulated. Further studies on the long-term
variation in snow depth and its relationship to varia-
tions in large-scale patterns are the next research step.
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Fig. 5. As in Fig. 2, except for composite SST anomalies in the
snow months (n = 61) (Top). As in Fig. 3, except for composite
SST in association with the leading EOF (n = 18) (Bottom).
Contour intervals of both figures are 0.1 K.


