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Abstract

The characteristics of the anomalous winter climate
around Japan in December 2005, including abnormally
heavy snowfall, were analyzed from the viewpoint of
interannual variation using reanalysis data for 50 years.
The anomalous snowfall near the Sea of Japan in 2005
is attributed to an anomalous air-mass modification
over the Sea of Japan, the large changes of thermo-
dynamic characteristics due to the warmth of the Sea of
Japan. Thermodynamic budget analyses showed that
the air-mass modification in December 2005 over the
Sea of Japan was the strongest in more than 40 years.
Air-mass modification over the Sea of Japan was
strongly related with a large-scale atmospheric north‒
south dipole pattern consisting of a northern high
covering Siberia and a southern low covering a wide
area of Japan in the 500 hPa height field in the positive
phase (SJ pattern). In addition, the local SST variability
during late autumn was significantly related to air-mass
modification. However, the Arctic Oscillation was not
significantly correlated with the air-mass modification
over the Sea of Japan on an interannual timescale.

1. Introduction

In December 2005, Japan suffered heavy snowfall and
abnormally low temperatures. Snowfall depths along
the coast of the Sea of Japan broke 20-year records (e.g.,
Nakai and Iwamoto 2006). However, in December 2006,
the climate around Japan was anomalously warm, and
the snowfall was the lowest in more than 20 years.
Heavy snowfall is common along the coast of the Sea of
Japan and is mainly determined by the strength of the
wintertime East Asian monsoon (e.g., Kawamura and
Ogasawara 2007). When the monsoon blows from the
Eurasian continent toward the Pacific Ocean, the warm
sea surface temperature (SST) of the Sea of Japan, to
which the Tsushima Current conveys warm water,
promotes large upward heat and moisture fluxes. These
anomalous upward fluxes produce snow clouds and
heavy snowfall. This process is known as air-mass modi-
fication. Numerous researchers have studied air-mass
modification over the Sea of Japan (e.g., Manabe 1957;
Ninomiya 1968; Kato and Asai 1983; Kawamura and
Wu 1998; Ninomiya 2006). Hirose and Fukudome (2006)
suggested that regional snowfall in Japan is related to
Tsushima current during autumn. These studies are
focusing mainly on meso-scale studies of air-mass modi-
fication over the Sea of Japan. However, although the
examination of long-term variation in air-mass modifi-
cation with hemispheric-scale atmospheric circulation
can provide a new perspective on long-term climatic

forecasts, no previous studies have taken this view-
point. Thus, we examined long-term variation in air-
mass modification due to convective activity. We
diagnose the anomalous climate features of December
2005 and propose that a specific large-scale atmospheric
pattern is related to the air-mass modification over the
Sea of Japan.

2. Data and methods

To evaluate air-mass modification and convective
activity at the interannual timescale, heat and moisture
budget analyses of objective analysis data are
commonly used. We used the heat and moisture budget
analysis method defined by Yanai et al. (1973), which
involves an apparent heat source (Q1) and an apparent
moisture sink (Q2). Q1 and Q2 are defined as
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In Eqs. (1) and (2), �is the potential temperature, q is the
mixing ratio, V is the horizontal velocity, � is the
vertical p-velocity, P is the pressure, and P0 = 1000 hPa.
In the equation �= R/Cp, R and Cp are the gas constant
and the specific heat at constant pressure of dry air, re-
spectively. L is the latent heat of condensation, and �is
the isobaric gradient operator. All the physical quanti-
ties used in this work to calculate Q1 and Q2 are daily
mean data from the National Centers for Environmental
Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis (Kalnay et al. 1996). The
NCEP/NCAR reanalysis data have a spatial resolution
of 2.5° in latitude and longitude. We then calculated
monthly mean Q1 and Q2 from 1958 to 2007 using daily
mean Q1 and Q2. Vertical integration of Q1‒Q2 mainly
reflects the vertical eddy heat and moisture fluxes from
the seas in an air column. We integrated Q1‒Q2 from 500
to 1000 hPa, which covers the height of convective
clouds usually appearing over the Sea of Japan during
winter (Manabe 1957; Matsumoto and Ninomiya 1965).
Hereafter, the value calculated from the integration of
Q1‒Q2 is referred to as Q1Q2. Q1Q2 includes the effect of a
radiation process. In this paper, we regard Q1Q2 as an
indicator of air-mass modification, including that by
radiative effects and the eddy heat and moisture fluxes.
Also Q1Q2 mainly reflects convective activity (Yanai and
Johnson 1993).

We examined the climatology of Q1Q2 around Japan
(Fig. 1). There are two areas of interest with large
values, one of which is over the Sea of Japan. The large
value over the Sea of Japan indicates the presence of
large air- mass modification, corresponding to the heavy
snowfall in areas along the Sea of Japan. Q1 and Q2 are
mainly determined by large amounts of horizontal cold
advection. Horizontal cold advection in December 2005
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was anomalously large (figures not shown). Another
large value occurred over the Kuroshio region. How-
ever, because our focus is on the interannual variation
in air-mass modiｆication over the Sea of Japan, we do
not discuss air-mass modification over the Kuroshio
region. The SST data set used is comprised of monthly
mean data and National Oceanic and Atmospheric
Administration (NOAA) optimum interpolation sea sur-
face temperature (OISST) (Reynolds et al. 2002) monthly
mean data from 1981 through 2007. Snow depth data
and Merged satellite and in situ data Global Daily Sea
Surface Temperatures (MGDSST) data from the Japan
Meteorological Agency (JMA) were also used. The
monthly teleconnection indices from 1958 to 2007 were
derived from NOAA Climate Prediction Center data.

3. Air-mass modification over the Sea of Japan

Because our focus is on the interannual variation in
air-mass modification and convective activity over the
Sea of Japan, we calculated an area-averaged monthly
mean Q1Q2 over the Sea of Japan (boxed area in Fig. 1)
for each year. We used standardized area-averaged
Q1Q2 to calculate a Q1Q2 index for each December from
1958 through 2007. We then examined the linear rela-
tionships of global-scale atmospheric fields with the
Q1Q2 index, with special emphasis on December 2005.
Hereafter, the standardized Q1Q2 index is referred to as
the air-mass modification index (AMI). In the inter-
annual variation in the AMI over the Sea of Japan, the
value for 2005 was anomalously large, exceeding more
than three times the standard deviation (Fig. 2). The
second largest AMI occurred in 1965 and slightly ex-
ceeded 1.5 times the standard deviation. This anomaly
indicates that an extremely intense air-mass modifica-
tion occurred over the Sea of Japan in December 2005.
Particularly in recent years, the AMI has been negative
or has remained at less than half of the standard devia-
tion since 1981, except in 2001.

To demonstrate how large AMI values relate to
snowfall along the Sea of Japan side of Japan, we calcu-
lated the correlation coefficient between the AMI and
the Automated Meteorological Data Acquisition System
(AMeDAS) stationary snow-depth data (Fig. 3). The
snow-depth data were for 0000 JST (Japan Standard
Time) on 1 January from 1976 through 2007. Because of
the lack of snow-depth data at some stations, the corre-
lation coefficients were plotted only for stations that
had snow-depth data for more than 20 years. There
were large correlations in areas along the mountainous
regions of the Sea of Japan (Fig. 3). In addition, the cor-
relation coefficient between AMI and snow depth data
averaged over the main island of Japan was 0.63. This
indicates that AMI is significantly correlated with snow
depth over the main island of Japan.

4. Interannual variation in air-mass modifi-
cation over the Sea of Japan and atmos-
pheric circulation

In the projections of large-scale atmospheric circula-
tion (linear regression analysis in Fig. 4) , the area of sig-
nificantly positive correlation coefficients widely covers
northern Siberia in the 500 hPa height field, whereas
the area of significantly negative correlation coeffi-
cients widely covers northeastern China and Japan (Fig.
4b). This indicates that the variation in the north‒south
dipole pattern (high in Siberia and low in Japan) is
strongly related to the air-mass modification. Similar
north‒south dipole signatures are also observed in the
lower troposphere. Significantly positive anomalies in
the 1000 hPa height field widely cover eastern Eurasia,
whereas significantly negative anomalies cover Japan
and the western North Pacific (Fig. 4a). Significantly
anomalous cold temperatures widely cover north-
eastern China and Japan in the lower troposphere,
whereas significantly anomalous warm temperatures
covered northern Siberia (Fig. 4c). The 500 hPa height
anomalies in December 2005 (Fig. 4d) also had a north‒
south dipole pattern with a spatial structure quite
similar to that of the pattern of the 500 hPa height in
Fig. 4b. This similarity suggests that the anomalous
air-mass modification with the heavy snowfall of 2005
was strongly related to the large amplitude of the dipole
pattern. The pattern of the 250-hPa wave-activity flux
indicates that a Rossby wave traveling from the
Atlantic Ocean to the Eurasian continent is related to
the AMI. The Atlantic Ocean could be the origin of the
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Fig. 1. The climatological mean fields of Q1Q2 in December. The
climatology was calculated based on 50 years of Q1Q2 from
1958 through 2007. The contour unit is W m‒2. Regions exceed-
ing 250 W m‒2 are shaded. The boxed area (36.25°‒43.75°N,
131.25°‒141.25°E; blue boxed area except for the land area) on
the Sea of Japan indicates the area in which the air-mass modi-
fication index (AMI) was calculated.

Fig. 2. Time series of the normalized air-mass modification
index (AMI; solid line) over the Sea of Japan and the normal-
ized Siberian-Japan index (SJI; dashed line) in December from
1958 to 2007. The indices were normalized by the standard
deviations.

Fig. 3. Correlation coefficients (colored circles) between the air-
mass modification index (AMI) and Automated Meteorological
Data Acquisition System (AMeDAS) snow-depth data at 0000
JST (Japan Standard Time) on 1 January from 1976 to 2007.
The correlation coefficients are plotted at locations for which
snow-depth data had been collected for more than 20 years.
Snow-depth data that included 0-cm data for more than 10
years are not plotted.



SOLA, 2008, Vol. 4, 113‒116, doi:10.2151/sola.2008‒029

north‒south dipole pattern around Japan. However, the
action center projected by the AMI is located slightly
west of that of the anomaly pattern in December 2005.

Figure 5 shows the SST field corresponding to the
AMI; weak spatial signatures related to ENSO are ob-
servable. The La Nina phase of the ENSO cycle is, to
some extent, related to the interannual variation of the
air-mass modification over the Sea of Japan. However,
no significant signatures in the SST are observed
around Japan. The influence of local SST could be
hidden in the interannual timescale because atmos-
pheric forcing may overwhelm the SST forcing.

5. Siberian-Japan pattern related to air-
mass modification over the Sea of Japan

To investigate the atmospheric pattern which is
strongly related to air-mass modification over the Sea of
Japan, we next calculated the time-varying index of the
dipole pattern (hereafter, the dipole pattern is referred
to as Siberian-Japan pattern: SJ pattern). The index was
generated by projecting monthly average 500 hPa
height fields for each of the 50 years onto the pattern

shown in Fig. 4b. We prepared the multidimensional
vector Zp, consisting of the regressed values of each grid
point as shown in Fig. 4b. The Siberian-Japan index, SJI
(i) at year i was then calculated by the standardized
inner product as

SJI (i) = Zp · Z(i)/�, (3)

where Z(i) is a multidimensional vector that consists of
the monthly mean 500 hPa height at each grid point
in a year, and �is the standard deviation of Zp · Z(i).
Because the dipole structure appeared only in the
Eastern Hemisphere, the projection is limited within the
region (30°E‒150°W, 30°‒85°N). The year-to-year varia-
tion in the SJI (Fig. 2) was similar to, but not exactly the
same as, that in the original AMI. The correlation coeffi-
cient between these two indices was 0.71. Hence, year-
to-year variation in the SJ pattern accounts for roughly
50% of that in air-mass modification. Unexplained vari-
ability may have been caused by variation in the SST in
the Sea of Japan because anomalous higher-than-normal
local SSTs strengthen upward heat and moisture fluxes.

Next, the comparison of the AMI and SJ pattern with
well-known large-scale atmospheric modes is described.
We calculated the correlation coefficients of the AMI
with the Arctic Oscillation (AO) index and with the
West Pacific (WP) index. The AO and WP were the same
as that defined by Thompson and Wallace (1998) and
Barnston and Livezey (1987), respectively. The correla-
tion coefficient of the AMI and SJI with the WP was
‒0.34 and ‒0.54 respectively (both significant at 95%
confidence level); indicating that the WP is, to some
extent, related to the atmospheric SJ pattern, but the
spatial structure is different. The action center projected
by the SJ pattern is located to the west of that of the WP
pattern. The correlation coefficient of the AMI and SJI
with the AO was ‒0.27 and ‒0.39 (significant at 95% con-
fidence level) respectively; these small correlations do
not signify that the AO pattern is a primary indicator of
air-mass modification in interannual variation.

6. Influence of the SST over the Sea of Japan

We have demonstrated that the SJI accounts for only
50% of the interannual variability of the AMI. Anoma-
lous high SSTs in the Sea of Japan can also strengthen
the upward heat and moisture flux and the air-mass
modification. However, no significant signatures in the
SST are observed around Japan for the same period (see
Fig. 5). The influence of local SST could be hidden
because atmospheric forcing may overwhelm the SST
forcing. Here, the possibility of the influence of the
anomalous SST in 2005 is discussed. The time series of
an area-averaged SST within the Sea of Japan from
November to December in 2005 is shown in Fig. 6. From
the beginning of November to the middle of December,
the SST anomalies remained positive, but after the
middle of December the anomalies abruptly changed
into large negative values. This abrupt decline of the
SST can be related to anomalous upward sensible and
latent heat fluxes due to both the strong cold and dry
air advections and the anomalous high SST (Figure not
shown). Because of the negative SST anomalies after the
middle of December, the monthly mean SST during
December 2005 was slightly negative. Because of this
abrupt SST change, the influence of the anomalous high
SST upon the air mass modification was hidden in the
monthly mean SST field. Therefore, the anomalous high
SST could strengthen the air mass modification in the
first half of December 2005. This kind of the hidden SST
influence could have also occurred in other winters.

To expose the local SST influence, we calculated the
lag correlation between the AMI in December and the
SST in November. Figure 7 shows the lag correlation
maps between the AMI and the SST field. The map
exhibits significant signals over the northern Sea of
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Fig. 4. Linear regression fields of the (a) 1000hPa height anoma-
lies, (b) 500 hPa height anomalies, and (c) 850 hPa temperature
anomalies, over the Northern Hemisphere with the air-mass
modification index (AMI). The arrow in (b) indicates the 250
hPa wave-activity flux formulated by Takaya and Nakamura
(2001). The unit length of the wave-activity flux is shown in
the right bottom (1 m2 s‒2). Areas exceeding significance levels
of 90%, 95%, and 99% based on t-tests are shaded (positive corre-
lation in red; negative correlation in blue). The contours corre-
spond to the regression coefficients. The units are meters in (a)
and (b) and Kelvin in (c). (d) The 500 hPa height anomalies in
December 2005 (shaded and contours). The units are meters.

Fig. 5. As in Fig. 4, except for SST anomalies with the AMI. The
units are Kelvin. The SST data is from OISST.
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Japan. We can also see significant signals in the cor-
relations between AMI and SST time differences (SST in
January minus SST in November, figure not shown).
This warm SST signature has agreement with the time
variation of the SST anomaly in 2005, suggesting the
activation of the air-mass modification by the warm
SST. The northern part of the Sea of Japan is in the area
of discharge of a cold winter monsoon wind. The tem-
perature difference between the ocean and atmosphere
there can be larger than in the area near Japan when the
monsoon wind blows. In addition, the SST over the Sea
of Japan in November was almost independent of the
SJI in December (Figure not shown). This also implies
the direct SST influence.

We further made a multiple regression model to
predict the AMI from the SJI and area averaged SST
over the Sea of Japan. In the multiple regression model
the area averaged SST anomaly in November normal-
ized by its standard deviation is used. The calculated
multiple regression model is expressed as

AMI (i) = 0.78 · SJI (i) + 0.29 · SST (i). (4)

The multiple correlation coefficient is 0.81 and this indi-
cates that the SJI and autumn SST account for roughly
65% of the interannual variation of the AMI.

7. Concluding remarks

The characteristics of the anomalous cold winter
climate around Japan in December 2005 with the heavy
snowfall event along the coast of the Sea of Japan were
analyzed from the viewpoint of long-term variation
using reanalysis data from 50 years. We found the fol-
lowing.
1. The air-mass modification over the Sea of Japan was

largest in December 2005 of all the years in the 50-
year analysis period.

2. The interannual variation of AMI was significantly
related to the snow depth in areas along the moun-
tainous regions of the main island of Japan.

3. The year-to-year variation in the SJ pattern ac-
counted for roughly 50% of the year-to-year variation
in air-mass modification.

4. The AO is not directly related to the air-mass modifi-
cation on an interannual timescale.

5. The SJ pattern and autumn SST account for roughly
65% of the AMI on a monthly timescale.
We focused on the interannual variation in air-mass

modification during December. Analysis for other
winter months (i.e., January ‒March) is necessary.
Unexplained reasons for the AMI must be investigated
and disclosing the influence of the local SST with the
variability of a daily time scale is also important. These
issues will be reported in future work.
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Fig. 6. The time series of area-averaged SST anomalies in the
Sea of Japan during November to December 2005. The area-
averaged SST is calculated in the box area shown in Fig. 1. The
unit is Kelvin. The SST data is from the JMA.

Fig. 7. As in Fig. 4, except for SST around Japan during
November. The units are Kelvin.


