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Abstract

This study finds that the winter (December - February) decadal variability of northerly winds in the East Asian Winter 
Monsoon (EAWM) over the northern part of the East Asia Coast were influenced by forcing from the middle latitudes from 
the 1950s to 2000s and related to the Pacific Decadal Oscillation (PDO). We propose that the decreased EAWM in recent 
decades is associated with the change in pressure gradient along the East Asia coast. This mechanism accounts for the change 
of westward sea-level pressure (SLP) gradient along the Northeast Asia coast, and is affected by the Aleutian Low location, 
which is associated with the PDO phases. As the Aleutian Low is influenced by the negative PDO phase and moves westward, 
the SLP gradient between the Siberian High and the Aleutian Low can increase and the northerly wind at 850 hPa will be 
enhanced. This change is associated with the increased EAWM near Sakhalin Island of Russia to Hokkaido of Japan.
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1. Introduction

East Asia is located in the southeastern region of the 
Eurasian landmass and influenced by large-scale, low-level 
anticyclonic circulations in the boreal winter. During this 
season, the East Asian region is usually cold and lacks heavy 
precipitation (Webster et al. 1998; Chang 2004). The East 
Asian Winter Monsoon (hereafter, EAWM), which is one of 
the most active systems in global climate, is an important fea-
ture over the East Asian region in the boreal winter (Lau and 
Li 1984). The EAWM system, including the Siberian High 
and Aleutian Low, is seen at low atmospheric levels. The 
westerly jet over the Pacific Ocean south of Japan is located 
in the upper-level atmosphere, while the 500-hPa deep trough 
and the northerly winds over East Asia are situated in the 
lower troposphere (Lau and Li 1984; Jhun and Lee 2004).

The Siberian High and Aleutian Low variability near 
the surface are important in realizing the above EAWM sub-
systems. For the Siberian High, Gong et al. (2001) created 
a Siberian High index (SHI) to estimate its intensity. They 

found a weakened Siberian High after the mid-1970s. The 
cold surge frequency is related to the Siberian High inten-
sity (Hong et al. 2008). In other studies, the weakened trend 
of sea-level pressure (SLP) over Siberia is coinstantaneous 
with the rising temperature in East Asia (Shi 1996; Gong 
and Wang 1999; Kang et al. 2006). On the other side of the 
EAWM a long-term strengthening trend in the Aleutian Low 
after 1976 - 1977 was shown by Minobe (1997), Overland 
et al. (1999), and Nakamura et al. (2002). They argued that 
this is possibly related to the Pacific Decadal Oscillation 
(PDO). Considering both the Siberian High and the Aleutian 
Low, Cui and Sun (1999) indicated that the Siberian High, 
Aleutian Low and EAWM strengthen their intensity as the 
500-hPa trough deepens. They found that the 500-hPa deep 
trough becomes weak after 1985. For the long-term trend 
Mo et al. (1998) and Chen and Van den Dool (1999) found 
that the upper-level westerly jet moved eastward in recent 
decades, which weakens the relationship between the upper-
level jet and the other subsystems in the EAWM.

Several different indices were used in previous studies 
to describe the EAWM intensity, such as Shi (1996), who 
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used the land-sea SLP difference between the two regions 
(20 - 50°N, 110°E and 20 - 50°N, 160°E) to calculate the 
pressure gradient between the Siberian High and Aleutian 
Low. Sun and Sun (1995) used geopotential height at 500 hPa 
to display the East Asian trough intensity. Chen et al. (2000) 
used the difference in 10-m meridional winds between 25 - 
40°N, 120 - 140°E and 10 - 25°N, 110 - 130°E to define the 
EAWM intensity. Jhun and Lee (2004) used the differences 
of 300-hPa zonal winds between 27.5 - 37.5°N, 110 - 170°E 
and 50 - 60°N, 80 - 140°E to identify the EAWM intensity. 
Gao (2007) verified the monsoon indices noted above with 
respect to the strong and weak EAWM. Weakened trends in 
the EAWM since the 1980s can be clearly demonstrated by 
some indices (Sun and Sun 1995; Chen et al. 2000; Jhun and 
Lee 2004). Jhun and Lee (2004) also showed that when the 
jet, the 500-hPa deep trough, and the Siberian High/Aleu-
tian Low are weak, the EAWM becomes weak as well.

In previous research, the interannual variability of the 
EAWM was analyzed as mentioned above. Some studies in-
vestigated the one-to-one relationship with the EAWM, Si-
berian High, Aleutian Low, and other subsystems. However, 
we found that the zonal SLP gradient and 850-hPa northerly 
winds over the middle latitudes between the Siberian High 
and Aleutian Low are related only to the Aleutian Low loca-
tion in the decadal time scale. In this time scale, the Siberian 
High does not play an important role. The main purpose of 
this work is to determine the mechanism that results in this 
decadal variability of 850-hPa northerly winds at the middle 
latitudes. The rest of this study is organized as follows: the 
data and the methodology are explained in section 2. The 
decadal variability of the EAWM and PDO are discussed in 
section 3. Our conclusions are presented in section 4.

2. Data and Methodology

Both the monthly SLP and 850-hPa winds from the 
National Centers for Environmental Prediction-National 
Center for Atmospheric Research (NCEP-NCAR) Reanaly-
sis (Kalnay et al. 1996) are used in this study for further 
analyses. The resolution of this data is 2.5° × 2.5°, spanning 
the years from 1948 - 2014. For our examination, January, 
February, and the previous December are used to represent 
the winter for each studied year. For example, the 1981 De-
cember-January-February (DJF) means the time period from 
December 1981 to February 1982. The monthly indices for 
PDO from 1948 - 2012 were obtained from the National 
Oceanic and Atmospheric Administration (NOAA) (http://
www.esrl.noaa.gov/psd/data/climateindices/list/).

3. Decadal Variation of the EAWM and 
PDO

The EAWM usually brings cold and dry weather to the 
East Asia region. However, rain still falls on the Japanese 

coast near the Japan Sea, northern Taiwan, the eastern Phil-
ippines, and the eastern Indo-China peninsula during the bo-
real winter. Hung and Kao (2010) found a controversial re-
lationship between the weakened EAWM and the increased 
winter rainfall over northern Taiwan and southern China in 
the early 1980s. This finding diverges notably from many 
conventional points of view. They explained that moisture 
in this region increased significantly after the early 1980s, 
which was similar to the global warming trend caused by 
increased Sea Surface Temperature (SST) over the South 
China Sea (SCS). The increased moisture along with the 
anomalous northward flow can enhance moisture transport 
to southern China. Under these conditions, more moisture 
is obtained by the frontal system as it moves eastward from 
southern China to Taiwan. Because the fronts frequently 
come with abundant moisture and a well-developed rain 
band, southern China and the plains of northern Taiwan 
have received a great amount of rainfall since the 1980s.

Hung and Kao (2010) found that increased winter rain-
fall over northern Taiwan and southern China is related to 
EAWM weakening. However, their study did not discuss 
the reason for that. In the present work, in order to under-
stand the EAWM weakening, further analyses for the pos-
sible mechanisms are required. Because studies have indi-
cated that the EAWM is related to the Siberian High, the 
Aleutian Low and the upper-level westerly jet (Nakamura 
et al. 2002; Jhun and Lee 2004), it is necessary to closely 
examine the climatology of the EAWM system (SLP and 
850-hPa streamline in DJF) first.

Figure 1 shows the EAWM systems dominated by the 
land-based Siberian High and the ocean-based Aleutian 
Low. The coast of East Asia is located between the largest 
landmass (Eurasia) and the largest ocean (Pacific Ocean). 
Consequently, the EAWM strength is related to the pressure 
gradient between these two extensive land and ocean result-
ing in the northerly wind along the East Asian coast. The 
Siberian High and Aleutian Low are on the west and east 
sides of the East Asian coast, respectively. Thus, the zonal 
SLP gradient as well as the northerly wind moves westward 
along the coast of East Asia. The climatology of 850-hPa 
meridional wind and the zonal SLP gradient are shown in 
Fig. 2. They indicate that the maximum westward SLP gra-
dient location is near Japan, i.e., the area in the middle of 
the Siberian High and Aleutian Low at the higher latitudes 
(50 - 62.5°N). The zonal SLP gradient is westward and the 
low-level wind is northerly (Figs. 1a and 2). Since this area 
is between the Siberian High and the Aleutian Low, the zon-
al SLP gradient might be related to these two systems. The 
possible contributions of the Siberian High and the Aleutian 
Low are analyzed separately in the following sections.

3.1 The Siberian High and Northerly Wind

Wu and Wang (2002) argued that the winter Arctic 

http://www.esrl.noaa.gov/psd/data/climateindices/list/
http://www.esrl.noaa.gov/psd/data/climateindices/list/
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Oscillation influences the Siberian High and the EAWM. 
Therefore, the relationship between the Siberian High and 
the northerly wind at middle latitudes must be analyzed in 
decadal time scale first. This study attempts to determine 
how the low-level northerly wind changes in the maximum 
westward SLP gradient area. Therefore, the 11-year running 
means of the meridional wind at 850 hPa (red line) and the 
SLP gradient (black line) in the maximum westward SLP 
gradient area (42.5 - 62.5°N, 135 - 142.5°E; from Sakhalin 
Island of Russia to Hokkaido of Japan) are shown in Fig. 3. 
In order to compare with the PDO variation, the PDO index 
(blue line) is also displayed.

The traditional view is that the zonal pressure gradient 
and meridional winds between the Siberian High and the 
Aleutian Low are related to these two systems. To under-
stand which system the zonal pressure gradient at the strong 
SLP gradient area (42.5 - 62.5°N, 135 - 142.5°E) in the 
EAWM is related to, we examined correlation coefficient 

between the 11-year running mean of zonal SLP gradient at 
the study area and DJF SLP in Fig. 4. Our result indicates 
that the zonal pressure gradient is highly correlated with 
the Aleutian Low, especially east of the Aleutian Low cen-
ter. However, the correlation coefficient between the zonal 
pressure gradient at the studied area and the Siberian High 
center is not significant. This implies that the Siberian High 
is not the major effecting component of the westward SLP 
gradient at the study area, but it is correlated with the Aleu-
tian Low in decadal time scales.

As indicated in Fig. 4, the northerly winds at the stud-
ied area are not significantly affected by the Siberian High, 
but the Siberian High is still an important system in EAWM. 
Sahsamanoglou et al. (1991) used 116-year record of ob-
servational SLP data and found a gradual weakening of the 
Siberian High after 1970. This weakening is related to the 
continuous lower troposphere warming over Siberia. Some 
published studies linked changes in the Eurasian snow 

(a)

(b)

Fig. 1. The climatology of 1948 - 2012 (a) DJF SLP and (b) streamline at 850 hPa from the NCEP Re-analysis.

Fig. 2. The climatology of 1948 - 2012 mean DJF circulation from the NCEP Re-analysis. Contours are meridional winds at 850 hPa (dash lines for 
negative values; northerly wind) and the shading is zonal gradient of SLP. The black box is the study area.
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cover extent with the Siberian High (Cohen and Entekhabi 
1999). They argued that the Siberian High expands initially 
westward into northern Europe with extensive autumn and 
winter snow cover in Eurasia. Additionally, Wu and Wang 
(2002) argued that the winter Arctic Oscillation influences 
SLP and surface air temperature. The Siberian High was also 
affected by Arctic Oscillation when they changed. To verify 
the correlation between the Siberian High and the 850-hPa 
northerly wind at the study area again, the SHI (Gong et al. 
2001 used SLP at 40 - 60°N, 80 - 120°E) correlation map 
with DJF meridional winds at 850 hPa is shown in Fig. 5a. 
The 850-hPa northerly winds at the east side of the Siberian 
High are related to the Siberian High. When the Siberian 
High is strong, the 850-hPa northerly winds at the east side 

of the Siberian High become strong. However, the 850-hPa 
northerly winds at the study area are not significantly af-
fected by the Siberian High in the decadal time scale.

3.2 Decadal Variation of the Aleutian Low and PDO

Figures 4 and 5a show that the relationship between 
the Siberian High and 850-hPa northerly winds at the strong 
EAWM SLP gradient area are very weak in the decadal time 
scale. In addition to the other EAWM near surface subsys-
tem, the Aleutian Low is another important system at north-
ern Pacific in the winter. Overland et al. (1999) argued that 
the spatial variation of the Aleutian Low is very large. The 
difference of the longitudinal location of the Aleutian Low 

Fig. 3. From top to bottom, the 11-year running mean time series for 850-hPa meridional winds at the study area (red line), the normalizing zonal 
SLP gradient at the study area (black line), and the PDO index (blue line).

Fig. 4. The correlation coefficient between DJF SLP and 11-year running mean of zonal SLP gradient from the study area. Contours represent the 
climatology of DJF SLP.
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can be 40 degrees. Figure 5b is the variance map of the DJF 
SLP. It shows that the Siberian High variance is small, but 
the variance at the Aleutian Low is very large, especially 
on the east side of the Aleutian Low center. The Aleutian 
Low variance is larger than the Siberian High variance, so 
the fluctuation of westward SLP gradient at the study area is 
possibly from the Aleutian Low contribution.

Since the decadal oscillation of the 850-hPa northerly 
winds change signs almost simultaneously with the PDO in 
the boreal winter (Fig. 3), the question about how the PDO 
affects the northerly winds in the boreal winter becomes a 
crucial point. In the decadal time scale, the PDO is the major 
mode of variation capable of influencing the Pacific climate. 
Figures 6a and b show the 1948 - 1976 and 1977 - 2006 mean 
of winter SLP during the negative and positive PDO phases, 
respectively. The center of the Aleutian Low is located in 
the east side of the International Date Line in the positive 
phase. When PDO was in the negative phase, the center of 
the Aleutian Low is located in the west side of the Inter-
national Date Line. They indicate that the distance between 
the Siberian High and the Aleutian Low is larger when the 
PDO was in the positive phase. The mean SLP values of the 
Aleutian Low are 1000 hPa and 997 hPa for the 1948 - 1976 
and 1977 - 2006 periods, respectively. The mean SLP values 
for the Siberian High are 1039 hPa for both periods. There-
fore, the SLP differences between the Aleutian Low and the 
Siberian High became larger in the later period (the positive 
PDO phase). If the distance between them remains the same, 
the SLP gradient would have become large and induced a 
stronger northerly wind. However, the weaker 850-hPa me-
ridional wind is found in the later period (the positive PDO 

phase). This implies that the distance between the Aleutian 
Low and Siberian High is important.

The difference of SLP between the negative and posi-
tive PDO phase is shown in Fig. 6c. It indicates that the 
maximum low pressure anomaly is located at the east side 
of the International Date Line in the positive PDO phase. 
This pattern is similar to Fig. 6d, which shows the boreal 
winter SLP anomaly regressed onto the PDO index. The 
largest regressions with the PDO occur over the Aleutian 
Low with negative values, which indicates that the positive 
PDO phase is associated with an Aleutian Low intensifica-
tion. The largest regression center with the PDO is on the 
right side of the Aleutian Low center. This implies that the 
Aleutian Low location may change concurrently with the 
changing phase of the PDO.

The traditional view is that the westward pressure gra-
dient between the Siberian High and Aleutian Low is steep 
while the northerly winds at low atmospheric levels are 
strong, and vice versa. The area studied is located between 
the Siberian High and Aleutian Low, so it is necessary to 
verify the decadal variations in the distance between the Si-
berian High and Aleutian Low.

Figure 3 shows that the decadal variation of northerly 
winds at 850 hPa, westward SLP gradient and PDO index 
are in the same phase. The westward SLP gradient is related 
to the Aleutian Low and is not associated with the Siberian 
High (Fig. 4). It is known that the westward pressure gradi-
ent is represented by the differences of SLP and the distance 
between the Siberian High and Aleutian Low. From the 
analysis shown above the distance between them plays an 
important role. When the PDO is in the positive (negative) 

(a)

(b)

Fig. 5. (a) The correlation coefficient between 850-hPa DJF meridional winds and Siberian High index, shown as shading. Contours represent the 
climatology of DJF meridional winds at 850 hPa (solid lines for southerly wind and dash lines for northerly wind). The big red box is the Siberian 
High index domain and the small red box is the study area. (b) The variance in DJF SLP is shown as shading. Contours represent climatology of 
the DJF SLP.
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phase, the Aleutian Low moves eastward (westward). This 
results in increased distance between the Siberian High and 
Aleutian Low, and thus causes a weaker westward SLP gra-
dient between them in the studied area in recent decades, and 
vice versa. Consequently, the northerly winds decrease.

According to the possible physical mechanisms be-
tween the PDO and the movement of the Aleutian Low, Yu 
and Zwiers (2007) used the climate model and argued that 
an enhanced Pacific-North America (PNA) mode is respon-
sible for the connection when PDO and El Niño-Southern 
Oscillation (ENSO) are in phase. This PNA pattern is as-
sociated with the stationary wave anomalies from the North 
Pacific to North America. The Pacific storm track shifts to 
the south when the PNA is in the positive phase. Therefore, 
the Aleutian Low is related to the PDO. Furthermore, Mi-

(a)

(b)

(c)

(d)

Fig. 6. (a) The climatology of 1948 - 1976 mean DJF SLP. (b) Same as (a), but for 1977 - 2006 mean. (c) The difference between (b) and (a). (d) 
The regression coefficient between DJF SLP and PDO index, shown as shading, and contours are the climatology of SLP in DJF.

nobe (1997), Overland et al. (1999), and Nakamura et al. 
(2002) supported the correlation between the PDO, PNA 
and Aleutian Low location in the decadal time scale as sug-
gested in the present study. The PNA pattern, the location 
of the Aleutian Low, the westward SLP gradient and the 
850-hPa northerly winds at the strong SLP gradient area of 
EAWM will be changed, when the PDO changes phases.

4. Conclusion and discussion

Using the NCEP Re-analysis data, this study attempted 
to understand the decadal variability of the EAWM since the 
1950s over the northeast Asian coast. In the winter season 
the Siberian High and Aleutian Low are the biggest weather  
systems in East Asia and the north Pacific near surface,  
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respectively. The northeast Asian coast is under the influ-
ence of the Siberian High and Aleutian Low. This mech-
anism displays that the 850-hPa northerly winds at the 
strong zonal SLP gradient area of EAWM are related to the 
westward SLP gradient from Sakhalin Island of Russia to 
Hokkaido of Japan. This is between the Siberian High and 
Aleutian Low. The westward SLP gradient is represented 
by different pressure values and the distance between the 
Siberian High and Aleutian Low.

This study demonstrated the strong westward SLP gra-
dient area of the EAWM between the Siberian High and 
Aleutian Low over the East Asian coast. With the phase 
change of the PDO and the movement of the Aleutian Low, 
the westward SLP gradient and the low-level northerly 
winds at the study area are changed. When the PDO changes 
into the positive phase, the Aleutian Low would be moved 
to the east. However, the Siberian High does not make a 
difference to the westward SLP gradient and 850-hPa north-
erly winds at the study area (Figs. 4 and 5a). Therefore, the 
distance between the Siberian High and the Aleutian Low 
become large (Fig. 6). It makes the westward SLP gradient 
and northerly winds at 850 hPa weak.

Although this study explained the decadal change of 
the meridional wind from Sakhalin Island of Russia to Hok-
kaido of Japan (42.5 - 62.5°N, 135 - 142.5°E), another im-
portant issue not addressed in this study is the variability of 
northerly winds at lower latitudes. Lau and Li (1984) argued 
that two different low-level wind directions exist along the 
East Asian coast for the EAWM. The first direction is to 
the North Pacific, and the second, called the Northeasterly 
monsoon at lower latitudes, directs to the east coast of East 
Asia. This gives us an opportunity for future work regarding 
the decadal variation of the Northeasterly monsoon in the 
lower latitude area.
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