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Abstract 

 

In this study, I investigated the tropospheric circulation and temperature variation 

related with the weakening of stratospheric polar vortex. In particular, I examined how 

the stratospheric circulation dynamically influences the temperature variation over East 

Asia during the stratospheric weak vortex (SWV) period. During the SWV period, the 

cold condition is dominant over East Asia. A notable feature is the fluctuation of 

temperature with longer timescale than 10 days during the SWV event while 

stratospheric circulation varies slowly. The temperature fluctuation in the lower-

troposphere over East Asia is mainly forced by the variation of climatological trough 

located in the upper-troposphere over the East Asian coast during the SWV event. The 

trough varies in a close connection with the evolution of the SWV. Particularly, in the 

beginning period of the SWV event (Peak period, -5 - +5 days) when East Asia shows 

extreme coldness, the trough is deepened exceptionally by wave forcing from the 

upstream side over the area of Ural Mountain as well as the direct impact related to the 

decrease of stratospheric geopotential height (Z) over East Asia. In the subsequent 

period (Decay 1 period, +6 - +16 days), I can notice the weakening of the upper-

tropospheric trough over East Asia, which mitigates the coldness over the region. The 

weakening of the trough is caused by the westward migration of strong positive Z 
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anomaly from the North Pacific. The westward positive anomaly comes from the 

clockwise rotation of stratospheric positive Z anomaly. After about 20 days since the 

SWV occurrence (Decay 2 period, +17 – +27), the coldness over East Asia gains its 

strength again. This coldness is induced by the re-developing of the trough over East 

Asia, which is related to the negative AO-like type pattern associated with the SWV.  

During the Peak period, the anomalous positive Z is stronger over the North Pacific 

than over other regions influenced by the zonally symmetric positive Z anomaly over 

the stratospheric polar cap area. This feature is relevant to the contribution of feedback 

between the synoptic eddy and tropospheric flow in low-frequency variation of the SWV. 

The North Pacific positive Z related to the SWV enhances its strength through the 

divergence of potential vorticity flux by the synoptic eddies. In particular, the eddy 

vorticity (heat) flux contributes to the strengthening of positive Z in the upper (lower) 

troposphere. The above results indicate that the synoptic eddies play an important role in 

the intensification of stratospheric impact on the tropospheric circulation. 

The circulation change and temperature variation over East Asia related with the 

SWV influence the cold surge characteristics such as its frequency, duration and strength. 

In comparison of the characteristics of cold surge for the SWV and the stratospheric 

strong vortex (SSV), the cold surges occurred more frequently in the SWV than in the 

SSV. Moreover, they are stronger and longer-lasting in SWV than in SSV. The 

differences between these cold surge characteristics are originated by the impact of 

anomalous tropospheric circulation (long-lasting and deepening of East Asian trough in 

the upper-troposphere), which has a close relationship with the SWV. 
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Furthermore, the cold surge characteristic changed in the decadal time scale during 

the past three decades (1979-2011). They are stronger and longer-lasting during the two 

decades of 1980s and 2000s than during the 1990s. The features of cold surges arise 

from the large-scale atmospheric conditions associated with the different phases of the 

AO, which showed a prominent decadal fluctuation. In particular, more (less) frequent 

strong and long-lasting cold surge in the 1980s and 2000s (1990s) are preceded by more 

dominant negative (positive) phase of the AO. These features indicate that the decadal 

change of AO, which preconditioned the cold surge, plays an important role in the 

decadal change of cold surge characteristics. In addition, the decadal change in the AO 

preconditioning of cold surge during the recent decades has a strong relationship with 

the negative phase of tropospheric AO during the periods of SWV events.  
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1. Introduction  

 

 

1.1. Background 

 

In order to help reader to understand the results of this study with ease, I will 

review and summarize the previous studies and the overall features on East 

Asian cold surge and the weakening of stratospheric polar vortex. The two topics 

are focused in the present work. 

 

1.1.1. Stratospheric weak vortex (SWV) 

 

It is well-known that the tropospheric wave influences the stratospheric 

circulation. Mainly, the planetary scale waves with the zonal wave number 1 and 

2 propagate upward well into the stratosphere during the boreal winter season 

[Matsuno, 1970; Andrews 1987]. They break and exert a forcing on the 

stratospheric mean flow. The net of wave breaking is a westward force on the 

zonal-mean zonal flow [Charney and Drazin, 1961], creating an imbalance 
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between the Coriolis force on the zonal-mean zonal wind and the meridional 

pressure gradient force, and driving an extratropical poleward flow. By mass 

continuity, this poleward flow is compensated by upward motions in the tropics 

and downward motions in the polar region. The downward motions accompany 

the compression and adiabatic warming, driving the warmer temperature 

[Sigmond, 2003].  

Sometimes, in the Northern Hemisphere, the wave forcing (westward force) 

related to tropospheric upward Rossby wave is large enough to reverse the 

stratospheric polar mean flow. This event is called the major stratospheric sudden 

warming (SSW). That is, the SSW is the extreme case of stratospheric weak 

vortex (SWV) events. As described above, during a SWV event, a stratospheric 

temperature over the polar cap area rises dramatically and the zonal-mean zonal 

flow is extremely weakened over a short period. If the stratospheric zonal flow is 

weak, the stratospheric circulation becomes highly asymmetric, and the 

geopotential heights (Z) in the polar cap region rise rapidly. In some dramatic 

cases, the stratospheric temperatures can rise by about 50°C, and the 

stratospheric polar vortex can reverse its direction for a few days.  

The SWV is dominant sub-seasonal variability of stratospheric circulation in 

the Northern Hemisphere during the boreal winter season [Andrews et al. 1987]. 

The SWVs have been historically considered as atmospheric phenomenon in just 
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stratosphere. Recently, the impact of stratospheric conditions on the tropospheric 

circulation has become accepted in general. As mentioned in the previous 

paragraph, it is indubitable that the tropospheric waves plays dynamically 

important role in the stratosphere circulation. However, the consensus about the 

dynamical mechanism on the influence of stratospheric circulation on the 

tropospheric circulation is not solid. Some previous studies suggested the 

possible dynamical mechanisms using the observational and numerical modeling 

studies. The representative mechanism is associated with the change of 

stratospheric potential vorticity (PV) anomaly induced by the wave-mean flow 

interaction. Hartley et al. [1998] suggested that if the stratospheric polar vortex is 

distorted, a stratospheric PV is redistributed. That induces significant changes in 

the tropopause height and tropospheric circulation. Ambaum and Hoskins [2002] 

also pointed out that the deformation of stratospheric PV related with stronger 

polar vortex lead to the higher (lower) tropopause over the Arctic (Iceland) in the 

case of North Atlantic Oscillation (NAO). The raising of the Arctic tropopause 

leads to a stretching and spin-up of the tropospheric column. This circulation 

change is related with anomalous cyclonic circulation over the polar cap area in 

the troposphere (positive NAO-like pattern).  

In spite of the disputable mechanism on the influence of stratospheric 

disturbance on the tropospheric circulation based on the previous studies, it 
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seems to be definite that the troposphere and the stratosphere are linked 

dynamically and statistically. Some observational studies [Baldwin and 

Dunkerton, 1999; 2001; Hartmann et al., 2000; Thompson et al., 2002; 

Limpasuvan et al., 2004] have provided strong evidences that the change of 

stratospheric polar vortex is able to influence the tropospheric circulation in sub-

seasonal time scale. For example, Baldwin and Dunkerton [1999] found that 

large amplitude anomalies in the lower-stratospheric zonal flow typically 

descend throughout the depth of the stratosphere on a time scale of weeks and 

that the largest amplitude anomalies in the stratosphere frequently appear to 

descend to tropospheric levels. Baldwin and Dunkerton [2001] subsequently 

found that the surface signature of these downward propagating anomalies 

strongly resembles the feature of the Northern Hemisphere annular mode (NAM) 

above the surface, which shows a large-scale pattern with out-of-phase 

fluctuations between the polar cap area and mid-latitude [Thompson and Wallace, 

1998; 2000].  

The large-scale circulation related to the SWV influences the temperature 

over an extensive area of the Northern Hemisphere. Kolstad et al. [2010] 

addressed that the development of the lower-tropospheric cold temperatures over 

Eurasia is statistically associated with the weakening of stratospheric polar 

vortex. Tomassini et al. [2012] noted that the blocking signature over the polar 
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area related to the deceleration of stratospheric polar vortex leads to the extreme 

cold spells over the northern Europe.  

Furthermore, the strong SWV events frequently occurred in the recent decade 

[Kolstad et al., 2010; Reichler et al., 2012]. These SWV events result in the 

extreme cold winters over Eurasia and North America in recent decade. Wang et 

al. [2010] found that the downward Arctic Oscillation (AO) associated with the 

weakening of stratospheric polar vortex induces the extreme cold winter over 

Eurasia for winter 2009. Cohen et al. [2010] also suggested that moderate ENSO 

and extreme AO associated with THE SWV are the potential key players of cold 

winter over Eurasia continent and Unite States. 

 

1.1.2. East Asian cold surge  

 

Surface air temperature (SAT) over East Asia during the boreal winter season 

is controlled by various factors in a wide range of spatial and temporal scales. In 

seasonal time scale, SAT variability is mainly influenced by EAWM system, 

which consists of Siberian high, Aleutian low, and East Asian upper-level 

troughs (EAT), the mid-latitude jet stream, and local Hadley circulation [Chang 

and Lau, 1980; Ding and Krishnamurti, 1987; Jhun and Lee, 2004; Wu et al., 

2006; Kim and Roh., 2010]. Cold surge is the most energetic and hazardous sub-



６ 

 

seasonal SAT variability over East Asia in winter season [Chang and Lau, 1980; 

Compo et al., 1999; Jhun and Lee, 2004]. The typical scenario of cold surge 

occurrence is summarized as follows. In the upper-troposphere, the trough of 

eastward moving upper-tropospheric short-wave over Lake Baikal deepens as it 

propagates toward the quasi-stationary EAT. During the above process, in the 

lower-troposphere, the Siberian High reaches certain intensity and expands 

southeastward in accordance with the upper-tropospheric circulation. This lower-

tropospheric anticyclone moves southward together with very cold air 

accumulated over eastern Siberia (East Asia), which is called as a cold surge 

occurrence [Zhang et al., 1997; Jeong and Ho, 2005; Takaya and Nakamura, 

2005; Park et al., 2011b].  

Even though the East Asian cold surge is a synoptic-scale variability, which 

occurred in the locally confined area of eastern Eurasia, it is influenced by the 

large-scale teleconnection which induced by the AO, El Nino/Southern 

Oscillation (ENSO) [Zhang et al., 1997; Chen et al., 2004], and the Madden and 

Julian Oscillation (MJO) [Madden and Julian, 1972; Jeong et al., 2005; Kim et 

al., 2006]. In particular, the AO is strongly associated with the cold surge over 

East Asia [Jeong and Ho, 2005; Lu and Chang, 2009; Park et al., 2010, 2011b]. 

For example, Gong et al. [2001] pointed out that the significant correlation 

between AO and mean sea-level pressure (MSLP) over Siberian region is a key 
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component of the East Asian cold surge. Gong and Ho [2004] and Jeong and Ho 

[2005] suggested that the negative phase of monthly AO is associated with the 

intensification of Siberian high, deepening of the East Asian coastal trough and 

enhancement of the East Asian jet stream. These East Asian circulation features 

related to the negative AO are favorable conditions for the occurrence of strong 

cold surges. Park et al. [2011b] classified cold surges into wave train type and 

blocking type, and found that the blocking type cold surges tend to occur more 

frequently during the negative phase of monthly AO. Moreover, the cold surges 

of blocking type are stronger amplitude and longer duration than those of the 

wave train type. 

 

 

1.2. Motivation and objective 

 

Many previous studies suggested that the SWV influences the tropospheric 

circulation and temperature over the Northern Hemisphere [Hartley et al., 1998; 

Baldwin and Dunkerton, 1999; 2001; Black, 2002; Limpasuvan et al., 2004] . 

The previous studies focused mainly on the zonal mean circulation or 

hemispheric scale mode in the troposphere which can be related dynamically to 

the SWV. Researches on the tropospheric regional impact of SWV are very rare. 
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Even though some recent studies examined the dynamical relationship between 

SWV and regional temperature, their content are confined to the discussion on 

how the circulation change is related with the SWV influence of the temperature 

variation over Europe [Tomassini et al., 2012]. The present study focuses on the 

features of temperature variation over East Asia during the SWV event. I also 

examine the large and regional-scale circulations which influence the 

temperature variation over East Asia as well as those dynamical relations with 

the SWV (the role of the synoptic eddies in the impacting process of the 

stratospheric on the tropospheric circulation). 

In most of the SWV events, the negative AO-like pattern induced by the 

downward signal of SWV tends to be long-lasting continuously in sub-seasonal 

time scale [Baldwin and Dunkerton, 1999]. This feature could influence the SAT 

variability over East Asia. Furthermore, it may influence the characteristics (such 

as a duration and strength) of cold surge over East Asia, which is large SAT drop 

and prominent sub-seasonal variability in East Asia during the boreal winter 

season. The cold surge influences a number of socio-economical human 

activities over the East Asian countries because it accompanies extreme cold and 

heavy snowfall in general. Therefore, it is important to examine the impact of 

SWV on the characteristics of cold surge over East Asia.  

During the winter season of the past 3 decades, the decadal change in the 
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frequency of SWV event is clear [Kolstad et al., 2010; Reichler et al., 2012]. In 

fact, this feature could be related with the decadal change of AO phase in the 

winter season of recent decades [Zhang et al., 2008; Woo et al., 2012]. Based on 

the relationship among SWV, AO, and East Asian cold surge [Jeong and Ho, 

2005; Jeong et al., 2006; Kolstad et al., 2010; Park et al., 2011b], the decadal 

changes in AO phase and the frequency of SWV events may imply the 

possibility of decadal change in cold surge characteristics. Motivated by this kind 

of possibility, this study investigates the decadal change in cold surge 

characteristics and its possible linkage with AO and SWV. 
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2. Data and methods 

 

 

2.1. Data 

 

2.1.1. Reanalysis data set 

 

One of objects of the present study is to examine in detail the variation of sub-

seasonal scale circulation related with the SWV. Moreover, the major SWV in 

the Northern Hemisphere occurs approximately once in a couple of years on 

average [Holton, pp 429]. Therefore, to procure the events as many as possible, it 

is necessary to obtain the long-term dataset which is available for the daily time 

scale. National Centers for Environmental Prediction/National Center for 

Atmospheric Research (NCEP/NCAR) reanalysis I dataset covers the period 

from 1948 to present. Daily mean geopotential height (Z), temperature, surface 

air temperature (SAT), meridional and zonal wind fields are used to analyze the 

circulation change and temperature variation associated with the SWV. The 

datasets have a horizontal resolution of 2.5° x 2.5° in longitude and latitude, and 

17 pressure levels from 1000 hPa to 10 hPa.  
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The analysis period is 63 winters (December to March) from 1948/49 to 

2010/11. The daily anomalies are obtained by calculating the deviation from 

smoothed (21 days running mean) daily climatology for the entire analysis 

period.  

  

2.1.2. Daily AO index 

 

The daily AO index is used to examine the relationship between SWV and AO 

as well as possible linkage between the East Asian cold surge and AO. The index 

is produced by projecting the daily mean 1000 hPa height anomalies onto the AO 

loading vector field. By the way, the AO loading is defined as the leading 

empirical orthogonal function (EOF) pattern for monthly 1000hPa anomalies 

over the northward area of 20°N in the northern hemisphere. 

 

 

2.2. Methods 

 

2.2.1. Detecting of SWV event 

 

The major stratospheric sudden warming (SSW) is induced by the reversal of 
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polar vortex in the lower-stratosphere. Therefore, in some previous studies, in 

order to examine the impact of stratosphere on the tropospheric circulation, the 

SSW events are detected by using the intensity of zonal mean wind in the 

boundary (about 65°N) of the polar area of the lower-stratosphere [Chalton and 

Polvani, 2007]. If the stratospheric polar vortex is weak (not reversal) enough to 

induce the anomalous stratospheric warming over polar cap area, the weakened 

vortex may influences the trospospheric circulation [Kolstad et al., 2010]. In this 

study, I apply the concept of SWV instead of major SSW.  

In order to detect the SWV event, the vortex strength index (VSI) by Kolstad 

et al. [2010] was defined using –Zp as follows: 

ZZZ
Z

Z p 
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             (eq. 2.1) 

where the bar (prime) indicates the climatology (anomaly), the ø is latitude, and 

the sigma is a summation of all grid point over the northward area of 65°N. The 

minus sign of -Zp for the VSI signifies that the weakening of stratospheric polar 

vortex is equivalent to the rising of Z over the polar cap area. 

Using the VSI, the SWV event is defined as follows. At first, the starting date 

of SWV event is defined as the first date when the VSI at 50 hPa is lower than its 

10 percentile. To consider the downward impact toward the troposphere in the 
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detection of SWV period, the ending date is defined as the last date of 

continuous period with lower VSI than – 0.5 standard deviation of VSI at 100 

hPa since the starting date of SWV event. Therefore, the period from the starting 

date to the ending date marks the single SWV event. By above detecting method, 

the 50 events of SWV are detected. Figure 2.1 depicts the period of SWV event 

and Z anomalies averaged over the polar cap area (northward area of 65°N) in 

some years when major SWV event occurred. The Z anomalies are standardized 

with the density in the each vertical level. During the SWV event, the positive 

anomalies appeared persistently in the stratosphere and upper-troposphere. In 

addition, it is clear that the SWV influence frequently the circulation in the 

lower-troposphere. The period of SWV event (thick black line) seems to 

represent reasonably well the period when the tropospheric circulation is linked 

with the SWV.  

In order to examine change in the tropospheric circulation associated with the 

temporal evolution of stratospheric circulation, I used the lag composite analysis. 

The standard date (lag 0 day) for the lag composite is defined as the starting date 

of SWV event. To assess whether the setting of lag 0 day is reasonable or not, I 

compared the detecting method using the central date, which is the first date 

when the stratospheric polar vortex (defined by the zonal mean wind in 65°N at 

10 hPa) become easterly [Chalton and Polvani, 2007]. In the major SWV events 
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(Figure 2.1), the green lines indicate the period when the stratospheric polar 

vortex is easterly. Though there is difference of a few days between the starting 

dates in two methods (red cross symbol and the first point of the green line), it is 

clear that major SWV event accompanies the reversal of zonal mean wind. 

Moreover, the lag composite of VSI relative to the starting date of SWV is 

compared with the stratospheric polar vortex relative to the central date. Both lag 

composites shows very similar, though the minimum value of stratospheric polar 

vortex appears a little earlier in lag days than the VSI at 50 hPa (Figure 2.2). This 

feature implies that the lag composite relative to the starting date of SWV event 

is pertinent to examine the temporal evolution of SWV event.  
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Figure 2.1. Detected major SWV events. The x axis indicates the number of the day 

from December 1
st
 to March 31

st
 of the next year. Shadings, thick black lines, and red 

cross symbols represent the normalized Z anomalies averaged over the northward region 

of 65°N, the periods of SWV event, and the starting dates of SWV event, respectively. 

The green lines with small circles describe the zonal mean wind at 10 hPa which is 

easterly in this time period. 
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Figure 2.2. (a) Lag composite of zonal mean wind anomaly (m·s-1
) at 10 hPa at 65°N 

with respect to the lag days relative to the central date, at which the zonal wind reversed 

to easterly. (b) Lag composite of the VSI as a function of lag days with respect to the 

starting day of SWV event. The red portions represent the periods satisfying the 95% 

confidence level. 
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2.2.2. Cold surge definition 

 

As mentioned in the section 1.1.2, the East Asian cold surge is the extreme 

SAT drop related to the southeastward expansion and intensification of Siberian 

high. In this study, a cold surge occurrence is defined by considering the 

atmospheric conditions related with the cold surge. Based on previous studies 

[Zhang et al., 1997; Jeong and Ho, 2005; Park et al., 2011b], at first, a surface 

anticyclone over the region of 90°E –115°E and 35°N –55°N (south Siberia 

including Mongolia) should be identified prior to the cold surge occurrence. The 

center of the surface anticyclone is calculated by adopting is the methodology of 

Zhang and Wang [1997], i.e., a grid point with the maximum Z at 1000 hPa 

compared with the surrounding eight grid cells. At the same time, the magnitude 

of mean sea level pressure (MSLP) of the anticyclone center must be greater than 

1030 hPa. Secondly, based on Jeong and Ho [2005], the daily mean SAT 

averaged over Manchuria (40°N–45°N, 120°E–125°E) or the Korean Peninsula 

(35°N–40°N, 125°E–130°E) should decrease more than 1.5 standard deviation of 

the SAT anomaly for the years 1948–2011 within 2 days (Figure 2.3). Moreover, 

the daily mean SAT should be colder than the long-term climatological mean 

value. The termination of the cold surge is defined as when the daily mean SAT 



１８ 

 

recovers to the climatological mean value. When a new cold surge occurs before 

the termination of the previous cold surge, I regard the two surges as a single 

event. 
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Figure 2.3. Domains for cold surge detection: South Siberia including Mongolia (red 

box), Manchuria and the Korean Peninsula (blue boxes). 
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3. East Asian temperature related with SWV 

 

 

In this chapter, the mean features of circulation and temperature variation in 

the stratosphere and troposphere during the SWV period is investigated by using 

the lag-composite analysis. The 50 events of SWV are selected by applying the 

detecting method in section 2.2.1. The Z and temperature fields for the events are 

composited according to the time lag (day) with respect to the starting date of 

SWV event. 

 

 

3.1. Downward signal of SWV  

 

As mentioned in the previous section, the weakening of the stratospheric 

vortex involves the large positive Z anomaly over the polar cap area. This feature 

coincides well with the lag-composite of Z anomalies (normalized by the density 

of each vertical level) averaged over the polar cap (Figure 3.1). The lag 0 

represents the starting date of SWV event. The positive Z anomaly is prominent 

in the stratosphere during the SWV period. Seen in detail, although the positive 
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Z anomaly is the strongest during 5 days after lag 0, the signal of positive Z in 

the stratosphere is significant from 5 days before the lag 0. This positive Z 

anomaly also lasted for about a few weeks since the occurrence of SWV.  

Moreover, Figure 3.1 also shows that the anomalous stratospheric circulation 

(positive Z anomaly) influences the tropospheric circulation. The circulation in 

the upper-troposphere (200-300 hPa) is influenced continuously by the 

anomalous stratospheric circulation, whereas the stratospheric impact on the 

lower-troposphere is strong during the early period of the SWV event including a 

few days before the starting date. Moreover, the downward signal from the 

stratosphere disappears after about 10 days from the starting date of SWV in the 

lower-troposphere. After that time, the stratospheric impact is pronounced again 

after about 20 days. These features imply that the coupling between the 

stratospheric circulation and lower-troposphere is limited for a certain time of a 

complete SWV event. 
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Figure 3.1. (a) Lag composite of the normalized Z anomaly averaged over the northward 

area of 65°N before and after the starting date of SWV event (lag 0 day). The thick black 

contours represent the boundary of area satisfying the 95% confidence level. 

 

  



２３ 

 

 

 

3.2. Temperature in the lower-troposphere over East Asia during SWV 

events 

 

Based on the previous study, East Asia is one of the regions, which is affected 

strongly by stratospheric circulation [Kolstad et al., 2010]. Therefore, I examined 

that the feature of temperature variation over East Asia related to the SWV. 

Figure 3.2a shows the composite of temperature at 850 hPa level averaged for 

the SWV period. The warm anomalies appear over the Arctic area including 

Greenland and the Bering Sea, whereas the cold anomalies are clear over 

northern Eurasia and eastern America. In particular, the strongest cold anomaly is 

conspicuous over north-east Asia. However, the extreme coldness over East Asia 

is not lasted during the entire SWV period. Although the temperature over East 

Asia is cold during SWV period in general, the temperature fluctuates in the 

large-time scale (15 - 20 days) than the synoptic scale (Figure 3.2b). In the early 

period of SWV event, the temperature drops steeply and recovers around about 

10 days after the occurrence of SWV. Then, the cold strengthens again in about 

20 days after the occurrence. 

The variation of lower-tropospheric temperature over East Asia is very 
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different from the evolution of stratospheric circulation. The positive Z anomaly 

averaged over the polar cap area at 50 hPa develops steeply in the early period of 

SWV and decays gradually for about 40 days after the occurrence of SWV event 

(Figure 3.2c). The different evolution between the lower-tropospheric 

temperature and stratospheric circulation is somewhat questionable for a proper 

explanation of the relationship between the variation of East Asian temperature 

and the stratospheric circulation. However, the tropospheric regional circulation 

related to the stratospheric circulation may induce the temperature fluctuation 

over East Asia. In order to prove the impact of tropospheric circulation related to 

the SWV on the East Asian temperature variation, the four sub-periods with the 

interval of 11 days is defined as the Peak (-5 - +5 days), Decay 1 (+6 - +16 days), 

Decay 2 (+17 - +27 days) and Decay 3(+28 - +38 days). The separation of the 

complete period is possible by considering temperature fluctuation. For each 

period, the mean circulation and temperature patterns are examined in the 

vertical depth from the stratosphere to the lower-troposphere. 
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Figure 3.2. (a) Composite map of mean temperature anomaly (°C) at 850 hPa during the 

SWV event. (b) Lag composite of temperature (°C) at 850 hPa averaged over East Asia 

(blue box in (a)) before and after the starting date of SWV event (0 lag day). The red 

words represent the sub-periods defined and used in this study. (c) Lag composite of Z 

anomaly (m) averaged over the poleward region of 65°N at the 50 hPa level. In all the 

three figures, the thick black lines represent the area and periods satisfying the 95% 

confidence level.  
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3.3. Temperature variation and circulation change related with the evolution 

of SWV 

 

3.3.1. Extreme coldness of East Asia during Peak period 

 

To investigate the circulation and temperature during the Peak period of SWV 

event, I analyzed the composites of Z and temperature anomalies at 50 hPa, 300 

hPa, and 850 hPa (Fig. 3.3). The positive Z anomalies are large over the polar 

cap area in the lower-stratosphere (50 hPa), whereas the negative Z anomalies 

are clear in the mid-latitude, though it is weak. In the case of the temperature 

field, the strong warming is detected over the Arctic area. This warming is 

induced by the adiabatic warming by anomalous downwelling related to the 

strengthening of Brewer-Dobson circulation over the polar area [Sigmond, 2003].  

In the troposphere, the composite patterns of Z are similar with it in the 

stratosphere in general, which is positive (negative) over polar (mid-latitude). 

The interesting feature is that the strong positive Z anomaly over the Arctic area 

in the stratosphere is elongated toward the North Pacific and Atlantic in the 

troposphere. In addition, the remarkable feature in the mid-latitude is the 
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negative Z anomaly in the upper-troposphere over East Asia. The upper-

tropospheric negative Z anomaly over East Asia implies that the East Asian 

trough (EAT) is deepening. The strengthening of EAT is dynamically related 

with the strong jet, intense baroclinicity and lower-level cold air advection over 

East Asia [Boyle and Chen, 1987; Lau and Chang, 1987; Jeong et al., 2005]. 

Actually, in Figure 3.3c, the circulation pattern in the lower-level lead to the 

northerly wind over East Asia. During the same period, the cold anomaly appears 

clearly over East Asia (Figure 3.3f). 

In the previous paragraph, I showed that the strong negative Z anomaly over 

East Asia leads to the cold condition during the Peak period of SWV event. Why 

does the negative Z anomaly over East Asia develop during the Peak period? In 

our results (Figure 3.3b), the positive Z anomaly over Ural Mountain area is clear. 

This feature during the Peak period of SWV is reasonable because the positive Z 

anomaly over Northern Europe including Ural Mountains area is favorable 

condition in the upward propagation of the stationary wave for the occurrence of 

SWV event [Garfinkel et al., 2010; Kolstad et al., 2011]. Furthermore, based on 

the previous studies, the strong positive Z anomaly over Ural Mountains where 

in the upstream of East Asia plays a role in the wave forcing [Wang et al, 2010; 

Cheung et al., 2012]. Therefore, the negative Z anomaly over the downstream 

region (East Asia) is able to be derived by the wave response. However, the wave 
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forcing over Ural Mountains area could be not the unique cause for the negative 

Z anomaly over East Asia because the positive Z anomaly is not extremely 

strong enough to make the strong negative Z anomaly over East Asia. 

In order to investigate the impact of positive Z anomaly over Ural Mountains 

and the possibility of other cause, I separate the SWV events into the cases in 

anomalously strong and weak Z anomalies over Ural Mountains (hereafter, both 

cases are called by SUral and WUral). To classify into SUral and WUral cases, 

the Ural index is simply defined by the Z anomalies averaged over 30E~70E and 

40N-70N at 300 hPa. The SUral (WUral) events are selected in cases of mean 

Ural index for the early time (-5 – 0 days) of the Peak period is larger (less) than 

1/2 (-1/2) standard deviation. By the classification, the 28 (14) cases of SUral 

(WUral) are detected. 

Figure 3.4 shows the comparison between the composites patterns of Z 

anomalies in the SUral and WUral cases in the stratosphere and upper-

troposphere. The positive and negative Z anomalies are strong over Ural 

Mountains area in the SUral and WUral cases, respectively. However, over East 

Asia, the strong negative Z anomalies are noticeable in all of both cases (Figure 

3.4b and 3.4e). 

In the SUral case, Ural Mountains area is strongly dominated by the strong 

positive Z anomaly, which plays a role in the wave forcing. Therefore, the 
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development of negative Z over East Asia seems to be induced by the strong 

positive Z anomaly over Ural Mountains. By the way, in the lag-composite of Z 

averaged over East Asia at 50 and 300 hPa (Figure 3.4c), the tendencies of Z 

variations are highly similar between both levels. This means the coupling 

between the troposphere and stratospheric circulation in the SUral case. However, 

there is the discrepancy between center position of negative Z anomaly in the 

stratosphere and troposphere in the SUral cases. Therefore, in the SUral case, the 

development of negative Z over East Asia seems to be mainly influenced by 

positive Z anomaly over Ural Mountains. 

Whereas, in the WUral case, the negative Z anomaly in the upper-troposphere 

is strong over East Asia, despite the absence of wave forcing in the troposphere 

(Figure 3.4e). This negative Z anomaly is coupled with the stratosphere 

circulation over East Asia. The tendencies of Z variation at 50 and 300 hPa are 

pretty similar in the WUral cases (Figure 3.4f). Furthermore, the stratospheric 

negative Z anomaly is located in well-matched position with the negative Z 

anomaly in the troposphere. These features may indicate the strong relation 

between the stratosphere and on the negative Z anomaly over East Asia in the 

upper-troposphere. 

These results indicate that the upper-tropospheric negative Z anomaly 

(inducing the cold over East Asia) during the early time of Peak period is 
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influenced by the wave forcing over Ural Mountains as well as by the direct 

forcing of the stratospheric negative Z anomaly over East Asia. However, from 

these results, it is hard to conclude that the stratosphere drives the tropospheric 

circulation over East Asia. To support the stratospheric impact on the 

tropospheric circulation over East Asia, I examined the lag correlation of Z 

anomalies between in the stratosphere and troposphere over East Asia during the 

total analysis period (Figure 3.5). Although the maximum correlation appears in 

the lag 0, the correlation value in the lead of the stratosphere is larger than in the 

lag with the same interval. This indicates that the stratospheric circulation tends 

to lead the tropospheric circulation over East Asia during the winter season. 

Nevertheless, in order to prove the direct stratospheric impact on the troposphere 

over East Asia, more investigations on the dynamical process are required. 
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Figure 3.3. Composite maps of the anomalies of normalized values of Z (left column) 

and temperature (°C, right column) at 50 hPa (a, d), 300 hPa (b, e), and 850 hPa (c, f) in 

the Peak period of SWV event. The thick black lines represent the boundary of area 

satisfying the 95% confidence level. 
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Figure 3.4. Composite maps of the normalized Z anomalies during the early time (-5 - -1 

days) of Peak period in the SUral (left column) and WUral cases (right column). They 

are for 50 hPa (a, d) and 300 hPa (b, e). The thick black lines represent the boundary of 

area satisfying the 95% confidence level. Lag composite of Z anomaly (m) over East 

Asia at 50 hPa (black line with open-circle) and 300 hPa (orange line with open-circle) 

in the SUral cases (c). Same as (c) but for in the WUral cases (f).  
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Figure 3.5. Lag correlation between daily Z anomalies at 50 hPa and 300 hPa averaged 

over East Asia during the entire analysis period (winter for 1948 - 2011). 
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3.3.2. Weak coldness of East Asia during Decay 1 period 

 

The noticeable feature of temperature in the lower-troposphere during the 

Decay 1 period is the weakening of coldness over East Asia, which had been 

strong in the Peak period (Figure 3.6). Although the positive Z and temperature 

anomalies related to the SWV are still strong over the polar cap region in the 

stratosphere, the negative cold anomaly over East Asia almost disappears in the 

composite of temperature at the lower-troposphere. Why did the cold weaken 

over East Asia in spite of the maintenance of SWV? The stratospheric circulation 

pattern in the Decay 1 period shows the similar feature with that in the Peak 

period, which is the strong positive Z anomaly over the polar and negative Z 

anomaly over the mid-latitude (Figure 3.6a and 3.6d). However, despite the 

feature in the Peak period, the stratospheric positive Z anomaly over the polar 

cap region in the Decay 1 period rotated clockwise (Figure 3.3a and 3.6a). The 

rotation of stratospheric circulation seems to influence the tropospheric 

circulation. In the troposphere, while the positive Z anomaly is elongated from 

North Pacific to Atlantic in the Peak period, the positive Z anomaly over the 

North Pacific migrates westward to East Asia (Figure 3.3b and 3.6b). Therefore, 

the upper-level negative Z anomaly is weakened over East Asia. This means the 
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weakening of EAT. Therefore, the cold temperature over East Asia in the Decay 

1 period almost disappears. 

To clarify the weakening of negative Z anomaly by the westward migration of 

positive Z anomaly over the North Pacific, the lag composite of Z anomaly 

averaged over 45°N - 70°N at 300 hPa is plotted with time-longitude dimension 

(Figure 3.7). The negative Z anomaly, which induces the cold over East Asia, is 

located over 100°E - 150°E during the Peak period. At the same period, the 

positive Z anomaly related to the stratospheric circulation is maintained strongly 

over the North Pacific (180°E - 210°E). This positive Z anomaly move westward 

to East Asia with respect to the time, though its strength is somewhat weakened. 

Therefore, East Asia is dominated by the positive Z anomaly during the Decay 1 

period. 
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Figure 3.6. Same as Figure 3.3 but for the Decay 1 period of SWV event. 
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Figure 3.7. Lag composite of Z anomaly (m) at 300 hPa averaged over the latitude belt 

between 45°N and 70°N before and after the starting date of SWV event (lag 0 day). The 

thick black lines represent the boundary of area satisfying the 95% confidence level. 
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3.3.3. Regaining of coldness over East Asia during Decay 2 period and 

weakening of SWV during Decay 3 period 

 

The stratospheric circulation related to the SWV in the Decay 2 period shows 

the similar feature with the Decay 1. However, the negative Z anomaly in the 

upper-troposphere over East Asia, which is weakened during the Decay 1 period, 

is strengthened again (Figure 3.8a). That leads to the cold in the lower-

troposphere (Figure 3.9c). In the Decay 3 period, although the circulation 

features in the stratosphere and troposphere are similar with those in the Decay 2, 

the intensity of stratospheric circulation anomalies are weakened conspicuously 

(Figure 3.8d). Therefore, in the troposphere, the anomalous circulation is also 

less apparent than the previous periods (Figure 3.8f). Due to this weakening of 

circulation intensity, the cold over East Asia is also not significant (Figure 3.9f). 

The clear negative Z anomaly during the Decay 2 period seems to be related 

to the tropospheric negative AO-like pattern associated with the SWV. Figure 

3.10 shows the Z field at 300 hPa regressed onto the daily AO index. The strong 

positive (negative) Z anomalies where are centered over Greenland and Northern 

Siberian Sea (North Atlantic, North Pacific and East Asia) are similar with the 

composite patterns of Z anomaly at 300 hPa (Figure 3.8b). In order to examine 
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how well-projected the composite pattern is during SWV event, the composites 

of Z anomalies during SWV period are projected onto the Z pattern at 300 hPa 

regressed on the daily AO index (Figure 3.11). The large positive value indicates 

that the composite pattern is well-projected onto the negative AO-like pattern, 

due to the projection on the negative phase. The tropospheric circulation during 

the Peak period begins to be gradually taken the negative AO-like pattern. Then, 

during the Decay 1 and 2 periods, the composites of Z anomalies are consistently 

projected well on the negative AO-like pattern. Therefore, the large-scale 

circulations during the Decay 1 and 2 periods are favorable condition for the 

deepening of EAT in the perspective of the statistical relationship. However, the 

Z anomaly over East Asia during the Decay 1 period maintains the 

climatological level under the influence of negative AO phase (Figure 3.6b). 

Although the negative AO-like pattern related with the stratospheric impact 

consistently dominates over the Northern Hemisphere during both the Decay 1 

and 2 periods, East Asia area is locally influenced by the westward migration of 

the positive Z anomaly over the North Pacific related to the stratosphere (Figure 

3.7) during the Decay 1 period. Therefore, the EAT during SWV event is 

strengthened during the Peak period is weakened in the Decay 1 period, and re-

strengthened in the Decay 2 period. The strengthening and weakening of EAT 

during SWV events result in the fluctuation of lower-tropospheric temperature 
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over East Asia. These results indicate that the features of circulation and 

temperature over East Asia during SWV period are influenced by the large-scale 

circulation such as the tropospheric negative AO-like pattern as well as the direct 

impact of the tropospheric local circulation associated with the SWV. 
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Figure 3.8. Composite maps of normalized Z anomalies at 50 hPa (a, d), 300 hPa (b, e), 

and 850 hPa (c, f). The left column panels are for the Decay 2 and the right column 

panels are for the Decay 3 period of SWV event. The thick black lines represent the 

boundary of area satisfying the 95% confidence level. 
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Figure 3.9. Composite maps of temperature anomalies (°C) at 50 hPa (a, d), 300 hPa (b, 

e), and 850 hPa (c, f). The left column panels are for the Decay 2 and the right column 

panels are for the Decay 3 period of SWV event. The thick black lines represent the 

boundary of area satisfying the 95% confidence level.  

  



４３ 

 

 

 

Figure 3.10. The spatial pattern of the Z anomaly (m) at 300 hPa regressed onto daily 

AO index in the winter season. The thick black lines represent the boundary of area 

satisfying the 95% confidence level. 
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Figure 3.11. Projection coefficient index of the Z composite pattern onto the pattern of 

Figure 3.10 (the spatial pattern of the Z anomaly at 300 hPa regressed onto daily AO 

index).The red boxes represent the sub-periods of the SWV event.  
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4. Feedback between synoptic eddy and low-frequency 

circulation related with SWV  

 

 

4.1. Impact of SWV on the tropospheric circulation over the North Pacific 

region 

 

As described in chapter 3, the negative Z anomaly dominates in the upper-

troposphere of East Asia during the Peak period of SWV event. This leads to the 

cold condition by the cold air advection in the lower-troposphere (850 hPa). 

After the Peak period, the negative Z anomaly weakened in the Decay 1 period. 

These features of the circulation evolution over East Asia are caused by the 

westward propagation of the positive Z anomaly over the North Pacific to East 

Asia. These results indicate that the positive Z anomaly over the North Pacific 

related to the stratospheric circulation in the Peak period play a crucial role in the 

fluctuation of East Asian temperature during the SWV event. 

By the way, in the Peak period of SWV event, a strong positive Z anomaly in 

the stratosphere is almost zonally symmetric (Figure 3.3), whereas the positive Z 

anomaly pattern in the troposphere shows the elongated shape from the North 
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Pacific to the Atlantic. I am curious about the reason why the positive Z 

anomalies related to the stratospheric circulation are just stronger over the North 

Pacific and Atlantic than other regions? (I focus on the North Pacific where is 

largely related with the temperature variation over East Asia) 

The North Pacific is the representative regions where is well-known as the 

storm track. The storms in the regions typically have a time scale of synoptic 

eddy (a few days) and have large variability. The large variability implies that the 

interaction between synoptic eddy and low-frequency flow is able to be active 

[Lau, 1988; Thompson and Wallace, 1998; 2000; Chang et al. 2002]. In previous 

studies, Lau [1988] indicated that the covariance between the monthly mean 

scale circulation and the variance fields of synoptic eddy is high. Moreover, he 

suggested a positive feedback between synoptic eddy and low-frequency flow. In 

addition, many previous studies showed that this feedback plays an influential 

role in generation of the low-frequency patterns and in those maintenance [Cai 

and Mak, 1990; Lau and Nah, 1991; Qin and Robinson, 1992; Branstator, 1995; 

Limpasuvan and Hartmann, 1999; 2000; Kug et al., 2009a,b; Ren et al., 2009]. 

These previous studies indicate the interaction between synoptic eddy and low-

frequency circulation, not one-sided impact of one term on the other. Therefore, I 

framed a hypothesis that the feedback between synoptic eddy and tropospheric 

low-frequency flow related to anomalous stratospheric circulation play an 
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important role in the strengthening of tropospheric circulation over the North 

Pacific in the Peak period. In order to prove the hypothesis, I examine the 

contribution of synoptic eddy to the lower-frequency flow using the concept of 

eddy-driven potential vorticity (PV) in the following section. 

 

 

4.2. Relationship between low-frequency circulation and synoptic eddy  

 

To examine the role of the synoptic eddy in the strengthening of positive Z 

anomaly over the North Pacific, the conception of PV conservation in the quasi-

geostrophic system is considered [Holton., pp 159-160 ; Lau and Holopainen, 

1984]. The geopotential tendency equation and PV conservation are useful for 

the explanation of physical processes leading to the Z changes. Based on the 

geopotential tendency equation, we know that the Z tendency is related with the 

easily comprehended processes of vorticity and temperature advection. Also, the 

geopotential tendency equation conceals its true character as a conservation 

equation for a field commonly referred to as the quasi-geostrophic PV [Holton, 

pp 159-160].  
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0
dt

dq
                         (eq.4.1) 

 

where the quasi-geostrophic PV is expressed as  
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where   and f denote the relative vorticity and Coriolis parameter, respectively. 

And   represents the extratropical static stability parameter, which is expressed 

as             . R and   indicate the dry gas constant and potential 

temperature, respectively. 

Because       is proportional to the temperature (T), the third term 

(thickness advection) in the right side of eq.4.2 is proportional to the minus 

change rate of temperature with respect to vertical pressure. Thus, the eq.4.2 is 

able to be expressed as the equation of divergence of PV flux by the synoptic 

eddy.  
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where V` denote the band-pass filtered wind vector with just synoptic scale (2-8 

days). Bar and ∇ represents the long-term (11 days) running-mean and the 

horizontal divergence operator, respectively. Other notations are same with those 

in eq.4.2.  

Using above three equations and quasi-geostrophic tendency equation [Holton, 

pp 157], the relation between the divergence of synoptic eddy PV and the Z 

tendency is able to be induced.  
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where the low symbol denotes the low-frequency flow.  

The above relation implies that the divergence of eddy PV flux contributes the 

tendency of low-frequency Z anomaly. That is, if the divergence of anomalous 

eddy-driven PV flux exists in a region, the positive Z anomaly with the low-

frequency develops in that region. Based on this relationship, I examine the 

interaction between synoptic eddy and low-frequency flow related with the SWV 
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in perspective of synoptic eddy PV flux.  

 

 

4.3. Role of the synoptic eddy in stratospheric impact on tropospheric 

circulation  

 

In order to examine the role of synoptic eddy feedback in the strong 

tropospheric response over the North Pacific connected with the stratospheric 

circulation, I calculate the lag composite of meridional component of synoptic 

eddy PV flux anomaly averaged over the North Pacific (180°E-210°E and 50°N-

75°N). Even though the meridional approach is simple, that is meaningful 

because the variation of stratospheric vortex is basically the strengthening and 

weakening of zonal wind, therefore, the feedback might be strong in the 

meridional direction. 

Figure 4.1 shows the Z anomaly and meridional component of synoptic eddy 

PV flux anomaly averaged over the North Pacific. At first, seen the low-

frequency circulation (Z anomaly averaged over the North Pacific), the 

downward signal of positive Z anomaly from the stratosphere to the lower-

troposphere is clear with respect to the lag day during the Peak period of SWV 

event (Figure 4.1). The negative meridional PV flux shows similar feature with 
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the Z anomaly in the troposphere. The negative eddy PV flux means the 

meridional divergence of PV flux over the North Pacific. Based on the eq.4.4, the 

meridional divergence of PV by the synoptic eddy (negative PV flux) contributes 

to the tendency of positive Z anomaly (descending downward with a time lag). 

That is, if the low-frequency Z anomaly related with the SWV influence the 

circulation in the upper-troposphere over the North Pacific, it induces the 

meridional divergence of eddy PV flux through the left-hand rule, which indicate 

that the low-frequency flow tends to systematically modulate synoptic eddies to 

yield eddy PV fluxes directed to the left from low-frequency flow [Kug et al., 

2009]. The divergence of eddy PV flux contributes the strengthening of low-

frequency anticyclone (positive Z anomaly) again. Therefore, the positive 

feedback between eddy flux and low-frequency flow is active in case of the 

impact of stratospheric circulation on the troposphere. On the other hand, during 

0 - +5 days, the strong convergence of eddy PV in the upper-troposphere feeds 

back with the weakening of anti-cyclonic circulation. In the lower-troposphere, 

the weakening of positive Z anomaly progresses slowly. This feature is related to 

the contribution to the positive Z anomaly by the weak divergence of eddy PV 

that locates in the lower-troposphere. 

To examine the contributions of the eddy vorticity and heat flux which are 

components of eddy PV flux, I calculated each eddy flux. As shown in Figure 4.2, 
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the positive Z anomalies averaged over the North Pacific are vertically 

distributed well from the stratosphere to lower-troposphere during the Peak 

period (-5 - +5 day) (Figure 4.2a). In detail, the stratospheric positive Z anomaly 

seems to descend toward the lower-troposphere with respect to the time lag from 

-5 days to 0 days. During the same period, the eddy vorticity flux also shows the 

similar feature with the Z anomaly (Figure 4.2b). The eddy vorticity flux is 

strongly negative in the upper-troposphere during -5 - 0 days. The negative eddy 

vorticity flux also appeared in the lower-troposphere during 0 - 5 days, though it 

is weakened. The negative value of eddy vorticity flux indicates the meridional 

divergence over the North Pacific. That is, the vorticity flux by the synoptic eddy 

contributes to the positive Z tendency of the low-frequency flow related to the 

SWV. 

In cases of the eddy heat flux (Figure 4.2c), the contribution of eddy heat flux 

to eddy PV flux is determined by the vertical shear of eddy heat flux (eq.4.3). 

The negative vertical shear of eddy heat flux (positive contribution to eddy PV 

flux) exists weakly before 0 day the in the upper-troposphere and appears 

strongly during 0 - +5 days in the lower-troposphere. That is, the negative 

vertical shear of the eddy heat flux tends to slant downward with respect to the 

time lag. Whereas, in the upper- and middle-troposphere, strong positive vertical 

shear (negative contribution to eddy PV flux) is clear during 0 - +5 days. These 
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features indicate that the vertical shear of eddy heat flux contributes to the 

positive Z tendency in the upper-troposphere (lower-level) in during -5 – 0 days 

(0 - +5 days). In addition, during 0 - +5 days, the weakening of positive Z 

anomaly with the time lag in the upper-troposphere is related to the strong 

positive shear of eddy heat flux. 

To obtain accurately the eddy-induced Z tendency over the North Pacific, I 

calculated the divergence of eddy PV flux considered both the meridional and 

zonal direction (Figure 4.3). Both the divergence of synoptic eddy PV flux and 

the positive Z anomaly of low-frequency flow related to the SWV descend 

toward the lower-troposphere during the Peak period of SWV event. In 0 - +5 

days, the convergence of eddy PV flux in the upper-troposphere feeds back with 

the weakening of positive Z anomaly over the North Pacific. This indicated that 

the low-frequency circulation related to the SWV interacts with the synoptic 

eddy. 

Overall, the contributions of eddy vorticity flux and heat flux (Figure 4.4) on 

the low-frequency flow have the similar features with those of meridional 

components of the fluxes (Figure 4.2). The eddy vorticity flux over the North 

Pacific diverges in early time of Peak period during SWV event (-5 – 0 days) 

(Figure 4.4a). Therefore, the divergence induces the positive Z anomaly in the 

upper-troposphere. In 0 - +5 days, the convergence of vorticity flux is dominant 
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in the upper-troposphere and induces the weakening of positive Z anomaly. In 

the contribution of the eddy heat flux (Figure 4.4b), the vertical shear of eddy 

heat flux divergence (positive contribution to positive Z anomaly) tends weakly 

to descend toward the lower-troposphere with a time lag, but it is very weak. 

During the Peak period of SWV event, it is clear that the vertical shear of eddy 

heat flux divergence contributes negatively to the positive Z anomaly over the 

North Pacific in the upper-troposphere. On the other hand, the positive 

contribution to the positive Z anomaly in the lower-troposphere is relatively 

larger than the divergence of eddy vorticity flux. 

To conclude, the role of synoptic eddy feedback is crucial to the evolution of 

the tropospheric positive Z anomaly with the low-frequency over the North 

Pacific during the Peak period which is related to the SWV. In particular, the 

divergence of eddy vorticity flux plays an important role in the impact of SWV 

on the tropospheric circulation in the upper-troposphere during the early time of 

SWV event. Moreover, the eddy heat flux contributes largely to the positive Z 

anomaly (low-frequency flow) in the lower-troposphere. 
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Figure 4.1. Lag composite of the Z anomalies (m) in shading and the eddy PV flux 

anomaly (m·s-2
) with contour interval of 2ⅹ10

-5
 averaged over the North Pacific area 

(50°N-75°N and 180°E-210°E). 
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Figure 4.2. Lag composites of the anomalies of (a) Z (m), (b) eddy vorticity flux (m·s-2

ⅹ10
-5

), and (c) eddy heat flux (m·K·s-1
) averaged over the North Pacific area covering 

over 50°N-75°N and 180°E-210°E. 
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Figure 4.3. Lag composite of the anomalies of Z (m) in shading and divergence of eddy 

PV flux (s
-2

) with contour interval of 1ⅹ10
-11

 averaged over the North Pacific area (50°

N-75°N and 180°E-210°E). 
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Figure 4.4. (a) Lag composite of the anomalies of Z (m) in shading and divergence of 

eddy vorticity flux (s
-2

) with contour interval of 2ⅹ10
-11

 averaged over the North Pacific 

(50°N-75°N and 180°E-210°E), (b) is the same as (a) but for the contribution of eddy 

heat flux term representing the vertical shear of eddy heat flux anomaly. 

  



５９ 

 

 

5. Characteristics of cold surges related with SWV 

 

 

As shown in the chapter 3, the stratospheric circulation influences the 

temperature variation over East Asia during the winter season. In particular, the 

negative Z anomaly over East Asia (the deepening of East Asian trough) related 

to the SWV play a crucial role in the cold condition in the lower-troposphere 

during the SWV event. The cold surge is representative of the sub-seasonal 

variability over East Asia and is also closely related with the upper-tropospheric 

condition such as East Asian trough. Therefore, I investigate the stratospheric 

impact on the cold surge, which is extreme weather event over East Asia during 

the boreal winter season. 

 

 

5.1. Cold surges during SWV and SSV events 

 

In order to examine the characteristics of cold surge related with the 

stratospheric circulation, the East Asian cold surges are classified into those 

occurred during the stratospheric strong vortex (SSV) event and during SWV 
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event. I compare the characteristics of cold surge in the SWV event with those in 

the SSV event. The period of SSV event is defined by the same methods in 

section 2.2.1 except for the methods determining starting date of SSV event. The 

starting date of SSV is defined as the first date which is larger than 90 percentile 

of VSI. Cold surge is also defined by the method in section 2.2.2. 

Following the definitions introduced in the section 2, the cold surges in SSV 

and SWV periods occur 74 and 44 times, respectively. Considering the total 

period of SSV and SWV, the cold surges in the SWV (1.61 times per a month) 

occur more frequently than in the SSV (1.19 times/month). The larger frequency 

of cold surge occurrence over East Asia in negative AO phase than positive 

phase is consistent with the previous results in Jeong and Ho [2005]. Since the 

SWV induces the negative AO-like pattern in the troposphere, it seems to be 

reasonable what the cold surges over East Asia occur frequently during the SWV 

event. 

 

 

5.2. Comparison of cold surges characteristics between during the SWV and 

SSV events 

 

The strength and duration are the representative characteristics of cold surges. 
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Therefore, in terms of strength and duration, I compare the cold surges in SSV 

event with those in the SWV event. Table 5.1 shows the frequency, mean 

duration, and strength of cold surges in the SSV and SWV. The duration of cold 

surge is defined as the period from date occurring extreme SAT drop to the date 

of recovery to climatological SAT. The strength is defined as the SAT anomaly 

on the cold surge occurrence day. Mean duration (7.06 days) of cold surges in 

SWV events is longer than that in SSV event (5.53 days). In addition to the 

longer duration, the strength of cold surge is also stronger in SWV (-3.90 °C) 

event than SSV event (-3.11 °C). 

As well as the mean change in cold surge characteristic, in order to examine 

the feature of change in cold surge characteristic, I examine the distribution of 

cold surge frequency according to the duration and strength (Figure 5.1). It is 

found that the cold surge lasted longer than 6 days event occurred more 

frequently occurred in the SWV event than in the SSV event. Moreover, the 

extreme cold surge with the lower temperature than -5 °C is slightly more than in 

the SSV event. These results indicate that the SWV is related to the long-lasting 

and strong cold surge over East Asia. 

Based on the results in chapter 3 (the deepening of East Asian trough during 

SWV event), the difference in the cold surge characteristics during between SSV 

and SWV could be due to the differences in circulation over East Asia. To 
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examine the differences of circulation associated with the differences of cold 

surge characteristics between in the SWV and SWV, I applied the lag-composite 

analyses of tropospheric circulation and SAT during the cold surge events 

occurred in both stratospheric events, separately. Figures 5.2, 5.3 and 5.4 show 

the composites of Z anomalies (at 300 hPa and 850 hPa), SAT and wind (at 850 

hPa) from 6 days before the occurrence of cold surges to 6 days after the 

occurrences. 

In both stratospheric cases, the wave trains in the upper-level (Z field at 300 

hPa) emanate clearly southeastward from the Ural Mountains to East Asia before 

cold surge occurrences (Figure 5.2). Although the upper-level wave trains prior 

to cold surges are common features in both cases, there are conspicuous 

differences. A negative and positive Z anomaly pair over the Ural Mountains and 

Siberia before cold surge occurrences (days -2) in the SWV event is much 

stronger than in the SSV event. Moreover, after the cold surge occurrence, the 

upper-level cyclone anomalies over the East Asian coast become weak from day 

+2 and decay in day +4 in the SSV event, whereas the negative Z anomalies 

become strong in day +2 and maintain until day +6 after the cold surge 

occurrence in SWV event. These upper-level features of cold surges in the SWV 

event intensify the upper-level East Asian trough for a longer time than in the 

SSV event. The deepening of East Asian trough are favorable conditions to 
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induce the cold air advection by northerly wind toward East Asia in the lower-

troposphere [Chang and Lau, 1982; Joung and Hitchman, 1982; Lau and Lau, 

1984; Boyle, 1986]. 

Another remarkable feature before and after cold surge occurrence in the 

SWV event (SSV event) is the negative (positive) AO-like pattern which is a 

large-scale pattern with out-of-phase fluctuations between the polar and mid-

latitude. These features indicate that the negative AO-like pattern during the 

period of cold surge in the SWV event could influence the circulation related 

with the cold surge characteristics. In particular, the deepening of East Asian 

trough (negative Z anomaly over East Asia) related to the SWV during the cold 

surge event is favorite condition for strong and long-lasting cold surge. 

In the lower-level circulation fields (at 850 hPa, Figure 5.3), the anticyclone-

cyclone pairs related with the upper-level circulations over East Asia during the 

cold surge event are prominent in both stratospheric events. In particular, the 

intensities of cyclone anomaly centered over the Korean Peninsula and Japan in 

day 0 are larger in the cold surge during the SWV event than during the SSV 

event. This strong lower-tropospheric cyclone anomaly induces the strong 

northerly wind and cold air advection toward East Asia in the cold surge 

occurrence. This feature of lower-level circulation over East Asia leads to 

stronger cold surges than in SSV event. After the cold surge occurrence (day +2) 
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in the SWV event, the lower-level positive (negative) Z anomalies are still strong 

over the polar cap area (East Asian coast), whereas East Asia is dominated by  

the positive Z anomaly in the SSV event, indicating a weaker cold air advection. 

In day +4 after the cold surge occurrence in both stratospheric events, anti-

cyclone and cyclone pairs almost disappeared. However, in the SWV event, the 

positive Z anomaly over Siberia related to the negative AO-like pattern is still 

strong [Jeong and Ho, 2005]. These large-scale features are favorable condition 

for the maintenance of strong cold surge. 

The SAT patterns (Figure 5.4) are related with these lower-tropospheric 

circulations. In both stratospheric cases, strong cold anomalies appear over 

Siberia in days -2 of cold surge events. This cold condition over Siberia is due to 

the cold air advection by northerly winds between the eastern edge of 

anticyclone anomalies and western edges of cyclonic anomalies in the lower-

level. These cold anomalies migrate southeastward to East Asia from day -2 to 

day 0. The cold anomalies related with cold surge in the SSV events influence 

East Asia until day +2 and become weak gradually. However, in the SWV event, 

the cold anomalies influence more strongly over East Asia. Also, the cold lasts 

consistently in strong condition over East Asia. These features are explained well 

by the wind pattern (Figure 5.4). The anomalous lower-level circulation over 

East Asia and cold air advection in the SWV event is stronger on the day of cold 
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surge occurrence and persist longer until day +4 and +6 than in the SSV events. 

These stronger and longer-lasting cold air advection and cold anomalies are 

consistent with the longer duration and stronger strength of cold surge events in 

SWV events than in SSV events (Table 5.1). As a result, the stronger and longer-

lasting cold surges in SWV events than in SSV events is strongly associated with 

the changes in tropospheric circulation anomalies related with the SWV. 
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Table 5.1. Frequency, mean duration, and mean strength of cold surges during the SWV 

and the SSV events. 

 CS occurrences 

(Number) 

Mean Duration 

(days) 

Mean Strength 

(°C) 

SWV 74 (1.61/month) 7.06 -3.90 

SSV 44(1.19/month) 5.53 -3.11 
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Figure 5.1. Frequencies of cold surge occurrences according to the duration (left) and 

SAT anomaly in the starting date of cold surge (right) during the SWV and SSV events.  
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Figure 5.2. Composite maps of Z anomalies (m) at 300 hPa (thin contour and shading 

with an interval of 20 m) for the cold surge period from lag -6 days to lag +6 in the SSV 

(a-g) and SWV event (h-n) over the northern hemispheric domain.  The thick black 

lines represent the boundary of area satisfying the 95% confidence level. 
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Figure 5.3. Composite maps of Z anomalies (m) at 850 hPa (thin contour and shading 

with an interval of 10 m) for the cold surge period from lag -6 days to lag +6 in the SSV 

(a-g) and SWV event (h-n) over the northern hemispheric domain. The thick black lines 

represent the boundary of area satisfying the 95% confidence level. 
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Figure 5.4. Composite maps of the anomalies of SAT (°C) at 850 hPa with thin contour 

and shading and wind (m·s-1
) for the cold surge period from lag -6 days to lag +6 in the 

SSV (a–g) and SWV event (h–n) over the East Asian domain. The thick black line 

represents the boundary of area satisfying the 95% confidence level. 
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6. Decadal change in cold surge characteristics and relations with 

the AO – Possible linkage to SWV 

 

 

It is interesting that the frequency of SWV event shows the clear decadal 

change in the recent past three decades [Kolstad et al., 2010; Reichler et al, 

2012]. The SWV occurred more frequently in the 1980s and 2000s than the 

1990s. As mentioned in the chapter 5, the tropospheric circulation (negative AO-

like pattern and deepening of EAT) related with the SWV influence on the 

characteristics of the East Asian cold surge. In this chapter, I investigate the 

decadal change in cold surge characteristics and relationship with the AO. 

Furthermore, the possible linkage of decadal change in cold surge to the SWV is 

examined. 

 

 

6.1. Decadal changes in cold surge characteristics 

 

In order to examine the decadal changes in cold surge characteristics over 

East Asia for the winter season (Jan.-Mar.) of recent decades (1979-2011). I 
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divided the total analysis (33 years) period into three decades with 11 years 

interval. In general, natural climate variability does not necessarily follow the 

typical calendar-defined decades. In addition, it is very difficult to pinpoint the 

changing point of decadal climate variability with precision. In the case of 

decadal variability of the EAWM, some previous studies have suggested that the 

SAT and circulation in East Asia vary prominently at the decadal time scale in 

relation with EAWM change 1980s [Watanabe and Nitta, 1999; Wu et al., 2006; 

Miyazaki and Yasunari, 2008]. However, decadal changing points in the studies 

differ from each other. Moreover, it is not appropriate to directly apply  the 

decadal changing points generated by previous studies to our research, as the 

timescale and area of variability is different. Therefore, instead of resorting to a 

particular definition of regime change, I divide the recent 33 years to three 

calendar-defined decades of 1979–1989, 1990–2000, and 2001–2011 (hereafter 

referred to as the 1980s, 1990s and 2000s, respectively). In this study, I will 

show that decadal changes in cold surge characteristics are reasonably captured 

on these calendar-defined decades and that the detected changes are sufficient to 

elucidate the decadal change for various aspects of EAWM variability (i.e. AO, 

SAT, and atmospheric circulation). 

It is found that the frequency of cold surge occurrence was similar for three 

decades: 50, 52, and 53 times in the 1980s, 1990s, and 2000s, respectively. 



７３ 

 

However, duration and intensity of cold surges showed considerable differences 

between the three decades. Figure 6.1 shows the number of cold surge 

occurrences categorized by duration and intensity for the 1980s (black), 1990s 

(light gray) and 2000s (dark gray). Cold surge events lasted longer than 4 days 

occurred more often in the 1980s (30 times, 60.0%) and 2000s (30 times, 56.6%) 

than in the 1990s (19 times, 36.5%), while those lasted shorter than 4 days 

occurred less frequently in the 1980s (20 times 40.0%) and 2000s (23 times, 

43.4%) than in the 1990s (33 times, 64.5%). The mean durations of cold surges 

for the three periods were 7.30, 5.19, and 6.58 days in the 1980s, 1990s and 

2000s, respectively. In addition to the longer duration, the cold surge intensity, 

defined as the SAT in the cold surge occurrence date, was stronger in the 1980s 

and 2000s (Figure 6.1). In the 1990s, 44.2% (23 times) of cold surge occurrences 

exhibited intensities below -3°C, in contrast to 64.0% (32 times) and 54.7% (29 

times) in the 1980s and 2000s, respectively. The mean SATs on cold surge 

occurrence days for each decade were -4.06, -3.32 and -3.70 °C in the 1980s, 

1990s, and 2000s, respectively. To summarize, cold surges lasted longer and 

were stronger during the 1980s and 2000s than the 1990s. 
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Table 6.1. Cold surge statistics for individual decades for the negative (-AO) and 

positive (+AO) phases of AO index. The digits inside of parentheses are for the 

positive phase of AO index and the outside values are for the negative phase. 

Cold Surge Characteristics  

in the negative AO ( positive AO) 
Number 

Mean 

Duration 

Mean 

Strength 

Periods 

1980s 29(21) 8.48(5.67) -4.31(-3.71) 

1990s 20(32) 5.60(4.94) -3.83(-3.00) 

2000s 28(25) 8.44(4.36) -3.94(-3.00) 
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Figure 6.1. The number of cold surge occurrences according to its (a) duration and (b) 

SAT anomaly in the starting date of cold surge. 
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6.2. Decadal changes in large-scale circulation related with cold surge 

 

In order to investigate the changes in atmospheric conditions associated with 

changes in cold surge characteristics for the recent three decades, I conducted 

lag-composite analyses of atmospheric circulation and SAT before and after cold 

surges in East Asia in the 1980s, 1990s, and 2000s. Figure 6.2 and 6.3 show the 

composite anomalies of Z at 300 hPa (upper-level) and 850 hPa (lower-level) 

from 6 days before the occurrence of cold surges to 6 days after occurrences in 

each decade, respectively. Also, Figure 6.4 represents the composite of SAT and 

wind at 850 hPa during the same time lag as Z composite.  

The circulation pattern at the upper-level shows similar wave trains in each of 

the three decades emanating southeastward from the Ural Mountains to East Asia 

during 4 days before cold surge occurrences (Figure 6.2). The upper-level wave 

trains accompany lower-level Z anomalies that are approximately 90° out of 

phase against the upper-level Z fields until cold surge occurrence day (day 0) in 

East Asia (Figure 6.3). This is a typical circulation feature observed during the 

developing phases of quasi-geostrophic and baroclinic waves [Zhang et al., 1997; 

Chen, 2002; Jeong and Ho, 2005; Park et al., 2011b]. Although the upper-level 
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wave trains prior to cold surges are common features in each of the three decades, 

those in the 1980s and 2000s are more prominent in terms of structure and 

strength (Figure 6.2). Moreover, the lower-level circulation in the 1980s and 

2000s is also as remarkable as the features of upper-level circulation (Figure 6.3). 

In particular, the intensities of upper- and lower-level anticyclone anomalies over 

the Ural Mountains in the beginning of cold surge development (day -2 and -4) 

are stronger in the 1980s and 2000s than the 1990s. In addition, the upper-level 

cyclone anomalies over East Asia and lower-level anticyclone anomalies 

centered over Siberia at day -2 are intense for the 1980s and 2000s. After cold 

surge occurrence, although the upper-level wave trains decay in all of the three 

decades, the upper-level cyclone anomalies over East Asian coast are developed. 

These upper-level cyclone anomalies are stronger in the 1980s and 2000s than 

those in the 1990s. The lower-level cyclone anomalies over East Asia persist 

until day +4 after cold surge occurrence in the 1980s and 2000s. On the other 

hand, in the 1990s, the lower-level cyclone anomalies decay quickly over East 

Asia and the anticyclone anomaly emerges over Siberia in day +4 and expands to 

North China in day +6.  

Near surface level (Figure 6.4), strong cold anomalies appear over Siberia at -

4 days in all of the three decades because of cold air advection by northerly 

winds between the eastern edge of anticyclone anomalies and western edges of 
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cyclonic anomalies at the lower-level. These cold anomalies migrate 

southeastward to East Asia until day 0 and are associated with the evolution of 

lower-level circulation anomalies coupled with upper-level wave trains. It is 

noted that anomalous lower-level circulation over East Asia and cold air 

advection in the 1980s and 2000s were much stronger on the day of cold surge 

occurrence and persisted longer than those in the 1990s. These stronger cold air 

advection and cold anomalies are consistent with the frequent occurrence of 

stronger cold surge events in the 1980s and 2000s as seen in Figure 3. During the 

decaying phase of the cold surge, in the 1990s, the SAT anomaly over East Asia 

returns to the climatological level in day +4 (Figure 6.4m), associated with the 

weakening of the anomalous lower-level circulation over the East Asian coast 

(Figure 6.2m). On the other hand, in the 1980s and 2000s, this cold anomaly 

persists longer, until day +6, over East Asia. These features result from the 

anomalous lower-level northerly wind related to cyclone anomalies over the East 

Asian coast, which also persisted until day +6. The upper-level cyclone anomaly 

over the East Asian coast after cold surge occurrence plays a role in intensifying 

the climatological coastal trough. The deepened coastal trough is related 

dynamically with the intensification of northerly wind towards East Asia area at 

the lower-level [Chang and Lau, 1982; Joung and Hitchman, 1982; Lau and Lau, 

1984; Boyle, 1986]. As a result, the increase in stronger and longer-persisting 
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cold surges for the 1980s and 2000s compared to the 1990s is associated with 

changes in large-scale circulation anomalies that are more favorable to the 

intensification of cold surges. 
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Figure 6.2. Composite maps of Z anomaly (m) at 300 hPa (thin contour and shading 

with an interval of 20 m) for the cold surge period from lag -6 days to lag +6 in the 

1980s (a–g), 1990s (h–n) and 2000s (o–u) over East Asian domain. The thick black lines 

represent the boundary of area satisfying the 95% confidence level. 
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Figure 6.3. Composite maps of Z anomalies (m) at 850 hPa (thin contour and shading 

with an interval of 10 m) for the cold surge period from lag -6 days to lag +6 in the 

1980s (a–g), 1990s (h–n) and 2000s (o–u) over East Asian domain. The thick black lines 

represent the boundary of area satisfying the 95% confidence level.  
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Figure 6.4. Composite maps of the anomalies of SAT (°C) and wind ( m·s-1
) at 850 hPa 

for the cold surge period from lag -6 days to lag +6 in the 1980s (a–g), 1990s (h–n) and 

2000s (o–u) over East Asian domain. The thick black lines represent the boundary of 

area satisfying the 95% confidence level. 
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6.3. Decadal change in AO characteristics and its relationship to SAT 

associated with cold surge 

 

Some previous studies have suggested that there has been prominent decadal 

change in the AO [Overland et al., 1999; Zhang et al., 2008; Ohashi and Tanaka, 

2010], and that decadal change in SAT variability over East Asia is related to the 

AO [Miyazaki and Yasunari, 2008]. These previous results are seemingly 

associated with the decadal changes in SAT variability and cold surge 

characteristics suggested in previous subsections. Therefore, I examined a 

possible linkage between the AO and SAT related to cold surges for the last three 

decades in more detail. 

Figure 6.5 shows the power spectrum of daily AO indices for each decade. It 

is found that the daily AO variability fluctuates at the decadal scale. In the 1980s, 

the power of AO variability with periods of 10–20 days is much stronger. 

However, in the 1990s, the power of the 5–10 day period is enhanced and the 

power of the 10–20 days period is highly suppressed. In the 2000s, the power of 

the 10–20 days period is obviously more enhanced than during the 1990s, 

although strong power near the 10 days period does appear. 
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The reason why the AO frequency fluctuates at the decadal time scale may be 

based on decadal changes in the dominant phase of the daily AO index (Figure 

6.6a). In the 1980s and 2000s, the negative phase of the AO occurs more often at 

the daily scale while the positive phase occurs more in the 1990s. Since the 

negative AO phase is linked to the weakening of the zonal mean westerly and 

slow phase propagation of overall the mid-latitude weather system, the decadal 

change in the AO variability (Figure 6.5) related to decadal change in the 

dominant AO phase seems to be quite reasonable. This decadal change of AO 

variability may be influenced by the SWV because the AO-like pattern in the 

troposphere during SWV event maintains continuously during a few weeks 

[Baldwin and Dunkerton, 1999]. However, a further investigation will be 

required to prove this process. 

Such AO decadal fluctuations may be related to the decadal modulation of the 

East Asian cold surges, because the AO is one of the critical components that 

affect cold surges [Jeong et al., 2005; Park et al., 2011b]. Even though the AO is 

basically zonally-symmetric, it also has a significant zonally-asymmetric 

component. This non-zonal component is more conspicuous at the upper-level 

[Thompson and Wallace, 1998] compared to the features depicted at the surface. 

If the local center of the AO over the Pacific sector extends upstream, it 

significantly influences the East Asian coastal trough [Thompson and Wallace, 
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1998]. Further, the role of the deepening upper-level trough on the intensification 

of Siberian High and cold air advection toward East Asia was well reported 

within the literature [Ding and Krishnamurti, 1987; Zhang et al., 1997; Gong et 

al., 2001; Wang et al., 2009; Wang et al., 2010]. Based on these studies, in order 

to examine the linkage between the AO and cold surges over East Asia, I 

compared anomalous SAT observed for a week before cold surge occurrences 

(Figure 6.7a-c) with AO-related SAT change (Figure 6.7d-i). The importance of 

preconditioning during a week before cold surge occurrence over East Asia is 

suggested in previous studies. For example, Joung and Hitchman [1982] 

suggested that cold air outbreaks over East Asia are related with the cyclone and 

anticyclone pair propagated from the western North Atlantic for 6–7 days before 

outbreak day. Sung et al. [2010] also showed that the significant surface 

anomalies (pressure and temperature) downstream of the negative NAO induce 

significant cold advection over East Asia after a week from NAO onset. Figure 

6.7 shows the composite SAT for a week before cold surge occurrence (a–c) and 

in the positive (d–f) and negative (g–i) phases of the AO. Prior to cold surge 

occurrences, cold anomalies exist over central Siberia, indicating the 

strengthening of the Siberian High (Figure 6.7a–c). This feature appears 

commonly in the three decades, but the amplitude of the SAT anomaly is 

distinctly stronger in the 1980s and 2000s than the 1990s. The cold anomalies 
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elongate from Europe to East Asia and cover a larger area of the Eurasian 

continent in the 1980s and 2000s. Conversely, in the 1990s, they are confined 

within the central part of the Eurasian continent. The cold anomalies in the 

Eurasian continent are stronger in the 1980s than the 2000s. In the 2000s, the 

salient feature is the stronger positive SAT anomalies over the Arctic Ocean and 

Greenland. This pattern in the 2000s seems to be related to recent warming in the 

Arctic and constitutes a typical feature called the ‘Warm Arctic Cold Continent’ 

pattern [Overland and Wang, 2010]. Anomalously cold conditions over Siberia in 

the 1980s and 2000s are favorable for strong cold surge occurrences over East 

Asia. These results are consistent with the stronger cold surges observed to occur 

frequently in the 1980s and 2000s. 

In the positive AO phase, while warm SAT anomalies elongated over Europe 

to East Asia, strong cold anomalies appear over Greenland (Figure 6.7d-f). These 

features commonly appeared in the three decades, although the amplitudes of 

warm SAT anomalies are stronger in the 1990s and 2000s than 1980s, and cold 

anomalies over Greenland are more prominent in the 1980s and 1990s. On the 

other hand, in the negative AO phase (Figure 6.7g-i), SAT anomaly composites 

for the 1980s and 2000s are remarkably different from those of the 1990s over 

the Eurasian continent. While cold anomalies in the 1980s and 2000s elongate 

from Europe to East Asia, in the 1990s, negative SAT anomalies are confined 
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over Europe, Northern Siberia and Kazakhstan. The amplitudes of cold 

anomalies over Europe in the 1990s are also much weaker than the 1980s and 

2000s. The SAT patterns for a week before cold surge occurrences (Figure 6.7a-c) 

appear to be quite similar to those related with the negative phase of the AO 

in all of the three decades. This indicates that the negative AO phase is strongly 

related with preconditions of SAT before cold surge occurrence. These 

implications are also supported by previous studies in which the circulation 

pattern downstream induces cold advection over East Asia after developing in 

the negative phase of the NAO [Sung et al., 2010]. Furthermore, because cold 

surges are able to occur in both phases of the AO, all SATs related to both phases 

of the AO are reflected in the mean SAT patterns before cold surge occurrence 

(Figure 6.7a-c). Therefore, this result implies that the dominant phase of the AO 

before cold surge occurrences in each decade is important in the decadal change 

in cold surge characteristics. 
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Figure 6.5. Power spectra of daily AO index for (a) 1979–1989, (b) 1990–2000, and (c) 

2001–2011. The thin and dashed curve in each figure represents the 95% confidence 

level. Three gray vertical lines indicate (from left to right) the periodicities of 20 days, 

10 days, and 5 days. 
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Figure 6.6. (a) Frequencies of the daily AO index for 1980s (red), 1990s (green), and 

2000s (blue), (b) frequencies of the daily AO index for a week before cold surge 

occurrence in each decade. 
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Figure 6.7. Composite maps of SAT (°C, contour and shading) anomalies for a week 

before cold surge occurrences for (a) the 1980s, (b) the 1990s, and (c) the 2000s. 

Composite SAT anomalies in the positive phase of the daily AO for (d) the 1980s, (e) the 

1990s, and (f) the 2000s, and in the negative phase for (g) the 1980s, (h) the 1990s, and 

(i) the 2000s. The thick black lines represent the boundary of area satisfying the 95% 

confidence level. 
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6.4. Decadal change in cold surge characteristics related with AO phase  

 

To clarify the relationship between the AO phase and cold surge 

characteristics, the frequencies of the daily AO index for a week before cold 

surge occurrences in the three decades are investigated, as atmospheric 

conditions related to the AO before cold surge occurrence are able to affect its 

characteristics [Joung and Hitchman, 1982; Sung et al., 2010]. Figure 6.6b shows 

the frequency distribution of the daily AO index for a week before cold surge 

occurrence in each decade. The AO index is standardized by total cold surge in 

each decade for equivalent comparison. In the 1980s, the maximum frequency of 

the AO index appears near zero, and the negative phase of the AO exists more 

frequently before cold surge occurrence. However, in the 1990s, the maximum 

frequency is shifted to the positive phase of the AO, which also becomes more 

frequent. In 2000s, although the maximum frequency of the AO is slightly 

shifted to the positive phase, the negative AO index appears more frequently than 

the positive phase. In particular, extreme negative phases of the AO (less than -4) 

are more frequent. For example, the extreme negative AO events that occurred in 

2001, 2004, 2006, and 2010 led to long and strong cold surges. These results 
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could imply that the decadal change in the phase distribution of the AO is related 

to the change in cold surge characteristics over East Asia. 

In order to examine how many cold surges occurred under the positive and 

negative phases of the AO, the number of cold surge occurrences is categorized 

by the phase of the AO index averaged for a week before cold surge occurrence. 

Table 6.1 shows the number of occurrences, mean duration, and strength of cold 

surges in each decade according to AO phase for the three decades. Cold surge 

events in the 1980s (58.0%) and 2000s (54.7%) occur more frequently in the 

negative phase of the AO than in the positive phase while more cold surge events 

(61.5%) in 1990s  appear in the positive phase. Mean duration (strength) of cold 

surges with negative AO phase preconditioning is shown to be longer (stronger) 

than positive preconditioning in all of the three decades. The result is consistent 

with the AO-cold surge relationship found by Jeong and Ho [2005]. These 

features are more remarkable in strong negative and positive phases of the AO 

(Table 6.2). Strong negative and positive phases of the AO in each decade are 

categorized based on the values of the mean AO index for a week before a cold 

surge, and are classified as being greater than -0.5 sigma and less than +0.5 

sigma, respectively. Cold surges in the 1980s (63.6%) and 2000s (61.3%) also 

occur more frequently in strong negative phases of the AO than in strong positive 

phases while in 1990s, more cold surges (68.6%) appear in positive AO 
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conditions. Further, the mean duration and strength in a strong negative phase of 

the AO are longer and stronger than in the positive phase as seen in Table 6.2. 

These results indicate that mean duration and strength of total cold surge events 

in each decade are strongly associated with the number of cold surges with 

preconditioning of negative and positive AO phases in each decade, and also that 

decadal change in cold surge characteristics is strongly related with the decadal 

change in dominant AO phase distribution before cold surge occurrence. 

To examine the differences of large-scale circulation associated with the 

differences of cold surge characteristics according to phase of the AO, I 

conducted the lag-composite analyses of atmospheric circulation and SAT before 

and after cold surge occurrences for each phase of the AO separately. Figures 6.8, 

6.9, and 6.10 show the composite anomalies of Z (at 300 hPa and 850 hPa), SAT 

and wind (at 850 hPa) from 6 days before the occurrence of cold surges to 6 days 

after occurrences. The cold surge events in the positive and negative phases of 

the AO are categorized based on criteria of strong negative and positive AO 

phases shown in Table 3. The 48 and 51 cold surge events in positive and 

negative phases of the AO are selected, respectively. The circulation composite 

fields at the lower-level (Figure 6.9) for the cold surge period are projected well 

onto the typical spatial pattern of negative and positive AO phases. 

At the upper-level in both phases of the AO (Z field in 300 hPa), the wave 
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trains propagating southeastward from the Ural Mountains to East Asia before 

cold surge occurrences are observed clearly (Figure 6.8). Although the upper-

level wave trains prior to cold surges are common features in both phases of the 

AO, there are remarkable differences. In day -2, while a strong positive Z 

anomaly appears over the East Asian coast in the wave pattern of the positive AO 

phase, a negative and positive Z anomaly pair over the Ural Mountains and 

Siberia in the negative AO phase is much stronger. After the cold surge 

occurrence, the upper-level cyclone anomalies over the East Asian coast decay 

quickly from day +2 in the positive phase of the AO, and the positive Z 

anomalies extend from the Pacific while in the negative phase of the AO, 

negative Z anomalies become strong over East Asia in day +2 and sustain until 

day +6 after the cold surge occurrence. These upper-level features in the negative 

AO phase intensify the East Asian coastal trough and are favorable conditions to 

induce the cold air advection by northerly wind toward East Asia [Chang and 

Lau, 1982; Joung and Hitchman, 1982; Lau and Lau, 1984; Boyle, 1986]. The 

lower-level circulation field (Figure 6.9) shows more prominent anticyclone-

cyclone pairs in the negative phase of the AO than the positive phase. In 

particular, the intensities of cyclone anomalies centered over the Korean 

Peninsula and Japan in day 0 are stronger and larger in the negative phase of the 

AO than the positive phase. These patterns in the lower-level induce strong 
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northerly winds and cold air advection toward East Asia during cold surge 

occurrence and lead to stronger cold surges in the negative phase of the AO than 

the positive phase (Figure 6.10d and k). After cold surge occurrence, lower-level 

positive (negative) Z anomalies over Siberia (East Asian coast) in the negative 

AO phase are long-lasting until day +4 while they almost disappear in day +2 of 

the positive phase. These lower-level circulation features in the negative phase of 

the AO contribute to the northerly wind and cold air advection towards East Asia 

and contribute to maintain the cold anomaly until day +6 (Figure 6.10n). On the 

other hand, in the positive phase of the AO, northerly wind and cold advection is 

already weak in day +2 (Figure 6.10e). Therefore, the cold anomaly over East 

Asia returns to the climatological level at day +2 and is immediately followed by 

a warm anomaly in the Siberia. 

These circulations and SAT features related to cold surges in the negative 

phase of the AO (such as the strong upper-level wave trains over Eurasia before 

cold surge occurrence, long-lasting upper- and lower-level cyclone anomalies 

over the East Asian coast) are similar to those related to cold surges in the 1980s 

and 2000s. These results indicate that the stronger and longer-persisting cold 

surge characteristics in the 1980s and 2000s compared to the 1990s are strongly 

connected with large scale circulation, which are possibly associated with the 

negative phase of the AO. Furthermore, the atmospheric preconditions related 
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with the negative AO phase before cold surge occurrence are more favorable 

conditions for the intensification and long-lasting nature of cold surges. These 

implications are supported by a previous study that suggested that cold surge 

events during the negative phase of the AO are stronger and last longer than 

those during the positive phase [Park et al., 2011b]. 
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Table 6.2. Same as in Table 6.1, except for the cold surges with greater magnitudes of 

the negative phase and the positive phase of AO.  

Cold Surge Characteristics  

in the strong negative AO 

( strong positive AO) 
Number 

Mean 

Duration 

Mean 

Strength 

Periods 

1980s 21(12) 7.95(6.17) -4.23(-3.61) 

1990s 11(24) 5.18(5.00) -3.37(-2.73) 

2000s 19(12) 8.60(5.75) -4.03(-2.68) 
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Figure 6.8. Composite maps of Z anomalies (m) at 300 hPa (thin contour and shading 

with an interval of 20 m) for the cold surge period from lag -6 days to lag +6 in the 

positive (a–g) and negative (h–n) phase of the AO over the northern hemispheric domain. 

The thick black lines represent the boundary of area satisfying the 95% confidence level. 
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Figure 6.9. Composite maps of Z anomalies (m) at 850 hPa (thin contour and shading 

with an interval of 10 m) for the cold surge period from lag -6 days to lag +6 in the 

positive (a–g) and negative (h–n) phase of the AO over the northern hemispheric domain. 

The thick black lines represent the boundary of area satisfying the 95% confidence level.  
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Figure 6.10. Composite maps of the anomalies of SAT (°C) with thin contour and 

shading, and wind (m·s-1
) at 850 hPa for the cold surge period from lag -6 days to lag +6 

in the positive (a–g) and negative (h–n) phase of the AO over the East Asian domain. 

The thick black lines represent the boundary of area satisfying the 95% confidence level.  

  



１０１ 

 

 

 

6.5. Possible linkage between stratospheric variability and decadal change in 

cold surge characteristics 

 

As shown in the previous section 6.3, the decadal change of dominant AO 

phase is clear in recent three decade. In particular, the dominant negative AO 

phase before cold surge occurrences in the 1980s and 2000s influence strongly 

on the decadal change in cold surge characteristics. Also, during the winter 

season of the past 3 decades, the frequencies of the SWV occurrence are clearly 

seen the decadal change. The SWV events related with the negative phase of AO 

in troposphere occurred dominantly in the 1980s and 2000s [Kolstad et al., 2010; 

Reichler et al, 2012]. 

Therefore, in order to examine the linkage between decadal change in cold 

surge characteristics and decadal change in SWV frequency, I simply examine 

how many the cold surges occur in condition of negative AO influenced by SWV. 

Table 6.3 shows the cold surge occurrences during SWV in each decade. The 

58.6% of cold surge related with negative AO phase in 1980s occur during SWV 

event. In case of the 2000s, the proportion of cold surge in SWV is about 67.9%. 

That is, the considerable number of cold surge in the 1980s and 2000s occur 
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under the tropospheric condition related with the SWV. This result indicates that 

the decadal change of SWV frequency is one of factor on the decadal change in 

cold surge characteristics over East Asia. 
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Table 6.3. Cold surge occurrence in each decade for the time period of the negative AO 

phase related with the SWV event.  

 
Decades 

CS occurrences  

in the negative AO related with 

SWV  

Periods 

1980s 17 

1990s 7 

2000s 19 
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7. Conclusions 

 

 

In this study, I examined the tropospheric circulation associated with the SWV 

and its impact on the temperature variation of East Asia over the intra-seasonal 

time scale using the daily mean dataset. I found that East Asia experienced colder 

condition than the normal situation for the SWV period. The level of the 

coldness of East Asia fluctuated largely with longer-time scale than the synoptic 

scale variability of less than 10 days. In the Peak period (the early time of SWV 

event), the extremely cold anomaly dominated East Asia in the lower-

troposphere, whereas the cold condition weakened during the Decay 1 period 

following the Peak period. In the Decay 2 period, the cold anomaly regained its 

strength over East Asia. 

Such a cold-tropospheric temperature was induced by the deepening of East 

Asian upper-level trough (EAT) which seemed to be affected by the stratospheric 

circulation. For the Peak period of SWV, the Z shows large negative anomaly 

over East Asia (the deepening of EAT). The large negative Z anomaly for the 

Peak period seems to result from responding to the wave forcing caused by the 

positive Z anomaly over Ural Mountains located in the upstream side of East 
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Asia, besides the impact of direct stratospheric negative Z anomaly as mentioned 

in the section 3.3.1. This suggestion was supported by the result that the negative 

Z anomaly over East Asia develops barotropically from the stratosphere to 

troposphere in case of the negative Z anomaly over Ural Mountains (WUral 

cases) (more investigations are required.). After the Peak period, the tropospheric 

circulation related with the SWV was projected well onto the negative AO-like 

pattern. Therefore, the hemispheric-scale circulation pattern favored the 

strengthening of EAT and the coldness over East Asia. Actually, during the 

Decay 2 period, the negative Z anomaly related to AO was very pronounced 

clearly in the upper-troposphere of East Asia, and that induced cold anomaly 

over East Asia. 

 On the other hand, in the Decay 1 period, the upper-level negative Z 

anomaly and East Asian coldness almost disappeared. It was related to the 

westward propagation of the strong positive Z over the North Pacific. From the 

Peak period to Decay 1, the stratospheric positive Z anomaly showed the feature 

of clockwise rotation. Associated with this stratospheric circulation, the 

tropospheric positive Z anomaly also propagated westward to East Asia. 

Therefore, the negative Z anomaly and cold temperature anomaly was weakened 

over East Asia in the Decay 1 period. Based on these results, both the regional 

circulation (the strengthening and weakening of EAT) and the hemispheric-scale 
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circulation (the negative AO-like pattern) related to the SWV are very crucial to 

force the anomalous cold condition over East Asia and its fluctuation during the 

SWV event.  

As mentioned in the previous paragraph, the strong positive Z anomaly in the 

troposphere over the North Pacific in the Peak period played a crucial role in the 

dissipation of negative Z anomaly over East Asia during the period of the Decay 

1. This positive Z anomaly was stronger than other regions in contrast with the 

zonally-symmetric positive Z anomaly in the stratosphere. The feature seems to 

be originated from the feedback between the synoptic eddy and low-frequency 

flow related with the SWV related to the SWV. The feedback mechanism is 

eddy-driven potential vorticity (PV) flux. The divergence of eddy PV flux during 

the Peak period showed the feature downward propagation in company with the 

positive Z anomaly over the North Pacific. The divergence of eddy-driven PV 

flux contributes to the intensification of positive Z anomaly over the North 

Pacific related to the SWV.  

The contribution of each component (eddy vorticity and heat flux) of eddy PV 

flux, the divergence of eddy vorticity flux mainly influenced the strengthening 

(weakening) of positive Z anomaly in the upper and middle-troposphere over the 

North Pacific in the early time (late time) of the Peak period time in SWV event. 

On the other hand, the positive Z anomaly in the lower-troposphere was 
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influenced by the contribution of the eddy heat flux (vertical shear of eddy heat 

flux divergence) than the eddy vorticity flux. Moreover, the contribution of eddy 

heat flux also plays a role in the weakening of positive Z anomaly over the North 

Pacific in the late time of Peak period. These results suggest that the synoptic 

eddy feedback plays an important role in the amplification of stratospheric 

impact on the upper- and the lower-tropospheric circulation.  

In addition to the dynamical circulation change and temperature variation 

related with the SWV, I also investigated the stratospheric impact on the 

characteristics (frequency, strength and duration) of cold surge, which is extreme 

temperature variability over East Asia in the winter season. The cold surges were 

stronger and longer-lasting during the SWV event than during the SSV event. 

Furthermore, the cold surge in the SWV event occurred more frequently than in 

the SSV event. On the basis of the lag composite relative to the cold surge 

occurrence, the strong and long-lasting cold surges in the SWV event were 

associated with the changes in the tropospheric large-scale circulation anomalies 

related with the weakening of stratospheric polar vortex. In particular, the strong 

negative Z anomaly over East Asia in the upper-troposphere associated with the 

SWV (the deepening of EAT) favored the stronger and longer-lasting cold surge 

during the SWV than during the SSV event.  

I examined the decadal change in cold surge characteristics for recent three 
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decades (1979-2011). The cold surges occurred during the 1980s and 2000s 

lasted longer and were stronger than during the 1990s. This decadal change was 

related with the decadal change of dominant AO phase before the cold surge 

occurrence. The pattern of composite SAT before cold surge occurrence in each 

decade was well projected on the SAT composite in the negative phase of the AO 

during each decade. Further, the negative phase of the AO for a week before cold 

surge occurrence was detected more often in the 1980s and 2000s while the 

positive phase was dominant in the 1990s  

 The lag-composite analysis of cold surge events in the positive and negative 

phases of the AO revealed the stronger and longer cold air advection from 

Siberia to East Asia (associated with the intense upper-level cyclonic anomaly 

over East Asian coast) in the negative phase of the AO than in the positive phase. 

Tese results suggest that the decadal change in cold surge characteristics is 

strongly associated with the decadal change of dominant AO phase before cold 

surge occurrence. 

Moreover, a considerable number of cold surge events occurred in the 

negative AO phase during each decade belong to the SWV period. This is 

consistent with the tight relation of the SWV with the dominant negative AO 

phases before occurrences of cold surge in the 1980s and 2000s. These results 

suggest that the decadal change of SWV frequency is able to adequately explain 
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the decadal change of cold surge characteristics. 

 

I showed that the SWV influence strongly the temperature variation and cold 

surge characteristics over East Asia in the boreal winter season. In particular, the 

strong cold condition over East Asia appeared clearly during the early period of 

SWV period and after about two weeks from the SWV occurrence. Furthermore, 

this temperature variation has been induced by strengthening and weakening of 

EAT related the stratospheric circulation. These results might be useful for the 

prediction of the short and seasonal scale temperature changes over East Asia 

including the Korean Peninsula for the winter time period.  

Moreover, I emphasized the role of the synoptic eddy feedback in the 

amplification of SWV impact on the tropospheric circulation. This feedback 

between synoptic eddy and low-frequency flow using the conception of eddy PV 

flux could be helpful for investigating the dynamical mechanism about the 

downward propagation of SWV in the tropospheric circulation, which has not 

been established solidly. Moreover, this analysis method for investigating the 

synoptic eddy feedback can be utilized in other research fields on the energy 

cascade between the large scale and the small scale flows. 
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국문 초록 

 

본 연구에서는 통계역학적 관점에서 북반구 겨울철 성층권 극소용돌이의 약화와 

연관된 동아시아 지역의 기온 변화에 대해 조사되었다. 뿐만 아니라 겨울철 기온 

변동과 관련된 극한 현상인 한파의 특성에 있어 성층권 극소용돌이의 변동의 영향에 

대해서도 조사되었다. 

성층권 극소용돌이의 변동은 성층권 순환장의 대표적인 변동성이다. 평균적으로 

서풍인 소용돌이는 다양한 원인에 의해 (주로 대류권으로부터의 연직으로 전파된 

정상파와 극소용돌이의 상호작용) 급격히 약화되거나 동풍으로 전환될 수 있다. 

이러한 급격한 성층권 순환장의 변화는 대류권에 영향을 미칠 수 있음이 학계에서 

인정되고 있다. 성층권 극소용돌이가 약한 기간 (stratospheric weak vortex 

period)에 그와 연관된 극지역 지위고도장을 살펴보면, 현상 발생초기에 급격히 

증가한 후 서서히 평년 상태로 회복함을 알 수 있다. 반면, 동아시아는 이 기간 동안 

전반적으로 음의 기온 아노말리를 유지하지만, 10 일 이상의 시간규모를 가지고 

크게 변동하는 것을 발견하였다. 성층권과 연관된 어떤 대류권 순환장의 특징이 

이러한 동아시아 기온의 변동을 유도했는지 조사하기 위해 성층권 극소용돌이 약화 

기간을 기온 변동의 특징에 따라 네 기간으로 나누어, 순환장과 기온 변화의 특성을 

조사하였다.  

성층권 극소용돌이 약화 현상의 발생 초기에 동아시아는 급격하게 차가워지고 

(피크 기간), 그 이후 (약화 1 기간) 다시 평년 기온 가까이 회복하였으며, 현상발생 

3 주 이후에는 (약화 2 기간) 다시 차가워지는 변동을 보였다. 특히, 이러한 변동은 

겨울철 동아시아 상층에 존재하는 기압골 (East Asian coastal trought, EAT)의 

변동에 의해 발생하였는데, 성층권 극소용돌이 약화기간 동안 이 기압골의 변동은 

성층권 순환장의 변화와 강하게 연관되어 있음을 발견하였다. 피크 기간 동안에는 

강한 추위를 유발하는 기압골의 강화는 두 가지 원인에 의한 것으로 판단된다. 먼저 

동아시아 상류 (upstream)인 우랄산맥 부근의 강한 양의 지위고도장이 파력 (wave 
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forcing)으로 작용하여 그 반응 (response)으로 동아시아 지역에 음의 

지위고도장이 강화될 수 있고, 또한 성층권 극소용돌이 약화에 따른 성층권 

동아시아 지역의 음의 지위고도장에 의한 직접적인 기여도 존재하는 것으로 

판단된다. 동아시아 기온이 평년값 가까이 회복하는 약화 1 기간에는 상층 기압골도 

거의 평년값으로 회복되는데, 이 특징은 성층권 영향으로 발달한 북태평양지역의 

양의 지위고도장이 동아시아 지역으로 서진되어 오면서 (성층권의 시계방향 회전과 

연관) 약화 1 기간의 동아시아 상층 기압골을 약화시켰음을 알 수 있었다. 다시 

동아시아가 차가워지는 약화 2 기간의 동아시아 상층 기압골의 강화는 성층권 

순환장 변화에 의한 대류권 음의 극진동 (Arctic Oscillation, AO)과 연관되어 

있었다. 즉, 성층권 극소용돌이의 약화 기간 동안 동아시아 기온의 큰 변동은 성층권 

순환과 연관된 대류권 대규모 순환과 (음의 극진동) 동아시아 지역규모 순환장 

(동아시아 상층 기압골)의 변화에 의해 발생함을 발견하였다. 

위의 결과에서 알 수 있듯이, 성층권과 연관된 북태평양 지역 양의 지위고도장의 

서진은 동아시아 기온 변동에 중요한 역할을 하였다. 그런데 성층권에서의 양의 

지위고도장은 동서방향으로 거의 대칭적인데 반해, 대류권에서는 북태평양과 

북대서양에서의 강도가 다른 지역에 비해 강하게 나타난다. 이러한 현상이 나타나는 

것에는 성층권 순환장 변화와 연관된 대류권의 저주파 흐름과 종관규모 소용돌이의 

상호작용 (synoptic eddy feedback)이 중요한 역할을 하고 있었다. 이 상호작용은 

잠재와도 플럭스 (potential vorticity flux)의 관점에서 분석이 가능한데, 성층권 

극소용돌이 약화에 의한 북태평양 저주파 양의 지위고도장은 종관 소용돌이에 의한 

잠재와도 플럭스의 발산을 유도하고 이 플럭스의 발산은 다시 양의 저주파 

지위고도장을 강화시키는 것을 확인하였다. 이러한 결과는 북태평양 지역의 강한 

종관 규모 소용돌이들이 성층권 영향에 의한 저주파 흐름과 상호작용하며 저주파 

흐름을 더 강하게 만들었음을 의미한다. 

앞선 결과로부터 성층권 극소용돌이의 변동이 동아시아 기온변동에 영향을 

미치고 있음을 알 수 있었다. 이러한 특징은 급격한 기온 하강을 의미하는 한파의 

특성 (발생빈도, 지속기간, 강도)에도 영향을 미칠 수 있을 것으로 판단되어, 성층권 

극소용돌이의 약화 기간과 강화 기간을 나누어 각 기간에 발생한 한파의 특성을 
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비교하였다. 성층권 극소용돌이 약화 기간 동안 발생한 한파는 강화기간에 발생한 

한파에 비해 그 빈도가 많았으며, 강하고 오래 지속되었다. 이러한 결과는 성층권 

극소용돌이 약화와 연관된 대류권 순환장의 변화가 중요한 원인인 것으로 판단된다. 

성층권 극소용돌이의 약화와 연관된 동아시아 상층 기압골의 강화는 동아시아 한파 

발생에 중요한 역할을 하는 상층 파동패턴 (wave train pattern)의 음의 

지위고도장을 강화시키고, 이것은 동아시아로 찬공기를 더욱 강하게 이류시킬 수 

있는 하층 순환장을 만드는데 좋은 조건을 제공하였다. 뿐만 아니라, 한파 발생 

이후에도 상층 음의 지위고도장은 5 일 이상 지속적으로 유지되면서 하층의 음의 

기온 아노말리를 유지하여 한파가 길게 지속될 수 있는 조건을 제공하였다. 

성층권 극소용돌이 약화 현상은 그 발생빈도 관점에서 최근 33 년 동안 뚜렷한 

약 10 여 년 간격의 변화 (decadal change)을 보인다. 1980 년대와 2000 년대에 

빈번히 발생하고 1990 년대에는 거의 발생하지 않았다. 이러한 특징이 한파 특성의 

10 년 간격 변화에도 영향을 미치는지 조사하기 위해 세 기간 (1980 년대, 

1990 년대 그리고 2000 년대) 으로 나누어 각 기간에 발생한 한파의 특성을 

비교하였다. 1980 년대와 2000 년대에 발생한 한파가 1990 년대에 발생한 한파에 

비해 더 강하고 길게 지속되었다. 그런데 1980 년대와 2000 년대의 한파에서는 

음의 극진동과 연관된 한파 발생 이전 (일주일)의 대기조건이 우세한 반면, 

1990 년대에는 양의 극진동과 연관된 대기조건이 우세하였다. 또한 1980 년대와 

2000 년대에 음의 극진동 대기조건에서 발생한 한파의 상당수가 성층권 약화 

현상에 의한 대류권 음의 극진동과 연관되어 발생하였음을 알 수 있었다. 따라서 

성층권 극소용돌이의 변동은 동아시아 한파의 10 여 년 간격 변화와도 연관되어 

있는 것으로 판단된다. 
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