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Abstract
The impacts of the stratospheric polar vortex changes on the tropospheric climate variability have been emphasized in previ-
ous studies. The present study presents evidence for precursory signals of cold anomalies over East Asia in the stratospheric 
wave pattern during November through March. The leading two empirical orthogonal function (EOF) modes of daily 50-hPa 
geopotential height anomalies along 65°N correspond to changes in the amplitude and phase of the stratospheric planetary 
wavenumber 1, respectively. Composite analysis is performed to unravel the temporal evolution of anomalies during 8 phases 
of 34 events identified based on the second EOF mode with a complete life cycle for the period 1979–2016. The surface 
cold anomalies over eastern China emerge in phase 3 (corresponding to negative and positive 50-hPa height anomalies on 
the North Atlantic and Russian Far East sector, respectively) and peak in phase 5 (corresponding to positive 50-hPa height 
anomalies over Eurasia) when the Siberian high extends southeastward and the East Asian trough deepens with anomalous 
surface northerly winds. Downward propagation of stratospheric signal is detected over western Europe and western Siberia. 
The former is a source region of the tropospheric Rossby wave trains propagating along the polar front jet and subtropical 
jet. The downward propagation of stratospheric signal is related to the reflection of stratospheric planetary wavenumber 1 
pattern and contributes to the development of the tropospheric Rossby wave train that, in turn, leads to the strengthening of 
the Siberian high and the deepening of the East Asian trough.
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1  Introduction

There is indication of connections between stratospheric 
and tropospheric climate variability. On one hand, strato-
spheric climate may be influenced by the upward propaga-
tion of Rossby waves originating from the troposphere (e.g., 
Charney and Drazin 1961; Scaife and James 2000; Chen 
et al. 2003). On the other hand, stratospheric climate signals 
may descend to the troposphere and affect the tropospheric 
circulations (e.g., Kodera and Kuroda 1990; Baldwin and 

Dunkerton 1999; Chen et al. 2005; Scaife et al. 2005; Cai 
and Ren 2007; Kidston et al. 2015; Yu et al. 2018). Baldwin 
and Dunkerton (1999) indicated that the Arctic Oscillation 
(AO) (Thompson and Wallace 1998) anomalies appear first 
in the stratosphere and then propagate downward and the 
anomalies reach the surface in a few weeks. They further 
indicated that the downward propagation of stratospheric AO 
signal is related to the planetary wave activity.

The impacts of stratospheric variations on surface 
weather and climate have been shown by previous studies 
(e.g., Baldwin and Dunkerton 2001; Thompson et al. 2002; 
Scaife et al. 2005; Kolstad et al. 2010; Tomassini et al. 2012; 
Woo et al. 2015). The large-scale circulation anomalies in 
the lower stratosphere can exert a profound influence on the 
location of the Atlantic and Pacific storm tracks and thus sur-
face weather over the Eurasian continent and North America 
(Baldwin and Dunkerton 2001; Kidston et al. 2015). The 
cold air outbreaks over Europe, Asia, and North America 
are shown to be associated with a weak stratospheric polar 
vortex (Kolstad et al. 2010). The circulation change during 
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the life cycle of a weak stratospheric polar vortex event 
influences the temperature variation over East Asia (Woo 
et al. 2015). Due to the time lag between the stratospheric 
circulation anomalies and tropospheric cold air outbreaks 
(e.g., Thompson et al. 2002; Jeong et al. 2006; Scaife et al. 
2008), unraveling the precursory stratospheric signals may 
help the prediction of tropospheric weather and climate.

The impacts of the stratospheric vortex intensity change 
on tropospheric circulation and climate have been a focus 
of previous studies (e.g., Kolstad et al. 2010; Mitchell et al. 
2013; Woo et al. 2015). In addition to the intensity change, 
the polar vortex displays changes in its location (Woollings 
et al. 2010). The displacements of the polar vortex in accom-
pany with the variations of stratospheric planetary wave-
number 1 may play a notable role in tropospheric circulation 
changes (Mitchell et al. 2013). Therefore, a question of con-
cern in the present study is how winter weather and climate 
over East Asia is related to the variations in the stratospheric 
planetary wavenumber 1 pattern.

Many previous studies examined the stratospheric 
influence on the troposphere in the context of zonal mean 
changes (Kodera et al. 1990, 2000; Baldwin and Dunkerton 
1998, 1999; Wang and Chen 2010; Black 2002; Cai and 
Ren 2007; Ren and Cai 2007). While these studies have 
improved greatly the understanding of the troposphere and 
stratosphere interactions, zonal mean changes cannot capture 
the regional features of tropospheric circulation changes and 
weather and climate anomalies (Carlton et al. 2005; Kolstad 
et al. 2010; Tomassini et al. 2012; Takaya and Nakamura 
2013; Kidston et al. 2015; Woo et al. 2015). As the tropo-
spheric response tends to vary with the location and the trop-
ospheric circulation anomalies often display obvious wave 
patterns, it is necessary to unravel the regional features of 
tropospheric circulation changes in relation to stratospheric 
signals. Thus, another issue of concern in the present study 
is how the stratospheric wave pattern changes influence the 
regional climate over East Asia.

The reflection of the stratospheric planetary waves is 
involved in the stratosphere-troposphere coupling (Perlwitz 
and Harnik 2003; Kodera et al. 2008). Previous studies have 
indicated that the reflection of the stratospheric planetary 
waves can modify the tropospheric planetary waves and 
influence tropospheric weather regimes (Coughlin and Tung 
2005; Kodera et al. 2008, 2013, 2016; Nath et al. 2016). 
Many studies focus on the reflection of stratospheric plan-
etary waves during sudden stratospheric warming (SSW) 
events. It is worthwhile to identify the reflection of the 
planetary waves in linking the signals of the stratospheric 
planetary waves to the occurrence of cold anomalies over 
East Asia.

Previous studies have identified several regions of the 
descending of stratospheric signals down to the troposphere 
in relation to cold events over East Asia. Jeong et al. (2006) 

noted that the potential vorticity (PV) anomalies in the strat-
osphere about 1 week prior to cold surges over East Asia 
induce rising geopotential height over northern Eurasia. Woo 
et al. (2015) indicated that the stratospheric height anomalies 
descend over East Asia and modulate the East Asian trough 
that in turn affect surface temperature variations. Song et al. 
(2018) detected intraseasonal height anomalies descend-
ing from the stratosphere over west Europe. A question is 
where the preferred regions are for the stratospheric signals 
to descend to the troposphere prior to cold anomalies over 
East Asia. This question is related to the issue about the 
regional features of the tropospheric circulation changes in 
relation to the stratospheric signal.

The present study focuses on the impacts of stratospheric 
planetary wave changes on the occurrence of East Asian cold 
anomalies in boreal winter. The rest sections are organized 
as follows. The dataset and methodology are described in 
Sect. 2. In Sect. 3, the features of the stratospheric planetary 
wave pattern in the high latitudes are discussed by empiri-
cal orthogonal function (EOF) analysis and lead-lag regres-
sion. The East Asian climate anomalies associated with the 
stratospheric planetary wave pattern are presented in Sect. 4. 
The specific regions for stratospheric signals to affect tropo-
spheric circulations are analyzed in Sect. 5. A summary of 
results and some discussions are provided in Sect. 6.

2 � Data and methodology

The present study uses daily variables from the National 
Centers for Environmental Prediction (NCEP)–Department 
of Energy (DOE) Reanalysis 2, which is provided by the 
National Oceanic and Atmospheric Administration/Office of 
Oceanic and Atmospheric Research/Earth System Research 
Laboratory (NOAA/OAR/ESRL) Physical Science Depart-
ment (PSD) (Kanamitsu et al. 2002). The variables include 
surface air temperature, surface wind, sea level pressure, 
geopotential height, meridional wind, and zonal wind at dif-
ferent pressure levels. The pressure level variables have a 
horizontal resolution of 2.5° × 2.5° with 17 levels extending 
from 1000- to 10-hPa. The surface variables are on the T62 
Gaussian grid. The NCEP-DOE reanalysis data cover the 
period from January 1979 to the present.

In order to identify the variations of high latitude strato-
spheric planetary waves, we apply the EOF analysis to the 
correlation matrix of daily geopotential height anomalies 
along 65°N at 50-hPa from November to March of the year 
1979–2016. The reason we choose the time span of Novem-
ber to March is that it is active season for the stratosphere-
troposphere interaction in the North Hemisphere (Baldwin 
et al. 2003; Black and McDaniel 2007; Woollings et al. 
2010). Because the maximum amplitude of wavenumber 1 
pattern is situated around 65°N in the stratosphere (Wang 
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et al. 2009), we use the geopotential height field along 
65°N to perform the EOF analysis. Composite analysis is 
employed to examine the evolution of anomalies during the 
life cycle of the wavenumber 1 pattern in Sect. 4. The sig-
nificance of composite anomalies is estimated by the Stu-
dent’s t test. The intensity of the Siberian high is represented 
using the mean sea level pressure averaged over the region of 
40°N–65°N and 80°E–120°E (Panagiotopoulos et al. 2005).

In this study, we use the Rossby wave activity flux 
(Takaya and Nakamura 1997, 2001) to illustrate the horizon-
tal and vertical propagation of tropospheric Rossby wave. 
The three-dimensional wave activity flux writes:

The propagation of planetary wavenumber 1 is depicted 
by the Eliassen-Palm (EP flux) (Andrews et al. 1987) and 
Plumb flux (Plumb 1985). The Fourier harmonics is used to 
extract planetary wavenumber 1 pattern (Chen et al. 2005).

3 � The stratospheric planetary wavenumber 
1 variation

The present study aims at investigating the influence of the 
stratospheric planetary wave patterns on the tropospheric 
climate. For this purpose, we first analyze the features of 
dominant modes of stratospheric planetary waves. The 
stratospheric planetary wave patterns are modulated by both 
wavenumber 1 and 2 modes (Woollings et al. 2010). In com-
parison, the wavenumber 2 modes account for less percent 
variance compared to the wavenumber 1 modes (Woollings 
et al. 2010). We focus on the influence of the wavenumber 
1 modes.

Figure 1a presents the spatial distribution of the lead-
ing two EOF modes of daily geopotential height anoma-
lies along 65°N at 50-hPa during November-March for the 
period 1979–2016. The first and second modes account for 
31.6 and 22.4% of the total variance, respectively. They can 
be separated from the other modes according to the criterion 
of North et al. (1982). The centers of positive and negative 
geopotential height anomalies of EOF1 are located around 
110°W and 50°E, respectively. The centers of positive and 
negative geopotential height anomalies of EOF2 are near 
170°E and 20°W, respectively. A similar EOF analysis is 
performed along 55°N. The obtained leading two modes 
display spatial patterns similar to those along 65°N with the 
large loading regions located eastward.
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The two modes have a different modulation of the strat-
osphere planetary wave. This is demonstrated in Fig. 1b-c 
that compare the stationary wave distribution and the EOF 
modes-related geopotential height anomalies at 50-hPa. 
The stationary wave is obtained as the departure of cli-
matological mean from its zonal mean. The geopotential 
height anomalies corresponding to the two modes are 
obtained by regression onto the normalized principal 
component (PC1 and PC2) time series. The climatologi-
cal mean departure is manifested as roughly wavenumber 
1 pattern, with positive center located around Alaska and 
negative center situated around western Siberia, respec-
tively (Fig. 1b, c). The EOF1 pattern displays an overlap 
with the stationary wave. This indicates that the EOF1 
mode modulates largely the amplitude of the stationary 
wave. The EOF1 pattern in our study is similar to the 
EOF2 pattern obtained by Woollings et al. (2010). In con-
trast, the EOF2 pattern tends to be orthogonal with respect 
to the stationary wave pattern. This suggests that the EOF2 
mode may induce displacement of the stationary wave.
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Fig. 1   EOF1 and EOF2 (a) of daily geopotential height anomalies 
(gpm) at 50-hPa along 65°N for NDJFM. The numbers at top-left 
denote the percent variances accounted for by EOF1 and EOF2. Geo-
potential height anomalies at 50-hPa (shading) obtained by regression 
onto normalized PC1 (b) and PC2 (c) superposed with the deviation 
of climatology mean geopotential height at 50-hPa from its zonal 
mean for NDJFM (contour with interval of 80 gpm)
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The lead-lag relationship between PC1 and PC2 var-
ies from year to year. A significant positive correlation is 
detected when PC2 leads PC1 by about two weeks in 23 of 
the 37 years (figure not shown). In the other 14 years, the 
correlation coefficient is negative when PC2 leads PC1 by 
3–24 days. Here, we show the lead-lag regression maps of 
geopotential height anomalies with respect to normalized 
PC1 (Fig. 2a) and PC2 (Fig. 2b) based on these 23 years. 
There are negative height anomalies over the polar region 
on − 25 days, indicative of a strong polar vortex. The nega-
tive anomalies move towards the North Atlantic Ocean, 
meanwhile, positive anomalies emerge over northeastern 
Eurasia, forming a dipole distribution similar to the PC2 
pattern (− 20 day and − 15 day). The positive anomalies 
over Eurasia then weaken and move westward and new 
positive anomalies appear over North America (− 10 day). 
From − 5 day, the distribution becomes similar to the 
PC1 pattern and the magnitude increases (Fig. 1b). After 
+ 5 day, the dipole pattern weakens (+ 5 to + 15 day). On 

lead-lag regression maps of geopotential height anomalies 
with respect to PC2 (Fig. 2b), negative height anomalies 
occupy the polar region from − 25 day to − 15 day. Mean-
while, positive anomalies increase over eastern Eurasia. 
The distribution becomes similar to the PC2 pattern from 
− 10 day (Fig. 2a). After + 5 day, the anomalies weaken 
and move eastward and the distribution becomes the PC1 
pattern (Fig. 1b) on + 15 day. This indicates that the PC2 
leads PC1 by about 15 to 20 days.

Previous studies have indicated the influence of the 
stratospheric polar vortex strength upon the tropospheric 
climate (Kolstad et al. 2010; Tomassini et al. 2012; Takaya 
and Nakamura 2013; Kidston et al. 2015; Woo et al. 2015). 
Here, we show that the East Asian winter climate anoma-
lies have a good relationship to the stratospheric planetary 
wavenumber 1 patterns. This is demonstrated in Fig. 3 that 
displays the lead-lag regression of surface air tempera-
ture anomalies with respect to normalized PC1 and PC2 
time series. Negative temperature anomalies appear west 
and north of the Lake Baikal when temperature anomalies 
lead PC1 by 20 days (Fig. 3a). The temperature anomalies 
move southeastward afterwards. The negative temperature 
anomalies are situated over eastern China when leading 
PC1 by 10 days (Fig. 3b). Then, the cold anomalies dimin-
ish and warm anomalies emerge around the Lake Baikal 
(Fig. 3c). The warm anomalies are confined to north of 
40ºN with a large zonal extension, so the temperature 
anomalies are weak over eastern China since PC1 starts 
to lead temperature anomalies (Fig. 3d–f). Weak cold 
anomalies are observed south of the Lake Baikal when 
temperature anomalies lead PC2 by 20 days (Fig. 3g). 
These temperature anomalies are diminished afterwards. 
Negative temperature anomalies appear over Europe and 
western Siberia when temperature anomalies lead PC2 
by 10 days (Fig. 3h), Then, the cold anomalies extend 
eastward (Fig. 3i-j) and intrude eastern China when PC2 
lead temperature anomalies by 5–10 days (Fig. 3k, l). The 
evolution of temperature anomalies averaged over eastern 
China (20ºN–40ºN, 100ºE–120ºE) with respect to normal-
ized PC1 and PC2 time series is presented in Fig. 4. Neg-
ative temperature anomalies are observed about 10 days 
before the peak PC1 and about 6 days after the peak PC2. 
This time difference is consistent with the lead-lag rela-
tionship between PC1 and PC2. This indicates a signifi-
cant influence of stratospheric planetary wavenumber 1 
modes on the occurrence of cold anomalies over East Asia, 
especially over eastern China. The temperature anomalies 
over eastern China with respect to PC1 are weaker than 
those with respect to PC2 when the time lag is shorter 
than 10 days. This indicates a closer relationship between 
the variations of PC2 and temperature over eastern China. 
So, we focus on the variation of PC2 and its influence on 
climate anomalies over eastern China. The influence of the 
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Fig. 2   Geopotential height anomalies (gpm) at 50-hPa in NDJFM 
obtained by regression unto normalized PC1 (a) and PC2 (b) based 
on 23 years in which PC1 lags PC2 by about 15–20 days. Negative 
(positive) days denote height anomalies leading (lagging) PC1 or 
PC2. The negative values are in blue contour, and positive values are 
in red contour. The contour interval is 10 gpm. The region shown is 
the Northern Hemisphere north of 20°N with Eurasia on the bottom



5969Precursory signals of East Asian winter cold anomalies in stratospheric planetary wave pattern﻿	

1 3

Fig. 3   Surface temperature 
anomalies (°C, shading) in 
NDJFM obtained by regression 
unto normalized PC1 (a) and 
PC2 (b) based on 23 years in 
which PC1 lags PC2 by about 
15–20 days. Negative (posi-
tive) days denote temperature 
anomalies leading (lagging) 
PC1 or PC2. Black dots indicate 
anomalies significant at the 95% 
confidence level. Black boxes 
denote the regions where area-
mean temperature anomalies are 
calculated in Fig. 4

PC1 −20 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC1 −10 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC1 −5 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC1 0 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC1 5 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC1 10 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

−3 −2 −1 0 1 2 3

PC2 −20 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC2 −10 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC2 −5 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC2 0 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC2 5 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

PC2 10 day 

0 o   40oE   80oE  120oE  160oE 
0 o

  20oN 

  40oN 

  60oN 

  80oN 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)



5970	 L. Song, R. Wu 

1 3

PC1 variation may be inferred according to the time lag 
relationship between PC1 and PC2.

4 � The stratospheric planetary wave 
pattern‑related East Asian climate 
anomalies

The previous section provides evidence for a connection 
of the cold anomaly over eastern China with the strato-
spheric planetary wave pattern. In this section, we examine 
the temporal evolution of stratospheric and tropospheric 

anomalies during the life cycle of PC2 to understand the 
physical linkage. For this purpose, we first classify the 
temporal evolution of PC2 into 8 phases based on identi-
fied typical events during November-March of 1979–2016. 
Then, we perform a composite analysis of anomalies in 
these events.

The typical events with a complete life cycle are iden-
tified based on the evolution and amplitude of normal-
ized PC2 time series. A typical event consists of a tem-
poral evolution starting from 0, growing to the peak, then 
decreasing to negative, reaching the negative lowest, and 
turning back to 0. The whole life cycle for a typical event 
is divided into eight phases: phase 1 is the day when PC2 
is close to 0 in the transition from negative to positive 
value, phase 3 is the day when PC2 reaches the largest 
positive value with the magnitude exceeding one standard 
deviation, phase 5 is the day when PC2 is close to 0 during 
the transition from positive to negative value, and phase 
7 is the day when PC2 reaches the lowest negative value 
with the magnitude exceeding one standard deviation. 
Phase 2 is defined as the day located just in the middle of 
phase 1 and phase 3. Similarly, phase 4 is the day located 
in the middle day between phase 3 and phase 5, and phase 
6 is the day in the middle of phase 5 and phase 7. If PC2 
recovers to 0 after phase 7, the day in the middle of phase 
7 and the day with PC2 near 0 is defined as phase 8. We 
detect 34 events with a complete life cycle in the study 
period (1979–2016). The days of phase 3 and phase 7 are 
shown in Table 1. The longest time interval between phase 
3 and phase 7 is 52 days (2001–2002), and the shortest 
time interval is 8 days (1980–1981). The mean time inter-
val between phase 3 and phase 7 is 17 days. So, the mean 
time interval from one phase to its next phase is about 
4 days on average. One thing to note is that composite 
anomalies obtained based on the PC2 phases of selected 
events are not directly comparable to those obtained by the 
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Fig. 4   Surface air temperature anomalies (°C) in NDJFM averaged in 
the region of 20ºN–40ºN and 100ºE–120ºE obtained by regression on 
normalized PC1 (black curve) and PC2 (red curve) based on 23 years 
in which PC1 lags PC2 by about 15–20 days. Negative (positive) day 
denotes temperature leading (lagging) PC1 or PC2. Marked points 
indicate anomalies significant at the 95% confidence level

Table 1   The years and the days 
of phase 3 and phase 7 of PC2 
life cycle

See the text for definition of the events

Year Phase 3 and phase 7 day Year Phase 3 and phase 7 days

1980–1981 Feb 8, Feb 16 1996–1997 Jan 20, Feb 6; Feb 25, Mar 9
1981–1982 Nov 26, Dec 7; Feb 8, Feb 18 1998–1999 Jan 9, Jan 30
1983–1984 Jan 19, Jan 29 1999–2000 Nov 27, Dec 8; Dec 27, Jan 15
1984–1985 Feb 15, Mar 3 2001–2002 Dec 2, Dec 24; Dec 31, Feb 21
1985–1986 Dec 28, Jan 20; Feb 21, Mar 15 2004–2005 Nov 19, Dec 7; Jan 7, Jan 15
1988–1989 Feb 6, Mar 6 2007–2008 Dec 4, Dec 25
1989–1990 Dec 11, Dec 30; Jan 19, Feb 8 2009–2010 Feb 4, Mar 3
1990–1991 Jan 7, Jan 16 2010–2011 Dec 1, Dec 15; Dec 25, Jan 4
1991–1992 Dec 5, Dec 19 2012–2013 Dec 6, Jan 18; Jan 27, Feb 13
1992–1993 Jan 15, Feb 1; Feb 19, Mar 9 2014–2015 Jan 10, Jan 28
1993–1994 Dec 13, Dec 28; Feb 24, Mar 4 2015–2016 Jan 14, Jan 24
1994–1995 Feb 13, Feb 21
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lead-lag regression of the geopotential height anomalies 
with respect to PC2 (Fig. 2) as the time interval between 
neighboring phases varies largely among different PC2 
cycles.

During phase 1, negative geopotential height anomalies at 
50-hPa extend from Siberia through the Arctic to Greenland 
with the center located over central Siberia (Fig. 5a). Posi-
tive height anomalies cover the North Pacific and Alaska. 
Another region of positive height anomalies sits over North-
ern Europe. The negative anomalies move westward and 
equatorward from phase 1 to phase 3 with an increase in 
the magnitude (Fig. 5a–c). At the same time, the positive 
anomalies over the North Pacific in phase 1 move west-
ward and intensify. The distribution of geopotential height 
anomalies in phase 3 is identical to that in the instantane-
ous regression maps of PC2 (Figs. 1c, 2b). From phase 3 to 
phase 5, the negative anomalies move clockwise and weaken 
slightly and the positive anomalies also move clockwise with 
somewhat decrease in the magnitude (Fig. 5c–e). In phase 5, 
the negative anomalies are located over North America and 
the Arctic Ocean and the positive anomalies cover Eurasia 
(Fig. 5e). From phase 5 to phase 7, the dipole continues to 
move clockwise and the anomalies increase (Fig. 5e–g). The 
location of the dipole in phase 7 is close to that in phase 
3 except with opposite signs (Fig. 5c, g). In phase 8, the 
anomalies weaken somewhat (Fig. 5h).

Previous studies have indicated that both the displace-
ment and the split types of the SSW events are related to 

the variation of the planetary wavenumber 1 (Bancalá et al. 
2012; Mitchell et al. 2013; Barriopedro and Calvo 2014; 
Kodera et al. 2016).The reversal of the 10-hPa westerly at 
60°N is used to define the SSW event (Kodera et al. 2016). 
We have examined the evolution of westerly winds at 10-hPa 
along 60°N (figure not shown). Reversal of the westerly 
winds during the eight phases of the PC2 life cycle is not 
observed. The signals of the SSW events may be reduced 
largely by the composite analysis.

During phase 1 and phase 2, eastern China is covered by 
moderate positive temperature anomalies (Fig. 6a, b). The 
cold anomalies appear over this region in phase 3, but the 
main body of the cold anomalies is located north of 40°N 
around the Lake Baikal at this time (Fig. 6c). The cold 
anomalies begin to move southward after phase 3. In phase 
4, the negative temperature anomalies reach 20°N (Fig. 6d). 
After that, the negative temperature anomalies south of 40°N 
strengthens, whereas those north of 40°N are weakened 
(Fig. 6e). This temperature anomaly pattern is similar to 
that in the strong cold events of eastern China south of 40°N 
addressed by Song and Wu (2017). After phase 5, the cold 
anomalies diminish (Fig. 6f–h).

The cold events over East Asia often occur when the Sibe-
rian high intensifies and strong northerly surface winds blow 
(Ding and Krishnamurti 1987; Zhang et al. 1997; Jeong and 
Ho 2005; Song and Wu 2017). The cold anomalies over 
southern China are closely related to the advection of mean 
temperature by anomalous surface meridional winds (Song 

(a) PC2 phase1  Z50 (b) PC2 phase2  Z50 (c) PC2 phase3  Z50 (d) PC2 phase4  Z50 

(e) PC2 phase5  Z50 (f) PC2 phase6  Z50 (g) PC2 phase7  Z50 (h) PC2 phase8  Z50 

−250 −200−150 −100 −80 −60 −40 −20 20 40 60 80 100 150 200 250

Fig. 5   Composite geopotential height anomalies (gpm) at 50-hPa in phases 1–8 of PC2 life cycle
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and Wu 2017). In phase 1 and phase 2, the surface wind and 
sea level pressure anomalies over eastern China are weak 
(Fig. 7a, b). In phase 3, the Siberian region is covered by 
a strong anomalous anticyclone (Fig. 7c). This indicates 
the strengthening of the Siberian high and the associated 
development of anomalous lower-level northerly winds over 
the southeastern flank of the anticyclone. These anomalous 
winds bring colder air from higher latitudes, leading to the 
accumulation of cold air around the Lake Baikal (Fig. 6c). 
After phase 3, the anomalous anticyclone extends south-
ward, indicating the southeastward extension of the Siberian 
high (Fig. 7d, e). The anomalous northerly winds over East 
Asia reach south of 40°N (Fig. 7d, e), accompanied by the 
southward intrusion of cold air to eastern China (Fig. 6d, 
e). In phase 5, the south flank of the anticyclone is near 
20°N, suggesting a significant southeastward extension of 
the Siberian high (Fig. 7e). After phase 5, the anticyclone 
retreats, and the surface northerly winds weaken (Fig. 7f–h). 

Meanwhile, the surface temperature anomalies become weak 
(Fig. 6g, h).

The happening of cold events over East Asia is related 
to the deepening of the East Asian trough and a mid-tropo-
spheric wave pattern over Eurasia along the polar front jet 
(Song et al. 2016, 2018). In phase 3 and phase 4, a Rossby 
wave train is observed over the mid-high latitude Eurasia 
(Fig. 8c, d) with negative height anomalies over Europe 
(0–40°E and 50°N–70°N), positive height anomalies over 
western Siberia (80°E–120°E, 50°N–70°N), and negative 
height anomalies over East Asia (80°E–120°E, 20°N–40°N). 
There is a westward extension of the positive geopotential 
height anomalies along 65°N from 80°E to 40°E, which may 
contribute to the establishment of the wave train (Fig. 8c). 
This westward extension of tropospheric height anomalies 
corresponds to the clockwise movement of the positive geo-
potential height anomalies at 50-hPa in phases 2–3 (Fig. 5b, 
c). This correspondence indicates a possible influence of 

Fig. 6   Composite surface air 
temperature anomalies (°C) 
in phases 1–8 of PC2 life 
cycle. The black dots indicate 
anomalies significant at the 95% 
confidence level
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the stratospheric circulation on the development of tropo-
spheric anomalies. Song et al. (2018) has revealed that the 
intraseasonal Rossby wave train over the mid-high latitude 
Eurasian continent associated with cold events over eastern 
China is triggered by the downward propagation of strato-
spheric anomalies over western Europe. We will discuss the 
stratospheric trigger of the tropospheric Rossby wave train 
during the PC2 life cycle in the next section. The negative 
geopotential height anomalies over East Asia are intensified 
in phase 4, accompanying the southwestward extension of 
the positive height anomalies over western Siberia (Fig. 8d). 
The northwesterly winds lead to the accumulation of cold air 
around the Lake Baikal (Fig. 6c, d), which favors the intensi-
fication of the Siberia high (Fig. 7c, d). At the same time, the 
East Asian trough deepens and extends southwestward from 
the Sea of Okhotsk to northeast China around the longitude 
of 130°E (Fig. 8d), which favors the southeastward expan-
sion of the Siberian high and the development of anomalous 

northerly surface winds along with the advection of cold 
air from higher latitudes to south of 40°N (Fig. 7d). After 
phase 4, the wave train displaces westward and the East 
Asian trough weakens (Fig. 8e, f). In phases 7–8, a wave 
train with opposite anomalies develops over the mid-high 
latitude Eurasia (Fig. 8g, h), which is followed by a weaken-
ing of the East Asian trough and an anomalous surface low 
over East Asia (Fig. 7h). These correspond to the reversal of 
geopotential height anomalies at 50-hPa (Fig. 5g, h).

The relations among the stratospheric wave pattern, 
tropospheric circulation, and eastern China surface tem-
perature variations are further illustrated in Fig. 9 that 
are composite anomalies in the eight phases of PC2 life 
cycle. The surface temperature anomalies over eastern 
China are the average over the domain of 20°N–40°N and 
100°E–120°E. The geopotential height anomalies at 500-
hPa are the average over the same region, which are used 
to denote roughly the strength of the East Asian trough. 

Fig. 7   Same as Fig. 6, but for 
surface wind anomalies (vector; 
scale on right-bottom of phase 
8), sea level pressure (hPa) 
(contour), and sea level pressure 
anomalies (shading). The gray 
dots and black vectors indicate 
anomalies significant at the 95% 
confidence level. The contour 
interval is 5 hPa
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Fig. 8   Composite geopotential 
height (gpm) (contour) and 
geopotential height anomalies 
(gpm) (shading) at 500-hPa in 
phases 1–8 of PC2 life cycle. 
The black dots in the figures 
indicate anomalies significant 
the 95% confidence level. The 
contour level is 100 gpm
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Fig. 9   Time evolution of 
regional mean surface air 
temperature anomalies (°C) and 
geopotential height anoma-
lies (gpm) in the region of 
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1–8 of PC2 life cycle
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The Siberian high index is defined using sea level pres-
sure anomalies averaged over the region of 40°N–65°N 
and 80°E–120°E, following Panagiotopoulos et al. (2005). 
The surface temperature drops from phase 2 to phase 4, 
following the intensification of the Siberian high and the 
East Asian trough. The time lag supports the effect of the 
intensification of the East Asian trough and the intensifica-
tion and southward expansion of the Siberian high on the 
occurrence of cold anomalies in eastern China (Panagioto-
poulos et al. 2005; Takaya and Nakamura 2013; Song and 
Wu 2017). The Siberian high index evolves in the same 
pace as the geopotential height anomalies at 500-hPa, sug-
gesting a close relationship between the intensification of 
the Siberian high and the East Asian trough development 
(Song et al. 2016). The tropospheric circulation anomalies 
lag the stratospheric planetary wave pattern, indicative of 
the precursory stratospheric signal. Note that the decrease 
of PC2 lags the decrease of the other 3 indices by 1 phase, 
and the increase of PC2 lags the increase of the other 3 
indices by 3 phases. This phase relation suggests that the 

tropospheric anomalies may influence the stratospheric 
planetary waves, which is beyond the scope of the present 
study.

5 � The stratospheric planetary wave 
pattern‑induced tropospheric anomalies

Previous section provides evidence of stratospheric sig-
nal in tropospheric circulation changes. In this section, 
we investigate possible physical connection between the 
variation of the stratospheric wave pattern and tropospheric 
circulation anomalies. For this purpose, we first analyze 
the tropospheric wave propagation to identify the source 
regions. Then, we explore whether the tropospheric changes 
in the wave source regions are subjected to stratospheric 
influences.

The propagation of tropospheric Rossby wave packet is 
illustrated by the Rossby wave activity fluxes at 300-hPa 
(Takaya and Nakamura 1997, 2001). The wave pattern in 

Fig. 10   Same as in Fig. 8, but 
for geopotential height anoma-
lies at 300-hPa (gpm) (shading) 
and wave activity flux (unit m2/
s2) (vector, scale on right-bot-
tom of the last panel)
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geopotential height anomaly field over mid-high latitude 
Eurasia is weak in phases 1–2 and becomes evident in 
phases 3–4 (Fig. 10a–d). The wave activity fluxes appear 
to be emitted from the source over northwestern Europe in 
phase 3 (Fig. 10c). This region corresponds to that where 
intraseasonal Rossby wave train is triggered by strato-
spheric anomalies (Song et al. 2018). The wave fluxes split 
into two branches, one propagating along the polar front 
jet and the other propagating southward to the Mediter-
ranean Sea (Fig. 10c, d). The Mediterranean Sea may act 
as a wave source (Watanabe 2004) from where the wave 
packet propagates along the subtropical waveguide towards 
East Asia. This subtropical wave is detected in strong cold 
events which are confined to north of 40°N by Song and Wu 
(2017). The two branches of wave packets propagate toward 
East Asia (Fig. 10d), contributing to the East Asian trough 
change. The establishment of the north wave train may be 
contributed by the westward extension of the positive height 
anomalies from northeast Eurasia (Fig. 10c, d). After phase 
4, the wave trains over the Eurasian continent are weakened 
(Fig. 10e–h).

In the following, we examine the possible downward 
propagation of stratospheric signals in several key regions. 
The first region is the northwestern Europe that appears to 
be a source region of the tropospheric Rossby wave train 
(Fig. 10c). Song et al. (2018) identified downward propa-
gation of intraseasonal signal from the stratosphere in this 
region. The second region is western Siberia where tropo-
spheric height anomalies increase from phase 3 to 4, follow-
ing an increase of same-sign height anomalies in the strato-
sphere (Fig. 10c, d). The third region is East Asia where 
negative height anomalies at 300-hPa develop and positive 
sea level pressure anomalies form from phase 3–4 (Figs. 10c, 
d, 7c, d). The height and pressure anomalies in this region 
can modulate the East Asian trough and the Siberian high. 
The above three regions are all in the path of tropospheric 
wave propagation (Fig. 10d).

Latitude-height cross sections of height and zonal wind 
anomalies over northwestern Europe are presented in 
Fig. 11. The negative height anomalies over the high lati-
tudes move equatorward and downward from phase 1–3 and 
meanwhile their magnitude becomes larger (Fig. 11a–c). The 
downward propagation of positive zonal wind anomalies is 
also evident from phase 1 to phase 3. The downward propa-
gation of height and zonal wind anomalies indicate the influ-
ence of stratospheric anomalies on tropospheric circulation. 
After the stratospheric signals reach the troposphere, the 
tropospheric Rossby wave train is triggered (Fig. 10b-d). 
After phase 4, the negative anomalies retreat to the strato-
sphere (Fig. 11d–f), and the tropospheric wave train weakens 
(Fig. 10d–f).

Downward propagation of stratospheric signal is 
detected over western Siberia as well. Figure 12 shows the 

longitude-height cross section of geopotential height and 
temperature anomalies along 65°N. Positive height anoma-
lies appear in the stratosphere over northeastern Eurasia in 
phase 1 (Fig. 12a). The positive anomalies move westward 
in phase 2 (Fig. 12b), which corresponds to the clockwise 
rotation of the PC2 pattern. A westward tilting structure is 
obvious at this phase. The positive height anomalies extend 
downward from phase 2 to phase 3 (Fig. 12b, c), which cor-
responds to the increase of 300-hPa height anomalies over 
Siberia (Fig. 10b–d). The downward propagation of posi-
tive temperature anomalies over Siberia is evident as well 
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Fig. 11   Latitude-height cross section along 20°E–30°E of geopoten-
tial height anomalies (contour, interval: 40, unit: gpm) and zonal 
wind anomalies (shading, unit: m/s) in phases 1 to 8 of PC2 life cycle
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(Fig. 12b, c). This indicates a contribution of the downward 
propagation of stratospheric signal over Siberia. This agrees 
with Jeong et al. (2006) who indicated a role of the potential 
vorticity anomalies of the stratosphere in the increase of 
geopotential height over northern Eurasia. After phase 5, 
with the clockwise movement of the PC2 pattern, the posi-
tive height anomalies are replaced by negative anomalies 
(Fig. 12e–h), and the downward propagation of negative 
height anomalies occur from phase 6 to phase 7 (Fig. 12f, g).

Positive height anomalies in the stratosphere extend 
downward over the high latitudes from phase 2 to phase 
5 over East Asia (Fig. 13b–d). This may contribute to the 
strengthening of the Siberian high (Fig. 7c, d). However, 

the tropospheric negative height anomalies over eastern 
China in phases 3–4 have no precursory stratospheric 
signal (Fig. 13a–d). As such, we infer that the negative 
geopotential height anomalies in the troposphere over 
East Asia are mainly due to the downstream effect of the 
Rossby wave propagation over the mid-high latitudes of 
Eurasia. This result differs from Woo et al. (2015) who 
stated that the regional downward propagation of strato-
spheric signal contributes to the development of the East 
Asian trough. This difference is related to the latitudinal 
band in concern. Woo et al. (2015)’s analysis was based 
on higher latitudes (north of 50ºN).
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Fig. 12   Longitude-height cross section along 65°N of geopotential height anomalies (contour, interval: 40, unit: gpm) and temperature anoma-
lies (shading, unit: °C) in phases 1–8 of PC2 life cycle
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From above analysis, the stratospheric planetary wave 
pattern may influence the tropospheric circulation through 
the following pathways. One is the downward extension of 
stratospheric signal over western Europe during phases 1–3 
of the PC2 life cycle (Fig. 11a–c), which contributes to the 
development of the tropospheric mid-latitude Rossby wave 
source (Fig. 10b–d). Another is the westward movement of 
stratospheric height anomalies from northeastern Eurasia to 
western Siberia that then descend to the troposphere during 
phases 1–4 of the PC2 life cycle (Fig. 12a–d). They both 
contribute to the building of the Rossby wave train over the 
mid-high latitude Eurasia. The downstream propagation of 
the Rossby wave train contributes to the cold events over 
East Asia through modulating the Siberian high and the 

East Asian trough. Moreover, the downward propagation of 
positive height anomalies over the high-latitude East Asia 
also contributes to the intensification of the Siberian high in 
phases 2 to 4 (Fig. 13b–d).

Previous studies have indicated that the reflection of 
stratospheric planetary waves is involved in the strato-
sphere-troposphere coupling and influences tropospheric 
anomalies (Perlwitz and Harnik 2003; Kodera et al. 2008, 
2013). To understand whether the reflection of the strato-
spheric planetary waves contributes to the development of 
the tropospheric Rossby wave source over northwestern 
Europe (Fig. 10c) and the descending of the anomalies 
from northeastern Eurasia to western Siberia during phases 
1–4 of the PC2 life cycle (Fig. 12a–d), the latitude-height 
cross section of the EP fluxes of the planetary wavenumber 
1 and zonal-mean zonal winds during the PC2 life cycle is 
presented in Fig. 14. Upward propagation of tropospheric 
planetary wavenumber 1 is observed from phase 5 to phase 
8 (Fig. 14e–h). Upward EP fluxes are mainly observed 
above mid-troposphere in phases 1–2 (Fig. 14a, b). Down-
ward propagation of stratospheric planetary wavenumber 
1 starts after phase 2, as indicated by the downward EP 
fluxes that peak in phase 4 (Fig. 14b–d). A whole process of 
planetary wave reflection is contained in the PC2 life cycle. 
It takes about 6 phases from the beginning of the upward 
propagation to the reflection of the planetary wavenumber 1 
(from phase 5 to 8, then phase 8 to phase 3). The downward 
propagation of stratospheric planetary wavenumber 1 from 
phase 2 to phase 4 (Fig. 14b–d) corresponds to the down-
ward intrusion of the height anomalies over northwestern 
Europe (Fig. 11b–d) and western Siberia (Fig. 12b–d).

To confirm the regions where the downward propagation 
of stratospheric wavenumber 1 happens, we calculate the 
three-dimensional Plumb fluxes (Plumb 1985). The height-
longitude cross section of Plumb fluxes and eddy geopoten-
tial heights for planetary wavenumber 1 along 65ºN is shown 
in Fig. 15. The eddy is calculated as the departure from the 
zonal mean (Kodera et al. 2008). Upward propagation of 
tropospheric planetary wavenumber 1 is indicated by upward 
Plumb fluxes from phases 5–8 (Fig. 15e–h). Accordingly, 
the ridge and trough tilt westward with height. The upward 
Plumb fluxes during these phases are consistent with the 
upward EP fluxes along 65ºN in Fig. 14e–h. After phase 8, 
stratospheric planetary wave propagates downward to upper 
troposphere and the stratospheric ridge and trough begin to 
tilt eastward, which suggests a downward propagation of 
stratospheric signals (Harnik and Lindzen 2001; Perlwitz 
and Harnik 2003) (Fig. 15a, b). From phases 2–4, the strato-
spheric trough and ridge extend downward into the mid-
troposphere accompanying the downward propagation of 
planetary wave packets over northwestern Europe and west-
ern Siberia (Fig. 15b–d). Downward propagation of strato-
spheric planetary waves associated with the reflection can 
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Fig. 13   The same as Fig. 11 except along 100°E–120°E
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Fig. 14   Latitude-height section 
of zonal-mean zonal winds 
(contour, interval: 5 m/s) and 
Eliassen-Palm fluxes (vector, 
scale on the right bottom) of 
the planetary wavenumber 1 in 
phases 1–8 of PC2 life cycle
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amplify the tropospheric planetary waves, which provides 
a favorable condition for the development of tropospheric 
anomalies (Kodera et al. 2008, 2013, 2016). Therefore, the 
development of the height anomalies over northwestern 
Europe (Fig. 11b–d) and western Siberia (Fig. 12b–d) may 
be contributed by the downward propagation of stratospheric 
wavenumber 1.

6 � Summary and discussions

Previous studies have identified a connection of tropo-
spheric climate anomalies to the stratospheric polar vortex 
changes. The present study investigates the influence of the 

stratospheric planetary wave pattern on cold anomalies over 
eastern China during November through March. The daily 
geopotential height variations over the high latitude strato-
sphere display two obvious modes that have different modu-
lation of the stratospheric planetary wave. The two modes 
have about 15–20 days’ time lag relationship in about 2/3 of 
the years. The present analysis is based on the second mode 
which features positive anomalies over northeastern Eurasia 
and negative anomalies over the North Atlantic side.

Composite analysis based on 8 phases of the temporal 
evolution of the stratospheric planetary wave pattern reveals 
clear signals in the tropospheric circulation. The geopoten-
tial height anomalies display a westward move in the tropo-
sphere, following that in the stratosphere. A Rossby wave 
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pattern forms over the mid-high latitudes of Eurasia in the 
troposphere after the peak phase of PC2. The downstream 
effect of the Rossby wave contributes to the deepening of the 
East Asian trough and southeastward expansion of the Sibe-
rian high, leading to anomalous surface northerly winds over 
East Asia and surface cold anomalies over eastern China.

Analysis shows that the development of the tropospheric 
Rossby wave train is associated with the downward propaga-
tion of stratospheric signal. Downward propagation of strato-
spheric signal is detected in three regions. One is western 
Europe which is a source region of the tropospheric Rossby 
wave trains. Another is western Siberia where large increase 
in tropospheric height anomalies is observed following the 
westward movement of stratospheric anomalies from north-
eastern Eurasia. The third one is the high latitude East Asia 
where positive height anomalies propagate downward, con-
tributing to the development of the Siberian high. Tropo-
spheric planetary wavenumber 1 propagates upward into the 
stratosphere in PC2 phases 5–8 and then is reflected down-
ward to the upper troposphere in phases 2–4, which favors 
the development of the height anomalies over northwestern 
Europe and western Siberia. In this study, we found that 
the deepening of the East Asian trough is not related to the 
downward propagation of stratospheric signal, but is mainly 
due to the downstream effect of the tropospheric Rossby 
wave train.

The results of the present study have several notable dif-
ferences from previous studies. Previous studies have indi-
cated that the weak polar vortex (i.e., planetary wavenum-
ber 0) influences climate over East Asia. The present study 
reveals the impact of the stratospheric planetary wavenum-
ber 1 pattern on the East Asian climate which have been 
less investigated. It is shown that the anomalies associated 
with the planetary wavenumber 1 pattern displays a clock-
wise move and the downward propagation of stratospheric 
anomalies is identified over western Europe, which triggers 
the tropospheric Rossby wave train along the polar front 
jet. The downward propagation of stratospheric anomalies 
is also detected over Siberia, which contributes to the build-
ing of the wave train. Our analysis shows that the downward 
stratospheric signals over both western Europe and Sibe-
ria contribute to the cold events over East Asia, whereas 
Jeong et al. (2006) focused on the influence of downward 
stratospheric signal over Siberia. Different from Woo et al. 
(2015), we did not find evidence of regional stratospheric-
tropospheric coupling over East Asia in the deepening of 
the East Asian trough during the life cycle of PC2. This 
discrepancy may be related to the difference of the domain. 
The domain in our study is eastern China, whereas Woo 
et al. (2015) focused on the influence of weak polar vortex 
over the northeast part of East Asia.

The present analysis focused on the 23 of 37 years dur-
ing which there is a significant positive correlation when 

PC2 leads PC1. In the rest 14 years, the stratospheric polar 
vortex is relatively weak and the zonal-mean zonal winds 
in the high latitudes of the stratosphere are weaker (figure 
not shown). Previous studies have indicate that the strength 
of the stratospheric polar vortex modulates the reflection 
of the planetary waves (Perlwitz and Graf 2001; Perlwitz 
and Harnik 2003, 2004). In the rest 14 years, the weaker 
stratospheric polar vortex is unfavorable for the reflection 
of planetary waves so that PC1 and PC2 display a different 
lead-lag relationship. Previous studies have indicated that 
it may take about 12 days for the downward and upward 
planetary wavenumber 1 coupling between stratosphere and 
500-hPa (Perlwitz and Harnik 2003, 2004). In our study, 
the coupling can be observed between stratosphere and 
lower troposphere (Fig. 14). It is expected that the upward 
and downward reflection in association with the lead-lag 
relationship between PC1 and PC2 would take more than 
12 days. The composite analysis of stratospheric vacilla-
tion cycle by Kodera et al. (2013) covers a whole process of 
upward propagation and downward reflection of planetary 
waves (see their Fig. 5), which takes about 18 days. There-
fore, the 15–20-day time interval between PC2 and PC1 
is approximately the time for the coupling between strato-
spheric and lower-tropospheric planetary waves.

The present study focused on the impact of the strato-
spheric planetary wavenumber 1 pattern on eastern China 
climate. The influence of the stratospheric wave pattern upon 
climate in the entire North Hemisphere is worthy of study in 
the future. The difference of the influence of the planetary 
wave patterns versus that of the stratospheric polar vortex 
intensity change needs to be compared as well. Although 
the links between stratospheric circulations and tropospheric 
anomalies are discussed in this study, the dynamical mecha-
nisms of how the stratospheric signal propagates downward 
and influences the tropospheric circulation need further 
investigation in the future.
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