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Abstract 

We analyze global characteristics of the westward-propagating quasi-16-day wave (Q16DW) with zonal wavenum-
ber 1 (W1) in the troposphere and stratosphere using zonal wind, meridional wind, vertical velocity, temperature, 
geopotential, and potential vorticity data from the European Centre for Medium-Range Weather Forecasts (ECMWF) 
Interim Re-Analysis during one year from December 2012 to November 2013. The amplitudes of the W1 Q16DW are 
larger in the stratosphere than in the troposphere, and remarkable amplitudes are found at middle and high latitudes 
in the Northern Hemisphere (NH). More detailed analyses on the temporal variation in the W1 Q16DW show that this 
wave is significantly enhanced during the 2012/2013 Stratospheric Sudden Warming (SSW) event, and the strong 
wave most likely provides additional forcing on the splitting of the displaced polar vortex. Analysis of the Eliassen–
Palm flux (EP flux) and its divergence of the interaction between W1 Q16DW and quasi-stationary planetary waves 
with wavenumber 1 during the 2012/2013 SSW event reveals that it causes an upward heat flux and exerts a west-
ward acceleration on the background winds, indicating that this interaction plays an important role in the eastward 
stratospheric jet reversal. Moreover, the wave is amplified in the occurrence region of barotropic and/or baroclinic 
instability, suggesting a local source of the growing W1 Q16DW during this SSW event.
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Introduction
Atmospheric planetary waves (PWs) are global-scale 
waves that play a key role in the transport of energy, 
momentum and chemical species, both vertically and 
horizontally. Most PWs originate in the troposphere, 
propagate upward, and then break in the middle atmos-
phere, leading to coupling between the lower and middle 
atmosphere. PWs can be divided into quasi-stationary 

and traveling planetary waves. The dynamic processes 
underlying the two kinds of PWs are generally quite dif-
ferent (Charney and Drazin 1961; Andrews et  al. 1987; 
Vincent 1990; Dunkerton 1991). Quasi-stationary PWs, 
whose constant-phase surfaces are fixed with respect 
to the Earth, are generally generated in the troposphere 
due to topography and diabatic heating. Traveling PWs, 
whose phase surfaces move, are excited by an irregular 
thermal or mechanical forcing in the lower atmosphere 
and instabilities in the middle atmosphere. Traveling 
PWs with periods near 2, 5, 10, and 16 days in the actual 
atmosphere have been widely reported during the past 
several decades (Salby 1984; Wu et al. 1993, 1994; Forbes 
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and Zhang 2015; Huang et  al. 2017; Forbes et  al. 1995; 
Day et al. 2011).

Previous studies have mainly focused on the classi-
cal normal mode. For frequently observed westward-
propagating disturbances with a period of about 16 days, 
Madden (1978) first identified them with the second 
symmetric normal mode, i.e., (1, 3) mode and named 
them the 16-day wave. The normal modes appear in the 
upper stratosphere and mesosphere as global structures 
in the equinoctial season and localized ones within the 
winter hemisphere in the solstitial season (Salby 1984; 
Hirooka and Hirota 1985). Andrews et  al. (1987) con-
cluded that the wave amplitude of this mode is roughly 
equatorially symmetric at equinoxes and is much larger 
in the winter hemisphere than in the summer hemi-
sphere at solstices. However, during the winter season, 
the traveling PW activity is strong and there exist many 
traveling wave components which are not identified as 
normal mode waves. Daley and Williamson (1985) found 
that the 16-day wave in January 1979 is not the manifes-
tation of the theoretical normal modes. Therefore, the 
normal mode of the quasi-16-day waves is not the only 
wave with a period near 16 days. The quasi-16-day wave 
components are more complex in the actual atmosphere. 
Hereafter, we use Q16DW as the abbreviation for the 
“quasi-16-day wave”, which refers to global-scale waves 
with a period of nearly 16 days, and they may have dif-
ferent zonal wavenumbers. From recent observational 
research, McDonald et al. (2011) indicated that the west-
ward- and eastward-propagating Q16DWs with zonal 
wavenumbers 1 and 2 are generally dominant. They also 
found that the westward- and eastward-propagating 
waves with zonal wavenumber 1 have similar magnitudes 
and are strong in the Northern Hemisphere (NH), while 
eastward-propagating waves with zonal wavenumbers 1 
and 2 are larger than other modes in the Southern Hemi-
sphere (SH). Although all of the modes can affect the 
atmospheric dynamical structure, the westward-propa-
gating mode with zonal wavenumber 1 (W1 mode) is still 
the most studied mode. Pervious work showed that the 
W1 mode plays a key role in the modulation of the vari-
ous stratospheric phenomena in the NH (Day et al. 2011; 
Pancheva et al. 2008).

Charney and Drazin (1961) indicated that the effective 
index of refraction for PWs in the atmosphere depends 
primarily on the variation of the mean zonal wind with 
height. They also concluded that the escape of large 
amounts of planetary wave energy is prevented by the 
westward or large eastward zonal wind above the tropo-
pause. Although their conclusions are drawn from quasi-
stationary PWs considerations, they are still applicable 
for traveling PWs. Using temperature data from Micro-
wave Limb Sounder on Aura satellite observations, Day 

et  al. (2011) showed that the Q16DW has large ampli-
tudes in regions of strong eastward flow in the strato-
sphere. Luo et al. (2002) indicated that the Q16DW can 
penetrate into the weak westward flow. Previous studies 
of the Q16DW amplitudes have reported a clear seasonal 
cycle in the mesosphere and lower thermosphere (Mitch-
ell et al. 1999; Luo et al. 2002; Day and Mitchell 2010; Day 
et al. 2011). They found that the Q16DW amplitude max-
imum generally occurs around wintertime, while a sec-
ondary maximum with a comparatively smaller value is 
sometimes observed in summertime. Only a few studies 
on the seasonal cycle of the Q16DW in the troposphere 
and stratosphere have been reported. These analyses are 
limited to a single physical quantity and specific latitude 
and height range. Using temperature data from satellite 
instruments, Alexander and Shepherd (2010) exhibited 
the distribution and variability in the Q16DW in the 
lower to middle stratosphere (15–40  km) of the Arctic 
(60 ◦N–70 ◦N ) and Antarctic (60 ◦S–70 ◦S ). They found 
that the Q16DW had larger amplitudes in the Arctic win-
ter than in the Antarctic winter. However, there is still a 
lack of relevant studies about the global characteristics 
of the Q16DW. ECMWF Interim Re-Analysis (ERA-
Interim) data, which can provide relatively complete 
physical quantities, such as horizontal wind and temper-
ature data from ground to stratosphere, are very useful 
for showing more comprehensive results of the Q16DWs 
on a global scale.

Stratospheric Sudden Warming (SSW) is the clearest 
and strongest manifestation of the stratosphere-tropo-
sphere system coupling, which often takes place at high 
latitudes in the NH wintertime (Charlton and  Polvani 
2007). SSW events involve dramatic reversals of the tem-
perature gradient, zonal-mean winds and meridional cir-
culation (Andrews et al. 1987). The mechanism for SSW, 
initially proposed by Matsuno (1971) and now widely 
accepted, is related to the growth of upward-propagat-
ing PWs from the troposphere into the stratosphere and 
their interaction with the zonal-mean flow. The interac-
tion decelerates sometimes even reverses the eastward 
winter stratospheric winds. Garcia (1987) indicated that 
PWs associated with SSW drive a meridional circula-
tion, inducing a downward circulation and adiabatic 
heating near the pole in the stratosphere. During SSW 
events, the breakup of stratospheric Arctic polar vortex 
is affected mostly by strong PW activity. It has been well 
established that the Arctic polar vortex can be identi-
fied with the evolution of the potential vorticity (PV) and 
geopotential height, and the vortex itself will be strongly 
displaced or split during a major SSW event (Charlton 
and Polvani 2007; Matthewman et  al. 2009). The major 
SSW events are typically classified into two types: dis-
placement events, in which quasi-stationary PWs with a 
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zonal wavenumber of 1 (SPW1) play a primary role, and 
split events, in which quasi-stationary PWs with a zonal 
wavenumber of 2 (SPW2) play a major role (Charlton and 
Polvani 2007; Coy et al. 2009; Bancalá et al. 2012; Chan-
dran and Collins 2014; Butler et  al. 2017). In addition, 
there is another type of complex major SSW event that is 
rarely analyzed. This event cannot be absolutely defined 
as the SPW1 or SPW2 pattern (Manney et al. 2005; Kut-
tippurath and Nikulin 2012), since the polar vortex first 
displaces from the pole and then splits into two or more 
vortices. How, or if, the traveling PWs affect the polar 
vortex is an open question.

The period preceding SSW events is usually character-
ized by high PW activity in the stratosphere, during which 
more than one type of PW may exist. The role of quasi-
stationary PWs in the generation of SSW events has been 
well understood and quantified in previous studies (Lin 
1982; Scott and Polvani 2006; Pogoreltsev 2007; Iida et al. 
2014). However, it is only recently that the relationship 
between traveling PWs and SSW events has attracted sig-
nificant attention (Gu et  al. 2016; Pancheva et  al. 2018; 
Matthias et  al. 2012). In particular, recent studies have 
shown that the presence of the Q16DW has an important 
influence on the dynamics of the SSW. Pancheva et  al. 
(2008) concluded that the enhanced traveling PW activ-
ity around periods of ~ 16  days plays an important role 
in the coupling of the stratosphere–mesosphere system 
during the major 2003/2004 SSW event. During the SSW 
events of 2003/2004, 2005/2006 and 2007/2008, Vineeth 
et al. (2010) found that the enhanced Q16DW and zero 
wind line propagate simultaneously from the equator 
to the pole. Xiong et  al. (2018) indicated that SPW2 is 
modulated by the Q16DW and plays a key role in energy 
transmission during the 2016/2017 SSW event. Using 
wind data from meteor radars to analyze the Q16DW 
during the 2013 SSW event, Chen et al. (2016) revealed 
that this wave is amplified at 86–95  km and enhanced 
the coupling of the ionosphere and the lower atmos-
phere during high solar activity. Although these results 
mentioned above may indicate that the Q16DW changes 
throughout the atmosphere are associated with SSW 
events in the NH, the exact role of the Q16DW in the 
occurrence of SSW events is still unclear. Therefore, in 
this paper, we investigate the contribution of the Q16DW 
to the zonal-mean flow and polar vortex in detail during 
the 2012/2013 SSW event. We also provide insight into 
the sources of the wave in this case.

The rest of this paper is structured as follows. The next 
section gives a brief description of the data and ana-
lytical methods. The global characteristics of the W1 
Q16DW are exhibited in the third section. In the fourth 
section, we present an overview of the 2012/2013 SSW 
event and discuss the role of the W1 Q16DW during this 

major SSW event. The propagation and origins of the W1 
Q16DW in the winter of 2012/2013 are also described. A 
summary is given in the fifth section.

Data and method of analysis
Data from ERA-Interim are used throughout this study. 
The ERA-Interim reanalysis provides three-dimensional 
profiles of physical parameters with a time resolution 
of 6 h from 1979 to the present (Dee et al. 2011). In this 
study, the data are distributed in a horizontal grid of 
2.5◦ × 2.5◦ (longitude × latitude) at 37 vertical pressure 
levels extending from 1000 to 1  hPa. Compared with 
other reanalysis projects produced by ECMWF, ERA-
Interim solves more data assimilation problems and 
improves accuracy by using a 4-dimensional variational 
data assimilation system with a 12-h analysis window and 
ECMWF Integrated Forecasting System model.

As one of the latest global atmospheric reanalysis 
datasets, ERA-Interim is widely used to study global-
scale waves, e.g., Kelvin waves, PWs, and tides (Flanna-
ghan and Fueglistaler 2011; Seppälä et al. 2013; Lu et al. 
2012; Sakazaki et al. 2012), and mesoscale gravity waves 
(Schroeder et  al. 2009). It is also used to study quasi-
biennial oscillation and SSW (Gómez-Escolar et al. 2014; 
Škerlak et  al. 2014; Iza and Calvo 2015). From the per-
spective of the temporal and spatial resolutions and 
height coverage, the ERA-Interim data are quite suitable 
for studying PWs in the troposphere and stratosphere, 
especially their global distribution and seasonal variation.

It is well known that the background atmosphere is 
very important for the propagation and dissipation of 
atmospheric waves. In our study, the zonal-mean zonal 
wind, meridional wind, and temperature are taken as the 
background atmosphere, and those in January 2013 are 
shown in Fig. 1. In general, there is an eastward wind in 
the troposphere in both hemispheres, with maximums of 
44.4 ms−1 in the NH at 175 hPa and 34.0 ms−1 in the SH 
at 250 hPa. In the stratosphere, the eastward wind is still 
active in middle latitudes of the NH, and the strongest 
wind is 40.3 ms−1 at 45 ◦N and 1 hPa, while a westward 
wind is present in the SH and in low latitudes of the NH. 
The strongest westward wind is 81.0 ms−1 at 15 ◦S and 
1  hPa. The weak westward wind in the stratosphere in 
high northern latitudes may be associated with the major 
SSW in January 2013. Compared with the zonal wind, 
the meridional wind is quite weak, and its magnitude is 
between − 4.0 ms−1 and 3.5 ms−1 . The slightly stronger 
southward wind takes place in the stratosphere in mid-
dle and high latitudes, and the northward wind is present 
in the equatorial tropopause and stratopause. In January 
2013, a stratospheric warming occurs at high latitudes of 
the NH, with a maximum of 235 K. In the stratosphere, 
the observed monthly averaged temperature structure 
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is basically consistent with the monthly climatology for 
zonal mean temperature structure during SSW events 
(Seppälä et  al. 2013). Therefore, we speculate that SSW 
may occur in January 2013. Further analyses on the 
2012/2013 SSW event would be presented in “The W1 
Q16DW during the major SSW in 2012/2013”.

To obtain the amplitudes of the Q16DW, we use least 
square fitting to fit cosine functions to the zonal wind, 
meridional wind and temperature perturbations in a 
32-day window in the data set. At each pressure level, the 
zonal wind, meridional wind, and temperature data were 
sorted into latitude bands of 2.5 degrees from 85 ◦S to 85 
◦N . The harmonic fitting formula is written as follows:

where A , φ , T , and s are the amplitude, phase, period and 
zonal wavenumber of the Q16DW oscillation, respec-
tively. t and � are the universal time in day and longitude 
in radians, respectively. To reveal the global characteris-
tics of the Q16DW, we chose zonal wavenumbers from 
− 6 to 6 to perform the fitting. Here, the positive zonal 

(1)f
′

(t, �) = Acos

(

2π

T
t + s�− φ

)

wavenumbers correspond to westward propagation, and 
negative zonal wavenumbers correspond to eastward 
propagation. In each window, the fitting for each zonal 
wavenumber is performed with the period incrementing 
by a step of 0.25 days from 12.0 to 20.0 days. At any given 
pressure level and latitude, the Q16DW amplitude and 
phase correspond to the one fit among all periods that 
has the largest amplitude.

To cover the period when the 2012/2013 SSW 
occurred, we chose the data from December 2012 to 
November 2013 to study the Q16DW activity in a whole 
year. Our fitting results show that the Q16DW is gener-
ally concentrated in middle and high latitudes in both 
hemispheres irrespective of the zonal wavenumbers 
(figures not shown here). In the NH, the westward- and 
eastward-propagating waves with  s = 1 and  s = −1 are 
evidently larger than other modes, while in the SH, the 
eastward-propagating waves with s = −1 and  s = −2 
have comparable magnitudes and are clearly stronger 
than the westward-propagating and other eastward-
propagating modes. For the zonal/meridional wind, the 
maximum amplitudes of the s = 1, − 1 and − 2 modes 
are 30.5/31.4 ms−1 , 20.9/22.1 ms−1 and 17.2/25.5 ms−1 , 
respectively. The wind amplitudes of other modes are 
quite small, i.e., only several ms−1 . For the temperature, 
the maximum amplitudes of the s = 1, − 1 and − 2 modes 
are 17.2 K, 7.5 K and 7.9 K, respectively, and those of the 
other modes are smaller than 5.0  K. In conclusion, the 
important modes of the Q16DW in the troposphere and 
stratosphere are those with s = 1, − 1 and − 2. Compared 
with the two eastward-propagating modes, the s = 1 
mode is apparently overwhelming, especially during the 
period of the 2012/2013 SSW. Therefore, in the following 
section, we would like to focus on this mode, and reveal 
its global characteristics.

Seasonal, latitudinal and altitudinal variations 
of the W1 Q16DW
To investigate the seasonal structure of the W1 mode, 
we investigated the fitting results of the zonal wind, 
meridional wind, and temperature during specific 
months. Figure 2 illustrates the altitude versus latitude 
structures of the W1 Q16DW amplitudes in January, 
April, July, and October 2013. The fitting windows are 
centered on 15.5 January, 15 April, 15.5 July, and 15.5 
October. It can be observed that the strongest ampli-
tudes in the zonal wind, meridional wind, and tempera-
ture occur in January in the stratosphere of the NH. For 
the zonal wind, we can see two peaks at 1  hPa with a 
value of 30.5 ms−1 at 85 ◦N and 20.7 ms−1 at 45 ◦N . For 
the meridional wind, the maximum amplitude of 31.4 
ms−1 is located at 1 hPa and 85 ◦N , while for the tem-
perature, the maximum of 17.1  K occurs at 2  hPa and 

Fig. 1 Monthly averaged zonal-mean zonal wind (top), meridional 
wind (middle) and temperature (bottom) in January 2013 from the 
ERA-Interim data
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65 ◦N . Such a strong planetary wave can be related to 
the interaction with the zonal-mean flow and the polar 
vortex (Charney and Drazib 1961; Perlwitz and Graf 
2001), and it can be a major forcing of the stratospheric 
dynamics during the winter in the NH. Except for the 
abnormally strong wave activity in the NH in January, 
the W1 mode is nonnegligible in the SH in July, and 
the maximum amplitudes in the zonal wind, meridi-
onal wind and temperature are 7.2 ms−1 , 4.0 ms−1 , and 
3.8  K, respectively. At equinoxes (April and October), 
the W1 mode is active in both hemispheres, while 
larger amplitudes favor the NH, especially in October, 
when the maximums for the zonal wind, meridional 
wind, and temperature are 11.4 ms−1 , 12.2 ms−1 , and 
5.1  K, respectively. Although the largest amplitudes 
occur in the stratosphere, it is still necessary to inves-
tigate the wave activity in the troposphere. In the trop-
osphere, the zonal wind amplitudes are notable for all 
months in both hemispheres. The meridional wind and 
temperature components are very weak and have simi-
lar magnitudes for all months in both hemispheres. Fig-
ure 2 also shows that wave amplitudes in the horizontal 

wind and temperature are usually very small at equator 
in all months.

The monthly averaged zonal-mean zonal wind, as the 
background wind, is also shown in Fig.  2. The back-
ground wind contour interval is 10 ms−1 , with solid lines 
denoting the eastward winds, dashed lines denoting the 
westward winds, and thick lines denoting zero wind lines. 
In the troposphere, a strong eastward zonal wind exists 
in both hemispheres in all months, which coincides with 
the notable zonal wind amplitude of the wave. Since the 
stratospheric wave activity is particularly intense, we 
will focus on the relationship between the wind distri-
bution and wave amplitude in the stratosphere. Strong 
eastward and westward winds exist in the winter and 
summer hemispheres, respectively. At the equinoxes, 
the weak eastward wind presents at mid-high latitudes 
in both the hemisphere and near the equator, and the 
weak westward wind presents at low latitudes and near 
the equator. Comparing the W1 Q16DW amplitude with 
the background wind in the stratosphere, we find that 
the active waves are mostly coincident with the eastward 
mean zonal flows. Therefore, the seasonal structures of 

Fig. 2 Altitude versus latitude structures of the W1 Q16DW amplitudes for the zonal wind (top), meridional wind (middle) and temperature 
(bottom) in January (first column), April (second column), July (third column) and October (last column). In addition, the monthly averaged 
zonal-mean zonal winds are plotted as contour lines (solid and dashed contour lines represent the eastward and westward winds, respectively, and 
the thick lines represent zero wind lines) in these months for reference, and the intervals of the contour lines are 10 ms

−1
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the W1 mode are closely related to the distribution of the 
background zonal wind in the stratosphere. Theoretically, 
it is already well established that the Q16DW preferen-
tially propagates in an eastward background flow. How-
ever, note that the eastward wind regions are not filled 
with wave activity and that wave activity does occur in 
the weak westward flows. In January 2013, we suggest 
that the weak westward flow near the Arctic is associ-
ated with the strong W1 mode, which will be discussed 
in the next section. For the zonal wind component, there 
are also weak W1 modes present in the weak westward 
wind at low latitudes, which is consistent with the previ-
ous observational study by Luo et al. (2002). These results 
indicate that the real atmosphere is more complex than 
the theoretical situation.

Since strong wave activities take place around the 
height of 1  hPa, we show the latitude versus month-of-
year structures of the W1 Q16DW amplitudes in the 
zonal wind, meridional wind, and temperature at 1  hPa 
in Fig.  3. As seen from the figure, there is a clear sea-
sonal cycle in the wave amplitude. The W1 mode is much 
stronger in the winter hemisphere than in the summer 
hemisphere at solstices. In the winter hemisphere, it is 
particularly strong in the NH, while significant but not 
very strong in the SH. In the NH, the maximum ampli-
tudes in all components are concentrated at middle and 
high latitudes. In the SH, large zonal wind amplitudes 
occur at low and middle latitudes, large meridional wind 
amplitudes are concentrated at middle and high latitudes, 
and large temperature amplitudes are present at middle 
latitudes. In spring and autumn, the W1 mode in all com-
ponents is notable in both hemispheres. The distribu-
tion of the amplitudes in Figs. 2 and 3 clearly shows that 
this wave is not entirely symmetric about the equator at 
equinoxes.

Previous studies of the Q16DW in the stratosphere 
have reported waves with large amplitudes during win-
tertime (Madden and Lindzen 1981; Alexander and 
Shepherd 2010; Day et al. 2011), which is consistent with 
our results. Since most of the large amplitudes occur in 
the NH, we provide the altitude versus month-of-year 
plots of the W1 Q16DW for the zonal wind, meridional 
wind and temperature amplitudes at 25 ◦N , 45 ◦N , 65 ◦N 
and 85 ◦N in Fig. 4. Consistent with the results shown in 
Figs. 2 and 3, the largest amplitudes of the W1 Q16DW 
can also be observed in the stratosphere in the winter 
months. At high latitudes (65 ◦N and 85 ◦N ), the maxi-
mum magnitudes in all components appear at 1  hPa in 
January. At 85 ◦N , the maximum wind amplitudes are 
very notable, while the maximum temperature ampli-
tudes are not as strong. At 65 ◦N , the temperature maxi-
mums are very notable, while the wind maximums are 
not as strong as those at 85 ◦N . In middle latitudes (45 

◦N ), the zonal wind and temperature amplitudes are sig-
nificant, while the meridional wind component is weak. 
In low latitudes (25 ◦N ), the zonal wind amplitudes are 
still significant, while the temperature amplitudes are 
weak and the meridional wind amplitudes are negligible. 
In the spring and autumn, significant zonal wind, meridi-
onal wind, and temperature amplitudes can be observed 
at all latitudes, at high latitudes, and at middle and high 
latitudes, respectively. In the troposphere, the larg-
est amplitudes in all components are located at 85 ◦N . 
At 25 ◦N , 45 ◦N and 65 ◦N , the zonal wind components 
are weak, while both the meridional wind and tempera-
ture components are negligible. In addition, Figs.  3 and 
4 show that the stratospheric amplitudes in the NH are 
significantly reduced in February following a major SSW, 
which is consistent with an earlier study by Day et  al. 
(2011).

In conclusion, the W1 mode is evidently stronger in 
the stratosphere than in the troposphere. In the strato-
sphere, it is very strong in winter, significant in spring 
and autumn, and negligible in summer. The zonal wind 

Fig. 3 Latitude versus month-of-year structures of the W1 Q16DW 
amplitudes for the zonal wind (top), meridional wind (middle) and 
temperature (bottom) at 1 hPa
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maximum amplitudes are located at 45 ◦N and in the 
polar region, the meridional wind amplitudes occur in 
the polar region, while the temperature amplitudes are 
concentrated at 65 ◦N . In the troposphere, the W1 mode 
did not display evident seasonal variation.

The W1 Q16DW during the major SSW 
in 2012/2013
It is found that in the whole year from December 2012 
to November 2013, the W1 Q16DW is extraordinarily 
intense at middle and high latitudes in the stratosphere 
of the NH in January, when a major SSW event is tak-
ing place. Next, we would like to investigate the relation-
ship between the wave amplification and this major SSW 
event.

The World Meteorological Organization (WMO) 
defines a major SSW event as the gradient of the tem-
perature from 60  N◦ to the pole being positive and the 
reversal of the zonal-mean zonal wind at 10 hPa or below 
during wintertime. The day when the zonal-mean zonal 
wind reverses at 10 hPa is taken as the central date of the 
major SSW event. The major SSW event during the win-
ter of 2012/2013 has been studied for several years (Wit 
et al. 2014, 2015; Coy and Pawson 2015). Here, we exhibit 
this event in detail by using the ERA-Interim data. Fig-
ure  5 displays the altitude-time cross-section of the 

Fig. 4 Altitude versus month-of-year structures of the W1 Q16DW amplitudes for the zonal wind (top), meridional wind (middle) and temperature 
(bottom) at 25 ◦N (first column), 45 ◦N (second column), 65 ◦N (third column) and 85 ◦N (last column)

Fig. 5 Altitude-time cross-sections of the zonal-mean temperature 
averaged from 60 ◦N to 90 ◦N (top) and zonal-mean zonal wind at 60 
◦
N (bottom) during the winter of 2012/2013. The thick vertical line 

denotes 6 January 2013, which is the SSW central date
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zonal-mean temperature averaged from 60 ◦N to 90 ◦N 
and the zonal-mean zonal wind at 60 ◦N from November 
2012 to March 2013. The stratospheric temperature rises 
rapidly after 1 January and reaches a maximum of 267 K 
at 1  hPa on 11 January. The rapid deceleration of the 
zonal-mean zonal wind at 60 ◦N starts when the strato-
spheric temperature increases rapidly, and then, the wind 
reverses and remains westward until approximately 27 
January. The zonal-mean zonal wind reverses from east-
ward to westward at 10 hPa and 60 ◦N on 6 January, so 
we choose this day as the central date.

To classify the 2012/2013 SSW event, we present the 
evolutions of stratospheric PV (in units of PVU) and geo-
potential height around the central date from the ERA-
Interim data. An overview of the vortex evolution in 
the middle (850 K, ~ 10 hPa) and lower (530 K, ~ 50 hPa) 
stratospheres during the 2012/2013 SSW event is shown 
in Fig. 6. The PV fields at 850 K (~ 10 hPa) together with 
the 10 hPa geopotential height show a clear synoptic evo-
lution of the polar vortex in the top panel of Fig. 6. The 
strong polar vortex with high PV values accompanied by 
low geopotential heights (black contour) began to shrink 
and shift off the pole from 28 December 2012 to 2 Janu-
ary 2013, while the weak polar vortex with low PV val-
ues accompanied by high geopotential heights (white 
contour) shifted from low latitudes to middle latitudes. 
Then, the low PV region (accompanied by high geopoten-
tial heights) moved from middle latitudes to the pole, and 
the high PV region (accompanied by low geopotential 
heights) began to split on 7 January 2013. The vortex was 

completely split into two fragments on 12 January 2013. 
At the bottom panel, similar phenomena can be seen: 
the strong polar vortex with high PV values accompa-
nied by low geopotential heights (black contour) shifted 
to the adjacent mid-high latitudes, and then, the vortex 
split into two fragments. In summary, the lower and mid-
dle stratospheric polar vortices first shifted off the pole 
and then split into two pieces, classifying this major SSW 
event as a complex event.

According to the results in “Seasonal, latitudinal and 
altitudinal variations of the W1 Q16DW”, we found that 
the W1 mode of the Q16DW was very energetic in Janu-
ary 2013. To further confirm the dominant traveling PWs 
in this SSW event, we applied the two-dimensional Fou-
rier transform methods to the ERA-Interim data in Janu-
ary 2013. Figure  7 shows the frequency-wavenumber 
spectral results of the geopotential height, zonal wind 
and meridional wind at 1 hPa and 80 °N in January 2013. 
For each physical quantity, there are two conspicuous 
peaks at zero frequency with the same amplitudes, which 
represent the quasi-stationary PWs (Pogoreltsev et  al. 
2009). SPW1 is the strongest, which will be taken into 
consideration in the following analyses. In addition, there 
are significant spectral peaks in all three physical quanti-
ties, corresponding to the W1 mode of the Q16DW. For 
the geopotential height, zonal wind and meridional wind, 
the strongest spectral peaks have amplitudes of 308 m , 
18.5 ms−1 and 19.4 ms−1 , respectively. For the zonal wind 
and meridional wind, there are also spectral peaks cor-
responding to the  s = − 1 mode of the Q16DW, which is 

Fig. 6 Maps of potential vorticity (in PVU where 1 PVU = 10−6Kkg−1m2s−1 ) at 850 K (top) and 530 K (bottom) potential temperature surface 
on 28 December 2012, 2 January 2013, 7 January 2013 and 12 January 2013 (from left to right) in the NH. The overlaid contour represents the 
geopotential heights at 10 hPa (top) and 50 hPa (bottom), where the black and white solid thick lines denote different values (km). The domain is 
from the equator to the pole with dashed circles at 30 ◦N and 60 ◦N ; 0 ◦ longitude is at the bottom and 90 ◦E is to the right
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much weaker than those for the W1 mode. Therefore, we 
still focus on the W1 mode in the following paper.

The above spectral analysis indicates that the W1 
mode of the Q16DW is likely to be closely related to the 
2012/2013 SSW event. To further clarify this relevance, 
we will display the W1 Q16DW activity during the 
2012/2013 SSW event in detail in the following section. 
We fit the geopotential height, zonal wind and meridional 
wind data with the zonal wavenumber s = 1 from the 
equator to 80 ◦N in a 32-day window, and this window is 
moved from December 2012 to February 2013 with steps 
of 1 day to obtain daily values of the wave amplitudes and 
phases. Figure 8 presents the latitude-time structures of 

the W1 Q16DW amplitudes in the geopotential height, 
zonal wind and meridional wind at three pressure levels: 
1  hPa, 10  hPa, and 30  hPa. For the geopotential height, 
the maximum amplitudes are centered near 70 ◦N at all 
levels, and the greatest value (930 m ) is located at 1 hPa. 
For the zonal wind, the maximum amplitudes are cen-
tered near 40–50 ◦N and near the Northern Pole, while 
for the meridional wind, the maximums are near the 
Northern Pole. The maximum zonal/meridional wind is 
31.9/34.7 ms−1 and located near the Northern Pole. All 
the amplitudes in the geopotential height, zonal wind and 
meridional wind reach their maximums at high latitudes 
near the central date of the 2012/2013 SSW event, indi-
cating that there is some close connection between the 
W1 Q16DW activity and the 2012/2013 SSW. Coy and 
Pawson (2015) found that the upward wave activity flux 
from the upper troposphere displaces the polar vortex in 
an SPW1 pattern. The vertical EP flux maximum from 
SPW2 at 100  hPa averaged over 30–90 ◦N is less than 
1× 105kgs−2 , which is smaller than what is found during 
the previous split SSW events examined by Harada et al. 
(2010). Therefore, there may exist a wave that is expected 
to provide an additional forcing to split the polar vortex. 
The W1 mode is clearly amplified before and during the 
splitting of the displaced vortex, similar to the amplifica-
tion of SPW2 described by Coy and Pawson (2015). This 
indicates that the W1 mode most likely contributes to the 
breakdown of the polar vortex.

On the central date, the maximum amplitude of geo-
potential height is found at 65 ◦N . To determine the 
vertical propagation characteristics of the W1 mode, 
we show the profiles of the fitted amplitudes and phases 
of geopotential height at 65 ◦N in Fig. 9. The amplitude 
increases with height. It is worth noting that the phase 
exhibits a tendency of downward phase progression, 
indicating that the W1 mode wave propagates upward 
from lower stratosphere. In addition, the expected ampli-
tude of the theoretical Lamb mode (dashed black line) is 
also plotted in Fig. 9 (left). We assume that the excepted 
amplitude has the same value as the actual amplitude 
at 30  hPa. The expected geopotential height amplitude 
change is proportional to e(κz/H) based on the log-pres-
sure vertical coordinate z, where κ is the ratio of R the gas 
constant to cp the specific heat at constant pressure for 
air, and H is the scale height. The amplitude of the theo-
retical Lamb mode throughout the stratosphere shows a 
linear increasing trend. However, the actual geopotential 
height amplitude is much larger than the theoretical one, 
indicating that the W1 Q16DW is not a pure free mode 
wave, and there exists a wave source in the stratosphere.

The key mechanism for generating a major SSW 
event is the upward-propagating PWs from the trop-
osphere into the stratosphere, which reverse the 

Fig. 7 Frequency–wavenumber spectra of geopotential height (top), 
zonal wind (middle) and meridional wind (bottom) at 1 hPa and 80 °N 
in January 2013
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eastward winter stratospheric jet. The PW activity can 
also transport a large heat flux to the polar region, 
which leads to a warmer polar vortex. In our study, 
it was revealed that the strong W1 Q16DW occurred 
during the 2012/2013 SSW event. Therefore, we would 

focus on the interaction of the W1 mode wave with the 
mean flow in the stratosphere.

The EP flux and its divergence are used to investigate 
the propagation of eddy momentum and heat of waves 
and the wave forcing on the mean flow (Chen and 
Huang 2002; Chen et  al.  2002; Tomikawa et  al. 2012; 
Harda and Hirooka 2017; Rodas and Pulido 2017). In 
this paper, the transformed Eulerian-mean equations in 
spherical coordinates (Andrews et al. 1987) are applied:

where ρ0 is the air density, a is the radius of the Earth, ϕ 
is the latitude, f0 = 2�sinϕ ( � = 7.292× 10−5rads−1 is 
the Earth’s rotation rate) is the Coriolis parameter, and 
u/v/w is the zonal/meridional/vertical wind. Here, the 
zonal-mean fields and partial derivatives are denoted by 
overbars and subscripts, respectively. The left-hand side 
of Eq. (2) is the tendency of the zonal-mean zonal wind. 
The first and second terms on right-hand side represent 

(2)

ut = −v∗
[

1

acosϕ
(ucosϕ)ϕ − f0

]

− w∗uz +
1

ρ0acosϕ
∇ · F

Fig. 8 Latitude versus time structures of the W1 Q16DW amplitudes for the geopotential height (left), zonal wind (middle) and meridional wind 
(right) at three pressure levels: 1 hPa (top), 10 hPa (middle) and 30 hPa (bottom). The thick vertical line denotes the SSW central date
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Fig. 9 The amplitudes (left) and phases (right) for the geopotential 
height at 65 ◦N . The dashed black line (left) denotes the theoretical 
expectation of the Lamb mode
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accelerations associated with the residual velocities v∗ 
and w∗ , which are defined as

where θ is the potential temperature. Here, perturbation 
quantities are denoted by primes. F =

(

0, F (ϕ), F (z)
)

 is the 
EP flux which is a vector in the meridional plane.

The meridional and vertical components of the EP 
flux in the spherical geometry can be expressed as 
follows:

The EP flux divergence is given by the following 
equation:

The third term on the right side of Eq.  (2) is defined 
as the zonal force per unit mass acting on the mean 
state DF = (ρ0acosϕ)

−1
∇ · F.

For the EP flux, the meridional component indicates 
the eddy momentum flux, and the vertical component 
represents the eddy heat flux. DF  can represent the 
acceleration or deceleration of the zonal-mean flow. 
The EP flux divergence (positive value) is related to the 
eastward acceleration by wave activities, while con-
vergence (negative value) is related to the westward 
acceleration.

Previous study has investigated the contributions 
of different waves to the EP flux and found that the 
EP flux is mostly due to the PWs in the stratosphere 
(Tomikawa et al. 2012). Hirooka (1986) found that the 
interference between traveling and quasi-stationary 
PWs can produce periodic changes of EP flux and its 
divergence, which in turn give rise to the vacillations 
in the basic flow. Since the amplitude of the traveling 
PWs is of the same order of magnitude as that of quasi-
stationary PWs, Hirooka and Hirota (1985) indicated 
that the interference between traveling and quasi-sta-
tionary wave may plays an important role in the SSW 

(3)v∗ = v −
1

ρ0

(

ρ0
v
′
θ
′

θz

)

z

(4)w∗
= w +

1

acosϕ

(

cosϕ
v
′
θ
′

θz

)

ϕ

(5)F (ϕ)
= ρ0acosϕ

(

v
′
θ
′

θz
uz − u

′
v
′

)

(6)F (z)
= ρ0acosϕ

{

[

f0 −
(ucosϕ)ϕ

acosϕ

]

v
′
θ
′

θz
− u

′
w

′

}

(7)∇ · F =
1

acosϕ

∂

∂ϕ

(

F (ϕ)
cosϕ

)

+
∂

∂z
F (z)

event. The meridional wind amplitudes of W1 mode 
have comparable magnitudes with the quasi-stationary 
PWs described by Coy and Pawson (2015). Coy and 
Pawson (2015) revealed that SPW1 and SPW2 played a 
key role during this SSW event. Therefore, we speculate 
that the W1 mode may interact with the SPW1 during 
the 2012/2013 SSW event. This interaction would be 
discussed in detail in the following part. Hereafter, we 
use W1-SPW1 as the abbreviation for the “interaction 
between W1 Q16DW and SPW1”.

Referring to the previous work (Salby and Garcia 
1987), we consider the simple two component fre-
quency–wavenumber spectrum (referring to Fig.  7) and 
let x′

= x
′

Q16DW + x
′

SPW1 . Here, x′ =
[

u′, v′,w′, θ ′
]

 . Then, 
the total EP flux field can be divided into two groups. The 
first group is the contribution from each spectral compo-
nent, i.e., from the Q16DW and the SPW1, respectively. 
The second is contribution from the interaction of the 
two spectral components (representing by their cross 
terms), i.e., from W1-SPW1.

To clarify processes responsible for the zonal wind 
tendency during the SSW event, each term of Eq.  (2) is 
evaluated. Figure  10 shows the time–pressure sections 
of the zonal wind tendency ( ut ), the zonal wind accel-
eration due to DF , and zonal momentum advection due 
to residual meridional and vertical velocities at 50–80 
◦N . Here, the zonal wind acceleration due to DF is cal-
culated from the total EP flux. The ut is determined by 
the residual between the DF and momentum transport 
due to the meridional circulation. As shown in Fig. 10, DF 
and the meridional advection are dominant and tend to 
cancel each other during the 2012/2013 SSW event. Con-
tributions of the vertical advection are quite small. As a 
result, the ut is roughly given as a small residual between 
DF and the meridional advection. Before the central date, 
large negative EP flux divergences are observed in the 
middle and high stratosphere. Just after the central date, 
it is interesting that large negative and positive EP flux 
divergences appear above and below 2 hPa, respectively. 
Then, large EP flux convergences appear above 2  hPa. 
These large EP flux convergences are largely canceled by 
meridional advection. During the 2012/2013 SSW, the 
zonal wind tendency follows the sign of the DF in most 
of the height range. Therefore, the zonal wind tendency is 
roughly dominated by the EP flux divergence.

Figure  11 shows the time–pressure sections of DF 
due to quasi-stationary planetary waves/the interac-
tion between quasi-stationary planetary waves and 
W1 Q16DW/W1 Q16DW at 50–80 ◦N . In December, 
the convergence/divergence regions are dominated 
by quasi-stationary PWs below 2  hPa. Relatively small 
EP flux convergences from the interaction of quasi-
stationary PWs with W1 Q16DW also occur in upper 
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and middle stratosphere. Around the central date, it 
is worth noting that both quasi-stationary PWs and 
interaction component produce large EP flux conver-
gence in the upper stratosphere. Moreover, both nega-
tive and positive DF  from W1 Q16DW are particularly 
small and can be ignored. As a result, a large EP flux 
convergence associated with the interaction provides 
an additional contribution to the reversal of eastward 
wind. Therefore, the interaction between W1 Q16DW 
and quasi-stationary PWs plays an important role in 
this SSW event.

Here, we explore the effects of the interaction 
between the W1 Q16DW and quasi-stationary PWs on 
the mean flow during the 2012/2013 SSW by calculat-
ing the EP flux and its divergence. Figure 12 shows the 
zonal-mean zonal wind, EP flux vector and DF  from 
W1-SPW1 on 26 December 2012, 31 December 2012, 
5 January 2013, and 10 January 2013. All the strong 
EP flux vectors are concentrated in mid-high latitudes 
in the stratosphere. The EP flux vectors show upward 
propagation in the NH, which is consistent with the W1 
mode propagation in Fig. 9. It can be clearly seen that 
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Fig. 10 Latitude versus time structures of the ut (first row), the DF (second row), the meridional (third row) and vertical (last row) advection of zonal 
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Page 13 of 18Li et al. Earth, Planets and Space          (2021) 73:113  

the strong W1-SPW1 occurs in the lower stratosphere 
(below 10 hPa) and gradually extends upward on 5 Jan-
uary 2013. The EP flux vortex from W1-SPW1 become 
smaller after the central date. Note that the vertical EP 
flux from W1-SPW1 have the same order of magni-
tude as that from SPW2 described by Coy and Pawson 
(2015) at 100  hPa, which provides supplementary evi-
dence for the contribution of the W1 to the splitting of 
the polar vortex. Importantly, a large heat flux (verti-
cal component of EP flux) due to W1-SPW1 in Fig. 12 
can be seen during the 2012/2013 SSW, which is con-
sistent with the increased temperature. This finding 
indicates that W1-SPW1 may produce adiabatic warm-
ing in the stratosphere. Strong EP flux convergence of 
W1-SPW1 first occurs around high latitude (70–80 ◦N ) 
on 26 December 2012, and then extends to low lati-
tude (40 ◦N ) on 5 January 2013. These observed strong 
eddy forcing regions lead to the deceleration and even 
reversal of the eastward winter stratospheric jet. It is 
worth noting that EP flux divergence region exists in 

the middle stratosphere below the upper stratosphere 
convergence region.

Figure  13 exhibits the W1 Q16DW amplitudes in the 
geopotential height, zonal wind and meridional wind. 
The selected four days in this figure are the same as 
those in Fig.  12. In the middle and upper stratosphere, 
the W1 Q16DW amplitudes in the geopotential height, 
zonal wind, and meridional wind is amplified at mid-high 
latitudes, which correspond to the strong EP flux in the 
Fig. 12.

According to the results and discussion above, 
the dynamic situation can be understood as follows: 
W1-SPW1 in the stratosphere may contribute greatly to 
the eastward jet reversal during this SSW event. In addi-
tion, this interaction also plays an important role in the 
stratospheric polar warming. Apparently, part of the W1 
Q16DW in the stratosphere is the result of the upward-
propagating wave from the low atmosphere. Since the 
W1 Q16DW is amplified in the stratosphere, there 
is also a wave source there, which is verified by the EP 
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Fig. 11 As in Fig. 10, but for the DF from quasi-stationary PWs (top), interaction between W1 Q16DW and quasi-stationary PWs (middle), and W1 
Q16DW (bottom) at 50–80 ◦N
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flux divergence region in the stratosphere. Thus, the W1 
Q16DW in the stratosphere is the sum of the upward-
propagating wave and the in situ excited wave, which is 
consistent with the results of Fig. 9.

Next, we explore the forcing mechanisms of the ampli-
fied W1 Q16DW in the stratosphere. The observed EP 
flux divergence region in the stratosphere is a key point of 
the wave forcing, indicating that there is indeed an in situ 
wave source. Thus, the possibility of in situ instability is 
considered and subsequently discussed. The effects of 
the mean flow on the propagation of the Q16DW can 
be quantified by the baroclinic and/or barotropic insta-
bility. Changes in the sign in the basic northward quasi-
geostrophic potential vorticity gradient ( qϕ ) indicate the 
necessary conditions for the baroclinic and/or barotropic 
instability of the mean flow. To investigate this mecha-
nism, we calculated qϕ , which can be expressed in spheri-
cal coordinates as follows (Andrews et al. 1987):

(8)

qϕ = 2�cosϕ −

[

(ucosϕ)ϕ

acosϕ

]

ϕ

−
a

ρ0

(

ρ0f0
2

N2
uz

)

z

Here, N  is the buoyancy frequency. The second and 
third terms of the right-hand side of Eq. (8) indicate the 
barotropic and baroclinic instability, respectively. The 
case when the second term of Eq. (8) dominates the third 
term is referred to as barotropic instability, and the oppo-
site case is referred to as baroclinic instability.

To further determine the possible relationship 
between the amplified W1 Q16DW and the instability 
of the mean flow, Fig.  14 shows the altitude–latitude 
structures of qϕ on the same selected days as in Fig. 13. 
The blue and uncolored regions in Fig. 14 represent the 
possible mean flow instability regions. Note that the 
barotropic instability and/or baroclinic instability have 
roughly equal contributions to the mean flow instability 
in this case (not shown here). In the upper stratosphere, 
the W1 Q16DW in the geopotential height, zonal wind, 
and meridional wind is amplified in mid-high latitudes, 
which corresponds to the sign-changing region of qϕ . 
The negative region of qϕ extends from the upper strat-
osphere to the lower stratosphere after the central date. 
In addition, there are significant amplitude regions for 
the geopotential height, zonal wind and meridional 
wind in Fig.  13. The distribution of the W1 Q16DW 
amplitude in the zonal wind is more consistent with the 
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instability region than the meridional wind and geo-
potential height. This difference may be because the 
curvature terms of the zonal wind are closely related 
to the second and third terms on the right-hand side of 
Eq. (6).

In addition, a comparison of Figs.  12 and 14 clearly 
demonstrates that the negative regions of qϕ correspond 
to the regions where the eastward winter stratospheric 
jet reverses and remains westward. The large diver-
gence region occurs where qϕ < 0 . This result suggests 

Fig. 13 Altitude versus latitude structures of the geopotential, zonal wind and meridional wind amplitudes of the W1 Q16DW (from top to bottom) 
in the NH on the same days as those shown in Fig. 12

Fig. 14 As in Fig. 13, but for the qϕ
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that in situ instability causes the growth of W1 Q16DW 
accompanying the large positive EP flux divergence.

In summary, the observed barotropic and/or baroclinic 
instability of the mean flow in the stratosphere contrib-
utes significantly to the enhanced W1 Q16DW or may be 
an incentive source of the W1 Q16DW.

Summary
Using the ERA-Interim data for one whole year from 
December 2012 to November 2013, this paper provides 
insights into the global distribution and seasonal varia-
tion in the W1 Q16DW and its dynamic features during 
the SSW in this year. To our knowledge, this is perhaps 
the first study to investigate in detail the contribution 
of the W1 Q16DW to the occurrence of the 2012/2013 
SSW event and breakdown of the polar vortex. The main 
results of this study are summarized as follows.

By checking all the fitting amplitudes of the Q16DW 
with wavenumbers from − 6 to 6, we find that the modes 
of  s = − 2, − 1, 1 are clearly stronger than others. In the 
NH winter, the quasi-16-day waves with  s = 1 and  s = − 
1 are significant. The eastward-propagating waves with s 
= − 1 and  s = − 2 dominate the SH winter. The Q16DW 
with  s = 1 was the most prominent, and it is active in 
middle and high latitudes in the troposphere and strato-
sphere. In the troposphere, the amplitudes of the s = 1 
mode in the zonal wind are more significant than those in 
the meridional wind, and the large amplitudes are located 
at the altitude where the tropospheric jet is located. 
In the stratosphere, the W1 Q16DW in the NH is the 
strongest in winter, significant in spring and autumn, 
and negligible in summer. However, the amplitude in the 
SH is negligible in summer and weak in other seasons. 
In particular, the large amplitudes of the W1 Q16DW in 
winter are consistent with the presence of primarily east-
ward prevailing winds that enhance vertical penetration 
of this westward-propagating wave.

The winter of 2012/2013 is characterized by a major 
SSW centered on 6 January 2013. The evolutions of the 
PV and geopotential height field in the lower and mid-
dle stratosphere during the 2012/2013 SSW event show 
that the polar vortex changed from a displacement event 
to a split event, which is distinct from the typical vortex-
displacement-type SSW event and vortex-splitting-type 
SSW event (Chandran and Collins 2014). During the 
SSW, the spectral results show that there is a noticeable 
W1 Q16DW in the stratosphere. We exhibit the latitude-
time structures of the W1 Q16DW amplitude in the geo-
potential height, zonal wind and meridional wind from 
December 2012 to February 2013 and find that the wave 
is amplified before and during the 2012/2013 SSW event, 
similar to SPW2. Together with SPW2, the W1 Q16DW 

may contribute to this specific and complex split event of 
the 2012/2013 SSW event.

The interaction between amplified W1 Q16DW and 
quasi-stationary PWs during the 2012/2013 SSW event 
may exert a strong forcing on the winter stratospheric 
mean flow. To confirm this conjecture, we calculate the 
EP flux and its divergence of W1-SPW1 to investigate 
the waves forcing on the mean flow. The strong EP flux 
is centered near mid-high latitudes in the stratosphere. 
For the vertical component, the W1-SPW1 exhibits a 
clear upward propagation tendency, indicating that W1 
Q16DW originates from the lower atmosphere and inter-
acts with SPW1 in the stratosphere. For the meridional 
component, all of these interactions occur at mid-high 
latitudes propagate toward the equator. The strong west-
ward forcing of W1-SPW1 occurs in the stratosphere, 
indicating that these wave interactions can contribute 
greatly to the deceleration or even reversal of the east-
ward stratospheric jet. Furthermore, the W1 Q16DW is 
excited in the region of strong EP flux convergence, and 
can be seen at mid-high latitudes in the stratosphere. 
That is, in addition to the wave that originates from the 
troposphere, there is also an in situ excited wave.

During this SSW event, we further determined the 
interaction between the W1 Q16DW and mean flow. The 
basic northward quasi-geostrophic potential vorticity 
gradient is calculated to represent the instability of the 
mean flow. The comparison between the amplification 
of the W1 Q16DW and the sign-changing region of qϕ 
suggests that the barotropic instability and/or baroclinic 
instability may be an in  situ wave source. The increase 
and strong EP flux is consistent with the mean flow insta-
bility region, which also confirms that the barotropic 
instability and/or baroclinic instability contributes to the 
growth of waves. Therefore, in addition to the upward-
propagating W1 Q16DW from the lower atmosphere in 
the above section, the mean flow instability in the strato-
sphere can provide additional and essential sources for 
the amplification of the W1 Q16DW.
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