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Abstract

Combining two meteor radar observations at mid-latitudes and MERRA2 reanalysis data, we report an extraordinary
quasi-16-day wave (Q16DW) activity in the mesosphere and lower thermosphere (MLT) from about October 2013

to January 2014. The Q16DW is not only active for a long period, but also unrelated to stratospheric sudden warm-
ing (SSW), while 7-year radar observations indicate that strong waves and oscillations in the MLT at mid-latitudes
occur generally in winter, and are almost always associated with SSW and stratospheric final warming (SFW), except
the extraordinary Q16DW. Meanwhile, during the SSW and SFW in February and March 2014, the observation and
reanalysis data show that an intense Q16DW arises in the stratosphere but is not present in the MLT. The two Q16DWs
are obviously distinguished from each other. The exceptional Q16DW shows a slowly downward phase progression
from the MLT to the troposphere with predominant wavenumber 1, while the second Q16DW has a steeper vertical
phase in the stratosphere with predominant wavenumber 2. Although the eastward winds prevail, these Q16DWs

are weakened and evanescent in the region with the westward wind and negative refractive index. EP flux vector
indicates that these waves originate mainly from the lower atmosphere at mid- and high-latitudes, and are intensi-
fied in the middle stratosphere. The first Q16DW may make a little contribution to polar vortex intensification due to
small EP flux divergence. However, the Q16DW in the SSW has a strong negative divergence almost in the whole polar
stratosphere, implying an important role in the stratospheric zonal wind reduction in the SSW.
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Graphical Abstract

Wavelet spectrum of zonal wind at BJ

Extraordinary Q16DW from Oct 2013 to Jan 2014 in the MLT is not associated with SSW

Wavelet spectrum of meridional wind at BI ms™
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Introduction few days, and the mean zonal wind at 10 hPa poleward of

Atmospheric circulation shows distinguishable features
among low, middle and high latitudinal zones owing to
the differences in solar radiation, and the atmosphere
is characterized by the layered structure in thermal and
ionizing properties because of the differences in solar
radiation absorption (Andrews et al. 1987; Saha 2008).
There are numerous dynamical and thermodynamic pro-
cesses with different temporal and spatial scales in the
atmosphere, which can excite various scale atmospheric
perturbations, such as mid- and small-scale gravity waves
(GWs), global-scale planetary waves (PWs) and atmos-
pheric oscillations (Salby 1984; Fritts and Alexander
2003; Zhang 2005). As these perturbations move away
from their source region, energy and momentum carried
by them are transported horizontally and vertically in
the atmosphere, leading to energy and momentum cou-
pling among the different atmospheric zones and among
the different atmospheric layers. Hence, atmospheric
waves and oscillations play an essential role in energy and
momentum budgets of the atmosphere.

In the polar atmosphere, there are maximum heating
in summer polar day and maximum cooling in winter
polar night, which cause dominant westward and east-
ward winds in the middle atmosphere over the summer
and winter hemispheres due to the change in tempera-
ture gradient (Andrews et al. 1987), respectively. The
polar atmospheric temperature is far from radiative equi-
librium, especially in the winter lower stratosphere and
upper mesosphere (Wehrbein and Leovy 1982), indicat-
ing that there exists intense dynamical heating over there.
Stratospheric sudden warming (SSW) is a typical dynam-
ical heating event in the polar atmosphere (Baldwin et al.
2021). During SSWs, the polar stratospheric mean tem-
perature can rapidly increase by tens of degree within a

60°N decelerates and even reverses (Pawson and Naujo-
kat 1999), which are referred to as minor or major SSW
(Labitzke 1977). As the polar stratosphere is warming,
cooling occurs in the mesosphere and lower thermo-
sphere (MLT) at high-latitudes and in the stratosphere at
mid- and low-latitudes (Liu and Roble 2005; Yuan et al.
2012; Sox et al. 2016), thus SSWs have an influence at
least on the middle atmosphere over the hemisphere. It
is generally accepted that amplification of upward propa-
gating PWs and their interaction with the mean flow play
a key role in the initiation and progression of SSWs (Mat-
suno 1971; Liu and Roble 2002). During SSWs, quasi-
16-day wave (Q16DW) activity is a relatively common
phenomenon (Dowdy et al. 2007; Pancheva et al. 2008;
Vineeth et al. 2009; Chandran et al. 2013; Gong et al.
2019; Yu et al. 2019).

In classical PW theory, Q16DW is identified as the
zonal wavenumber s=1, westward propagating sec-
ond symmetric Rossby mode, and its period and three-
dimensional structure may be modified by the variation
of the background wind and temperature fields (Salby
1981a, 1984). In theoretical prediction and experimen-
tal observations, Q16DWs generally have a period range
of about 12-20 days (Salby 1981b; Luo et al. 2002a; Day
and Mitchell 2010; Huang et al. 2013). Q16DW in the
MLT has been investigated from ground-based radar
and satellite-borne instrument observations (Forbes and
Leveroni 1992; Forbes et al. 1995; Williams and Avery
1992; Espy and Witt 1996; Espy et al. 1997; Mitchell et al.
1999; Luo et al. 2000, 2002a, b; Namboothiri et al. 2002;
Jiang et al. 2005; Lima et al. 2006; Day and Mitchell 2010;
McDonald et al. 2011). On an average, the wave activity is
more pronounced in the zonal wind than in the meridi-
onal wind. In the MLT at mid-latitudes, Q16DW was
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reported to be the strongest in winter with a zonal wind
amplitude of over 10 ms™' and the temperature ampli-
tude of up to 5 K, and the weakest in summer with the
maximum amplitude of about 6-7 ms~! (2-3 K) in the
zonal wind (temperature) derived from bandpass filter-
ing with periods of 12-20 days (Forbes et al. 1995; Luo
et al. 2002a, b; Jiang et al. 2005; Day and Mitchell 2010).
Because of small phase speed, wave propagation depends
on the background wind, thus Q16DW in the summer
hemisphere was proposed to be ducted from the winter
hemisphere along the zero wind line, or be in situ excited
in the MLT due to energy and momentum deposition
of GWs modulated by Q16DW in the troposphere and
lower stratosphere (Forbes et al. 1995; Miyoshi 1999;
Lima et al. 2006). In the mesopause region, Q16DW usu-
ally shows very slow or no obvious phase changes with
height, implying a considerably large vertical wavelength
and even a standing wave structure in the MLT (Luo et al.
2002a, 2002b; Namboothiri et al. 2002; Jiang et al. 2005;
Lima et al. 2006; McDonald et al. 2011).

With the development of atmospheric detection
technology, more westward and eastward propagating
Q16DW modes were observed (Shepherd and Tsuda
2008; Kleinknecht et al. 2014). Westward propagating
waves, particularly zonal wavenumber s=1 mode, are
stronger than eastward propagating waves in the strato-
sphere and mesosphere in the Northern Hemisphere
(Meek and Manson 2009; Pancheva et al. 2009). How-
ever, it was also reported that in the Northern Hemi-
sphere, westward and eastward propagating wavenumber
s=1 Q16DWs are the dominant modes with similar mag-
nitudes, while in the Southern Hemisphere, eastward
propagating wavenumber s=1 and 2 waves are more
intense than westward propagating wave modes (Alex-
ander and Shepherd 2010; McDonald et al. 2011). The
different results were attributed to the large interannual
variability of the Q16DW activity (McDonald et al. 2011).
Numerous studies have revealed that westward propa-
gating wavenumber s=1 Q16DW is generally associated
with vortex displacement-type SSWs, whereas westward
propagating wavenumber s=2 mode is related to vortex
split-type SSWs despite that wavenumber s=1 mode is
also involved in SSWs in most split-type events (Charlton
and Polvani 2007; Gong et al. 2019).

It is interesting that the winter of 2013/2014 was char-
acterized by the continuous predominance of wave-
number s=2 PW in the stratosphere with the vertical
component of Eliassen—Palm (EP) flux almost equal
to the highest value in the winter of 2008/2009 derived
from the 55-year reanalysis data (Harada and Hirooka
2017), but only a minor SSW took place in early February
2014 relative to a strong split-type major SSWs in Janu-
ary 2009 driven by wavenumber s=2 PW (Manney et al.
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2009; Wang et al. 2016; Harada and Hirooka 2017). The
development and continuance of the quasi-barotropic
Aleutian high pressure were proposed to be an important
reason for the lack of major SSW in this winter (Wang
et al. 2014; Harada and Hirooka 2017). The anomalous
high pressure emerged from persistent energy of Rossby
wave in the North Pacific due to the significant anoma-
lies of sea surface temperature pattern from the middle
of 2013, thus the pressure anomalies began in the autumn
and then were subsequently intensified into the winter,
causing severe cold in North America and drought over
California in the winter (Wang et al. 2014; Yu and Zhang
2015; Hartmann 2015; van Oldenborgh et al. 2015). This
is also consistent with the result that the responses of
atmospheric humidity, precipitation and temperature lag
behind sea surface temperature changes in the Pacific by
about 2—-3 months (Li et al. 2018; Du et al. 2021). Hence,
there are abnormal precipitation and temperature in
the lower atmosphere, and extraordinary wavenumber
s§=2 PW activity and SSW event in the stratosphere in
the winter of 2013/2014. In this paper, we present an
extraordinary Q16DW activity from the troposphere to
the MLT over the Northern Hemisphere with an onset in
the autumn of 2013, which lasts until January 2014, but is
distinguished from the Q16DW activity during the SSW
starting in early February 2014-.

In next section, meteor radar observations are briefly
described. In “Results” section, the extraordinary
Q16DW activity and the other one in the SSW events
are studied from the radar observations and reanalysis
data. The dynamical processes associated with the two
Q16DW activities are discussed in “Discussion” section,
and “Conclusion” section provides the conclusion of this
study.

Data

The horizontal winds from two meteor radars arranged
approximately along the 115°E meridian line for 7 years
from October 2010 to September 2017 are utilized to
investigate the correlation between the strong PW activi-
ties in the MLT and the SSW events, and the radar obser-
vations between 1 September 2013 and 1 April 2014 are
used to analyze two Q16DW activities in detail.

The two meteor radars are located at Beijing (B],
40.3°N, 116.2°E) and Wuhan (WH, 30.5°N, 114.6°E),
in China, established by the Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS)
through the support of the Chinese Meridian Project.
The radars are an all-sky interferometric meteor radar
(SKiYMET) system (Hocking et al. 2001) with a same
operating frequency of 38.5 MHz. The trails of meteor
ablation are illuminated by a three-element Yagi antenna
directed toward the zenith with a transmitted peak power
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of 7.5 kW, and the echoes reflected by meteor trails are
detected by five three-element Yagi antennas oriented
along two orthogonal baselines. The detailed techni-
cal specifications of the radar system were presented
in early works (Xiong et al. 2013; Yu et al. 2015; Huang
et al. 2019). These meteor radars can provide horizontal
wind in the height range of 70-110 km with a temporal
resolution of 1 h and a vertical resolution of 2 km. The
measurement uncertainty is typically 2-4 ms™! in the
horizontal wind data, and the estimation of wind veloc-
ity and uncertainty observed by the SKiYMET radar can
be found in previous studies (Hocking et al. 2001; Franke
et al. 2005). The number of meteor counts detected by
the radars showed a strong dependence on height, with
an approximate Gaussian distribution centered at about
88 km, thus the wind data availability is high around this
height. The zonal and meridional winds in the height
range of 76—-100 km were utilized in our study. In the
7 years, there are two long observational gaps at WH,
whereas, in the time period from 1 September 2013 to
1 April 2014 that we focus on, the missing data are lit-
tle with a fraction smaller than 2% at 88 km. The missing
data are interpolated linearly, thus the radar observations
are suitable for investigating the PW with a long period
of about 16 days.

We examine the evolution of stratospheric tempera-
ture and wind based on the reanalysis data from the
Modern-Era Retrospective Analysis for Research and
Applications version 2 (MERRA?2), which is produced by
the Goddard Earth Sciences Data and Information Ser-
vices Center (GES DISC) of the National Aeronautics and
Space Administration (NASA). Relative to the previous
version, the improvements of MERRA2 are presented in
detail by Molod et al. (2015), and subsequently, an over-
view of MERRAZ2 is reported by Gelaro et al. (2017). The
MERRA? reanalysis data can be freely accessible from
the website at https://gmao.gsfc.nasa.gov/reanalysis/
MERRA-2/. The reanalysis data are 6-hourly instantane-
ous analysis fields on a 0.5° x 0.625° latitude-by-longitude
grid at 72 pressure levels from the ground up to 0.01 hPa
level.

The upper bound of 0.01 hPa in the reanalysis data cor-
responds to the altitudes of about 78—80 km. By compar-
ing the extracted Q16DWs at 0.01 hPa in the reanalysis
data and at 78-80 km in the radar data, we will see that
in the zonal winds, the wave phases are in good agree-
ment with each other in the two datasets, and the wave
amplitudes are slightly smaller from the reanalysis data
than from the radar observations. Relative to in the
zonal winds, both the wave amplitudes and phases in
the meridional winds show a less consistency between
the two datasets. Hence, we should keep in mind that
the results from the reanalysis data cannot take the place
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of those from the observations, and the results deserve
more attention in the reanalysis zonal wind than in the
reanalysis meridional wind.

Results

Q16DW in meteor observation

Figure 1 shows the monthly mean zonal (positive east-
ward) and meridional (positive northward) winds at
the height range of 76—100 km observed by the meteor
radars at B] and WH for 7 years from October 2010 to
September 2017. At WH, the observational data are
missing in two long periods of 4 July-23 November
2011 (143 days), and 1 July—22 August 2016 (53 days).
The zonal wind in the MLT at mid-latitudes exhibits an
interesting feature of two annual oscillations. One oscil-
lation is centered at about 92 km with the maximum
velocity of about 40-50 ms™' at the two stations in the
transition from spring (March—May) to summer (June—
August), and the other is centered around 80 km with the
maximum value of about 40-50 ms™! (50-65 ms™!) at
BJ (WH) in winter (December—March). Because the two
annual oscillations are nearly out of phase, the zonal wind
at the height of 80-92 km shows a distinguishable semi-
annual oscillation. Relative to the zonal wind, the meridi-
onal wind is weak with the monthly mean values of about
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Fig. 1 Monthly mean a, c zonal and b, d meridional winds at
76-100 km between October 2010 and September 2017 derived
from meteor radar observations at a, b Beijing and ¢, d Wuhan. The
blank spaces indicate the acceptance data rate less than 60% within
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— 15 to 10 ms™, and the northward wind arises mainly
in autumn (September—November) and early winter.

The missing data are minimal at 88 km with a frac-
tion less than 2% (except the two data gaps at WH) due
to the Gaussian meteor number distribution centered
at this height, thus the winds at 88 km have good rep-
resentation and high reliability. For investigating the
PW activities, we use linear interpolation to fill in the
missing data, and then perform a wavelet transform on
the zonal and meridional winds at 88 km to obtain the
dominant PW modes and the temporal variability of
these modes. Morlet wavelet function consisting of a
plane wave modulated by a Gaussian envelope is chosen
as mother wavelet (Huang et al. 2015; Cheng et al. 2021),
and we follow Torrence and Compo (1998) to carry out
the wavelet transform with the width of Morlet wavelet
function defined as the e-folding time of wavelet ampli-
tude. Figure 2 presents the wavelet spectra of the zonal
and meridional winds at 88 km during the 7 years. One
can note that the perturbations with temporal scales of
PWs and short-period oscillations are robust in the MLT
during winter, similar to the observations from the Super
Dual Auroral Radar Network (SuperDARN) radars at

latitudes of 51°-66°N (Kleinknecht et al., 2014). As is
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well known, PW activities are usually associated with
SSWs, thus we calculate the daily averaged zonal mean
temperature at 10 hPa between 60°N and 90°N and the
daily averaged zonal mean zonal wind at 10 hPa over
60°N from 1 October 2010 to 30 September 2017 based
on the MERRA2 reanalysis data, which are depicted
in Fig. 3. The SSW events are easy to identify from the
mean temperature between 60°N and 90°N, and then the
major and minor SSWs are distinguished by whether the
zonal wind at 60°N reverses or not. We mark the date of
the maximum temperature in the major and minor SSWs
with the black solid and dashed vertical lines in Figs. 2
and 3, respectively. Stratospheric final warming (SFW)
is indicative of the final transition of stratospheric winter
circulation from eastward to westward (Andrews et al.
1987). In terms of zonal wind anomalies, SFW is to a cer-
tain extent similar to the major SSW; whereas, SFW is
still substantially different from the major SSW because
the polar winter vortex collapses and the reversed mean
zonal wind does not return back until the next transition
from summer to autumn (Black and McDaniel 2007).
SEW may be a strong warming, and may also consist of
several successive weak warming events (Yu et al. 2019).
The SFW is marked by the dotted vertical line in Figs. 2
and 3.

It can clearly be seen from Fig. 2 that the PW and
oscillation activities in the MLT at mid-latitudes have
a close relationship with the SSWs and SFWs. In the
7 years, only a major SSW takes place around 11 Janu-
ary 2013, and correspondingly, an oscillation with a
wide period range centered at 22 days is the strongest
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Fig. 3 a Zonal mean temperature averaged from 60°N to 90°N at

10 hPa and b zonal mean zonal wind at 10 hPa over 60°N derived
from MERRA2 reanalysis data. The black solid and dashed vertical lines
denote the major and minor SSW events, respectively, and the black
dotted vertical lines denote the SFW events
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perturbation in the zonal winds, with the spectral
amplitudes of 19.2 ms™! (17.3 ms™!) at B] (WH). Gen-
erally, the perturbations are considerably weak in the
meridional wind relative to in the zonal wind. However,
it is interesting that there are PW activities from the
autumn of 2013 to the winter of 2013/2014, which seem
not to have much relevance to the SSW and SEW in the
winter. The PW is strong not only in the zonal wind,
but also in the meridional wind, and lasts for a longer
duration compared with the other PWs during the SSW
and SFW events. In addition, there are no prominent
PW activities around the SSW on 9 February 2014 and
the SFW on 16 March 2014, which is different from the
scenario in the SSW and SFW in the other years.

In order to clearly show the PW evolution with time,
the wavelet spectra of the zonal and meridional winds
at 88 km from 1 September 2013 to 1 April 2014 are
replotted in Fig. 4. In the zonal wind, the PW is active
for a long time of nearly 4 months from about October
2013 to January 2014, and has a period range of about
14-20 days, thus we call it Q16DW. The Q16DW inten-
sity decays rapidly from about 21 January 2014, which is
obviously earlier than the temperature peak of the SSW
on 9 February 2014, and even the onset of the SSW on
4 February 2014. In the meridional wind, the strong
Q16DW occurs mainly in December 2013 and January
2014. Overall, the Q16DW onset in both the zonal and
meridional winds at WH predates that at BJ. The spec-
tral amplitude has the maximum values of 15.9 ms™! in
the zonal wind and 12.7 ms™! in the meridional wind at
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BJ, and the similar magnitudes of 17.3 ms~! in the zonal
wind and 12.2 ms™! in the meridional wind at WH.

Since the Q16DW strength in the zonal wind is slightly
stronger at WH than at BJ, we use the MERRAZ2 reanaly-
sis data at WH to highlight the Q16DW activity from the
troposphere to the stratosphere. The wavelet transform is
carried out on the reanalysis zonal wind at WH between
1 September 2013 and 1 April 2014. Figure 5 presents the
wavelet spectra at the selected pressure levels. The pres-
sure levels at 375, 56, 10, 2.6, 1.6 and 0.6 hPa correspond
approximately to the altitudes at about 7, 20, 32, 40, 45
and 52 km derived from logarithmic pressure height
formula under a specified scale height of 7 km, respec-
tively. Figure 5 illustrates that the Q16DW arises in the
zonal wind from the troposphere to the stratosphere, and
is intense in November and December 2013. Besides,
the Q16DW activities can also be seen around the SSW
and SFW events. Nevertheless, the later event seems to
be another Q16DW event distinguished from the earlier
one because their spectrum peaks not only are separated
from each other in time, but also show the different evo-
lutions with height. It can be noted from Fig. 4 that in
the zonal wind of the MLT, the corresponding Q16DW
occurs during the earlier interval, but seems not to obvi-
ously arise during the later interval.

Q16DW propagation

With the help of the reanalysis data, we investigate the
propagation features of these Q16DWs. By using a band-
pass filter with lower and upper cut-off periods of 12.5
and 20 days, the Q16DWs are extracted from the radar

Zonal wind spectrum at BJ

(b) Meridional wind spectrum at BJ

Period (day)

Period (day)

A A T
10

11 12 1

Month
E—

10 12 14 16 18

tilted solid lines denote the cone of influence for the wavelet analysis

I ST

1

Month

11 13

Fig. 4 Wavelet spectra of a, ¢ zonal and b, d meridional winds at 88 km between 1 September 2013 and 1 April 2014 from meteor radar
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observations at 78-98 km and the MERRA2 reanalysis
data at 10°~1072 hPa levels (~0-80 km) between 1 Sep-
tember 2013 and 1 April 2014. Figure 6 shows the filtered
Q16DW in the zonal and meridional winds at BJ and
WH. The upper bound at 107> hPa level in the reanaly-
sis data is approximately around the altitude of 80 km,
thus we can see that the Q16DWs at 78 and 80 km in the
radar observations are largely in agreement with those
at 1072 hPa in the reanalysis data, in particular, the con-
sistency of their phases, which shows the reliability of
the two datasets. Due possibly to the limitation of obser-
vational data used in assimilation to produce the rea-
nalysis data, the Q16DW magnitudes at 1072 hPa in the
reanalysis are sometimes different from those at 78 and
80 km in the observation. For example, in the zonal wind
at 78 and 80 km, the Q16DW activities from the radar
observations obviously arise at both WH and BJ from 20
October to 10 November 2013, but the corresponding
wave activities cannot clearly be seen at 10~ hPa from
the reanalysis data. In contrast, the Q16DW occurs in
the reanalysis meridional wind at 10~ hPa over Wuhan
around the SSW event, however, the corresponding
wave does not evidently appear in the observed meridi-
onal wind at 78 and 80 km. Even so, the small difference
should not severely affect the wave analysis from the
troposphere to the MLT. In the troposphere, the Q16DW
amplitude is weak because of the dense atmosphere. In

the stratosphere and MLT, the strong Q16DW activities
before the SSW are distinguishable from those around
the SSW and SFW events. Before the SSW, the Q16DW
displays a downward phase progression from the MLT to
the stratosphere, indicating the upward propagation of
the Q16DW, while after the SSW, the Q16DW phase is
steeper and even progresses upward. For the extraordi-
nary Q16DW of our concern during October 2013—Janu-
ary 2014, the vertical wavelength is estimated to be about
80 km in the MLT over BJ and WH based on the vertical
variation of wave phase in the zonal wind at 78-98 km
from the radar observations, and to be about 120 km at
10-0.1 hPa levels (~32-64 km) in the stratosphere and
lower mesosphere from the reanalysis data, respectively.
We use the same filter to extract the Q16DWs along
the longitude line of 115°E in the Northern Hemisphere
from the reanalysis data. Figure 7 depicts the filtered
Q16DWs in the zonal and meridional winds at 0.6, 10,
100 and 375 hPa levels (~52, 32, 16 and 7 km) from
1 September 2013 to 1 April 2014. The two Q16DW
activities show the different features of phase propaga-
tion in the meridional direction. In the stratosphere,
the Q16DW around the SSW and SFW exhibits a
northward phase propagation, especially in the mid-
dle and upper stratosphere at mid- and high-latitudes
with a thriving activity prior to the SSW. However, the
first Q16DW during October to December 2013 shows
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Fig. 6 Filtered Q16DWs in (left column) zonal and (right column) meridional winds from a, b, e, f meteor radar observations at 78-98 km and ¢,
d, g, h MERRA2 reanalysis data at 10°~1072 hPa levels over Beijing and Wuhan during 1 September 2013-1 April 2014. For the reanalysis data, the
corresponding height is marked on the right vertical axis. The band-pass filter has the lower and upper cut-off periods of 12.5 and 20 days. The black
dashed and dotted vertical lines denote the minor SSW and SFW events, respectively

a southward phase progression in the troposphere, and
a slow phase variation with latitude in the stratosphere
at mid-latitudes. Less latitudinal change of wave phase
can also be seen in the MLT at the two mid-latitudinal
BJ and WH stations from Fig. 6a and e. At high-lati-
tudes, the wave phase displays a trend of southward
propagation. The characteristic of phase variation may
be connected with the background condition since
PW propagation is closely related to the background
atmosphere.

The frequency—wavenumber spectrum can be
derived from a two-dimensional Fourier transform on
the reanalysis data. Based on the wavelet spectrum of
the zonal wind at 0.6 hPa level (~52 km) in Fig. 5a, we
select the zonal wind at this pressure level in the two
time durations of 22 November—23 December 2013,
and 20 January-20 February 2014 to perform the
Fourier spectrum analysis, respectively, and then the
spectral frequency is changed into the correspond-
ing period. Figure 8 presents the period—wavenumber
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12.5 and 20 days. The black dashed and dotted vertical lines denote the minor SSW and SFW events, respectively

spectrum of the zonal wind perturbations obtained
by removing the mean value from the reanalysis zonal
wind in the two time intervals. The negative zonal
wavenumber in Fig. 8 indicates the westward propaga-
tion of the wave. Interestingly, the first Q16DW has the
predominant wavenumber of — 1 with the maximum
spectral amplitude of 8.2 ms~!, whereas the second
Q16DW around the SSW has the predominant wave-
number of — 2 with the spectral magnitude of 7.7 ms™},
which is consistent with the continuous predominance
of PWs with wavenumber 2 in the stratosphere during

the minor SSW occurring in the winter of 2013/14
(Harada and Hirooka, 2017). Besides, in the first time
duration, a spectral peak at wavenumber of — 1 and
period of 8 days has the magnitude of 6.2 ms™'. There
are also other different wavenumber Q16DW com-
ponents with rather weak intensity, thus the Q16DW
components with wavenumbers of — 1 and — 2 are
the predominant perturbations in the first and sec-
ond time intervals, respectively. This indicates that the
two westward propagating Q16DWs have the differ-
ent zonal scales and phase speeds. Therefore, the two
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Zonal wind spectrum at 0.6 hPa
(a)22 November to 23 December 2013

Period (day)

Period (day)

-5 -4 -3 -2 -1 0 1 2 3 4 5
Wavenumber

Fig. 8 Period-wavenumber spectrum of zonal wind at 0.6 hPa

level from MERRA2 reanalysis data in two time intervals of a 22
November-23 December 2013 and b 20 January-20 February 2014.
The negative wavenumber represents the westward propagation of
wave. The dotted horizontal line denotes the period of 16 days, and
the two dotted vertical lines denote the wavenumbers of — 1 and

— 2, respectively

Q16DWs can be distinguished from not only the dura-
tions of their activities, but also the features of their
propagations.

Discussion

The vertical propagation of PWs is closely related to the
background wind. The eastward zonal background wind
can ensure the vertical wavenumber of PWs as a real
number without imaginary part, and then is suitable for
the upward propagation of PWs (Andrews et al. 1987).
When the effect of the meridional variation of the mean
zonal flow on the wave propagation is considered further,
a refractive index is usually used to explain the propa-
gation feature of PWs. In the region with the squared
refractive index #* < 0 PWs show the evanescent charac-
teristic and cannot propagate freely, thus PWs can prop-
agate in the region with #*> > 0. The squared refractive
index can be calculated from the expression of Andrews
et al. (1987). In the calculation, the background wind,
temperature and density are obtained by applying a run-
ning mean window with a width of 32 days moving for-
ward in a step length of a day from the MERRA2 data;
and the zonal wavenumber is chosen to be — 1 and — 2
for the first and second Q16D WS, respectively.
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We calculate the zonal background winds from the
radar and reanalysis data at B] and WH by using the slid-
ing average window. Figure 9 presents the sliding average
zonal winds at B] and WH between 1 September 2013
and 1 April 2014 from the radar and reanalysis data. Fig-
ure 10 presents the squared refractive indices at BJ and
WH only for the westward propagating wavenumber
1 Q16DW, owing to the similarity of the squared indi-
ces between the westward propagating wavenumber 2
and wavenumber 1 modes. The radar observations indi-
cate that the eastward wind dominates the zonal wind
field in the height range of 78-98 km, which is appro-
priate for the Q16DW propagation. In the reanalysis
data, the westward wind in the stratosphere arises in
September 2013 and at about 20-40 km from January
to March 2013, especially over WH, thus the strato-
spheric Q16DW in Fig. 6 is weak at these altitudes dur-
ing these times. In Fig. 10, there is a thin layer at about
4 x 10°— 8 x 10? hPa with positive #% thus the wave
enhancement in the layer can be seen from Fig. 6. In
January 2014, the negative n” in the stratosphere covers a
larger height range and lasts for a longer time at BJ than
at WH, causing a weaker wave at BJ relative to that at
WH. Hence, although the intense Q16DW activities take
place in the stratosphere from October 2013 to March
2014, the Q16DWs are decayed and even forbidden to
freely travel at some heights during some specific times
due to the occurrence of the westward background wind
and the negative 7%

Finally, we estimate the effects of the Q16DWs on the
polar background flow by calculating Eliassen—Palm (EP)
flux divergence. The EP flux and its divergence can be
derived from the reanalysis data by following the expres-
sions of Andrews et al. (1987). The zonal wind, meridi-
onal wind and potential temperature perturbations of
the Q16DWs are extracted by a two-dimensional filtering
with the bandpass periods of 12.5-20 days and the band-
pass wavenumbers of — 1 and — 2 from the MERRA?2
reanalysis data, respectively. Figure 11 presents the EP
flux vector and its divergence of the Q16D Ws at the cho-
sen 4 days. In order to highlight the EP flux vector in the
stratosphere, the EP flux vector in Fig. 11 is weighted by
the square root of Py/P where P, = 1000 hPa is the pres-
sure at the ground and P is the pressure from the rea-
nalysis data (Salby and Callaghan 2001), and then the
vertical component is multiplied by a factor of 200. Since
the direction of EP flux can be regarded as the direction
of wave group velocity in the longitudinal and altitudinal
section (Andrews et al. 1987), Fig. 11 illustrates that the
Q16DWs originate mainly from the lower atmosphere
at mid- and high-latitudes, and are generally intensi-
fied in the stratosphere again due to the damping in the
tropopause region. In the stratosphere, the EP flux of the
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extraordinary Q16DW in November and December 2013
shows a dominant southward transport. On the whole,
the EP flux divergence is small in the polar stratosphere
and tends to make a little contribution to the polar vor-
tex intensification though there is also the negative
divergence at some heights. On 5 February 2014 during
the SSW, the northward EP flux has a negative diver-
gence almost in the whole polar stratosphere, indicating
that the wave plays a significant role in the SSW occur-
rence. On 15 March 2014 during the SFW, the northward
branch of the EP flux is weak, and its divergence shows
that the wave activity decreases the eastward zonal wind
of the lower stratosphere. Hence, the Q16D Ws in differ-
ent time could have the different influences on the polar
stratosphere.

Conclusion

In this paper, we use the 7-year meteor radar observa-
tions at the two mid-latitude stations to investigate the
PW and short-period oscillation activities in the MLT
at mid-latitudes and the correlation between these wave
and oscillation activities and the SSW events in the polar
region, and find an extraordinary Q16DW which lasted
for a long duration from about October 2013 to January
2014. Many previous works have statistically analyzed

the climatological feature of Q16DW. Radar measure-
ments indicate that the Q16DW activity in the MLT
lasts generally for less than 2 months with the maximum
amplitude in winter, and shows a large interannual vari-
ability at mid- and high-latitudes (Mitchell et al. 1999;
Luo et al. 2000, 2002a, b; Namboothiri et al. 2002). Fur-
ther, the Q16DW in the MLT was suggested to occur in
intermittent bursts in winter and be intermittent and
weak throughout the other seasons based on the wind
and temperature observations (Day and Mitchell 2010;
McDonald et al. 2011), thus our spectral results support
the intermittent bursts of PWs and oscillations in the
MLT in winter. However, these early works did not attach
the intermittent bursts of Q16DW to the SSW events,
while our results indicate the intermittent bursts of PWs
and oscillations in the MLT at mid-latitudes in winter are
directly connected to the SSW and SEW events, except
the extraordinary Q16DW activity.

On the other hand, there are numerous studies of PWs
in the SSW events. These studies focused mainly on two
topics: (1) amplification of PWs and then their interac-
tion with the background flow initialize SSW, as pro-
posed by Matsuno (1971), and influence the types and
evolution of SSW (e.g., Pawson and Naujokat 1999; Liu
and Roble 2002; Charlton and Polvani 2007; Manney
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et al. 2009; Wang et al. 2016; Gong et al. 2019; Baldwin
et al. 2021), and (2) response of PWs in the MLT to the
SSW and SEW events (e.g., Dowdy et al. 2007; Pancheva
et al. 2008; Vineeth et al. 2009; Yuan et al. 2012; Chan-
dran et al. 2013; Kleinknecht et al. 2014; Yu et al. 2019).
The response is clear in our spectrum results; whereas,
in this study, we present a notable exception in the 7-year
observations. The extraordinary Q16DW occurs in the
MLT at mid-latitudes from October 2013 to January
2014 before the SSW in February 2014, meanwhile, there
are not evident PW or oscillation bursts in the zonal
wind of the MLT at mid-latitudes during the SSW and
SFW events in February and March 2014 though a cor-
responding Q16DW is pronounced in the stratosphere.
These results are different from the radar observations in
the other years.

The wavelet transform demonstrates that the extraor-
dinary Q16DW has the spectral amplitudes of 15.9 and
17.3 ms™! in the zonal wind, and the comparable mag-
nitudes of 12.7 and 12.2 ms™! in the meridional wind at
88 km over BJ and WH, respectively. Nevertheless, in
previous observations, the Q16DW in the MLT is usu-
ally much weaker in the meridional wind than in the
zonal wind (Luo et al. 2000, 2002a, b; Namboothiri et al.
2002). The wave phase shows a downward progression
from the MLT to the stratosphere, indicating that the
wave propagates upward and originates from the lower
atmosphere. Based on the considerably slow phase speed,
the vertical wavelength is estimated to have the regional
value of about 80 (120) km in the MLT (the stratosphere)
over the two stations, which is largely consistent with
the vertical scale and even standing wave pattern in the
previous observations (Luo et al. 2000, 2002a, b; Day and
Mitchell 2010; McDonald et al. 2011). Similarly, the lati-
tudinal variation of the wave phase is also very slow. With
the help of the two-dimensional Fourier transform, the
Q16DW is identified to be a westward propagating wave-
number 1 mode, which is obviously distinguished from
the other westward propagating wavenumber 2 Q16DW
in the stratosphere during the SSW and SEW events.

From October 2013 to March 2014, the eastward
winds prevail from the lower atmosphere to the MLT
at the two mid-latitude sites, which is suitable for the
Q16DW propagation. Even so, there are also the west-
ward winds in the lower stratosphere in some months,
especially at WH, and the intermittently negative values
of the squared refractive index at some heights, in par-
ticular at BJ, thus accordingly, the Q16DWs are weak-
ened and exhibit the evanescent feature over there.
The EP flux vector of the Q16DWs indicates that these
waves originate mainly from the lower atmosphere at
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mid- and high-latitudes, and are obviously intensified
in the middle stratosphere. The extraordinary Q16DW
shows a dominant southward EP flux, and may make
a little contribution to the polar vortex intensification
due to the small EP flux divergence. However, for the
Q16DW in the SSW event, the EP flux has a strong
negative divergence almost in the whole polar strato-
sphere, implying an important role in the stratospheric
eastward zonal wind reduction in the SSW. The north-
ward branch of the EP flux is weak in the SEW. In this
way, the Q16D Ws in different durations have the differ-
ent influences on the polar stratosphere.

Finally, some investigations revealed many abnormal
phenomena from the autumn of 2013 to the winter of
2013/2014. There are anomalous sea surface tempera-
ture pattern, Aleutian high pressure and persistent
Rossby wave from the middle of 2013 (Wang et al. 2014;
Hartmann 2015), which leads to severe cold in North
America and drought over California in the winter (Yu
and Zhang 2015; van Oldenborgh et al. 2015). In the
stratosphere, the strong wavenumber s=2 PW has the
very large vertical component of EP flux in the winter,
but only a minor SSW rather than a split-type major
SSW arises in February 2014 (Harada and Hirooka
2017). The extraordinary Q16DW is possibly associated
with the anomalous sea surface temperature and per-
sistent Rossby wave since the Q16DW is also relatively
active in the troposphere during this period.
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