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Abstract The neutral winds in the mesospheric and lower thermospheric region obtained from a meteor
radar chain within the latitudinal range of 18–53°N were decomposed to examine the latitudinal structures
of the tides and mean winds during the sudden stratospheric warming (SSW) event in 2013. The zonal
wind reversed from eastward to westward and the westward wind was larger at middle latitudes than that at
low latitudes during the SSW. Meanwhile, a sharp increase in the northward wind was noticeable at all
stations. The amplitudes of the diurnal and semidiurnal tides decreased from 5 to 13 January and increased
subsequently. At the same time, the terdiurnal tides increased in amplitude, especially at Beijing, Wuhan,
and Kunming, in response to the SSW.Moreover, the tidal phases showed a large shift that corresponded to a
great increase in tidal wavelengths in the semidiurnal and terdiurnal components. The wavelet analysis
further revealed that the quasi 6‐day wave oscillations dominated in the winds at Kunming and Sanya
stations, as well as the quasi 16‐day wave dominated in the zonal wind, and the quasi 11‐day and 16‐day
waves were prevailing in the meridional winds at Beijing andWuhan. In the same vein, the quasi 16‐day and
quasi 11‐day waves were prominent in the zonal and meridional winds during 1–18 January at Mohe.
Therefore, the tide‐planetary wave interactions played a significant role in modulating the behaviors of the
mesospheric and lower thermospheric dynamics during the SSW event.

1. Introduction

In the winter polar region, the horizontal gradient of the thermal condition caused by the land‐sea distribu-
tion generates the large‐scale planetary waves (PWs) continuously (Reed, 1963). PWs propagate upward and
northward, with their amplitudes increasing exponentially with altitude. The nonlinear interaction of PWs
and mean zonal circulation induces the wave packet broken and releases the momentum into background
atmosphere (Beard et al., 1999; Coy et al., 2011; Martineau & Son, 2015; Matthias et al., 2012; Siskind
et al., 2010). As a result, the polar stratospheric temperature warms profoundly by tens of degrees and the
middle atmospheric temperature cools down within a short time period, which is characterized as a sudden
stratospheric warming (SSW) event. The SSW is an extreme terrestrial weather that usually occurs in the
winter polar stratosphere of the Northern Hemisphere and subsequently affects global‐scale coupling
dynamics process (Pancheva et al., 2008; Shepherd et al., 2007). According to World Meteorological
Organization, a stratospheric warming can be classified as a major warming, when the zonal mean wind
in the stratosphere layer at 60°N and 10 hPa changes its direction from eastward to westward, or a minor
one, when the zonal mean wind in the stratosphere layer does not reverse its direction and its speed becomes
weaken (Labitzke & Naujokar, 2000).

The zonal and meridional winds in the mesospheric and lower thermospheric (MLT) region during
wintertime are generally eastward and northward over the middle and low latitudes, respectively.
However, the SSW can significantly affect the variations of dynamical structures in the MLT region
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(Chandran et al., 2013; Hoffmann et al., 2007; Ma et al., 2017; Wit et al., 2015) and even in the ionosphere
(Bolaji et al., 2016; Owolabi et al., 2019; Siddiqui et al., 2015; Yamazaki et al., 2012). The neutral winds after
the onset of SSW are observed to reverse to westward and southward (Chen et al., 2012; Dowdy et al., 2007;
Lima et al., 2012; Sathishkumar & Sridharan, 2009; Wang & Alexander, 2009; Yuan et al., 2012). This rever-
sal of meridional winds during SSW event could be related to significant increase in the gravity waves activ-
ities (Chandran et al., 2014; Yamashita et al., 2010). The westward reversal of zonal winds during the SSW is
ascribed to the interaction between the background wind and the upward propagating PW that reaches the
line of zero wind (critical layer) in the upper mesosphere (Matsuno, 1971). Meanwhile, the nonlinear inter-
action between PW and atmospheric mean flow causes the growth of the semidiurnal tidal component
(Bhattacharya et al., 2004; Sathishkumar & Sridharan, 2013). Chen et al. (2012), Sridharan (2017), He
et al. (2017), and Koushik et al. (2018) reported the enhancements in the migrating tidal components (diur-
nal, semidiurnal, and terdiurnal tides) and their associated quasi 2‐ and 16‐day waves during the SSW events.
In addition, the in situ satellite observations and numerical models have also applied to study the variations
of neutral winds and their tides in the MLT region during the SSW events (Lin et al., 2012; Matsuno, 1971;
Niciejewski et al., 2006; Pedatella & Forbes, 2010; Pedatella & Liu, 2013; Sassi et al., 2013; Sridharan, 2017).
However, most of these studies were based on the observations derived from one or two stations. The latitu-
dinal dependences of the effects of the SSW on the MLT neutral winds are rarely explored from the observa-
tional view.

In this work, we focus on the SSW event that occurred during January 2013 when the neutral wind observa-
tions from a meteor radar chain along the longitude 120°E within the latitudinal range of 18–53°N were
available. These winds observations at multiple stations provided a unique opportunity to examine the lati-
tudinal variations of neutral winds, tides, and PWs in response to the SSW.

2. Meteor Radar Data and Method of Analysis

Meteor radars can provide nearly continuous information on winds and meteors in the upper mesosphere
and lower thermosphere region (70–110 km) with the temporal and vertical resolutions of about 1 hr and
2 km, respectively. With the support of Chinese Meridian Project, four meteor radars were installed at
Mohe (53.5°N, 122.3°E), Beijing (40.3°N, 116.2°E), Wuhan (30.5°N, 114.6°E), and Sanya (18.3°N, 109.6°E)
in 2011 around the geographic longitude of 120°E. Further details regarding these meteor radars can be
found in previous literatures (Liu et al., 2017; Ma et al., 2017; Xiong et al., 2013; Yu et al., 2013, 2015).
Besides these four radars, the Kunming meteor radar (25.6°N, 103.8°E), which belongs to the China
Research Institute of Radio Wave Propagation, has been operated since year 2011. All of these five meteor
radars, designed by the ATRAD meteor detection radar series, are essentially identical to the Buckland
Park meteor radar system described by Holdsworth et al. (2004). The geographical locations of these radars
and their basic information are given in Figure 1 and Table 1.

Continuous zonal (U) and meridional (V) wind observations between 1 December 2012 and 28 February
2013 have been analyzed to obtain the mean wind and tidal waves. There were data gaps from 17 to 19
February at Beijing station and from 6 to 7 December at Sanya. These data gaps are due to interruptions
in the data recording. We decomposed U and V into four components, including mean wind, diurnal tide
(period = 24 hr), semidiurnal tide (period = 12 hr), and terdiurnal tide (period = 8 hr) using the least squares
method. The amplitudes of quarter diurnal (6 hr) tide and other higher‐frequency modes are insignificant
and are thus ignored in this study.

It is well known that the thermal tides of the upper atmosphere include the nonmigrating and migrating
components. It is difficult to isolate these tidal components due to lack of longitudinal information from
the meteor radar chain over the limited region. In addition, the magnitudes of the nonmigrating tidal com-
ponents are usually small compared to those of migrating tides. Hence, the nonmigrating tides are not dis-
tinguished in this work. TheU and V are then expressed as the combination of different tidal components as
shown in equation 1. For the harmonic fitting, a 4‐day data window with 1‐day shifting was applied at each
height to the wind field data. In each harmonic fitting, 24‐hr data sets are used to calculate the diurnal, semi-
diurnal, and terdiurnal tidal amplitudes and phases:
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where θ, h, t, and f are the latitude, altitude, universal time, and frequency, respectively. yw is the zonal (U) or

meridional (V) wind observed by the meteor radar. yw0
is the mean wind, andAf

w and φ f
w are the tidal ampli-

tudes and phases, respectively. f = 1, 2, and 3 in equation 1 represents tidal period of 24, 12, and 8 hr, respec-
tively. The phase is the time when tidal amplitude reaches its peak value.

3. Results
3.1. Stratospheric Temperature and Zonal Winds in the 2013 SSW Event

The features of the mean zonal stratospheric temperature profile at 90°N (top panel), 60°N (middle
panel), and mean zonal wind at 60°N (bottom panel) at the 10‐hPa pressure level are displayed in
Figure 2. The daily horizontal wind and temperature in these plots are the National Center for
Environmental Prediction reanalysis data from National center atmospheric research (NCEP/NCAR) rea-
nalysis data (Kalnay et al., 1996) in the Northern Hemisphere from 1 December 2012 to 28 February
2013. As shown in Figure 2, the stratospheric temperature at 90°N showed a dramatic variation during
the entire period of this event. The temperature had several peaks with ~244 K on 7 January, ~240 K
on 13 January, and ~236 K on 15 January. The temperature declined gradually from around 23

Table 1
Key Parameters of the Meteor Radars Used in This Work

Mohe Beijing Wuhan Kunming Sanya

Freqency (MHz) 38.9 38.9 38.9 37.5 47.5
Time res 1 hr 1 hr 1 hr 1 hr 1 hr
Range_res 2 km 2 km 2 km 2 km 2 km
Peak power 20 kW 20 kW 20 kW 20 kW 20 kW
Pulse width 24 μs 24 μs 24 μs 24 μs 24 μs
Height (km) 70–110 70–110 70–110 70–110 70–110

Figure 1. Location of the meteor radar chain including the stations of Mohe, Beijing, Wuhan, Kunming, and Sanya.
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Figure 2. Variations of stratospheric temperature and zonal wind at 30 km for the winter in 2012–2013. (top)
Stratospheric temperature at 90°N. (middle) Stratospheric temperature at 60°N. (bottom) Mean zonal wind at 60°N.

Figure 3. The altitudinal and temporary variation of observed zonal (left) and meridional (right) winds during 1
December 2012 to 28 February 2013 at Mohe (MH), Beijing (BJ), Wuhan (WH), Kunming (KM), and Sanya (SY). The
green bar in the X axis denotes the period of 2013 SSW.
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January and reached its normal magnitude of ~190 K around late February 2013. Meanwhile, the strato-
spheric temperature at 60°N increased suddenly from ~210 K on 29 December to ~227 K on 7 January
and then remained at a high level until 17 January. The westward wind lasted for more than 21 days
with a maximum speed of ~ −10 m/s. After 27 January, the stratosphere began to recover to its quiescent
condition. According to the World Meteorological Organization criteria (Labitzke & Naujokar, 2000), this
is a major SSW event with the onset on 6 January.

3.2. Variations of Mean Winds in the MLT

Figures 3 and 4 show the variations of neutral winds and background winds during the 2013 SSW. The hor-
izontal green line in each panel indicated the SSW period. For the zonal wind component, its features prior
to the SSW onset (1 to 3 January) varied significantly from location. One major difference prior to the SSW
onset was that the eastward wind was prevailing at all altitudes at Mohe station, while below 94 and 92 km at
Beijing and Wuhan stations. Moreover, at lower latitudes (Kunming and Sanya), the eastward wind showed
an increase below 88 km. Prior to the SSW onset, the peak of eastward wind was about 61 m/s around 82 km
at Beijing, Wuhan, Kunming, and Sanya. However, the zonal wind at Mohe was 44 m/s at 82–92 km.

During the 2013 SSW event (4 January), the eastward wind became weaker and reversed to westward on 7
January at all stations (Figures 3 and 4 on the left column). The covering height range of westward reversal
decreased with the decreasing latitude. This westward wind lasted longer at the middle‐latitude stations
(Mohe, Beijing, and Wuhan) than that at the low‐latitude stations (Kunming and Sanya). Hence, the rever-
sal from westward to eastward wind was earlier at the lower latitudes (around 14 January). The westward
wind reversal happened around 16 January at Mohe, 13 January at Beijing, 12 January at Wuhan, and 11
January at Kunming and Sanya. After the SSW event, this eastward wind at Mohe, Beijing, and Wuhan
remained for a longer period until the end of February. Around 28 and 22 January, the eastward wind

Figure 4. Variations of mean winds as a function of altitude and date during the 2013 SSW at Mohe, Beijing, Wuhan,
Kunming, and Sanya.
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reversed to westward again at Kunming and Sanya and the westward wind remained until the end of
February.

As shown in Figures 3 and 4, the northward wind at all stations increased prominently at the onset time of
the SSW. After that, the northward wind became weaker at the low latitudes and reserved to southward at
the middle latitudes around 10 January. Overall, the magnitude and the period of prevailing wind showed
clearly latitudinal‐dependent structure. In other words, the SSW revealed significant and different effects
on the MLT dynamics at the middle and low latitudes.

3.3. Variations of Neutral Wind Tides

Figures 5 and 6 display the tidal amplitudes of the zonal and meridional winds that based on this radar
chain. It is clear that tidal amplitudes showed prominent variations with latitudes during the 2013 SSW.
The diurnal amplitude of the zonal wind was higher at Beijing, Wuhan, and Kunming, moderate at Sanya
and lower at Mohe. The diurnal amplitude of the meridional wind increased as the latitude decreased.
For instance, the amplitude was ~28 m/s at Mohe and ~113 m/s at Sanya. As shown in Figures 5 and 6,
the diurnal amplitudes of zonal and meridional winds increased from around 21 December to 4 January
at all stations, and the increased amplitude remained for a longer period at higher latitudes. The diurnal
amplitudes were small before the SSW, while greater magnitudes were seen after the SSW. In addition,
the diurnal amplitude of the meridional wind was larger than that of the zonal wind.

Furthermore, the semidiurnal amplitude of the zonal wind showed clear variations during the entire dis-
turbed periods at Mohe (Figure 5, middle column) as compared with those at other stations. Before the

Figure 5. Variations of diurnal (left column), semidiurnal (middle column), and terdiurnal (right column) amplitudes in zonal winds as a function of altitude and
date during the 2013 SSW at Mohe, Beijing, Wuhan, Kunming, and Sanya.
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SSW, the structure of daily variabilities was similar at Beijing, Wuhan, Kunming, and Sanya. However,
during the 2013 SSW, the semidiurnal amplitude in the zonal wind decreased over Mohe, Beijing, and
Wuhan. It decreased further after ~9 days and returned to its normal value at around 17 January over
Mohe and Beijing. Whereas the semidiurnal amplitude in the zonal wind decreased before the SSW onset
and increased during the SSW onset below 90 km at Kunming and below 94 km at Sanya. The variations
of semidiurnal amplitude of the zonal wind before and after the 2013 SSW onset were small at all stations.
Overall, there were significant fluctuations in the zonal semidiurnal tides overWuhan, Kunming, and Sanya.

The semidiurnal amplitude of the meridional wind was comparable with that of the zonal wind over Mohe.
From Wuhan to Sanya, the semidiurnal amplitude of the meridional wind decreased as the latitude
decreased. A similar reduction was observed at all stations during the 2013 SSW. Specifically, the reduction
of semidiurnal amplitude started from around 4 January at Mohe and Beijing, 3 January at Wuhan, 1
January at Kunming, and 29 December at Sanya. Soon after 7 January, the semidiurnal amplitude of meri-
dional wind increased below 94 km at Kunming and Sanya. In other words, the influence of the SSW on the
semidiurnal tide was largest at Mohe and gradually became weaken toward lower latitudes.

Comparing with the diurnal and semidiurnal tidal components, the terdiurnal tidal component demon-
strated a strong inconsistency between zonal and meridional winds at all stations. As shown in Figures 5
and 6, the terdiurnal tidal amplitudes enhanced during the 2013 SSW, especially at middle latitudes. For
instance, the increases in zonal terdiurnal amplitudes were observed during 14 to 20 January above 90 km
at Mohe. On the other hand, the increases were observed during 2 to 6 January at all heights and 9 to 19
January below 86 km at Beijing. In the same vein, the increases were also observed during 9 to 17
January at all heights at Wuhan, 7 to 10 January at all heights at Kunming, and 12 to 17 January above

Figure 6. Similar with Figure 5 but for diurnal (left column), semidiurnal (middle column), and terdiurnal (right column) amplitudes in meridional winds.
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90 km at Sanya. The increases of terdiurnal amplitude in meridional winds were seen from 13 to 17 January
above 90 km at Mohe and at all heights at Beijing and Wuhan during 4–13 January and 6–19 January,
respectively. Similar enhancement of the terdiurnal amplitude in meridional winds was also observed
from 6 to 18 January above 84 km at Kunming and from 8 to 13 January below 84 km at Sanya. Thus,
these increments were associated with the SSW effects considering the varying coverage of height and the
magnitude of the amplitude variations. At each station, the terdiurnal amplitude of meridional wind was
larger than that of zonal wind.

Figures 7 and 8 depict the tidal phases in zonal and meridional tides. It is clearly seen that the diurnal phase
shifted to earlier time at all heights in the zonal and meridional winds. Note that the diurnal phase of mer-
idional tide shifted toward a later time within the height range of 88–94 km at Mohe and of 96–100 km at
Beijing. The shifting of the zonal tidal phase was related to the coupling processes from below to upper atmo-
sphere (Fuller‐Rowell et al., 2010). The variations in diurnal tidal phase in the zonal and meridional winds
started from higher altitude and toward lower altitudes. For the semidiurnal tide, the phase of the zonal
wind (Figure 7, middle column) recorded a large phase shifts in comparison with that of themeridional wind
(Figure 8, middle column). The semidiurnal phase in the zonal wind moved earlier suddenly for few days
and followed by a shift toward a later time. The lasting interval of this phase shifted toward a later time as
the latitude decreased. For instance, the phase shifts in the zonal wind mainly occurred from 8 to 12
January above 90 km at Mohe and from 10 to 14 January within the height of 90–96 km at Kunming.
Similarly, the semidiurnal phase of the meridional wind shifted toward a later time from 5 to 11 January
and moved earlier after 11 January above 86 km at Mohe and Beijing. At other three stations (Wuhan,

Figure 7. Variations of diurnal (left column), semidiurnal (middle column), and terdiurnal (right column) phases in zonal winds as a function of altitude and date
during the 2013 SSW at Mohe, Beijing, Wuhan, Kunming, and Sanya.
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Kunming, and Sanya), the semidiurnal phase of the meridional wind shifted to earlier time from 7 to 11
January at all heights. Meanwhile, the terdiurnal phase also shifted to earlier time in zonal and
meridional winds, especially at Mohe, Beijing, and Wuhan. The terdiurnal phase shifted toward a later
time followed by shifting to earlier time recorded in the zonal and meridional winds at Kunming and Sanya.

Figures 9 and 10 show the tidal vertical wavelengths in zonal and meridional winds calculated from the cor-
responding tidal phases in Figures 7 and 8 (Jiang et al., 2009). It can be seen that the tidal wavelengths in
neutral winds showed larger oscillations at lower latitudes (Wuhan, Kunming, and Sanya) than those at
higher latitudes (Mohe and Beijing) in response to the SSW. As shown in Figure 9, the diurnal tidal wave-
length of zonal wind increased prominently at Beijing, Kunming, and Sanya. Specifically, it reached as large
as 120 km at Kunming when the diurnal amplitude had a decrease. Interestingly, the semidiurnal tidal
wavelength in the zonal wind showed a large increase at all latitudes, even before the SSW. It had the peak
value being as large as 85–90 km at Mohe and Beijing and a bit more than 110 km at Wuhan, Kunming, and
Sanya. The terdiurnal tidal wavelength in the zonal wind also increased at Beijing, Wuhan, and Kunming.
For the meridional wind (Figure 10), the semidiurnal and terdiurnal tidal wavelengths showed great incre-
ments in response to the SSW. For example, the maximumwavelength at Wuhan reached as large as 180 km
for semidiurnal and 130 km for terdiurnal tide. Note that the diurnal tidal wavelength in the meridional
wind displayed unexpected oscillations in the SSW onset at all stations. These results indicated that the
wave‐mean flow and wave‐wave interactions affected not only the tidal amplitude and phase but also the
tidal vertical structure.

Figure 8. Similar with Figure 7 but for diurnal (left column), semidiurnal (middle column), and terdiurnal (right column) phases in meridional winds.
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4. Discussion

The results in Figures 4–6 showed that both the mean wind and tidal amplitudes displayed multiple peaks
even during the non‐SSW period. For instance, the semidiurnal amplitude at Mohe peaked on 4, 10, 15–16,
and 23 December and the meridional tides above 86 km showed peaks on 9, 12–15, and 21–24 December,
and 27 December to 2 January. These results revealed the possible interactions between tides and PWs.

Figure 9. Variations of vertical wavelengths of diurnal (left column), semidiurnal (middle column), and terdiurnal (right column) tidal components in
zonal winds.

Figure 10. Variations of vertical wavelengths of diurnal (left column), semidiurnal (middle column), and terdiurnal (right column) tidal components in
meridional winds.
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Figure 11. Wavelet spectra of zonal (left column) and meridional (right column) winds at 90 km at Mohe, Beijing,
Wuhan, Kunming, and Sanya during the 2013 SSW.

Figure 12. Meridional winds at Beijing, Wuhan, and Sanya stations during 2009–2016. The black bars represent minor SSW events, and the green bars denote
major SSW events.
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Figure 11 shows theMorlet wavelet spectra of the hourly averaged zonal andmeridional winds at 90 km dur-
ing the 2013 SSW. It can be seen that at all stations the fluctuation amplitudes with periods of 8 to 11 and 16
to 18 days increased, while the diurnal and semidiurnal amplitudes decreased during the 2013 SSW. The ter-
diurnal amplitudes in both wind components increased below 90 km atMohe. Consequently, the wave oscil-
lations at the periods of about 16 and 11 days dominated during 1–18 January at Mohe. The diurnal and
semidiurnal amplitudes of zonal and meridional winds at Beijing decreased, while the planetary oscillations
with periods of 11 to 18 days in the zonal tide and 8 to 11 days in the meridional tide became strengthened.
Additionally, the terdiurnal amplitude of zonal wind increased with largest increment of 7 m/s and the mer-
idional wind increased with largest increment of 4 m/s below 86 km, as the period of PW increased. As
shown in Figures 5, 6, and 11, the PW with the period of 6 to 18 days was weaker in the meridional wind
and was stronger in the zonal wind around 1–18 January, when the diurnal and semidiurnal amplitudes
decreased at Wuhan. The enhancement of terdiurnal amplitude could be related to the changes in planetary
periods of 6 to 18 days. Different from the situation at Wuhan, the dominating periods of PWs at Kunming
were 8 and 16 to 18 days in the zonal wind and only 8 days in the meridional wind. The decrease in diurnal
amplitude of zonal wind and increase in PWs with the periods of 6 to 8 and 16 to 18 days may be responsible
for the increase in the semidiurnal and terdiurnal amplitudes at Sanya. Additionally, the responses of ter-
diurnal amplitude to the 2013 SSW in the meridional wind at Sanya were mainly attributed to the changes
in PWs, diurnal, and semidiurnal tides.

As shown in Figures 5 and 6, there was obvious latitudinal‐dependent structure of the tidal waves during the
2013 SSW. The altitudinal range, where the semidiurnal amplitude decreased, became lower with latitude
decreasing. In particular, the semidiurnal amplitude enhanced at lower latitudes (Kunming and Sanya) from
12 to 16 January. As shown in Figure 11, the periodic oscillations of quasi 8 and 11 days dominated the neu-
tral wind at the middle latitudes (Mohe, Beijing, and Wuhan) and those with the period of quasi 6 to 8 days
were prevailing at lower latitudes (Kunming and Sanya). The amplitude of PW increased as the tidal ampli-
tude decreased. Hence, the difference in tidal amplitudes at middle and lower latitudes was caused by the
interactions between PWs and tidal waves.

It should be noted that the amplitudes of diurnal and semidiurnal tides at Mohe were clearly different from
those at other four stations. This feature is expected since the tidal components are dominated by the first
two symmetric modes and the first two antisymmetric modes of Hough functions. These two modes sug-
gested that the diurnal tidal wave energy mainly deposits within the latitudinal range of −49°N to 49°N,
whereas most of the semidiurnal tidal wave energy was deposited at the middle and high latitudes. For

Figure 13. Variations of diurnal amplitudes of zonal winds at Beijing, Wuhan, and Sanya during 2009–2016.

10.1029/2019JA027443Journal of Geophysical Research: Space Physics

LI ET AL. 12 of 16



the reason that Mohe (53.5°N) is located outside the range of −49°N to 49°N, the tidal amplitude at Mohe is
different from those at other stations.

As shown in Figure 4, the westward wind prior to the SSW onset at low‐middle latitudes (Kunming and
Sanya) was generally consistent with the previous works carried out by using the observations at
low‐middle and high latitudes (Bhattacharya et al., 2004; Chen et al., 2012; Dowdy et al., 2007; Hoffmann
et al., 2007; Jacobi et al., 2003; Sathishkumar et al., 2009; Xiao et al., 2014). Note that the northward wind
got strengthened during the 2013 SSW, though the northward wind was always expected to be weaken
and reversed to southward during the SSW events (Chen et al., 2012; Dowdy et al., 2007; Sathishkumar &
Sridharan, 2009; Wang & Alexander, 2009). As seen in Figures 5 and 6, there were large increments in the
diurnal amplitude from 13 January to the end of February. In order to identify whether these increments
were related to the seasonal variation, the SSW effects, or other factors, we obtained the observations of neu-
tral winds from the year 2009 to 2016 over Beijing, Wuhan, and Sanya. The meridional wind and diurnal
amplitudes in zonal andmeridional winds during these periods are shown in Figures 12–14. During this per-
iod, eight SSW events were occurred, including three minor events (labeled with black color) and five major
events (labeled with green color). The information on these eight events is given in Table 2. In comparing
these with the increment in the northward wind of Figure 12, we observed that the enhancement of north-
ward wind during the 2013 SSW was a unique phenomenon among these eight events. Dunkerton and
Butchart (1984) suggested that the enhancements of 16‐day PWs may be caused by the increments in the
northward winds. In addition, the mechanism causing variations in the tidal waves was partly induced by
the temperature changes during the SSW and also by the forcing circulation from PWs (Sridharan, 2017).
Consequently, the increment of the northward wind may induce the enhancement of quasi 16‐day wave

and then further influenced the nonlinear interactions of wave‐wave
and wave‐mean flow.

It is also noted from Figure 4 that the westward wind above the altitude of
~88 km had the short‐periodic oscillations at the middle latitude. In addi-
tion, the semidiurnal amplitudes were subjected to a dramatic decrease
followed by a great increase during the 2013 SSW, which was not consis-
tence with the increment in semidiurnal amplitude previously reported
(McCormack et al., 2017). These discrepancies call for further investiga-
tions by using observations and numerical simulations.

By comparing Figures 5, 6, 9, and 10, during the 2013 SSW, the decreased
semidiurnal amplitude corresponded to an increase in semidiurnal tidal

Figure 14. Variations of diurnal amplitudes of meridional winds at Beijing, Wuhan, and Sanya during 2009–2016.

Table 2
Information of SSWs During 2009–2016

Year Starting date Ending date Classification

2009 16 Jan 19 Feb Major
2010 20 Jan 10 Feb Major
2011 28 Jan 9 Feb Minor
2012 11 Jan 3 Feb Minor
2013 4 Jan 23 Jan Major
2014 4 Feb 11 Apr Major
2014–2015 29 Dec 13 Feb Minor
2016 29 Jan 22 Mar Major
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wavelength, whereas the terdiurnal amplitude increased with the increase of terdiurnal tidal wavelength
especially at Beijing, Wuhan, and Kunming. Therefore, the wave packet of semidiurnal tide may be dragged
in one direction, and the wave packet of terdiurnal tide was spread out from inside to outside. These varia-
tions of wave packet, which are related to the SSW, are a worthy point in the future investigation.

Figures 13 and 14 display the diurnal tidal amplitude from 2009 to 2016 in zonal and meridional winds,
respectively. The diurnal amplitude of zonal winds increased prominently after the 2013 SSW, especially
at Beijing. Meanwhile, the diurnal amplitude in meridional winds after the 2013 SSW increased greatly at
three stations. It is noted that the increased magnitude of zonal and meridional diurnal tides in 2013 was
largest from 13 January to the end of February, though the increase of zonal and meridional diurnal tides
occurs in every year. Consequently, the regular increase of diurnal tide with a small magnitude should be
related to its seasonal variation, but the remarking amplitude of diurnal tides could be associated with the
2013 SSW. Nevertheless, more long‐term wind observations and theoretical investigations are desirable to
further assess this aspect.

5. Conclusions

Meteor radar observations from 1 December 2012 to 28 February 2013 within the latitudinal range of 18–53°
N were utilized to study the responses of neutral winds and tides in the MLT to the 2013 SSW. It was found
that, during the 2013 SSW, the westward reversal occurred as expected, but the northward wind suddenly
increased in response to the onset of the SSW. Meanwhile, the amplitude of northward wind decreased with
the decreasing latitude fromMohe to Kunming. The diurnal and semidiurnal amplitudes showed a decrease
from around 5 to 13 January followed by an increase after 13 January. At the same time, the terdiurnal
amplitude increased at all stations and was larger at Beijing, Wuhan, and Kunming than that at Sanya.

The diurnal and terdiurnal phases shifted to earlier time during the 2013 SSW. Futhermore, the semidiurnal
phases also shifted to earlier time and followed by a shift toward a later time at higher height. The changes of
tidal phases also reflected in the tidal wavelength. The semidiurnal wavelength in the zonal tide increased
greatly at all stations, and the wavelength in terdiurnal tide showed an increase at Beijing, Wuhan, and
Kunming stations. However, the diurnal wavelength of the meridional wind showed weak oscillations at
all stations.

The tide‐PW interactions could play an important role in modulating the behaviors of MLT region during
the SSW. The changes in tidal waves and PW periods indicated that the nonlinear interactions between them
were complex during the SSW event. Moreover, the 8‐year observation of neutral winds and its tidal compo-
nents revealed that the 2013 SSW was a unique event, in which there was a prominent increment in the
northward wind after the SSW.
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