
1.  Introduction
Atmospheric tides are one of the most important dynamic processes in coupling the lower atmosphere and the 
upper atmosphere. They are usually observed by radars and satellites in the mesosphere and lower thermo-
sphere (MLT) region. The solar thermal and lunar gravitational tides are the predominant periodic oscillations 
in the atmosphere. The solar tides, modulated by the variations of water vapor, ozone, and molecular oxygen in 
the  atmosphere, are mainly generated by solar heating (Forbes, 1995). In contrast, the lunar tides are primarily 
generated by the gravitational forcing of the Moon on the lower atmosphere (Chapman & Lindzen, 1970). Since 
the forcing is virtually constant, the variations of lunar tides in the MLT region are related to the changes in the 
background atmosphere (Forbes & Zhang, 2012; Sandford et al., 2007; Yamazaki et al., 2012). Hence, the deter-
mination of the lunar tides in the MLT region is an excellent tool to understand the coupling of the atmosphere 
(Forbes et al., 2013; Stening et al., 1997).

Using numerical simulations, Chapman and Lindzen  (1970) predicted that the lunar tides potentially consist 
of three main modes: Long-term semimonthly lunar tide, lunar diurnal tide, and lunar semidiurnal (LSD) tide. 
The observed LSD with a period of 12.42 hr consists of a migrating tide with zonal wavenumber 2 (M2) and a 
nonmigrating component, which has the largest amplitude among the three modes (Pedatella et al., 2012; Vial 
& Forbes, 1994). Observations of the LSD in the atmosphere are difficult because the frequency of LSD is very 
close to the frequency of solar semidiurnal tide. Thus, a high spectral resolution in the data sets is required to 
distinguish the solar and lunar components.

In the ionosphere, the LSD has been extensively studied using data of the equatorial electrojet (Siddiqui 
et al., 2015, 2018; Stening, 2011; Yamazaki et al., 2017), the total electron content (Lin et al., 2019; Liu et al., 2019; 
Pedatella & Forbes, 2010; Sridharan, 2017), the noctilucent clouds (Dalin et al., 2017; Hoffmann  et al., 2018; 
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Fiedler & Baumgarten, 2018; von Savigny et al., 2017), and the temperature 
and electron density measured from satellites (Forbes & Zhang, 2012, 2019; 
Forbes et  al.,  2013; Paulino et  al.,  2013; Pedatella,  2014; Zhang & 
Forbes,  2014). In the MLT region, the neutral winds observed by meteor 
radars and medium-frequency radars provide an advantage to reveal the 
long-term variations of the LSD. According to the observations from these 
ground-based radars, the amplitudes and vertical wavelengths of the LSD 
are investigated from high to low latitudes (Paulino et  al., 2015; Sandford 
et al., 2006, 2007; Sathishkumar et al., 2017; Stening et al., 1987, 1994, 2003). 
The most important findings of the LSD in the MLT winds can be summa-
rized as (a) the behavior of the LSD amplitudes is very similar in the zonal 
and meridional winds; (b) the LSD amplitude is most prominent in winter; 

(c) the LSD has more significant longitudinal variations than the solar semidiurnal tides; and (d) the amplitude 
of the LSD has a year-to-year variability in both northern and southern hemispheres. However, the latitudinal 
differences of the LSD in the neutral wind in the MLT region are rarely reported.

Responses of the LSD to the Arctic sudden stratospheric warming (SSW) and polar vortex weakening (PVW) 
events have been extensively studied in recent years. SSW events mostly occur in the polar region in winter and 
have significant influences on atmospheric dynamics (e.g., Chau et  al.,  2012; Gong, Ma, et  al.,  2018; Gong 
et al., 2021; Ma et al., 2020). The PVW events can be identified when the stratospheric temperature/zonal mean 
zonal wind (ZMZW) simultaneously increases/decreases near the polar region during the winter (Zhang & 
Forbes, 2014). The occurrence of PVW events is almost always accompanied by SSW events (e.g., Albers & 
Birner,  2014; Ma et  al.,  2022). Many studies have demonstrated that the LSD amplitude is enhanced during 
SSW/PVW events (Forbes & Zhang, 2012; Li et al., 2021; Siddiqui et al., 2015, 2018; Wu et al., 2019). Zhang 
and Forbes (2014) suggested that the enhancement of the LSD at 110 km occurs just after the commencement of 
PVWs and the LSD amplitude increases with the enhancement of PVWs. Chau et al. (2015) found that the time 
and magnitude of the LSD are highly related to the onset dates and magnitudes of PVWs. He and Chau (2019) 
proposed that the strongest enhancement of M2 occurs in vortex-split PVW/SSW events. Koushik et al. (2020) 
suggested that the occurrence of the LSD enhancement is closer to the onset date of PVWs rather than SSWs.

In the present study, we use the wind observations obtained from a meteor radar chain to investigate the LSD 
activities from the middle to low latitudes in the northern hemisphere. Our primary goal is to study climatology 
and latitudinal variation of the LSD from middle to low latitudes and investigate the association between the 
LSD and PVW events from 2009 to 2020 in the MLT region. The paper is organized as follows. In Section 2, we 
introduce the data and methods to extract the amplitudes of the LSD. Section 3 presents the long-term variations 
of the LSD. Discussions are given in Section 4. Conclusions are summarized in Section 5.

2.  Data Analysis
In this study, horizontal winds in the MLT region are obtained from five meteor radars located along ∼120°E 
meridian in the northern hemisphere, which consists of five stations located at Mohe (MH, 53.5°N, 122.3°E), 
Beijing (BJ, 40.3°N, 116.2°E), Wuhan (WH, 30.5°N, 114.6°E), Sanya (SY, 18.3°N, 109.6°E), and Ledong (LD, 
18.4°N, 109.0°E), respectively. These all-sky meteor radars use the interferometry technique to detect the meteor 
echoes and retrieve the drift speeds of meteor trails, which are used to calculate the neutral winds via the least 
squares fitting method within a spatial and temporal window (Hocking et al., 2001). The meridional winds (posi-
tive northward) and the zonal winds (positive eastward) have a 1-hr temporal resolution and a 2-km vertical reso-
lution from 80 to 96 km. The observational calendars of each meteor radar are presented in Table 1. Note that the 
meteor radar at SY was not in use in 2015 and a new meteor radar was established in a neighboring site of LD in 
2018. The observations of SY and LD are analyzed together as the SY-LD site in the present study. Please refer 
to previous studies for detailed information on the meteor radars and MLT wind products (e.g., Li et al., 2012; 
Ma et al., 2018; Yu et al., 2013).

The least squares fitting method is used to extract the amplitudes of the LSD from the hourly meridional and 
zonal winds, which can be expressed as follows:

𝑎𝑎(𝑡𝑡) = 𝐴𝐴0 + 𝐴𝐴1 cos

(

2𝜋𝜋𝜋𝜋

24
− 𝜑𝜑1

)

+ 𝐴𝐴2 cos

(

2𝜋𝜋𝜋𝜋

12
− 𝜑𝜑2

)

+ 𝐴𝐴3 cos

(

2𝜋𝜋𝜋𝜋

12.42
− 𝜑𝜑3

)

� (1)

Location Date/month/year

MH (53.5°N, 122.3°E) 01/08/2011–31/12/2020

BJ (40.3°N, 116.2°E) 04/12/2008–31/12/2020

WH (30.5°N, 114.6°E) 22/09/2010–31/12/2020

SY (18.3°N, 109.6°E) 12/01/2009–16/11/2015

LD (18.4°N, 109.0°E) 16/08/2018–31/12/2020

Table 1 
Summary of the Meteor Radar Chain Database
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where 𝐴𝐴 𝐴𝐴 is the time in hours in the solar time frame; 𝐴𝐴 𝐴𝐴0 is the mean back-
ground wind; and 𝐴𝐴 𝐴𝐴i and 𝐴𝐴 𝐴𝐴𝑖𝑖 are the amplitudes and phases of solar diurnal, 
solar semidiurnal, and LSD tide. In order to distinguish the solar and LSD 
tides, the length of the fitting window (N, number of days) should satisfy 
the condition 𝐴𝐴

1

N∗24
<

1

12
−

1

12.42
 , which means 𝐴𝐴 N > 14.79 . In this study, a 

21-day sliding window shifted by 1 day is used (e.g., Chau et al., 2015; Conte 
et  al.,  2017,  2019). In each sliding window, the fitting is only performed 
when the missing data are less than 100 hr (20% of the 21 days).

Figure 1 presents the results of the Lomb-Scargle spectral analysis (a, b) and 
the amplitude (c, d) and phase (e, f) of the LSD (blue) and solar (red) semi-
diurnal tide using the meridional (left) and zonal (right) winds at 96 km over 
MH from 1 December, 2014 to 31 January, 2015. In Figures 1a and 1b, two 
peaks at around 12 and 12.42 hr can be clearly seen from the spectra in both 
meridional and zonal components. Both peaks are above the 95% confidence 
level that is indicated by the dashed red lines. As shown in Figures 1c and 1d, 
the daily variations of the LSD amplitudes are very different from solar semi-
diurnal tides. The correlation between the amplitudes of LSD and solar semi-
diurnal tides are −0.32 and −0.03 in the meridional and zonal components, 
respectively. The results indicate that the LSD and solar semidiurnal tides 
have limited mutual dependence. As seen from Figures 1e and 1f, the vari-
ation of LSD phases has a period of about 14 days, which is a typical char-
acteristic of LSD phases in the solar time frame (Lin et al., 2019). The LSD 
phases have a solar time shift, which is due to the time difference between the 
Sun and the Moon crossing the same longitude on Earth. The phases of solar 
semidiurnal tides vary within a period of 3 hr, which is very different from 
the phase behavior of the LSD. The results shown in Figure 1 demonstrate 
that the LSD and solar semidiurnal tides can be successfully separated using 
the methods described above.

The Modern-Era Retrospective Analysis for Research and Applications-2 (MERRA2) reanalysis data are used 
to reveal the variations of the middle atmosphere. The reanalysis data have a geographical resolution of 0.5° 𝐴𝐴 × 
0.625° and a temporal resolution of 1 day. The ZMZW and temperature are used to identify the onset dates of 
PVW events. A detailed description of the MERRA2 reanalysis data can be found in Gelaro et al. (2017).

The Singapore-based radiosonde monthly mean zonal winds are downloaded from the Free University of 
Berlin repository, which is used to reveal the quasi-biennial oscillation (QBO) phases (e.g., Laskar et al., 2016; 
Sathishkumar et al., 2017).

3.  Results
The LSD amplitudes are, respectively, extracted in the zonal and meridional components (𝐴𝐴 𝐴𝐴𝑢𝑢 and 𝐴𝐴 𝐴𝐴𝑣𝑣 ). Following 

previous studies (e.g., Chau et al., 2015; Conte et al., 2017, 2019), the total magnitude (𝐴𝐴
√

𝐴𝐴𝑢𝑢
2
+ 𝐴𝐴𝑣𝑣

2 ) is calculated 
and regarded as the magnitude of the LSD. Figure 2 presents the daily magnitudes of the LSD at MH (53°N), 
BJ (40°N), WH (30°N), and SY-LD (18°N) from 1 January 2009 to 20 December 2020. Note that the date of the 
amplitude is labeled as the central date of the 21-day fitting window. As shown in Figure 2, the maximum magni-
tudes of the LSD reach up to 27.9 m/s on 9 January 2015 at MH, 36.2 m/s on 11 January 2015 at BJ, 27.0 m/s on 
28 January 2013 at WH, and 25.9 m/s on 6 January 2020 at LD, respectively. It appears that the LSD in the MLT 
region has clear interannual and intra-annual variations.

The annual oscillation (AO), semiannual oscillation (SAO), ter-annual oscillation (TAO), and quarter-annual 
oscillation (QAO) are usually observed in the MLT region (e.g., Day et al., 2012; Ma et al., 2018). Using the same 
meteor radar chain, Ma et al. (2018) reported that the AO dominates the neutral winds at middle latitudes while 
both the AO and SAO are important at low latitudes. The interannual and intra-AOs are also widely observed 
in solar tides and planetary waves in the MLT region (e.g., Gong, Li, et al., 2018; Lu et al., 2011). However, the 
interannual and intra-AOs in the LSD magnitudes have been rarely reported in previous studies. The present study 

Figure 1.  (a–b) The Lomb-Scargle spectral in the meridional and zonal 
winds at 96 km over MH from 1 December, 2014 to 31 January, 2015. The 
red dashed lines present the 95% confidence level of spectral. (c–d) The 
amplitudes of lunar semidiurnal (LSD) tides and solar semidiurnal tides in the 
meridional and zonal winds. (e–f) The phases of LSD and solar semidiurnal 
tides in the meridional and zonal winds.

 21699402, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030616 by M
IA

M
I U

N
IV

ER
SITY

 Edgar W
 K

ing Library, W
iley O

nline Library on [01/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Space Physics

LUO ET AL.

10.1029/2022JA030616

4 of 11

investigates the interannual and intra-AOs in the LSD based on about 10 years of observations. The investigation 
is made by a Lomb-Scargle spectral analysis and the results are shown in Figure 3. Note that the results at SY-LD 
are not shown due to a large amount of missing data from 2015 to 2018. In Figure 3, spectral values under the 
95% confidence level are set to zero. As shown in the left column of Figure 3, the AO, QAO, and SAO are the 
most prominent oscillations in the amplitudes of the LSD at MH, BJ, and WH, respectively.

The amplitudes of AO, SAO, TAO, and QAO are extracted from the daily 
magnitudes of the LSD at each altitude using the least squares fitting method 
via the following equation:

�(�) =�0 + �1 cos
(

2��
�AO

− �1

)

+ �2 cos
(

2��
�SAO

− �2

)

+ �3 cos
(

2��
�TAO

− �3

)

+ �4 cos
(

2��
�QAO

− �4

)� (2)

where 𝐴𝐴 𝐴𝐴 is time in days; 𝐴𝐴 𝐴𝐴0 is the background level; and 𝐴𝐴 𝐴𝐴i and 𝐴𝐴 𝐴𝐴𝑖𝑖 are the 
amplitudes and phases of each oscillation. The 𝐴𝐴 𝐴𝐴AO , 𝐴𝐴 𝐴𝐴SAO , 𝐴𝐴 𝐴𝐴TAO , and 𝐴𝐴 𝐴𝐴QAO are, 
respectively, the periods of AO, SAO, TAO, and QAO, which are derived 
based on the left column of Figure 3. In this study, the 𝐴𝐴 𝐴𝐴AO , 𝐴𝐴 𝐴𝐴TAO , and 𝐴𝐴 𝐴𝐴QAO are 
365 days, 122 days, and 91 days at the three stations, respectively. The 𝐴𝐴 𝐴𝐴SAO 
is 185 days at MH, 179 days at BJ, and 181 days at WH. The fitted results 
are shown in the right column of Figure 3. The amplitude of AO at MH is the 
strongest oscillation among all stations, which is about twice the AO ampli-
tudes at BJ and WH. In general, the TAO is the weakest oscillation at all three 
stations. The SAO is the strongest component at WH but relatively weak 
at MH and BJ. Interestingly, the QAO is strong at all three stations and its 
amplitude is comparable at the three stations, which indicates that the QAO 
is important in the long-term variability of the LSD magnitudes.

To illustrate the seasonal variations of the LSD, monthly mean magnitudes 
are averaged from the daily magnitudes and are further computed into a 
composite year. The monthly mean results are only performed when the daily 

Figure 3.  The left column is the Lomb-Scargle periodogram of daily lunar 
semidiurnal magnitudes at MH, BJ, and WH, respectively. The right column 
is the magnitude of annual oscillation, semiannual oscillation, ter-annual 
oscillation, and quarter-annual oscillation, respectively.

Figure 2.  The daily variation of the magnitude of lunar semidiurnal tides at MH, BJ, WH, and LD-SY (from top to bottom) 
from 1 January 2009 to 20 December 2020.
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magnitudes are available more than 20 days in each month. Figure 4 presents 
the monthly mean magnitudes of the LSD and the standard deviations in a 
composite year at MH, BJ, WH, and SY-LD. As shown in the left column of 
Figure 4, the LSD magnitudes roughly increase with increasing altitude in 
the MLT region at all four sites. The LSD magnitudes at MH are enhanced 
with three peaks in December-January, April, and October. At BJ, four peaks 
appear in December-January, April, July, and September. The magnitudes of 
the LSD at WH are enhanced in December-January and July. In the site of 
SY-LD, the strongest enhancement is observed in December-January, while 
two moderate enhancements appear in April-May and July-August. As shown 
in the right column of Figure 4, the standard deviations are relatively great 
in April and October at MH, in January, April, July, and October at BJ, in 
January and April at WH, and in January at SY-LD, which means that the 
year-to-year variability of LSD is obvious in these months. Figures 3 and 4 
have clear consistencies that the AO, QAO, and SAO are, respectively, the 
strongest oscillations at MH, BJ, and WH, which can be well observed in 
both figures. Note that the discrepancy between Figures 3 and 4 is mainly due 
to the large year-to-year variability of the LSD.

The seasonal variations shown in Figure  4 are generally consistent with 
previous studies (e.g., Conte et al., 2017; He & Chau, 2019) but with one 
discrepancy. Our results indicate that the LSD is enhanced in April at MH, 
while observations from the meteor radars at similar latitudes at Castle Eaton 
(52.6°N, 2.19°W) and Juliusruh (54.6°N, 13.4°E) indicate weak magnitudes 
in April (e.g., Conte et al., 2017; Sandford et al., 2006). The discrepancy is 
very likely due to the longitudinal distribution of LSD, which is caused by the 
nonmigrating lunar tides (Forbes & Zhang, 2019).

Clear latitudinal differences can be seen in Figure 4. At MH and BJ, an enhancement of the LSD magnitude 
occurs in April, while it does not appear at WH and SY-LD. At MH, the magnitude is weak around July below 
94 km, while it is strong above 86 km at BJ and WH. At SY-LD, the magnitude is weak below 88 km throughout 
the year. At BJ, the magnitude is continuously larger than 5 m/s above 86 km throughout the year. Based on the 
observations from three meteor radars located in the Brazilian sector, Paulino et al. (2015) suggested that the 
latitudinal variations of the LSD are caused by different dominant Hough modes of the LSD in different months.

4.  Discussions
Previous studies suggested that the enhancements of the LSD in the MLT 
region are associated with the Arctic PVW events, which are accompanied 
by the attenuations or reversals of the easterly ZMZW in the middle atmos-
phere (e.g., Chau et al., 2015; Conte et al., 2017; He & Chau, 2019; Koushik 
et  al.,  2020; Zhang & Forbes,  2014). The attenuations of ZMZW in the 
middle atmosphere are thought to contribute to the amplifications of the LSD 
magnitudes (Forbes & Zhang, 2012). In this study, we further examine the 
effect of PVWs on the LSD based on the long-term meteor wind observations 
from 2009 to 2020, which extends the statistical analyses of PVW events only 
before the year 2013 in previous studies.

Zhang and Forbes (2014) first identified the PVW by the daily time series 
of two parameters: The temperature at 90°N and 40 km and the ZMZW at 
70°N and 48 km. The onset date of a PVW event is defined when the first 
local maximum of the temperature and the minimum of the ZMZW are 
simultaneously observed in the first 60 days of a year. If the local maximum 
temperature and the minimum ZMZW are not simultaneously captured, the 
onset date is only defined at the date when the minimum ZMZW occurs 
(e.g., Zhang & Forbes, 2014). Following these definitions, the onset dates 

Figure 4.  Monthly mean magnitudes of the lunar semidiurnal (left column) 
and standard deviations (right column) in a composite year at MH, BJ, WH, 
and SY-LD (from top to bottom), respectively. Contour steps are 1 m/s.

Year Onset date of PVW (month/day)

2009 01/23

2010 01/29

2011 01/31

2012 01/17

2013 01/11

2014 02/08

2015 01/05

2016 02/09

2017 01/30

2018 02/14

2018 12/31

2020 02/05

Table 2 
The Onset Dates of Polar Vortex Weakening (PVW) Events From 2009 to 
2020
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of PVW events from 2009 to 2020 are found and listed in Table 2. Based on 
the onset  dates of PVW shown in Table 2, the composite LSD magnitudes 
over MH, BJ, WH, and SY-LD from 10 days before to 20 days after the onset 
dates are calculated in Figure 5. As shown in Figure 5, the LSD magnitudes 
generally increase after the onset date of PVW at MH and BJ. The strongest 
response of the LSD to PVW is observed at BJ, with a maximum magnitude 
over 15 m/s at 96 km. However, the LSD at WH does not reveal obvious 
changes before and after the commencement of PVW. The LSD at SY-LD is 
enhanced earlier with the occurrence of PVW but decreases in a week after 
the PVW. Results shown in Figure 5 suggest that the enhancements of the 
LSD are not always related to the commencement of PVW events. Our result 
indicates that the enhancements of the LSD cannot be fully explained by the 
modulation of PVW events at WH and SY-LD (lower latitudes).

The QBO in the equatorial stratospheric zonal wind can significantly modulate 
the solar tides and neutral winds in the MLT region (e.g., Forbes et al., 2008; 
Laskar et al., 2016; Wu et al., 2008). Based on two meteor radars located at high 
and middle latitudes, Laskar et al. (2016) reported that the amplitudes of solar 
semidiurnal tides are above the mean level when the QBO phase is eastward. 
In the following, we intend to investigate the effects of the QBO phase on the 
LSD during PVW events. The QBO phases are determined by the directions 
of the monthly mean zonal winds at the equator (named QBO-related winds), 
which can be derived from radiosonde near the equator (Naujokat, 1986) and 
have been widely accepted. The positive QBO-related wind presents the west-
erly QBO phase, while the negative QBO-related wind presents the easterly 
QBO phase. Figure 6 presents (a) the QBO-related monthly mean zonal winds 
from January 2009 to December 2020 and (b) the evolutions of QBO winds 
averaged from 50 hPa to 30 hPa. In Figure 6a, the white lines represent zero 
wind lines. As shown in Figure  6a, the QBO-related monthly mean zonal 
winds at the equator reveal clear alternating westerly QBO phases and easterly 

QBO phases from 2009 to 2020. The zonal winds averaged from 50 hPa to 30 hPa presented in Figure 6b are used to 
identify the QBO phases (e.g., Laskar et al., 2016; Sathishkumar et al., 2017). The dots of the averaged QBO-related 
winds in the months when the PVWs happened are highlighted. The blue and red dots in Figure 6b represent the 
westerly and easterly QBO phases (QBOw and QBOe) with the occurrence of PVW, respectively. This definition 

Figure 5.  Composite lunar semidiurnal magnitudes from 10 days before to 
20 days after the onset dates of polar vortex weakenings (PVWs) at MH, BJ, 
WH, and SY-LD (from top to bottom), respectively. Black lines present the 
onset dates of PVWs. Contour steps are 1 m/s.

Figure 6.  (a) The quasi-biennial oscillation (QBO)-related monthly mean zonal winds from January 2009 to December 2020. 
The white lines represent zero wind lines. (b) The QBO-related winds averaged from 30 hPa to 50 hPa. The westerly and 
easterly QBO phases (QBOw and QBOe) with the occurrence of polar vortex weakening are, respectively, presented by the 
blue and red dots.

 21699402, 2022, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030616 by M
IA

M
I U

N
IV

ER
SITY

 Edgar W
 K

ing Library, W
iley O

nline Library on [01/01/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Journal of Geophysical Research: Space Physics

LUO ET AL.

10.1029/2022JA030616

7 of 11

is selected because the QBO-related winds from 50 hPa to 30 hPa are well correlated with the variabilities of the 
Arctic polar vortex in the winter (Anstey & Sheperd, 2014; Garfinkel et al., 2012). In the 12 years of observation, 
six PVW events occur in the QBOw (blue dots) and six PVW events are observed during the QBOe (red dots).

According to the different phases of QBOs, the composite LSD amplitudes are recalculated from 10 days before 
to 20 days after the onset dates of PVWs during QBOw and QBOe, respectively. As shown in Figure 7, the LSD 
magnitudes during QBOe (right column of Figure 7) are generally stronger than those enhancements during QBOw 
(left column of Figure 7) at all four latitudes. Particularly, the magnitudes of the LSD at WH even decrease around 
five days after the onset of PVW during QBOw. This may be the reason that the evolution of the LSD at WH has 
no clear relation with the commencement of PVWs, which is illustrated in Figure 5. Our results suggest that the 
QBO phases may play an important role in the enhancement of the LSD in the northern hemispheric MLT region.

Since the weakening of the ZMZW is important in amplifying the LSD during PVW events (Forbes & 
Zhang, 2012), the association between the ZMZW and the QBO phases during PVWs is investigated. Using the 
MERRA2 reanalysis data, the ZMZW from 60 to 80 km at the latitude of each station are obtained on days −3, 
0, 3, 6, and 9 (zero represents the onset of the PVW). We perform a comparison of the composite ZMZW during 
PVW events between the QBOw (blue) and QBOe (red) and the results are shown in Figure 8. As seen from 
Figure 8, the composite ZMZW during QBOe is weaker than ZMZW during QBOw from day −3 to day 9 at low 
latitudes (WH and SY-LD stations) and from day −3 to day 3 at BJ latitude. At the highest latitude station MH, 
the ZMZW during QBOe is much weaker than the ZMZW during QBOw on day 0. These results suggest that the 
QBOe could reduce the ZMZW in the mesosphere at low latitudes during the PVW events. Our study indicates 
that attenuations of the mesospheric ZMZW during the QBOe periods could be in favor of amplifying the LSD 
magnitudes at low latitudes.

The QBO phases can affect the propagating and breaking of stationary planetary waves, which break more heav-
ily in the polar region and cause a more disturbed polar vortex during QBOe than QBOw (Holton & Austin, 1991; 

Figure 7.  Same as Figure 5 but during the QBOw (left column) and the QBOe (right column).
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Siddiqui et al., 2018). The ZMZWs are attenuated when the polar vortex weakens. Then, the weaker ZMZW 
during QBOe might lead to the enhancements of LSD at low latitudes. However, at the highest latitude station 
MH, the time of attenuated mesospheric ZMZW does not correspond well with the enhancements of LSD. The 
nonlinear interactions between the 16 days planetary waves and solar semidiurnal tides might also contribute 
to the amplification of LSD (He & Chau, 2019). Nevertheless, further studies on the influences of attenuated 
ZMZW during QBOe on the LSD at high latitudes are needed.

5.  Summary and Conclusions
Based on long-term neutral wind measurements by meteor radars located at Mohe (MH, 53.5°N, 122.3°E), 
Beijing (BJ, 40.3°N, 116.2°E), Wuhan (WH, 30.5°N, 114.6°E), Sanya (SY, 18.3°N, 109.6°E), and Ledong (LD, 
18.4°N, 109.0°E) from 2009 to 2020, the amplitudes of the LSD tides in the MLT region are extracted using the 
least squares fitting method. The total magnitudes of the LSD are calculated based on the LSD amplitudes in 
both zonal and meridional components. Using the obtained LSD magnitudes and the MERRA2 reanalysis and 
Singapore-based radiosonde data from 2009 to 2020, we present analyses of the interannual and intra-AOs in the 
LSD magnitudes, the seasonal and latitudinal variations of the LSD magnitudes, and the effects of PVW events 
and QBO phases on the enhancements of the LSD. Major findings are as follows:

The AO, QAO, and SAO in the LSD magnitudes, respectively, dominate at MH, BJ, and WH. The AO ampli-
tude at MH is about twice the AO amplitudes at BJ and WH. The QAO is relatively strong and its magnitude is 
comparable at the three stations, which indicates that the QAO in the LSD magnitudes is important in the MLT 
region at midlatitudes. The seasonal variations of the LSD show clear latitudinal differences from middle to low 
latitudes. The monthly mean magnitudes of the LSD reach the maximum in January at all four latitudes, while in 
other seasons, the LSD magnitudes behave differently at the different latitudes.

Based on our investigation on 12 PVW events from 2009 to 2020, the enhancements of the LSD are not always 
related to the commencement of PVWs. We found that the enhancements of the LSD during the easterly QBO 
phases (QBOe) periods are generally stronger than those enhancements during the westerly QBO phases (QBOw) 
periods. The mesospheric ZMZWs at low latitudes during the PVWs, modulated by the QBO phases, are found 
to be weaker during the QBOe than those during the QBOw, which can lead to the stronger enhancements of the 
LSD at low latitudes during PVWs. Our results indicate that the QBO phases play an important role in influenc-
ing the LSD magnitude in the MLT region during PVW events.

Figure 8.  The composite mesospheric zonal mean zonal wind on the days −3, 0, 3, 6, and 9 (zero represents the onset of the 
polar vortex weakening) during QBOw (blue) and QBOe (red) at the latitudes of MH, BJ, WH, and SY-LD stations.
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Data Availability Statement
The meteor radars data are provided by BNOSE, IGGCAS through the Data Center for Geophysics, and 
National Earth System Science Data Sharing Infrastructure (http://wdc.geophys.ac.cn/index.asp). The 
Singapore-based radiosonde monthly mean zonal winds are downloaded from the Free University of Berlin 
repository (https://www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/). The Modern-Era Retrospective 
Analysis for Research and Applications-2 reanalysis data is available on the website of https://disc.gsfc.nasa.
gov/datasets.
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