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Abstract: Using the meteor radar data at the Mohe (53.5° N, 122.3° E) and Wuhan (30.5° N, 114.2° E)
regions over China, this paper conducts a study on the diurnal and seasonal variation of high-
frequency (within 2 h) gravity waves (GWs) activity in the mesosphere and the lower thermosphere
(MLT). On the basis of the composite day analysis and Hocking’s technique, the variance and
momentum flux of the high-frequency GWs are derived from the radial velocities of individual
meteor trails. Spectral results demonstrate that the high-frequency GWs activity shows 12 and 24 h
periodicity, which may be due to the tidal modulation on the high-frequency GWs. The spectra of the
variance and momentum flux also show 6 and 8 h periodicity. In addition to the diurnal variation,
the high-frequency GWs activity shows the annual and semiannual oscillations. Additionally, the
quasi-4-month oscillation is found at Mohe.
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1. Introduction

The mesosphere and the lower thermosphere (MLT) comprise the region from about 60
to 110 km [1]. It is the transition region between the neutral atmosphere and the ionosphere.
The MLT region is strongly modulated by gravity waves (GWs), which are primarily
excited by topography, convection, wind shear, jet streams and frontal systems [2]. As
GWs transport up through the atmosphere, the amplitudes grow to conserve energy. GWs
that reach the MLT region dissipate and/or break [3,4]. The deposition of the energy and
momentum by wave breaking plays a crucial role in the dynamic and energy balance of
the MLT region [5]. The effects of GWs on the MLT region include the wind deceleration
in the mesosphere, which leads to the reversals of the mesopause wind, the residual
mesospheric circulation from pole to pole, which leads to a cold summer and warm winter
in the mesopause region and the coupling of GWs with larger-scale waves (e.g., tides and
planetary waves) [6-8]. On account of the small horizontal phase speed of GWs, which is
of the order of the background mean flow, GWs are very sensitive to the wind filtration in
the middle atmosphere. Therefore, the amplitudes of GWs depend on both the seasonal
cycle and planetary waves [9,10].

An important property of GWs is that they can transport and deposit momentum
and energy from the lower atmosphere to the upper atmosphere, and the vertical flux
of horizontal momentum (momentum flux for short) is used to quantify this property.
Extensive studies show that the momentum flux of high-frequency GWs presents significant
seasonal variation. Matsumoto et al. [11] analyzed the data of two nearly identical meteor
radars at Koto Tabang (0.20° S, 100.32° E), West Sumatra, and Biak (1.17° S, 136.10° E),
West Papua, and found that the seasonal variations in the momentum flux showed the
semiannual and annual oscillations. Placke et al. [12] also found the periodic oscillations
of the momentum flux using the data of the meteor radar wind measurements at Collm,
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Germany (51.3° N, 13.0° E), and explained it by the wind filtering of GWs. In addition,
Andrioli et al. [5] found for the first time that the zonal momentum flux at Santa Maria
(30° S, 54° W) and the meridional momentum flux at 92.5 km over Cachoeira Paulista
(23° S, 45° W) showed a quasi-4-month oscillation. Liu et al. [13] studied the diurnal
variation of the momentum flux of GWs, and their results showed that the momentum flux
of GWs was strongly modulated by the diurnal tide. Manson et al. [14] analyzed the data
of the Saskatoon medium frequency (MF) radar (52° N, 107° W) for the years 1992 and
1993 and found that when the propagation directions of the momentum flux of GWs were
isotropic, the momentum flux of GWs presented a 6 h modulation.

The horizontal wind variance caused by high-frequency GWs (period less than 2 h) is
an important symbol of GWs activity. The observation investigations of the high-frequency
GWs activity of the MLT region mainly focus on its seasonal variation. Based on the data of
two meteor radars, one at Rothera in the Antarctic (68° S) and one at Esrange in the Arctic
(68° N), Beldon and Mitchell [15] identified that the high-frequency GWs activity showed a
semiannual oscillation. Andrioli et al. [5] found the annual and semiannual oscillations
in seasonal variations of high-frequency GWs activity at Cariri (7° S, 36° W), Cachoeira
Paulista (23° S, 45° W) and Santa Maria (30° S, 54° W). In addition, the quasi-4-month
oscillation of the meridional variance of GWs is found at Mohe (53.5° N, 122.3° E), Beijing
(40.3° N, 116.2° E), Mengcheng (33.3° N, 116.5° E) and Wuhan (30.5°N, 114.2° E) [16].
In addition to seasonal variations, the high-frequency GWs also present the diurnal
and semidiurnal variations. Andrioli et al. [17] re-analyzed the previous data at Cariri
(7°'S, 36° W), Cachoeira Paulista (23° S, 45° W), Santa Maria (30° S, 54° W) and Southern
Argentina Agile (53.8° S, 67.8° W) and found the diurnal and semidiurnal modulations
on GWs variance over all sites. In addition, the semidiurnal modulation was observed at
lower latitudes mainly near the equinoxes, while the diurnal modulation occurred mainly
near the solstices.

To analyze GWs, different kinds of instruments have been used, such as radars [14],
lidars [18], rocket soundings [19] and satellites such as TIMED (SABER) [20]. The meteor
radars are suitable to monitor GWs at long time scales, owing to their operation being
continuous, automatic and with relatively less expense. Billions of meteoroids enter the
Earth’s atmosphere every day, rapidly burning and ionizing their surfaces as they collide
with atmospheric molecules. A long and thin column of high-density plasma left behind
by a meteor is a meteor trail. By transmitting radio waves and receiving the reflection
echo of the meteor trail, the meteor radar can obtain the distance from the meteor trail
to the receiving point, zenith angle, azimuth angle and radial velocity, so as to calculate
and invert estimate the variance and momentum flux of GWs. The all-sky meteor radar
is used to observe and study the fluctuation and propagation characteristics of the global
middle and upper atmosphere, the dynamics of the middle and upper atmosphere and the
coupling between the middle and upper atmosphere and the ionosphere.

In this paper, we aim to investigate the diurnal and seasonal variations of high-
frequency (within 2 h) GWs activity by using Mohe (53.5° N, 122.3° E) and Wuhan
(30.5° N, 114.2° E) meteor radar data from 2012 to 2019. The paper is organized as fol-
lows. The meteor radar data utilized and the method used in the paper are described
in Section 2. The diurnal and seasonal variations of high-frequency GWs activity at two
stations are presented in Section 3. The discussion is given in Section 4, and the summary
is given in Section 5.

2. Datasets and Methods
2.1. Datasets

The all-sky meteor radars use wide beam transmission, interferometry, Doppler shift
and automatic identification of meteor trails [21,22], which can detect radial velocity,
distance and other parameters of a meteor’s trails from 70 km to 110 km [21]. Meteor radars
have large vertical and temporal resolutions, typically 2 km and 1 h. The Mohe and Wuhan
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meteor radar data from 2012 to 2019 are used in this paper. Figure 1 shows the geographical
distribution of Mohe and Wuhan meteor radar stations.
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Figure 1. Geographical distribution of Mohe and Wuhan meteor radar stations.

2.2. Method

Reid and Vincent [23] first introduced the dual beam technique for momentum flux
calculations. Hocking [24] generalized this formulation and used meteor radar to measure
horizontal wind variance and momentum flux. Hocking [24] also applied the technique
to data from mid-latitude and polar sites with an averaging interval of less than 3 h in
height/time bins. The results suggested that variance and momentum flux were caused by
GWs with a period of less than 2-3 h, with contamination caused by tides and planetary
waves removed. Vincent et al. [25] evaluated this method and proposed that as long as there
were enough meteor trails in a certain time and altitude range, the meaningful values of
GWs can be obtained from the meteor radars. In recent years, based on Hocking’s technique,
many studies have used composite day analysis with the aim to avoid contamination by
tidal and planetary waves with improved accuracy [26,27]. All meteors from the specified
time and altitude range of a calendar month are aggregated into a composite day and
treated as one-day meteors.

Compared to the period of GWs, each meteor echo is basically a localized wind
measurement on a small atmospheric volume and a small timescale. After removing the
contributions of large-scale motions to the horizontal wind velocity, such as background
wind, tide, planetary waves and long-period gravitational waves, the variance of the
remaining small-scale motions can be considered to be dominated by GW perturbations,
so it can be used as a proxy for GWs activity [15]. Based on Hocking’s technique and
composite day analysis, this paper infers the variance and momentum flux of GWs using
the all-sky meteor radar data.

The background wind variance caused by high-frequency GWs (period of less than
2 h) is an important indicator of GWs activity. Hocking [24] used three-hourly data bins,
shifted in step of 2 h to analyze high-frequency GWs, and obtained the reliable result. To
better study the high-frequency GWs, time intervals of 2 h and displacement between
adjacent intervals of 1 h (centered on the hours from 00:00 to 23:00) and altitude intervals
of 3 km and displacement between adjacent intervals of 3 km (centered on 78.5, 81.5, 84.5,
87.5,90.5, 93.5 and 96.5 km) are used in this paper. Large-scale waves with a period greater
than 2 h and a height scale greater than 3 km are filtered by the bins. The data in this
period are relatively continuous and complete. Since meteors with small zenith angles may
cause large horizontal velocity errors, and meteors with large zenith angles may cause large
height measurement errors, the paper only processes and analyzes the data with zenith
angles between 15° and 60° [16]. Meteors with measured radial velocities greater than
200 m/s may contain rapidly decaying meteors, so these meteor data will be removed [12].



Atmosphere 2022, 13, 1069 40f 18

The background mean wind velocities are calculated by the least squares fit of radial
velocities. The background mean wind velocity of each bin is fitted by the Equation (1)

-1
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where 0y, 0,; and 6,; are the angles between each meteor trail and the axes of the space
rectangular coordinate system, and v,,4; is the radial velocity of each meteor trail. To
ensure the accuracy of background horizontal wind calculation, the number of meteors
in a given window in each natural day should not be less than 10 [25]. In addition, if the
difference between the actual and projected radial wind velocity exceeds 25 m/s, the meteor
will be removed. The least squares fit is repeated until no meteors are removed [22]. In
order to correct the errors caused by vertical and temporal shears of the background wind,
the bilinear interpolation is used to calculate the background mean wind corresponding
to the exact time and height of each meteor trail [26]. After interpolation, meteor trails
outside the heights range of 78.5-96.5 km are removed, and the height windows are
repartitioned (centers on 80, 83, 86, 89, 92 and 95 km). Assuming that the disturbance radial
velocities follow a Gaussian distribution, the rule of 5-standard-deviations criterion is used
to eliminate outliers that are large enough to cause deviations [27].

Hocking’s technique is used to calculate the variance and momentum flux within a
composite day. Make sure that there are at least 30 meteors in each window. The coordinate
of each meteor trail is (6, ¢) in the celestial coordinate system, where 6, ¢ are the zenith and
azimuth angels. The radial velocity of each meteor trail is calculated by the Equation (2)

Upaq = (U sin6 cos ¢ + TsinBsing + Wcos 0) + (1’ sinf cos ¢ + v’ sinfsin g + w’ cos b)

2)
where U, U, w and 7,,4 are the average zonal, meridional, vertical and radial velocities of
each bin, and v/, v/, w’ and v]_, are the disturbance values caused by the GWs activity.
Hocking’s technique is the least square fitting of the disturbed radial velocities, and the
calculation equation is given below:
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The Lomb-Scargle (LS) spectral method is often used to analyze the variation of GWs
activity [5,14,28]. To study and analyze the diurnal variations of GWs activity, LS spectral
method is used in this paper to analyze the periodicity of the background horizontal
wind, the horizontal variance and the momentum flux. To obtain more general results,
we combine the data of the same calendar month of 2012-2019 into a day according to
height and time. The LS spectral analysis of 12 composite days was carried out with the
aim to analyze their diurnal variation. The height windows center on 80, 83, 86, 89, 92
and 95 km with 3 km intervals and 3 km steps, and the time window centers on the hours
from 00:00 to 23:00 with 2 h intervals and 1 h steps. To analyze their seasonal variation, we
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obtained 96 consecutive composite days from years 2012 to 2019 and averaged different
time windows within the same heights range in the same composite day. In the process of
seasonal spectral analysis, the height window remains the same, while the time window
centers on 96 consecutive months with 1-month intervals and 1-month steps.

3. Results and Analysis
3.1. Diurnal Variation

Figure 2 presents the LS spectra of the background zonal wind (left column), zonal
momentum flux (middle column) and zonal variance (right column) using composite day
analysis for 12 calendar months at Mohe. The black solid lines indicate 95% confidence
levels. As shown in the left column of Figure 2, apart from April and May, the background
zonal wind at Mohe presents 24 h periodicity with confidence intervals greater than 95% at
all height ranges. While in April and May, the 12 h period is only observed above 92 km
height. In addition, 24 h periodicity can be seen in the height range below 89 km in April.
We can see from the middle column of Figure 2 that the 12 h periodicity in zonal momentum
flux of GWs can be seen in January, February, March, September, October, November and
December at a certain heights range. In addition, a 24 h period in the zonal momentum flux
is also observed in May, June and August. A weak 6 h period occurs in July and November.
Note that the intensity of the variance represents the intensity of GWs activity. As shown
in the right column of Figure 2, the zonal variance only shows a 12 h period below 83 km
in August and September and a 24 h period in all months apart from February, September
and December. In addition, a weak 6 h period is observed in December, and a weak 8 h

period occurs in November and December.

Mohe
Zonal Wind Zonal Momentum Flux Zonal Variance
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Figure 2. Cont.
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Figure 2. LS spectra of the background zonal wind (left column), zonal momentum flux (middle
column) and zonal variance (right column) using composite day analysis for 12 calendar months
at Mohe. The black solid lines indicate 95% confidence levels. (a) LS spectra from January to June;
(b) LS spectra from July to December.

Figure 3 presents the LS spectra of the background zonal wind (left column), zonal
momentum flux (middle column) and zonal variance (right column) using composite day
analysis for 12 calendar months at Wuhan. The black solid lines indicate 95% confidence
levels. As shown in the left column of Figure 3, the background zonal wind at Wuhan shows
an obvious 24 h periodicity with confidence intervals greater than 95% in the period from
February to April and from September to November. The 12 h period in the background
zonal wind can be found in May and June below 83 km. It can be seen from the middle
column of Figure 3 that the 12 h period in the zonal momentum flux is observed at a certain
heights range in January, May, June, July, August and September. The 24 h period in the
momentum flux occurs in February, March, April and November. In addition, a weak 6 h
period is observed in February, April and May, and a weak 8 h modulation is also observed
in April. Note that when the momentum flux shows a 24 h variation, the zonal wind also
shows a strong 24 h period at the same time and height. As shown in the right column of
Figure 3, the zonal variance presents an obvious 24 h variation at a certain heights range
in all months apart from September, November and December. The 12 h period is also
obvious in February, March, April and October below 86 km.
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Figure 3. LS spectra of the background zonal wind (left column), zonal momentum flux (middle
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column) and zonal variance (right column) using composite day analysis for 12 calendar months at
Wuhan. The black solid lines indicate 95% confidence levels. (a) LS spectra from January to June;
(b) LS spectra from July to December.

Figure 4 presents the LS spectra of the background meridional wind (left column),
meridional momentum flux (middle column) and meridional variance (right column) using
composite day analysis for 12 calendar months at Mohe. The black solid lines indicate 95%
confidence levels. Similar to the background zonal wind, it can be seen from the left column
of Figure 4 that the background meridional wind at Mohe also shows an obvious 12 h
period almost at all heights ranges in all months apart from April. As shown in the middle
column of Figure 4, the meridional momentum flux presents a 24 h periodicity in April and
May and the 12 h periodicity during the time period from August to October. In addition,
an 8 h period with confidence intervals greater than 95% is observed in September, while a
weak 6 h period is observed in February. It can be seen from the right column of Figure 4
that the meridional variance presents a 24 h period at a certain heights range in January,
February, March, April and October. A 12 h period can be found in June, July, October and
November. In addition, a weak 8 h period can be seen in May and September.
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Figure 4. Cont.
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Figure 4. LS spectra of the background meridional wind (left column), meridional momentum flux
(middle column) and meridional variance (right column) using composite day analysis for 12 calendar
months at Mohe. The black solid lines indicate 95% confidence levels. (a) LS spectra from January to
June; (b) LS spectra from July to December.

Figure 5 presents the LS spectra of the background meridional wind (left column),
meridional momentum flux (middle column) and meridional variance (right column) using
composite day analysis for 12 calendar months at Wuhan. The black solid lines indicate
95% confidence levels. Similar to the zonal wind, the meridional wind at Wuhan also
presents an obvious 24 h periodicity at a certain heights range in all months apart from
May, June and July. A 12 h period occurs below 86 km in May and June. As shown in the
middle column of Figure 5, the meridional momentum flux also shows the 24 h periodicity
at a certain heights range in all months apart from June, August, September, October and
December. In addition, the 12 h period occurs in September, October and November. An 8 h
period is observed in February, March, July, August, September and October. It can be seen
from the right column of Figure 5 that the meridional variance presents 24 h periodicity in
all months apart from February, March, October and November. The 12 h period can be
seen in March and October.
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Figure 5. LS spectra of the background meridional wind (left column), meridional momentum flux
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(middle column) and meridional variance (right column) using composite day analysis for 12 calendar
months at Wuhan. The black solid lines indicate 95% confidence levels. (a) LS spectra from January
to June; (b) LS spectra from July to December.

3.2. Seasonal Variation

Figure 6a presents the height/time cross-sections of the monthly averaged background
zonal wind (left column), monthly averaged zonal momentum flux (middle column) and
monthly averaged zonal variance (right column) at Mohe and Wuhan. It can be seen from
the left column of Figure 6a that the monthly averaged zonal wind structures at Wuhan and
Mohe are different. At Mohe, the zonal wind is westward at all heights ranges in April. In
addition, a westward jet is observed below 86 km from May to July. There are two eastward
jets at Mohe; one appears below 89 km during the time period from September to March,
and another one occurs above 86 km in the period from April to September. At Wuhan, the
monthly averaged background zonal wind is almost eastward, apart from a westward jet
observed below 83 km during the period from March to May. We can see from the middle
column of Figure 6a that the zonal momentum flux above 89 km at Mohe is westward,
while the zonal momentum flux below 89 km is eastward. Note that the easterly zonal
momentum flux decreases with altitude, and the westerly momentum flux increases with
altitude. The momentum flux at Wuhan is different from that at Mohe, which is almost
westward and reaches its westward maximum in March and October. As shown in the
right column of Figure 6a, at both Mohe and Wuhan, monthly averaged zonal variance
increases with the height, which is due to the amplitude of GW increases as atmospheric
density decreases exponentially with height. The zonal variance at Wuhan is larger than
that at Mohe.

Figure 6b presents the LS spectra of monthly averaged background zonal wind (left
column), monthly averaged zonal momentum flux (middle column) and monthly averaged
zonal variance (right column) over 96 consecutive composite days from the years 2012 to
2019 at Mohe and Wuhan. The black solid lines indicate 90% confidence levels. It can be
seen from the left column of Figure 6b that the monthly averaged zonal wind shows annual
and semiannual oscillations at both stations. In addition, a weak quasi-4-month oscillation
occurs near 86 km at Wuhan. As shown in the middle column of Figure 6b, the zonal
meridional flux at Mohe also presents an intense annual oscillation, and that at Wuhan
shows annual and semiannual oscillations. From the right column of Figure 6b, we can
find that the zonal variance at Mohe shows obvious annual and semiannual oscillations. In
addition, a weak quasi-4-month oscillation is also observed in zonal variance at Mohe. At
Wuhan, the zonal variance just presents a semiannual oscillation.

Figure 7a presents the height/time cross-sections of monthly averaged background
meridional wind (left column), monthly averaged meridional momentum flux (middle
column) and monthly averaged meridional variance (right column) at Mohe and Wuhan.
It can be seen from the left column of Figure 6a that the monthly averaged background
meridional wind structures at Wuhan and Mohe are also different. At Mohe, the meridional
wind is southward in spring and summer and northward in autumn and winter above
89 km, while the meridional wind at Wuhan is almost southward in an entire composite
year apart from a northward jet that occurs below 89 km in winter. As shown in the middle
column of Figure 7a, the meridional momentum flux at Mohe is predominantly southward
above 89 km and northward below 89 km during the time period from May to August.
In addition, the meridional momentum flux reaches its both southward and northward
maximums in the summer at Mohe. The meridional momentum flux at Wuhan presents
three northward jets appearing at heights ranges from 83 to 92 km in March, above 92 km
in August and at all heights regions in October. As shown in the right column of Figure 7a,
the meridional variance at Wuhan and Mohe increases with the increase of height, apart
from the time period from March to August at Mohe when the zonal variance centers at
height ranges from 83 to 89 km. The zonal high-frequency GWs activity (zonal variance) is
strongest in May at Mohe, while it is intense in March and August at Wuhan.
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Figure 6. (a) Height/time cross—sections of monthly averaged background zonal wind (left column),
monthly averaged zonal momentum flux (middle column) and monthly averaged zonal variance
(right column) at Mohe and Wuhan. (b) LS spectra of the corresponding parameters in Figure 6a
over 96 consecutive composite days from years 2012 to 2019. The black solid lines indicate 90%
confidence levels.

Figure 7b presents the LS spectra of monthly averaged background meridional wind
(left column), monthly averaged meridional momentum flux (middle column) and monthly
averaged meridional variance (right column) over 96 consecutive composite days from the
years 2012 to 2019 at Mohe and Wuhan. The black solid lines indicate 90% confidence levels.
It can be seen from the left column of Figure 7b that the meridional wind at both stations
shows a strong annual oscillation at all heights regions and a weak semiannual oscillation
at a certain heights range with confidence intervals greater than 90%. We can see from the
middle column of Figure 7b that the monthly averaged meridional momentum flux shows
an intense annual oscillation at all heights ranges at Mohe. In addition, some very weak
oscillations, such as quasi-4-month and 6-month, are observed near 89 km and below 83 km
at Mohe. The monthly averaged meridional momentum flux at Wuhan just shows a weak
semiannual oscillation at heights ranges from 83 to 89 km. As shown in the right column of
Figure 7b, the meridional variance at Mohe presents an intense annual oscillation below
89 km, a semiannual oscillation at all heights ranges and a quasi-4-month oscillation above
89 km. At Wuhan, the meridional variance just shows a very weak semiannual oscillation.
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Figure 7. (a) Height/time cross—sections of monthly averaged background meridional wind (left
column), monthly averaged meridional momentum flux (middle column) and monthly averaged
meridional variance (right column) at Mohe and Wuhan. (b) LS spectra of the corresponding
parameters in (a) over 96 consecutive composite days from years 2012 to 2019. The black solid lines
indicate 90% confidence levels.

4. Discussion

The wind speeds associated with tides are similar to the phase speeds of GWs, which
will promote interactions [14,29,30]. The interactions between the tides and GWs may have
a great influence on the short-term variations of the semidiurnal tides at high latitudes [31].
In addition, the interactions between diurnal tides and GWs have also been observed at low
and mid latitudes [32-34]. Walterscheid [35] suggested that the tidal winds represented an
oscillating mean to the GWs, which modulated the accelerations of the mean flow to create
the tidal variability. Beldon and Mitchell [28] proposed that the diurnal and semidiurnal
tides had important modulation effects on GWs. Thayaparan et al. [33] proposed that
tides (diurnal)/GWs interactions in the MLT region could occur at certain times of a year.
Such interactions may be an important source for short-term tidal variability. As shown
in Figures 2 and 3, both the zonal wind and the zonal momentum flux show an obvious
12 h (semidiurnal) periodicity at a certain heights range during the period from January to
March and from September to December at Mohe and in June at Wuhan. In addition, both
of them present intense 24 h (diurnal) periodicity in February, March and November at
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Wuhan. Similarly, it can be seen from Figures 4 and 5 that both the meridional momentum
flux and the meridional wind present a 12 h period during the time period from August
to October at Mohe and 24 h period in the time periods of August, November and from
January to May at Wuhan. The momentum flux and the background wind present the same
periodicity at the same time, station and height, which indicates that the momentum flux
of high-frequency GWs is modulated by the diurnal and semidiurnal tides. In addition
to the momentum flux, the diurnal variation on the variance is also modulated by the
tides. Thayaparan et al. [33] found a 24 h modulation on the variances in summer and
winter over London, Canada (52° N), and concluded that GWs with periods less than
2 h can significantly modulate the tidal amplitudes, or conversely, GWs activity could be
modulated by the tides. As shown in Figure 2, the zonal high-frequency GWs activity (zonal
variance) presents 24 h periodicity at Mohe, while the dominant period in zonal wind is
12 h periodicity, which indicates that the tidal modulation on the zonal high-frequency
GWs activity is weak. As presented in Figure 3, both the zonal wind and zonal variance
present 24 h periodicity in January, February, March and October, indicating the diurnal
tidal modulation on high-frequency GWs activity, which is consistent with the conclusion
of Thayaparan et al. [33]. Similarly, the meridional wind and meridional variance at Mohe,
as shown in Figure 4, also present the same 12 h periodicity in June, July and October. In
addition, as shown in Figure 5, both of them at Wuhan present the same 24 h periodicity in
January, April, May, August, September and December. It seems that the high-frequency
GWs activity is strongly modulated by diurnal tides at Wuhan. Fritts et al. [32] studied
the diurnal tidal modulation on GWs momentum flux during 3 days of large diurnal tidal
winds and found the peak momentum flux was ~10 times as large as the mean momentum
flux, indicating that the GWs momentum flux was greater during the intense diurnal tides.
Thayaparan et al. [33], Isler et al. [36] and Manson et al. [14] also found significant peaks
in GWs variances at the dominant tide periods. The previous studies have found that
GWs momentum flux and variance are more intense near tidal harmonics, indicating the
GWs activity is more intense near tidal harmonics, which is consistent with our conclusion
(tidal modulation on GWs). In some months, weak 6 and 8 h periods are observed in the
momentum flux and the variance, which may be caused by the high harmonic components
of the tidal waves. However, the LS spectra of the background horizontal wind do not show
significantly high harmonic components, which indicates that tidal modulation cannot
fully explain this phenomenon.

The background wind has a filtering effect on GWs, which indicates that GWs with
moderate phase velocity can propagate vertically when they move against the mean
background wind. Otherwise, GWs will be filtered as they reach critical levels when the
phase speeds of GWs approach the background wind speeds [3,37]. Based on the data of
SKIYMET meteor radar at Trondheim, Norway (63.4° N, 10.5° E), de Wit et al. [38] studied
the seasonal cycle of the momentum flux of GWs in the mesopause region and interpreted
the seasonal cycle of the momentum flux of GWs as the selective filtering of a uniform
spectrum of vertically propagating GWs between the surface and the mesopause region. It
can be seen from Figure 6a that the zonal momentum flux shows an anti-correlated pattern
to the zonal wind pattern at both stations, which demonstrates the coupling between the
background wind and the momentum flux, or the filtering effect of wind on GWs. As
shown in Figure 6b, both of the zonal momentum flux and zonal wind present the annual
oscillation at both stations and semiannual oscillation at Wuhan, indicating the correlation
between the background wind and high-frequency GWs activity. In addition, both the
zonal background wind and the zonal variance show the annual oscillation at Mohe and
semiannual oscillation at both stations. The annual and semiannual oscillations of the high-
frequency GWs activity may be related to the annual and semiannual oscillations of the
background wind, which is consistent with wind filtering. In addition, the quasi-4-month
oscillation of the zonal variance is observed at Mohe, which may be the result of nonlinear
interaction between the annual and semiannual oscillations. Similarly, as shown in Figure 7,
the meridional momentum flux shows an anti-correlated pattern to the meridional wind



Atmosphere 2022, 13, 1069

150f18

pattern at Mohe, so the seasonality of the meridional momentum flux at Mohe can also be
explained by wind filtering. Thus, both the meridional momentum flux and meridional
wind present an intense annual oscillation at Mohe. In addition, both the meridional
background wind and meridional variance at Mohe show the annual and semiannual
oscillations, which are consistent with wind filtering. The quasi-4-month oscillation of the
meridional variance is also observed at Mohe. However, both the meridional momentum
flux and the meridional wind are almost southward at Wuhan, so the seasonality of the
meridional momentum flux at Wuhan cannot be explained by wind filtering. The secondary
GWs with breaking mountain waves (MWs) in weak stratospheric winds over large terrains
may easily attain large amplitudes and momentum fluxes above their source regions, and
the momentum fluxes in these regions can propagate upward for great distances [39-42].
Zhao et al. [43] analyzed the data of the mobile Rayleigh Doppler lidars and found that
the inertia gravity waves and MWs existed at the same time in the mid-latitude sites in
China. Xinzhou (38.425° N, 112.729° E), one of the analysis sites of Zhao et al. [43], is close
to Wuhan (30.5° N, 114.2° E). In addition, Wuhan is surrounded by the Dabie Mountains
in the north. The southward propagation of the secondary GWs generated by the MWs
and strong southerly wind filtering in the mesosphere may cause the abnormal situation
in Wuhan. Hence, further research of MWs in Wuhan is needed. Due to the absence
of the wind filtering, the meridional momentum flux only presents a weak semiannual
oscillation. We can see from Figure 7a that the monthly averaged meridional variance at
Wuhan presents an obvious semiannual oscillation, but the LS spectra of it for consecutive
years, as shown in Figure 7b, do not present the intense semiannual oscillation. That may
be due to the high-frequency GWs activity with semiannual oscillation being very intense
during a period of consecutive years.

In this paper, the diurnal and seasonal variations of the momentum flux and variance
in the MLT region were analyzed. According to the comparisons of different parameters
of these two stations, we found that the high-frequency GWs activity shows a latitude
dependence. As shown in Figures 2-5, the 12 h periodicity in the momentum flux at
Mohe is stronger than the 24 h periodicity, which is consistent with the semidiurnal tidal
modulation on background wind. The 24 h periodicity in the momentum flux at Wuhan
is stronger than 12 h periodicity, which is also consistent with the dominant diurnal tidal
modulation on background wind. At high latitudes, the interaction between semidiurnal
tides and high-frequency GWs activity plays an important role, while at low and middle
latitudes the interaction between diurnal tides and high-frequency GWs activity plays an
important role, so the diurnal variation differences of the momentum flux may be caused by
the different interactions of the high-frequency GWs activity and tidal waves between these
two stations. The intensity of the variance represents the intensity of the high-frequency
GWs activity. The modulation on the high-frequency GWs activity with a 24 h period
is observed more frequently at both stations, which is consistent with the conclusion of
Beldon and Mitchell [28]. As shown in Figures 6 and 7, the zonal momentum flux presents
annual oscillation at both stations, and that at Wuhan also presents a semiannual oscillation.
In addition, the meridional momentum flux at Mohe presents an intense annual oscillation,
while that at Wuhan only presents a very weak semiannual oscillation. The latitudinal
differences in the momentum flux of GWs could be caused by the different wind structures
at low altitudes of these two stations, which have different filtering effects on surface
wind velocity at different latitudes and the different sources of GWs, which may vary with
latitudes. Gavrilov et al. [44] proposed that the seasonal differences in the variance of GWs
may be attributed to the changes in the strengths of internal gravity wave (IGWs) sources
at different altitudes and with the conditions of wave propagation in the atmosphere. It
can be seen from Figures 6 and 7 that the high-frequency GWs activity (variance) presents
the annual, semiannual and quasi-4-month oscillations at Mohe, while the high-frequency
GWs activity presents semiannual oscillation at Wuhan. These seasonal differences in
the high-frequency GWs activity could be caused by the changes in the strengths of IGW
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sources at these two stations and with the different conditions of wave propagation in
the atmosphere.

5. Summary

In this paper, we investigated diurnal and seasonal variations of high-frequency GWs
activity at Mohe and Wuhan. Our main findings are summarized as follows:

1.  The meridional momentum flux of GWs presents an anti-correlated pattern to the
meridional wind pattern at Mohe, which is due to the wind filtering of GWs, while the
meridional momentum flux is almost southward at Wuhan without the correlation
with the background meridional wind.

2. The 24 h variation of the high-frequency GWs activity is observed more frequently at
both stations.

3.  The high-frequency GWs activity at Mohe shows obvious annual and semiannual
oscillations, while that at Wuhan only presents a weak semiannual oscillation. In
addition, a quasi-4-month oscillation is observed at Mohe.
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