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Key Points:

e The 2012-2022 meteor radar observations from the Meridian Project's Mohe Station in Heilongjiang and Zuoling Station in Wuhan
provide a rare opportunity to study the long-term changes in the MLT region.

e The inversion of the meteor radar data reveals the coupling relationship and long-term change characteristics of the horizontal wind
field, gravity wave disturbance variance and momentum flux.

e Lomb-Scargle analysis of the horizontal wind field, gravity wave disturbance variance, and gravity wave fluctuation fluxes reveals that
their power spectral densities at 12-month and 6-month periods show an increase—decrease—re-increase pattern with increasing
altitude.
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Abstract: The meteor radar can detect the zenith angle, azimuth, radial velocity, and altitude of meteor trails so that one can invert the
wind profiles in the mesosphere and low thermosphere (MLT) region, based on the Interferometric and Doppler techniques. In this paper,
the horizontal wind field, gravity wave (GW) disturbance variance, and GW fluxes are analyzed through the meteor radar observation
from 2012-2022, at Mohe (53.5°N, 122.4°E) and Zuoling (30.5°N, 114.6°E) stations of the (Chinese) Meridian Project. The Lomb—Scargle
periodogram method has been utilized to analyze the periodic variations for time series with observational data gaps. The results show
that the zonal winds at both stations are eastward dominated, while the meridional winds are southward dominated. The variance of GW
disturbances in the zonal and meridional directions increases gradually with height, and there is a strong pattern of annual variation. The
zonal momentum flux of GW changes little with height, showing weak annual variation. The meridional GW flux varies gradually from
northward to southward with height, and the annual periodicity is stronger. For both stations, the maximum values of zonal and
meridional wind occur close to the peak heights of GW flux, with opposite directions. This observational evidence is consistent with the
filtering theory. The horizontal wind velocity, GW flux, and disturbance variance of the GW at Mohe are overall smaller than those at
Zuoling, indicating weaker activities in the MLT at Mohe. The power spectral density (PSD) calculated by the Lomb—Scargle periodogram
shows that there are 12-month period and 6-month period in horizontal wind field, GW disturbance variance and GW flux at both
stations, and especially there is also a 4-month cycle in the disturbance variance. The PSD of the 12-month and 6-month cycles exhibits
maximum values below 88 km and above 94 km.
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1. Introduction for detecting long-term changes in the MLT region, based on its
advantages of low cost, continuous measurement, and all-
weather detection (Hao XJ et al., 2023). The Interferometric and
Doppler technologies are utilized to detect and deduce the zenith
angle, azimuth angle, radial velocity, and height of meteor trails
around the heights of 70-110 km, and then inverted to estimate
structure of the middle and upper atmosphere (Jiang GY et al, the horizontal wind field (Hocking et al., 2001; Chen JS et al.,
2005; Zhang RJ et al., 2022). The meteor radar is an important tool 2016). The GW disturbance variance and GW momentum flux can
be further derived through combining the Dual-Beam method

The upper mesosphere and lower thermosphere (MLT) region of
80-100 km is a key connection region between outer space and
lower atmosphere. The detection of wind profiles and gravity
wave (GW) activities in MLT can help us better understand the
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(25.6°N, 103.8°E), Mohe (53.5°N, 122.4°E), Beijing (40.3°N, 116.2°E),
Langfang (39.4°N, 116.7°E), and Sanya (18.4°N, 109.6°E) (Xiong JG
et al.,, 2003; Yang JF et al,, 2017). In order to verify the accuracy of
the horizontal wind field retrieved by the meteor radar, the
meteor radar observations are often compared with the results
from other radars at nearby stations (Fang X et al., 2013; Hao XJ et
al., 2023). The horizontal wind field from November 2013 to
December 2014 retrieved by two meteor radars and one Medium
Frequency (MF) radar at Kunming station shows that the inversion
results of the three radars at 80-90 km are close to each other,
with small errors (Hao XJ et al,, 2023). The zonal wind profiles
retrieved by the meteor radar at Wuhan and the temperature/
wind (T/W) lidar at Hefei have the same variation trend, both
showing zonal wind with downward propagation at 90-105 km
(Fang X et al.,, 2013). Observations of the wind field by meteor
radar, sodium lidar and MF radar in Hawaii show that when the
wind speed is small with slight variation, the horizontal wind fields
observed by the three radars are all in good agreements (Gu SY et
al.,, 2013).

Observations from April 2014 to December 2023 by the meteor
radar at Mengcheng (33.4°N, 116.5°E) station show that the MLT
region was characterized by eastward wind in summer and west-
ward wind in winter above 84 km, but eastward wind in winter
and westward wind in spring below 84 km (Yi W et al,, 2023). The
meridional wind was northward in winter and southward in
summer from 76 km to 100 km (Yi W et al,, 2023). The zonal wind
in 2016 at Beijing station was dominated by westward wind, and
the meridional wind alternated significantly between southward
and northward (Zhang RJ et al., 2022). Chen JS et al. (2016) validated
the inversion method for GW disturbance variance and momentum
flux proposed by Hocking (2005), based on the observations at
Kunming station in September 2014. The results showed that the
inversion method proposed by Hocking was feasible within the
appropriate sampling intervals (Chen JS et al., 2016).

In this paper, we study the long-term changes of horizontal wind
field, GW disturbance variance and momentum flux with meteor
radar observation from 2011-2022 at Mohe and Zuoling stations.
Over a 2-hour period, at least 6—10 meteors per 3 km are needed
to invert the horizontal wind field (Vincent et al., 2010), and more
than 30 are required for the calculation of the GW momentum flux
(Fritts et al., 2012a, b). The periodicity of the parameters could be
analyzed in combination with the Lomb—Scargle power spectrum
method (Lomb, 1976; Scargle, 1982; Horne and Baliunas, 1986).

2. Seismotectonic Setting

2.1 Horizontal Wind Field Inversion Method

Hocking et al.(2001) has proposed an inversion algorithm for
determining the background mean wind field in the meteor abla-
tion region based on the doppler technique, that can be
described as follows:

Assuming that the background wind field is uniform for a certain
time-height range and denoting v = (g, v, w), with 4, v, and w
being the mean wind field in the zonal, meridional, and vertical
directions, respectively. The radial velocity v,,4 can be expressed

as (Hocking et al., 2001):

Viad = V- I = tcos 6, + vcos 6, + wcos 6,, )

where I is a unit vector along the radial direction (the direction of
the observer's sightline), and 6,, 6,, and 6, represent the angles of
I with the east direction (x), the north direction (y), and the zenith
direction (2), respectively. The zenith angle (6) and azimuth angle
(¢) at which the meteoroid is detected correspond to 6,, 6,, and
6, in the following way (Hocking et al., 2001):

cos 0, = sin B cos ¢
cosf, =sinBsing . (2)
cos B, = cos O

For any three radial velocities v 41, Viaq2, @and v,,q3 Whose radial
directions are not in the same plane, the mean wind field in the
region can be obtained by solving a system of linear equations.
Denote that the angles between v,4 and the east, north, and

zenith directions are 6,;, 6,;, and 6, respectively. Then there is:

— —1

u cosfy; cosB, cosb; Viadi

vV |=| cosB, cos6, cosb,, Viad2 |- (3)
w cosBy3 cosBy; cosb,; Viad3

The presence of disturbances causes the background wind in the
detection area to become not uniform. This results in an error
between the velocity of the mean wind field projected in the
radial direction and the actual radial velocity at that location.
Denote the error between the velocity of the background mean
wind field projected in the jth radial direction and the measured
radial velocity at that location as ¢,;. By using the least squares
method (Hocking et al., 2001):

2 m m — — 2
€, = ZMEV,- = Zfﬂ(ucos Oy; + vcos B); + Wcos 0 — Viaqi), (4

m
where ¢ is the error term and Z[ﬂfv,v denotes the summation of
the 1st to mth terms. To minimize ¢2, let the partial derivatives of
Equation (4) with respect to u, v, and w be zero. The results are:

9é _ _ —
a—_v = 22:: (ucos By + vcos By; + Wcos 8, — Vyaqi) - (ZZcos GX,) =0
7 - -
65‘2, m _ _ _ m
i = 22/—1 (ucos B, + vcos By; + Wcos 0, — Vyagi) - (zHcos Gy,) =0
v - -
653 m _ _ _ m
F = 22/ 1(uc:os B,; + vcos 8,; + Wcos B, — Vyaqi) * (Z, ,cos 62,-) =0
W = =
(5)
Thus,
m m m
ZH cos 6,cos 6, ZH cos 6,cos 6, ZM cos 6,cos 6, u
m m m -
ZH cos 6,cos 0, ZH cos 6,cos 6, ZH cos 6,cos 0, v
w

ZL cos 6,cos 6,
m
X/_ﬂ VradiCOS By
m
= ZH VradiCOS 6y,
221 VradiCOS ez

m m
21:1 cos 6,cos 6, 2;:1 cos 6,cos 0,

(6)

The background mean wind field is obtained by substituting
Equation (2) into Equation (6):
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- m . 2 2 (L A m . -1 m .

u Zi=15|n 0;cos”¢; Zl_=15|n 6;sin ¢,cos ¢; Zi=1SIn 6,cos 6;cos ¢; vafad"sm 6;cos ¢;
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In Equations (1) to (7), the east direction is the starting point of the
azimuth angle, and the anti-clockwise direction is the positive
direction, while the azimuth angle recorded by the Meridian
Project meteor radar is the northward direction as the starting
point of the azimuth angle, and the clockwise direction is the
positive direction. Therefore, the azimuth angle needs to be
preprocessed before data inversion.

2.2 Gravity Wave Disturbances Variance and Gravity Wave
Momentum Fluxes Inversion Method

The inversion algorithm based on the least squares fitting algo-

rithm to solve for a certain range of disturbance variance and

gravity wave momentum fluxes is as follows (Hocking, 2005): The

measured radial velocity at a given place can be expressed as the

mean radial velocity plus the disturbed radial velocity at that site:

- /
Vrad = Vrad t Vyad- @)

The variable v, reflects the high-frequency fluctuations after
removing the effects of background winds, planetary waves, and
tidal waves. It can be used to calculate the gravity wave distur-
bances variance and the gravity wave momentum fluxes.

Let u', v/, and w' represent the mean perturbations of the zonal,
meridional, and vertical winds. Then the mean perturbation

]

projection in the radial direction v/_,  can be written as:

radm
Viadm = U'sin Bcos ¢ + v'sin Bsin ¢ + w'cos 6. 9)
The sum of the mean square deviation of v/, and v, in the

radial direction can be expressed as:

A= [ (Vi = V)]

2
= Z:;[ (Viasi)’ = (U'sin B,cos ¢, + V'sin B;sin ¢, + w'cos 6;)°]

2

m 2 2 . 2 2 2 . 2 .2 2 2
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]

where v, represents the ith detected radial velocity, 6; and ¢, are
the corresponding zenith angle and azimuth angle, u? and v>
represent the gravity wave disturbances variance induced by
gravity waves in the zonal and meridional directions, respectively.
And u'w' and v'w' are the zonal gravity wave momentum flux and
meridional gravity wave momentum flux.

When Ais taken to its minimum, that is, when the partial derivatives
of Equation (10) with regard to u”?, v2, w?, u'V, uw', and v'w' are
zero, u', v, and w' are the closest to the real perturbations. Conse-
quently,
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3. Results

3.1 Meteor Count Statistics

In this study, the horizontal wind fields, gravity wave disturbances
variance, and gravity wave momentum fluxes are inverted using
the 2012-2022 data from the Meridian Project meteor radar at the
Mohe station in Heilongjiang and the Zuoling station in Wuhan.
The results of daily meteor counts for 2012—-2022 at Mohe and
Zuoling are shown and summarized below:

The number of meteors detected at the Mohe station and Zuoling
station between 2012 and 2022 is depicted in Figure 1. At Mohe
station, there are between 15,000 and 35,000 meteors recorded
every day, with a distinct yearly variation pattern indicating more
meteors in June through November and fewer in December
through May (Figure 1a). Between 2012 and 2017, Zuoling station
recorded much fewer meteors than Mohe station. In 2018, the
total number of meteors increased, although it was still fewer
than the counts at Mohe station. Starting from 2018, the quantity
of meteoroids observed at the Zuoling station is almost the same
as that at the Mohe station during the months of November to
December and January to April. However, there is a modest fall in
the number of meteors from May to July, followed by a gradual
increase. This study primarily focuses on inverting the horizontal
wind fields, gravity wave disturbances variance, and gravity wave
momentum fluxes in the region where the meteor radar at both
Mohe and Zuoling stations find strong echo signals at the 79—
97 km region.

3.2 Inversion of Horizontal Wind Fields, Gravity Wave
Disturbances Variance and Gravity Wave Momentum
Fluxes

In order to guarantee the validity of the results, at least 30 data
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points of meteor radar observations are required to complete the
calculation of the gravity wave momentum fluxes (Fritts et al.,
2012a, b). Therefore, the inversion is done by the Composite Day
method, which means all meteors detected in a natural month are
considered as a single data point (Andrioli et al., 2013, Liu AZ et al.,
2013). To eliminate the effects of tidal and planetary waves, a slid-
ing window with a time length of 2 hours and a height of 3 kilo-
meters is used, and the corresponding time-height sliding steps
are 1 hour and 3 kilometers, respectively. The inversion result of
each window represents the value of the parameter at the center
of the corresponding time-height window (Hocking, 2005).

For each window, to avoid the measurement errors caused by
excessively large or small zenith angles, only meteors with zenith
angles ranging from 15° to 60° were considered (Jia MJ et al.,
2018). Additionally, meteors with rapid speed decay and radial
velocities above 200 m/s were excluded. According to Vincent et
al. (2010), a minimum of 6—10 meteors per time window is needed
to accurately inverse a horizontal wind field for one data point.
Andrioli et al. (2013) suggest that at least 30 meteors per time
height window should be used when employing the Composite
Day method. To determine the mean background wind field, the
zenith angles, azimuths, and radial velocities of all meteors
detected in the window should be substituted into Equation (7).
The data is then checked to ensure that the absolute value of the
disturbed radial velocity was less than 25 m/s, i.e.,

[Viagl = [Viad = Vrad| = |Vrad — Usin 8cos ¢ — vsin Bsing| < 25.  (12)

The zenith angle, azimuth angle, and radial velocity data of meteors
that meet the screening conditions are reintroduced into Equation
(7) to calculate the mean background wind field. Again, use Equa-
tion (12) for screening. Repeat the above process until all the
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Figure 1. (a) Daily meteor counts; dots are daily meteor counts; and solid line is 30-day sliding mean curves of meteor counts, with Mohe station
in red and Zuoling station in blue; (b) Height contour plot of meteor counts at Mohe station; and (c) Height contour plot of meteor counts at

Zuoling station.
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retained data is calculated to satisfy Equation (12). The wind field
error obtained at this time is the smallest, which can represent the
actual wind field at this position (Holdsworth et al., 2004).

This study presents all deduced observations from 2012 to 2022 at
Mohe and Zuoling stations. The horizontal wind field of 77.5—

Zonal wind in Mohe
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98.5 km and the gravity wave disturbances variance and gravity
wave momentum fluxes of 79—97 km were inverted. The inversion
results are averaged month by month to obtain the horizontal
wind fields, gravity wave disturbances variance, and gravity wave
momentum fluxes variations at the two stations, are all shown in
Figures 2—-7.
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Figure 2. Zonal wind fields at Mohe and Zuoling stations, 2012—-2022. The solid black line represents the 0 m/s contour.
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Figure 3. Meridional wind fields at Mohe and Zuoling stations, 2012-2022. The solid black line represents the 0 m/s contour.
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Figure 4. Zonal GW disturbances variance at Mohe and Zuoling stations, 2012—2022. The solid black line represents the 250 m?/s2 contour.
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The zonal wind at Mohe station and Zuoling station has an obvious
annual variation characteristics (see Figure 2). The zonal wind
above 85 km at Mohe station is mainly eastward. At 77.5-83.5 km,
it is westward from March to August every year. At 92.5-98.5 km,
January—March and September—October are westward. Westward

wind prevails at Zuoling Station between 77.5 and 86.5 km from
March to June each year. Zonal wind at 86.5 to 92.5 km is predom-
inantly eastward throughout the year, with westward wind only
occurring in March of 2020 and 2021. Westward wind is observed
at 92.5 to 98.5 km from September to October or September to
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Figure 5. Meridional GW disturbances variance at Mohe and Zuoling stations, 2012—2022. The solid black line represents the 250 m?/s2 contour.
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Figure 6. The zonal GW momentum fluxes at Mohe and Zuoling stations, 2012-2022. The solid black line represents the 0 m?/s2 contour.
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Figure 7. The meridional GW momentum fluxes at Mohe and Zuoling stations, 2012—-2022. The solid black line represents the 0 m2/s2 contour.
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December annually.

The meridional winds in Mohe and Zuoling also exhibit a distinct
annual variation pattern (see Figure 3). The meridional winds are
dominated by the south wind from March to August every year,
while northward winds occur only from September to December
and from January to March. Whereas, there are still some differ-
ences in the distribution of meridional winds between the two
regions. The meridional wind near the Zuoling station gradually
reversed from northward to southward as altitude increased. The
variation in the meridional wind with height near Mohe Station is
not as pronounced as that near Zuoling Station.

There is an annual variation in the zonal GW disturbances variance
of Mohe station and Zuoling station: the disturbances variance of
the two stations in October—December and April-July are signifi-
cantly greater than that in other months (see Figure 4). The zonal
disturbance variance of Mohe station has a maximum value from
November to December every year. From May to July, the distur-
bance variance near 85 km suddenly decreases, which is speculated
to be related to gravity wave breaking. The zonal disturbance vari-
ance of Zuoling station has a maximum value in April and October
every year. The disturbance variance gradually increases with the
increase in height, but the variation in disturbance variance from
June to July 2017 does not conform to this law but decreases first
and then increases with the height, forming a 'hole' in the contour
map.

The meridional GW disturbance variance at Mohe station reaches
its maximum value in November and December (see Figure 5).
The meridional disturbance variance in the height range of 88—
95 km suddenly decreases from March to July, and meridional
disturbances variance in the remaining months increase steadily
with the increase in height. The meridional disturbance variance
of Zuoling station increases gradually with the increase in height,
and the maximum value appears in January—February and
September—October every year. However, the 250 mz/s2 contour
exhibits an obvious upward trend from April to July every year.

The annual variation pattern of the zonal gravity wave momentum
flux at Mohe Station is not evident (see Figure 6). With increasing
altitude, the zonal gravity wave momentum flux exhibits an overall
trend from eastward to gradually westward. The maximum west-
ward momentum flux appears in July—August each year at around
97 km, while the maximum eastward momentum flux appears in
August—September each year at around 79 km. The zonal
momentum flux at Zuoling Station is mainly westward in
2012-2014, 2016—2018, and August 2021-2022 as a whole, with
the maximum value occurring in August—October, near 79 km.
2014-2016 and 2018—August 2021 are dominated by eastward
momentum flux overall, with the maximum value occurring in
May—July, near 97 km.

The meridional momentum flux at the Mohe station increases
with height as a whole, and shifts from northward to southward
as altitude increases (see Figure 7). The zero-value line drops to
about 85 km from December to March of the next year. In 2014,
2019, and 2022, both the altitude and temporal characteristics of
this variation become more significant. The meridional momentum
flux at Zuoling Station increases as a whole and changes from
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northward to southward with increasing altitude. The maximum
value of the northward momentum flux appears every year in
May—July at an altitude around 79 km, while the maximum value
of the southward momentum flux appears every year in February
—April at an altitude around 97 km.

Comparing the variations between gravity wave momentum
fluxes (see Figures 6 and 7) and the horizontal wind fields (see
Figures 2 and 3), it has been observed that when the momentum
flux reaches its peak, the wind field also reaches its maximum
value, and the direction of the momentum flux is opposite to the
direction of the horizontal wind field. The relationship between
gravity wave momentum fluxes and the horizontal wind fields is
further elaborated below.

The westward GW momentum flux at the Mohe station is at its
maximum at 97 km in June 2012, July 2017, and July 2022. The
eastward momentum flux reaches its maximum at 79 km in
August 2012, July 2013, August 2017, and August 2019. During
these periods, the wind field direction is opposite to the momen-
tum flux direction. The remaining years also have similar charac-
teristics. At the Mohe station in January 2012, May 2012, June
2016, and January 2022, the northward maximum of the gravity
wave momentum flux appears near 79 km, while the meridional
wind field is southward. The eastward momentum flux at the
Zuoling station reaches a maximum of around 97 km in January
2012 and June 2019, while the zonal wind field is westward. The
westward momentum flux reaches a maximum around 82 km in
October 2012 and November 2013, corresponding to an eastward
zonal wind field, which is the maximum wind field for that time
period. The maximum of southward momentum flux appears at
about 79 km, in June 2019 and May 2020, which corresponds to a
northward meridional wind field.

The observations in this study are consistent with the gravity
wave filtering theory originally proposed by Lindzen (1981).
According to this theory, when the background wind is westward,
the westward gravity waves are filtered by the westward back-
ground wind. Only the eastward gravity waves continue to propa-
gate. After the eastward gravity wave reach the critical point and
breakup, it will deposit its momentum into the background atmo-
sphere, and drag the background wind to the east, so that the
eastward gravity wave is filtered and the westward gravity wave is
uploaded. The specific performance in this study is as follows: the
gravity wave momentum flux of Mohe station and Zuoling station
is affected by the background wind filtering effect, and the gravity
wave in the same direction as the wind field is suppressed, so that
the gravity wave momentum flux is opposite to the direction of
the wind field. The horizontal wind field is affected by the gravity
wave breaking and turns in the same direction as before the gravity
wave breaking, so that the same direction gravity wave is filtered.
When the gravity wave momentum flux reaches the maximum
value, the horizontal wind field also reaches the maximum value,
and the two directions are opposite.

In addition, upon comparing the observations from the two
stations, it is evident that the absolute values of the horizontal
wind fields, gravity wave disturbances variance, and gravity wave
momentum fluxes at Mohe Station are generally smaller than
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those at Zuoling Station. This indicates that the atmospheric activ-
ity in the Mesosphere and Lower Thermosphere (MLT) region at
Mohe Station is weaker than that at Zuoling Station.

3.3 Lomb-Scargle Power Spectrum Analysis

In order to investigate the periodic characteristics of the wind
fields and gravity wave activity in the MLT region, this study also
conducted a Lomb-Scargle periodogram analysis of the horizontal
wind fields, gravity wave disturbances variance, and gravity wave
momentum fluxes at Mohe and Zuoling stations from 2012 to
2022.

Figure 8 indicates the power spectrum densities of the periodic
characteristics of each parameter at the Mohe and Wuhan
stations. Two kinds of zonal winds, with periods of 12 and 6
months, are observed at both stations. At the Mohe station, zonal
wind with a period of 6 months mainly appears above 89.5 km,
whereas at the Zuoling station, zonal wind with a 6-month period
mainly appears below 86.5 km. There are three types of zonal
gravity wave disturbances variance, with periods of 4, 6, and 12
months at both stations. Among these, the 4-month zonal distur-
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bance variance at Mohe Station is mainly distributed above 85 km,
while the 4-month zonal disturbance variance at Zuoling Station
is mainly distributed below 85 km. The distribution height of the 6-
month period zonal gravity wave disturbance variance at Mohe
Station (79—-86 km) is lower than that at Zuoling Station (85—
92 km). The 12-month zonal disturbance variance at Mohe Station
is mainly distributed above 94 km and below 85 km, whereas it is
only noticeable below 84 km at Zuoling Station.

The meridional winds at both Mohe and Zuoling stations exhibit
clear 12-month period and 6-month period (Figure 9). Among
them, the distribution height of meridional winds with a 6-month
period at Mohe Station (78—87 km) is lower than that at Zuoling
Station (85—98.5 km). At the Mohe station, the meridional gravity
wave disturbance variance with a 12-month period occurs above
91 km and below 85 km, the meridional disturbance variance with
a period of 6 months occurs at all heights, and the meridional
disturbance variance with a period of 4 months appears only
above 90 km. At the Zuoling station, the meridional gravity wave
disturbance variance with a 12-month period appears below
94 km and above 96 km, while the meridional disturbance variance
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Figure 8. Lomb-Scargle power spectral analysis of zonal wind fields, zonal gravity wave disturbances variance, and zonal gravity wave

momentum fluxes at Mohe and Zuoling stations, 2012-2022.
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Figure 9. Lomb-Scargle power spectral analysis of the meridional wind fields, meridional gravity wave disturbances variance, and meridional

gravity wave momentum fluxes at Mohe and Zuoling stations, 2012—-2022.
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with a 6-month period appears above 86 km.

The meridional gravity wave momentum flux with a 12-month
period at Mohe station is distributed in the range of 82-91 km
and 94-97 km, while the meridional momentum flux with a 12-
month period at Zuoling station is distributed in the range of
higher than 96 km and lower than 93 km. The meridional momen-
tum flux with a 6-month is mainly found in the range of lower
than 88 km.

Comparison of Figure 8 and Figure 9 reveals that the power spectral
density of the zonal wind field is approximately 3.5 times that of
the meridional wind field. The power spectral density of the zonal
gravity wave disturbance variance is about 1.5 times that of the
meridional gravity wave disturbance variance. Additionally, the
power spectral density of the gravity wave momentum flux in the
zonal direction is comparable to that in the meridional direction.
With increasing altitude, the power spectral densities of the
meridional and zonal parameters (wind fields, gravity wave distur-
bances variance, and gravity wave momentum fluxes) for 12-
month and 6-month periods at both stations indicate intermittent
patterns in the vertical direction, with peaks typically observed at
two distinct altitude/height zones; i.e., below 88 km and above
94 km.

4, Conclusions

In this paper, the horizontal wind field, GW disturbance variance
and momentum flux in Mohe and Zuoling stations of the Chinese
Meridian Project are inverted by using the observational data of
meteor radar from 2012 to 2022. The results show that the zonal
wind at Mohe station has obvious annual variation pattern. The
zonal wind above 85 km is mainly eastward, but around 77.5—
83.5 km westward wind appears from March to August every year,
and around 92.5-98.5 km westward wind manifests from January
to March and September to October every year. The meridional
wind is southward from March to August every year. As the height
increases, the southward wind gradually increases. The zonal
wind at Zuoling station is mainly eastward above 85 km, westward
from March to June at around the altitutde of 77.5-86.5 km every
year, eastward around 86.5-92.5 km heights almost all year
round, and westward from September to October or September
to December at around 92.5-98.5 km every year. The meridional
wind is mainly southward, and only northward winds appear in
September—December and January—March each year. The north-
ward wind will gradually decrease with height, and eventually
reverse to the southward wind.

The zonal and meridional GW disturbance variances of Mohe
station and Zuoling station gradually increase with the increase of
height, and may suddenly decrease at 85-95 km due to gravity
wave breaking, and then continue to increase again thereafter. At
Mohe station and Zuoling station, only the meridional gravity
wave fluctuation flux increases with height, gradually changing
from northward to southward, and no obvious change in the rule
or law is found in the zonal momentum flux. The horizontal wind
field, disturbance variance and gravity wave fluctuation flux at
Mohe station are generally smaller than those at Zuoling station,
indicating that the semidiurnal tides over Mohe should be
stronger than Zuoling.
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According to the results of Lomb—Scargle periodogram analysis,
the horizontal wind field, disturbance variance and gravity fluctu-
ation flux of Mohe station and Zuoling station have obvious 12-
month period and 6-month period. The power spectral density of
zonal and meridional horizontal wind field, disturbance variance
and momentum flux at Mohe station and Zuoling station is differ-
ent, but the variation characteristics with height are similar. With
the increase of height, the power spectral density of 12 months
and 6 months at Mohe station and Zuoling station increases—
decreases—increases again. The disturbance variance of horizontal
wind field and gravity wave generally has only 12-month and 6-
month periods, and the disturbance variance also has a more
obvious 4-month period. The power spectral density of horizontal
wind field, disturbance variance and gravity fluctuation flux at
Mohe station and Zuoling station usually has a maximum value
below 88 km and above 94 km, and other heights are small.
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