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Abstract: The behavior of multi-year quasi-2-day wave (Q2DW) activity in the high and middle
latitudes in the mesosphere and lower thermosphere regions during 2013-2022 is revealed, for the first
time, using two meteor radars along the 120°E longitude, which are located at Mohe (52.5°N, 122.3°E)
and Wuhan (30.5°N, 114.6°E). We first describe the interannual monthly mean characteristics of the
Mohe and Wuhan winds. We then determine the extraction of the Q2DWs via a least-squares method
and calculate the occurrence dates, amplitudes, periods, and phases of the zonal and meridional
Q2DWs. We find that the summer zonal wind speed of Mohe reached ~35 m/s at ~94 km in 2022, and
the meridional wind speed reached ~—20 m/s at ~88 km in 2017. Similarly, the zonal and meridional
wind speeds in Wuhan reached ~48 m/s and ~—30 m/s at ~94 km and ~90 km, respectively, in
the summer of 2020. Statistical analysis shows that, in Mohe and Wuhan, the highest frequency of
Q2DWs is observed between days 200 and 220. The Q2DW is mainly associated with the background
mean wind and is consistent with a selective filtering mechanism. We believe that the correlation
between wind shear and Q2DW amplitude is higher in summer because wind shear reaches its
maximum when Q2DW starts to amplify. The wave period of the Mohe zonal Q2DW is longer than
that of the Wuhan zonal Q2DW, while that of the meridional Q2DW is shorter. In addition, the zonal
and meridional Q2DW amplitudes are weaker in Mohe than in Wuhan. The vertical wavelength of
the Q2DW in Wuhan is shorter than that in Mohe. Solar activity F10.7 does not appear to be strongly
correlated with Q2DW behavior in Mohe and Wuhan.

Keywords: Q2DW; high and middle latitude difference; statistical analysis; meteor radars

1. Introduction

The mesosphere and lower thermosphere (MLT) are transitional regions connecting the
lower and upper atmosphere. Quasi-2-day waves (Q2DWs) are global-scale atmospheric
oscillations that play a crucial role in the dynamics of the MLT [1-5]. Atmospheric waves
induce horizontal and vertical couplings that critically affect momentum, energy, and
chemical transport throughout the atmosphere.

Recently, numerous studies have reported observations of MLT planetary waves
with various durations, including quasi-2-day [6-10], 4-day [11-18], 10-day [19,20], and
16-day [21-25] waves. Ground-based radar observations have been extensively used
by researchers to investigate the characteristics of these planetary waves. Muller [26]
discovered significant Q2DW oscillations with a period of about 51 h using Sheffield
meteoric wind radar data. Furthermore, Q2DWs have been identified at high latitudes
as well as near the equator [2,4]. Mid-latitude Q2DWs exhibit distinct summer maxima
characterized by one or several bursts, each lasting multiple weeks [1,3], whereas high-
latitude Q2DWs demonstrate maximum activity during winter [27-32].
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Long-term mean amplitudes calculated by Lilienthal and Jacobi using very-high-
frequency (VHF) meteor radar data from 82 to 97 km over Collm (51°N, 13°E) from
September 2004 to August 2014 exhibited pronounced summer maxima and comparatively
weaker winter maxima [2]. During the summer, the meridional amplitude slightly exceeds
the zonal amplitude, reaching approximately 15 m/s at 91 km altitude. There is a potential
correlation between the Q2DW amplitude and background wind shear during the strong
summer burst, with the Q2DW period varying between 43 and 52 h. It is important to note
that there is considerable interannual variability in the Q2DW amplitudes. Gu [6] inves-
tigated long-term variations in Q2DW utilizing mesosphere horizontal winds measured
via a medium-frequency radar located at Kauai, Hawaii (22°N, 160°W), from 1991 to 2006.
They found that Q2DWs are amplified twice per year over Hawaii; the January event most
likely represents the zonal wavenumber 3 mode, while the July event corresponds to the
wavenumber 4 mode.

Ma [33] analyzed the response of Q2DWs within the MLT region to the sudden
stratospheric warming that occurred in 2013. Their study is based on a meteor radar
chain along the 120°E meridian in the Northern Hemisphere, which consists of four sites:
Mohe (52.5°N, 122.3°E), Beijing (40.3°N, 116.2°E), Wuhan (30.5°N, 114.6°E), and Sanya
(18.3°N, 109.6°E). They observed that during the sudden stratospheric warming event,
low latitudes experienced a significant amplification of Q2DWs, accompanied by a clear
reversal of the zonal wind direction from east to west. Liu [4] found that Q2DW can
approach significant amplitudes between 4-20° latitudes in the equatorial region, although
they are often observed at high latitudes, and that Q2DW has the greatest variation in wave
amplitude near the equator, indicating the strongest wave activity.

Previous studies have focused more on the observation results of single-station meteor
radars, primarily analyzing behavioral changes in Q2DWs at mid-latitudes; however, less
research has been conducted on the relationship between background wind and Q2DWs
at mid-latitudes and high latitudes. The effect of background wind on Q2DW behavior
varies between mid-latitudes and high latitudes, warranting further analysis using multi-
site meteor radar data. In this study, the latitudinal difference in Q2DW activity in the
MLT region during 2013-2022 is studied by examining the wind observation data of two
meteor radar chains located at 52.5°N and 30.5°N on the ~120°E meridian in China (Mohe
and Wuhan). The occurrence date and wave period of Q2DWs, as well as the amplitude
difference (zonal and meridional winds), at the two stations, are calculated. Our goal is
to enhance our comprehension of the behavioral characteristics of Q2DWs in Mohe and
Wuhan. Section 2 briefly describes the data and analysis methods. The analytical results
are presented in Section 3. Section 4 is devoted to the propagation properties of Q2DWs
and the effect of F10.7 on Q2DW amplification. The conclusions are presented in Section 5.

2. Data and Analysis

The China Meridian Engineering Meteor Radar Chain (120°E) consists of four radar
stations and was established by the Institute of Geology and Geophysics (IGGCAS) of
the Chinese Academy of Sciences. The four observatories of the meteor radar chain
range from high to low latitudes in the Northern Hemisphere; Mohe (52.5°N, 122.3°E),
Beijing (40.3°N, 116.2°E), Wuhan (30.5°N, 114.6°E), and Sanya (18.3°N, 109.6°E) are located
along the 120°E meridian. Zonal and meridional wind retrievals based on meteor radar
observations in the altitude range of ~70-110 km have a vertical resolution of ~2 km and a
temporal resolution of ~1 h. The meteor radars at the Mohe and Wuhan stations operate at
38.9 MHz with a maximum power of 20 kW and 7.5 kW, respectively. The high-latitude
meteor radar at Mohe station can detect about 13,000 meteors per day, while the mid-
latitude meteor radar at Wuhan station can detect about 4000-5000 [34,35]. The Mohe and
Wuhan radars are conventional Atmospheric Radar System (ATRAD) meteor detection
radars [36-38]. Meteor radar transmission and reception use one pair of cross dipoles and
five pairs of cross dipoles, respectively. In this study, we present a statistical analysis of
the characteristics of the Q2DWs at the two stations and a comparative analysis of the
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differences between the Q2DWs at high and middle latitudes, based on the zonal and
meridional wind data between ~80 and 100 km at Mohe and Wuhan stations from 2013
to 2022, as illustrated in Figure 1. These wind data are widely used to detect changes in
atmospheric activity [39-42]. Many recent studies have demonstrated the feasibility of
using meteor radar data. Zonal and meridional wind data from meteor radar sites are
published at the National Space Science Data Center, National Science and Technology
Infrastructure of China (https://www.nssdc.ac.cn, accessed on 1 November 2023). Meteor
radars can continuously measure MLT neutral winds at one location (latitude and longitude)
by measuring the radial Doppler shift in radio pulses reflected from an ionized meteor
trajectory near an altitude of ~90 km. At certain altitudes, the meteor count rate is sometimes
very low, resulting in missing meteor radar observations and gaps in the data.

50°N

40°N

Latitude (deg)

30°N

Mohe and Wuhan Station
' R 2

80°E 90°E 110°E 120°E 130°E 140°E
Longitude (deg)

Figure 1. Location of the IGGCAS meteor radar chain at the high and middle latitudes in the Northern
Hemisphere around the 120°E meridian. The two stations of the chain are Mohe (52.5°N, 122.3°E)
and Wuhan (30.5°N, 114.6°E). Map information is derived from Matlab 2022b Mapping Toolbox.

To extract zonal and meridional Q2DWs, we apply the least-squares method to each
time window (10 days) and then use the time window to determine the amplitude [6]. The
amplitudes and phases of the Q2DW were determined through the least-squares fit applied
to the zonal and meridional hourly winds, encompassing the tidal oscillations with periods
of 24,12, and 8 h, as well as the individual period of the Q2DW identified from periodogram
analysis of both zonal and meridional winds. Tidal components were removed by filtering
out oscillations with periods of 24, 12, and 8 h; subsequently, residuals were smoothed
using two days to enhance clarity in detecting the Q2DW signal. Each fitting procedure
was based on 10 days of hourly mean winds. This method has been shown to successfully
identify planetary waves from meteor radar measurements [43]. In addition, we use a
time window (10 days data) in our analysis, focusing on waves with periods ranging from
~36 to 60 h, with a step of 1 h. The maxima of the zonal and meridional Q2DW events are at
~90 km. Zonal and meridional Q2DW events were extracted from wind datasets measured
during 2013-2022 via the Mohe and Wuhan meteor radars.

y=Acos(2m-0-t)+Bsin(2mw-0-t)+C (1)
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The values of A, B, and C in Formula (1) were obtained via least-square fitting. The fre-
quency and Universal Time (UT) are represented using ¢ and t. Planetary wave amplitude
R can be expressed using R = v/ A% + B2

o =tan"! <f‘) )

In Formula (2), @ is the phase of the Q2DWs. A vertical wavelength is the height at
which a wave travels vertically over a complete period. Therefore, the vertical wavelength
can be calculated from the phase slope of Q2DWs at different altitudes.

3. Results

The temporal variability in Q2DWs at Mohe and Wuhan stations during the summer
season was analyzed using hourly mean zonal and meridional winds. We only consider
Q2DW because it is an important fluctuation in the MLT region. By applying the least-
squares fitting method discussed in Section 2, the amplitude of the Q2DW is estimated at
altitudes of ~86 km, ~90 km, and ~94 km. The diurnal variations in the Q2DW amplitudes
at Mohe and Wuhan stations are shown in Figure 2a—c, gk, b—f, and h,i as zonal and
meridional components, respectively. For both components, the amplitude of the Q2DW’s
appearance increases with altitude, but the amplitude of the meridional component is larger
than that of the zonal component. The zonal and meridional Q2DW mean amplitudes
at Mohe station are the largest at ~90 km, with amplitudes of ~10 m/s and ~14 m/s,
respectively. Similarly, the amplitudes at Wuhan station are about ~12 m/s and ~18 m/s
at ~90 km, where the Q2DW amplitudes of both components reach their maximum. Since
the focus of this study is on the latitudinal differences in the activity of Q2DWs in the MLT
region and improving the understanding of the Q2DW characteristics at the two stations,
we primarily analyze the Q2DW events at Mohe and Wuhan stations at ~90 km.

(e) Mohe Zonal at 94 km

(a) Mohe Zonal at 86 km (c) Mohe Zonal at 90 km
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Figure 2. Time series of the mean zonal and meridional (merid) wind Q2DW amplitude at 86, 90, and
94 km altitudes over Mohe and Wuhan from 2013 to 2022.

3.1. Mean Winds

Figure 3 shows the time-height cross-sections of zonal and meridional winds observed
via the meteor radar at Mohe station during 2013-2022. Here, the black line encircles data
lost due to hardware and software problems with the Mohe meteor radar. The 10-year
mean zonal and meridional winds are shown in Figure 3a,b. The observed zonal wind
structure generally agrees with the zonal wind climatology observed via the satellite, as
shown in Figure 3a. During summer (June-August), eastward winds (westward winds)
are dominant below (above) ~90 km, creating strong vertical wind shear. In contrast,
from October to February, relatively weak vertical wind shear is observed under strong
westward winds. The monthly average strongest zonal westward wind is above ~94 km
and ~30 m/s in July. Below ~84 km, the monthly average eastward winds are strongest in
March, reaching ~—15 m/s. The average zonal (westward) winds are strongest in July 2016
and 2022, at about 35 m/s, while the average zonal (eastward) winds are strongest in April
2017, at about —28 m/s. From Figure 3b, it can be observed that in June-August, northward
winds almost dominate at ~80-100 km. In contrast, from October to February, relatively
weak vertical wind shear is observed under weak southward winds. The monthly average
strongest meridional northward wind is above ~90 km, reaching ~—18 m/s in June. Above
~90 km, the monthly average southward winds are strongest in October, reaching up to
~6 m/s. The average meridional wind (northward wind) was the strongest in June 2018, at
about —22 m/s, and the average meridional wind (southward wind) was the strongest in
January 2015, at about 15 m/s.

From Figure 4a, it can be observed that during summer (April-August), eastward
winds (westward winds) are dominant below (above) ~84 km, creating weak vertical
wind shear. In contrast, strong vertical wind shear is observed from February to June
under strong eastward winds. The mean monthly zonal winds are above ~94 km, with the
strongest monthly westward winds around 40 m/s in July. Below ~84 km, the monthly
average eastward winds are strongest in March, reaching ~—10 m/s. The average zonal
(westward) winds are strongest in July 2017 and 2020, at about 47 m/s, while the average
zonal (eastward) winds are strongest in March 2021, at about —15 m/s. From Figure 4b, it
can be seen that from March to October, northward winds almost dominate at ~80-100 km.
In contrast, the southward winds are weaker from November to February. The mean
monthly meridional winds are above ~90 km, and the mean monthly northward winds
are strongest in July, at about —15 m/s. Below ~84 km, the monthly average southward
winds are strongest in November, reaching up to ~5 m/s. The average meridional wind
(northward wind) was the strongest in October 2017, at about —30 m/s, and the average
meridional wind (southward wind) was the strongest in October 2019, at about 12 m/s.
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Figure 3. Time-height cross-sections of the (a) daily averaged and monthly averaged zonal winds
observed from the meteor radar at Mohe during 2013-2022. (b) is the same as (a), but represents
meridional winds. Areas surrounded by black lines represent missing data.
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Figure 4. Time-height cross-sections of the (a) daily averaged and monthly averaged zonal winds
observed from the meteor radar at Wuhan during 2013-2022. (b) is the same as (a), but represents
meridional winds. Areas surrounded by black lines represent missing data.

3.2. Mohe Q2DW

Figure 5a,d show the averaged period—date spectra of Q2DWs at ~90 km for zonal and
meridional winds from the 2014 summer. The zonal Q2DW reaches its summer maximum
with an amplitude of ~18 m/s at ~50 h during days 202-211, as shown in Figure 5a.
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Similarly, meridional Q2DW reaches a maximum amplitude of ~25 m/s at ~52 h during
days 214-223 (Figure 5d). From Figure 5b, it can be observed that the maximum amplitude
of the zonal Q2DW at ~90 km has a period of ~50 h and reaches an amplitude of ~18 m/s.
Figure 5e shows the meridional Q2DW amplitude, which peaks at ~92 km at ~52 h with
a maximum of ~25 m/s. The phase and amplitude of the Q2DW events are shown in
Figure 5¢,f. The vertical wavelength of the Q2DWs is calculated as the slope of the phase.
The ~50 h Q2DW phase of the zonal wind shown in Figure 5c does not tilt much with
altitude (height), resulting in an extremely long vertical wavelength (at ~150 km), whereas
the vertical wavelength of the meridional ~52 h Q2DW is estimated at ~86 km (Figure 5f).
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Figure 5. (a,d) Periodograms of the zonal and meridional amplitude for the years 2013-2022 at 90 km
altitude. Each day represents the center of a 9-day analysis of wind data. (b,e) Zonal and horizontal
wind spectra and the corresponding (c¢,f) Q2DW amplitudes and phases in days 202-211 (2014) and
214-223 (2014) for the zonal (b,c) and meridional (e,f) components. The phase of Q2DW is represented
by the degree to which Q2DW reaches its maximum. The zonal and meridional components reach
their maxima at approximately 50 and 52 h.

To further investigate the Q2DW variability in the Mohe winds, we recorded Q2DW
events from 2013 to 2022 and performed a detailed analysis. A histogram plot of the Q2DW
data for the Mohe wave is shown in Figure 6. Figure 6a shows a total of 65 zonal Q2DW
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events during the 2013-2022 summer seasons. Q2DWs occurred more frequently (27 times)
on days 180-220 but less frequently on days 220240 (3 times) and 140-160 (10 times). A
total of 14 Q2DW events were recorded between days 180 and 220, accounting for 21.5% of
the total. As shown in Figure 6¢, the average amplitude of Q2DWs during days 200-220
is ~11 m/s, with minimum values occurring during days 240-260 (~5 m/s) and 160-180
(~6 m/s). From Figure 6b, it can be observed that the wave period of Q2DW is distributed
in the range of ~36-60 h and the frequency of occurrence is 15 times larger in the range
of ~51-54 h. This accounts for 23% of the total number of events, peaking in a period
between ~45 and 54 h (36 times). Q2DW long-wave period events are distributed between
~54 and 60 h (nine times). As shown in Figure 6d, the average amplitude of the ~36-60 h
Q2DW wave period is greater than ~6 m/s and the maximum amplitude occurs at ~39-45 h,
~48-51 h, and ~54-57 h (greater than ~8 m/s).

Zonal wind
15

(a) Mohe occurrence date

(b) Mohe wave period

10
= =
2 3
& @]
5
0 0
140 160 180 200 220 240 260 36 39 42 45 48 51 54 57 60
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Figure 6. Statistical results for the boreal summer zonal wind Q2DW event at Mohe during 2013-2022.
The occurrence dates and mean amplitudes of dates are shown in the left panel. The wave periods
and mean amplitudes of periods are shown in the right panel.

Figure 7a shows 65 meridional Q2DW events from the 2013-2022 summer seasons.
Q2DWs occurred more frequently (16 times) on days 180-200 but less frequently on days
220-240 (5 times), 140-160 (10 times), and 160-180 (10 times). A total of 29 Q2DW events
were recorded between days 180 and 220, accounting for 44.6% of the total number of events.
As shown in Figure 7c, the average amplitude of Q2DWs during days 220-240 is ~19 m/s,
with minimum values occurring during days 240-260 (~5 m/s) and 140-160 (~7 m/s).
From Figure 7b, it can be observed that the wave period of the Q2DWs is distributed in
the range of ~36-60 h and the frequency of occurrence is 12 times in the range of ~45-48 h,
accounting for 18.4% of the total number of events and culminating at between ~42 and
54 h (43 times). The long-wave period events of the Q2DWs are distributed between ~57
and 60 h (five times). As shown in Figure 7d, the average amplitude of the Q2DW wave
period is greater than ~9 m/s and the maximum amplitude occurs at ~36-39 h and 48-51 h
(~13m/s).
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Figure 7. Same as Figure 6, but representing meridional wind.

3.3. Wuhan Q2DW

Similar to Figure 5, Figure 8 shows the mean period—date spectra of Wuhan zonal and
meridional 90 km Q2DWs during the 2014 summer. At ~50 h during days 200-209, the
zonal Q2DW reaches its summer maximum with an amplitude of ~20 m/s, as shown in
Figure 8a. As can be seen in Figure 8b, the maximum amplitude of the zonal Q2DW at
~90 km has a period of ~50 h and reaches an amplitude of ~25 m/s, which further confirms
the validity of this Q2DW event. Figure 8e shows the meridional Q2DW amplitude, which
peaks at ~90 km at ~50 h and reaches a maximum of ~35 m/s. The phase and amplitude of
the Q2DW events are shown in Figure 8c,f, with the phase slope calculated as the vertical
wavelength of the Q2DW. As shown in Figure 8¢, the vertical wavelength of the ~50 h zonal
Q2DW is estimated to be ~110 km, while the vertical wavelength of the ~50 h meridional
Q2DW is estimated to be ~50 km (Figure 8f).

The zonal Q2DW information for Wuhan is shown as a histogram diagram in Figure 9.
Figure 9a shows that zonal Q2DW events occurred 77 times during the 2013-2022 summer
seasons. The frequency of Q2DWs was higher during days 240-260 (17 times) and lower
during days 160-180 (10 times). A significant portion (32 in total) of these events was
recorded between days 220 and 240, constituting 41.5% of total occurrences. As shown in
Figure 9c, the average amplitude of the Q2DW during days 200-220 is ~12 m/s, with a
minimum amplitude of ~9 m/s during the summer. From Figure 9b, it can be seen that the
wave period of the Q2DW is distributed over a range of ~36-60 h. In the range of ~36-39 h,
it peaks on 17 occurrences and accounts for 22% of the total number of events, followed by
15 events in the range of ~48-51 h. Q2DW long-wave period events are distributed between
~57 and 60 h (seven times). As shown in Figure 9d, the average amplitude of the Q2DWs is
larger than ~8 m/s at ~36-60 h, and the maximum occurs at ~51-54 and ~54-57 h, reaching
~13m/sand ~12m/s.
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Figure 8. Same as Figure 5, but representing Wuhan. Both the meridional and zonal components
maximize at ~50 h.

Similarly, we statistically analyzed the characteristics of the Wuhan meridional Q2DWs.
The histogram plot of the Wuhan Q2DW data in Figure 10a shows a total of 76 meridional
Q2DW events in the summers of 2013-2022. Q2DWs more frequently occurred (19 times)
during days 220-240, accounting for 25% of the total. Q2DWs occurred five times during
days 220-240 and ten times during days 180-200, with less frequency. As shown in
Figure 10c, the average amplitude of Q2DWs during days 180 to 220 is ~20 m/s, with
the minimum appearing during days 240 to 260 (~8 m/s). As can be seen in Figure 10b,
the wave period of the Q2DW is spread over a range of ~36—60 h, and the frequency of
occurrence is 17 times larger over a range of ~48-51 h. It accounted for 22.4% of the total
number of events, peaking between 45 and 51 h (31 times). The long-wave period events of
the Q2DW are distributed between ~57 and 60 h (seven times). As shown in Figure 10d, the
average minimum amplitude of Q2DW at ~54-57 h is ~9 m/s, and the maximum amplitude
is at ~42-45h (18 m/s).



Remote Sens. 2024, 16, 311 12 of 19

Zonal wind )
(a) Wuhan occurrence date (b) Wuhan wave period

15 15
= =
g 10 5 10
O &

5 5

140 160 180 200 220 240 260 36 39 42 45 48 51 54 57 60

Date (day) Period (hour)

. (c) Wuhan mean amplitude ” (d) Wuhan mean amplitude
‘E- 10 ‘5 12
Py 5 10
< 8 ]
£ . 2 8
= =

6

= = ¢
g g
L] 2 %] 2
= =

0 0

140 160 180 200 220 240 260 36 39 42 45 48 51 54 57 60

Date (day) Period (hour)
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To further investigate the amplitude and period variability in the Mohe and Wuhan
Q2DWs during the 2013-2022 summer seasons, we summarize the maximum amplitudes
of the zonal and meridional Q2DWs for each year and their corresponding wave periods
and occurrence dates.

The Mohe zonal and meridional Q2DW events are most frequently observed during
days 200-220 (five times), slightly less frequently during days 180200 (four times), and
only once during days 220-240, as shown in Figure 11a. The strongest Wuhan zonal and
meridional Q2DWs are amplified four times during days 200-220, three times during days
180220 for meridional Q2DWs, and two times during days 180-220 for zonal Q2DWs
(Figure 11b). From Figure 11c, it can be observed that five Mohe zonal Q2DW events
with wave periods of ~51-54 h are present, and short-period events occur twice between
~42 and 45 h. In addition, the wave periods of the four meridional Q2DW events are
distributed over ~48-51 h, and the long-period events occur between ~54 and 60 h in two
cases. The three Wuhan zonal and meridional Q2DW events have wave periods within
~48-51 and ~51-54 h, respectively, accounting for 30% of the total, with event periods
between ~45 and 57 h being more abundant than those with adjacent periods. Only one
zonal Q2DW event with wave periods of ~36-39 h and ~57-60 h is recognized, as shown in
Figure 11d. The amplitudes of the Mohe zonal Q2DWs could reach as large as ~8-12 m/s,
which occurs five times; ~12-16 m/s slightly less frequently (three times); and ~16-20 m/s,
~20-24 m/s, and ~28-32 m/s only once (Figure 11e). The amplitudes of the meridional
(Q2DWs could reach as large as ~12-20 m/s, which occurs eight times; ~28-32 m/s slightly
less frequently (two times); and ~24-28 m/s only once. The Wuhan amplitudes of the
10 zonal Q2DW events are distributed within ~10-20 m/s. In addition, the amplitudes
of the meridional Q2DWs could reach as large as ~20-30 m /s, which occurs five times;
~10-20 m/s slightly less frequently (three times); and ~30—40 m/s and ~40-50 m/s only
once, respectively (Figure 11f). We identified a significant difference in the behavior of the
Q2DWs at high and middle latitudes. The Q2DW occurrence dates at higher latitudes are
more concentrated, while those at middle latitudes are different. In the distribution of wave
periods, the Q2DWs at high and middle latitudes are significantly different, with high-
latitude waves exhibiting longer periods than middle-latitude Q2DWs. The opposite is true
at mid-latitudes. In terms of amplitude variability, the Q2DW amplitude is significantly
stronger at middle latitudes than at high latitudes.

Shown in Figure 12a,b are the vertical profiles of the amplitude and phase of the Mohe
Q2DWs in zonal and meridional winds. The amplitude of the Q2DW is maximized at
~88 km for both zonal and meridional winds. The zonal and meridional winds show esti-
mated vertical wavelengths of ~144 km and ~200 km, both for ~45 h Q2DWs. Figure 12¢,d
show the annual mean zonal and meridional wind speeds at Mohe for days 140-260 be-
tween 2013 and 2022. The data within the black dashed line are the primary occurrence
dates of the Q2DWs, and the phase and amplitude of the Q2DWs are analyzed using these
data. Figure 12e,f show the vertical profiles of the amplitude and phase of the Wuhan
Q2DWs in zonal and meridional winds. The maximum amplitudes of the Q2DWs for zonal
and meridional winds are observed at ~88 km and ~90 km. The vertical wavelength of the
zonal wind for the ~56 h Q2DW is estimated to be ~36 km. The vertical wavelength of the
meridional wind for the ~50 h Q2DW is estimated to be ~33 km. Figure 12g,h are similar to
Figure 12¢,d but for the Wuhan data. We identified that the phases of the Q2DWs are signif-
icantly different at high and middle latitudes. Higher latitude Q2DWs have longer vertical
wavelengths, while mid-latitude Q2DWs have shorter vertical wavelengths. Annual mean
zonal and meridional winds are also different, with winds stronger at mid-latitudes than at
higher latitudes.
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Figure 11. Statistical results for the occurrence dates (a,b), periods (c¢,d), and amplitude of dates
(e,f) for Mohe and Wuhan. The approximate curve is fitted by a normal distribution with a confidence
interval of 0.95.

Figure 13 shows the amplitude and period of the meridional Q2DWs in the Mohe
and Wuhan zones during the 2013-2022 summer seasons. The observed amplitudes of
the Mohe zonal Q2DWs are as large as ~13-23 m/s in 2014, 2017, 2019, and 2021, with an
amplitude of ~23 m/s in 2017. The strongest Wuhan zonal Q2DWs are observed in 2014,
2018, 2019, 2020, and 2022, with an amplitude of ~15-19 m/s. During 2013, 2014, 2016,
2017, 2019, 2020, 2021, and 2022, the maximum amplitudes of the Mohe meridional Q2DWs
are also equal to or larger than ~13 m/s. The amplitudes of the Wuhan meridional Q2DWs
during 2013, 2014, 2017, 2019, 2020, 2021, and 2022 also reach ~20-44 m/s. The wave period
of the Mohe zonal Q2DWs during the summer is the most robust during 2014, 2015, 2016,
2018, 2020, and 2022 at ~50-53 h, which is slightly smaller than that for ~42—45 h during
2017, 2019, and 2021. The wave periods of the Wuhan zonal Q2DWs were observed in 2014,
2017,2021, and 2022 at ~52-59 h. In addition, the shorter wave periods in 2013, 2019, and
2020 reached ~38—40 h. The Mohe meridional Q2DWs had the longest wave periods during
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2019 and 2020 at ~56-57 h. In addition, the shorter wave periods in 2021 and 2022 reached
~41-43 h. The wave periods of the Wuhan meridional Q2DWs during 2013, 2018, 2019, and
2021 only reached ~51-58 h, and shorter wave periods of ~44—45 h are observed during
2017 and 2020. In addition, the 2017 Mohe zonal and meridional Q2DWs are specific, and
their amplitudes are unusually strong. The variability in solar activity during 2013-2016 is
similar to the trend of zonal and meridional amplitude and wave periods, but it differs in
2018-2020. Similarly, the correlation between the wave period change trend in Wuhan and
the change in solar activity is also low.
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Figure 12. Mean Q2DW amplitudes and phases in days 200-220 during 2013-2022 for the zonal
(a,e) and meridional (b,f) components. Mean zonal and meridional winds observed from the meteor
radar at Mohe (c,d) and Wuhan (g,h) during 2013-2022. The black dashed line represents the selected
200-220 day zonal and meridional wind data.
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Figure 13. The strongest zonal and meridional amplitudes during the 2013-2022 boreal summer
periods for Mohe and Wuhan (a,b). The blue line represents the boreal summer mean (10.7 cm) solar
flux. The orange and gray bars represent the zonal and meridional Q2DWs. (c,d) are the periods
corresponding to (a,b). (c,d) are periods corresponding to (a,b).

4. Discussion

We find that the occurrence dates of zonal and meridional Q2DWs in high-latitude
Mohe are consistent, with all being concentrated during days 180-240 and most prominent
during days 200-220, which is consistent with the findings of Pancheva [44] obtained
using satellite data. Similarly, there are differences in the occurrence dates of zonal and
meridional Q2DWs in mid-latitude Wuhan. According to the normal curves, zonal Q2DWs
tend to occur in late summer, while meridional Q2DWs tend to occur in early summer,
but they also occur most frequently during days 200-220. We can observe that there
is a difference between the wave periods of the zonal and meridional Q2DWs in high-
latitude Mohe. This is related to the selective amplification of Q2DWs via the background
atmosphere [45]. Zonal Q2DWs are more concentrated at ~51-54 h, while meridional
Q2DWs are more concentrated at ~48-51 h, indicating that zonal Q2DWs have a longer
period than meridional Q2DWs. Similarly, the zonal and meridional Q2DW periods in
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mid-latitude Wuhan are also different, but unlike Mohe, the zonal Q2DW period in Wuhan
is concentrated at ~48-51 h, being shorter than the meridional Q2DW period of ~51-54 h,
which is consistent with the findings of Lilienthal [2]. The zonal and meridional Q2DW
amplitudes are significantly different for high-latitude Mohe, with the meridional Q2DW
amplitude (~30 m/s) being larger than the zonal one (~10 m/s). The same feature is
observed for mid-latitude Wuhan, where the meridional Q2DW amplitude (~45 m/s) is
much larger than the zonal one (~15 m/s). It can be seen that there is a difference between
the high- and mid-latitude Q2DWs. The Q2DW occurrence dates are concentrated at high
latitudes, while at middle latitudes, zonal and meridional Q2DWs tend to occur in late and
early summer, respectively. Zonal Q2DWs have a longer period at high latitudes compared
to meridional Q2DWs, while meridional Q2DWs have a longer period at middle latitudes
compared to zonal ones. Zonal Q2DW amplitudes are weaker than meridional Q2DW
amplitudes at high and middle latitudes. These observations, combined with the fact that
Gu [6] and Lilienthal [2] report a strong summer Q2DW at high and middle latitudes,
indicate that the influence of summer Q2DWs becomes stronger with descending latitudes.

The vertical wavelengths of high-latitude zonal and meridional Q2DWs over Mohe
are longer than those at middle latitudes, and the speeds of the zonal and meridional winds
at middle latitudes are stronger than those at high latitudes, indicating that the stronger
background wind at middle latitudes can provide sufficient energy for the propagation
and amplification of Q2DWs. As wind shear is a proxy for baroclinic instability, we
conclude that Q2DWs over Mohe and Wuhan are forced, at least in part, via the summer
instability of the mesosphere jet, which is consistent with the findings of Lilienthal [2].
Gu [46] observed increasing Q2DW amplitudes above regions of negative quasi-geostrophic
potential vorticity using satellite measurements. At high and mid-latitudes, the amplitudes
and wave period sof Q2DWs in the calendar year do not show a strong correlation with
F10.7 solar activity, but there is a similar trend across some years.

5. Summary

We present the first extensive study of zonal and meridional Q2DW activity in the
MLT region during the 20132022 summer seasons, using the wind datasets from the Mohe
and Wuhan meteorological radars. We calculated the Q2DW events in Mohe and Wuhan
at ~90 km in both zonal and meridional winds. The amplitude and wave period for each
event is determined via least-squares fitting. Our study covers the interannual variability in
Q2DWs at high and middle latitudes between 2013 and 2022 and analyzes the differences
in the behavior of Q2DWs at high and middle latitudes.

Overall, we have studied the interannual variability in zonal and meridional Q2DWs
at the high and mid-latitudes of the MLT region. Additionally, we statistically analyzed the
differences in the behavioral variability in the peak amplitude, wave period, and occurrence
date of Q2DWs between Mohe and Wuhan in the MLT region.
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