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Abstract: Based on the established LIDAR chain along the 120◦E meridian in China, the gravity wave
(GW) activity between 80 and 105 km and the seasonal behavior of temporal and spatial spectra at
Beijing, Hefei and Hainan were studied with three years of continued observations. The averaged
GW-induced atmospheric density perturbations are near 6%, which in summer are obviously larger
than in winter. The semiannual maxima occur near the solstice and the minimum emerges around
the equinox at different latitudes. Besides, as a disparity, the density perturbation of GW is still
active considerably in winter at low latitude at Hainan. The spectra of vertical wave number
Fa(m) and observed frequency Fa(ω) show power law shapes, of which the average is near −3 and
−1.7, respectively, and both spectra with special values all exhibit similar seasonal behavior as the
atmospheric density perturbations shows. This behavior is explained by multiple effects possibly
originating from Tibet plateau (TP) and the main GW source in China was roughly calculated by the
LIDAR observation method for the first time located at the TP boundary.

Keywords: LIDAR; gravity wave source of china mainland; calculation of GW source position;
meridian project observation chain; low latitude abnormal behavior; Tibet plateau edge

1. Introduction

Gravity waves (GW) studies are significant contents of investigating the atmosphere
structure and the middle large-scale circulation [1,2]. During the past decade, GW phe-
nomena in the middle atmosphere have been studied extensively based on remote sensing
and in situ techniques widespread. According to the superior temporal and spatial reso-
lutions of LIDAR which are 3 min and 100 m, it is recognized as an excellent tracer of the
sodium layer to study GW perturbations and the mesopause region [3–6]. It permits us to
investigate several important characteristics of the wave field that until now have not been
studied extensively, such as the atmosphere density perturbation, and temporal and spatial
spectra based on the Na LIDAR data [7,8].

According to previous research, it is also quite important to acquire sodium layer data
of the mesospause region, during which the detecting techniques are still not so sufficient
up to now, and Na LIDAR has the advantage to detect these regions exclusively. And for
GW seasonal distribution study, those observing results at the different observing site are
usually different due to the complex geography factor, such as Senft and Gardner [8] has
reported the maxima GW perturbation emerged at solstice and the minimum at equinox at
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north America, Yang et al. [7] has given an opposite observation report at Brazil that the
maximum GW perturbation emerged at the two equinoxes and the minimum at solstices.

Despite the fact that a great deal of work has focused on the measurements of GW
variances and their spectra, however, a comprehensive comparison of seasonal variation
GW spectra studies at different latitudes over China is still rare until now. Moreover, due
to the complex geographical factors of China’s mainland, such as large deserts, oceans
and mountains, etc., from the north to the south of China, it exhibits diverse geographical
environments, which will generate more different GW performances indeed. Moreover,
vertical detection study of mesospause of China mainland is also seldom, the OH airglow
detection only covers the flat region which cannot provide detailed information on GW in
the vertical dimension. Furthermore, discussing the GW source of China’s mainland is a
considerably hot topic in GW studies [9,10] currently. Therefore, for further understanding
of generation mechanisms, resulting GW characteristics and the GW source position,
starting the joint observation at different latitudes will provide long-term comparable
research that is necessary and full of scientific meaning.

In this report, we use three comprehensive ground-based detecting LIDAR techniques
to implement the initial whole-scale detection over China’s mainland. A comparable
study of GW seasonal variations and their spectra parameters based on sodium LIDAR
observation at China Beijing (40.42◦N, 116.02◦E), Hefei (31.8◦N, 117.3◦E) and Hainan
(19.99◦N, 110.34◦E) which are near 120◦E and based on the 3 year’s observation data by
established “Meridian Project of China” [11–13] is carried out. Three sites for the seasonal
variations of GW atmosphere density perturbations and spectra in mesospause were first
reported. The seasonal variations of those GW spectra at three sites are also investigated,
and some abnormal seasonal variations were found at the lower latitude of China in
winter. We finally discussed the seasonal behavior of GW over China and give possible
explanations, accordingly.

2. Method
2.1. Instrumentations

As a part of the “Meridian Project”, the Na LIDARs at Hainan (19.99◦N, 110.34◦E),
Hefei (31.8◦N, 117.3◦E) and Beijing (40.42◦N, 116.02◦E) employed the same double wave-
lengths sodium fluorescence LIDAR solution to observe the sodium layer. Besides, the
Rayleigh and Mie scattering detection are also contained in the observatory system in
which the laser beams were excited by a pulsed Nd: YAG laser.

The laser emission system: The laser emission system is composed as follows: First, a
1064 nm fundamental frequency light emitted by a high-power pulsed Nd: YAG laser passes
through the first frequency multiplier to output 532 nm green light, and the remaining
1064 nm fundamental frequency light then passes through the second frequency multiplier.
The second beam of 532 nm green light was obtained, which was used to pump a dye
laser to produce the 589 nm laser. Therefore, this lidar system transmitted two laser
beams: One is a 532 nm laser beam, which obtained 30–80 km atmosphere density and
temperature, and atmosphere aerosol information from the ground to 30 km height by
Rayleigh scattering mechanism. The other is a 589 nm beam, which obtained 80–110 km
sodium density directly.

Telescope receiving system: The system is composed of two telescopes: a large tele-
scope (1 m in diameter) is 5 m away from the emitting laser. Two optical fibers are placed
side by side on the focal plane of this large telescope to receive 80–110 km of sodium layer
signals and 30–80 km of atmospheric Rayleigh scattering signals, respectively. Another
small telescope (0.4 m in diameter) is placed next to the laser beam and used to receive
echo signals under 30 km. This signal can be used to calculate the extinction coefficient of
the aerosol.

Signal Detection and Acquisition Channel: It is divided into three signal detection and
acquisition channels. The sodium layer and atmospheric Rayleigh scattering channel are
composed of PMT, amplifier and photon counter, respectively. PMT converts the photon
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signal into an electronic pulse signal, and then the photon counter counts the number of
photons. The low-altitude channel uses the equipment fabricated by LICEL company for
signal receiving and collecting. And system parameters are briefly listed in Table 1 as
given below.

Table 1. System parameters of the multiple channel lidar system.

Transmitter Nd: YAG Laser DYE Laser

Wavelength 532 nm 589 nm
Pulse energy 400 mJ 40 mJ
Repetition rate 30 Hz 30 Hz
Pulse width 10 ns 10 ns
Beam divergence <0.5 mrad <0.5 mrad
Receiver
Telescope aperture 1 m
Field of view 1 mrad
Bandwidth 1.0 nm
Data acquisition
MCS-pci count rate 150 MHz
Bin width 640 ns

The green sodium laser beams’ energy is 40 mJ per pulse while Rayleigh and Mie
scattering’s output energy is 400 mJ. To make the laser resonate well with sodium atoms
in the neutral sodium layer between 85 and 105 km, we used a hollow cathode lamp to
calibrate the sodium D2 frequency line as a standard. After the resonant fluorescence
is received by a mirror 1000 mm diameter scale telescope. The altitude resolution has
been set to about 96 m (while the altitude resolution at Hefei is 156 m according to the
equipment parameters).

Our sodium LIDARs have an altitude resolution of 96 m (156 m at Hefei), and a time
resolution of 3 min (5 min at Hefei). The data were selected from 2010 to 2012 in Beijing and
Hainan and from 2006 to 2009 in Hefei which includes more than 160 observational nights
and almost all the effective data are of good quality and have a continuous observation time
of over 3 h. It is worth mentioning that we need to discard some data with the presence
of sporadic sodium layers which are not generated by the gravity waves as reported by
Batista et al. [14], (please see in the Supplementary Materials).

2.2. Data and Analysis Method

According to SG91 and more authors, Garner and Volez 1987, Garner and Shelton
1985, sodium layer is assumed as a Gaussian shape, and for Chemical effect and Sporadic
Na layers, the Gaussian shape may be changed. Moreover, as we mention that around
94 km the severe dynamic activity happens change the Gaussian shape, those phenomena
are of the nature of sodium layer, which are every often during every night observation.
However, we need to filter these non-Gaussian effects to investigate the GW, since these
issues affect the extract the perturbation of the Na layer.

Following the theory proposed by Senft and Gardner 1991 [8], in this report we
calculated the atmosphere density perturbations that can be explicated during the temporal
evolution of the density of sodium and atmosphere as indicated in Equation (1). The symbol
rs(z, t) was used to express the perturbation of sodium density; thus ra(z, t) was defined as
the perturbations of atmospheric density; and considering the effect of the unperturbed
sodium layer, we use z0 and σ0 to denote the centric height (about 92 km) and their RMS
thickness which is generally about 4.5 km, respectively.

rs(z, t) = − 1
γ− 1

[1− γH(z− z0)

σ2
0

]ra(z, t) (1)
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where γ denotes the ratio of specific heats, H is atmosphere scale height which is about
6 km. According to Equation (1), the atmospheric density perturbation ra(z, t) can be
obtained from the above relationship, Due to the existence of non-Gaussian shaped sodium
layer distribution near 94 km, we need to discard some data near that altitude as it caused
the severe fluctuation in calculating the ra(z, t). Technically the density perturbation
relationship between atmosphere and sodium can be shortened as Equation (2) according
to the previous studies of Yang et al., (2006) and Senft and Gardner (1991). In detail, when
we do this we can see that the absolute value of the term in square brackets |Sca(z)| (here,
we use Sca(z) to denote [1 − γH(z − z0)/σ2]) in Equation (2) will go to zero near the height
z1 = z0 + σ2γH~94 km, and this means the first-order wave effects have no influence on the
sodium profile in this height. As a result of this, it is not possible to get a reliable value of
ra(z,t) from rs(z,t) within ±2 km of z1 [8]. So, we have to discard some data points where
|Sca(z)| is too small in math, the region is meaningless, and actually, in the Na layer, this
height~94 km has severe perturbation and disorder chaos. Thus, the method we handle
this problem is to discard the data around this region.

ra(z, t) = − γ− 1
1− γH f (z)

rs(z, t) (2)

where f (z) = −ρ0(z)/ρ′0(z). In practice, ρo’ (z) and f (z) were acquired by numerical calcu-
lation depend on the ρo(z) which of a Gaussian sodium layer shape that are unperturbed.

Perturbations studies of atmosphere density
The averaged square ra(z,t) are quite significant physical quantity in gravity wave

analysis, in our section, a spatial and temporal calculus for the averaged rs(z,t) was done to
obtain this value

< ra
2(z, t) >=

1
TL′

z0+L/2∫
z0−L/2

t+T/2∫
t−T/2

ra
2(z, t)dtdz (3)

where L’ is the altitude range, T is the whole night observation period. Similarly, in our
analysis, those data points in the range of 2.5 km of z1 should be eliminated according
to Yang et al. [7]. The temporal variations of <ra

2> were then computed by averaging ra
2

throughout the sodium layer over a period of T = 3 h.

3. Results

Figure 1 indicates the root mean square (RMS) atmospheric density perturbations,
root <ra

2(z,t)> for the sites at Beijing, Hefei and Hainan and their seasonal variation dis-
tribution. In this article, we use minimum mean square error (MMSE) fitting to calculate
the components parameters of atmospheric density perturbation. And for brevity, we
only show the fitted results here, while the fitting circumstances are given in detail in the
Supplementary Materials.

As shown in Figure 1 (top), Seasonal variations in Beijing with their MMSE fit of the
atmospheric density perturbations’ RMS value are 5.84% (see in Supplementary Materials),
and the RMS values in summer are obviously larger than that in winter and the maxima
occur near the solstice. While the semiannual minimal phase is near the equinoxes, and the
contribution of annual perturbation is calculated and provided in Supplementary Materials.
Compared to the similar latitude (Urbana, IL, USA) given by Senft and Gardner [8], this
report also indicated that the annual maxima perturbations are near the solstices while the
minima are around the equinoxes.

The seasonal variation RMS value of atmospheric density curves at low-middle (Hefei)
and low latitude (Hainan) is also calculated as shown in Figure 1 (middle) and (bottom),
both the seasonal variation exhibits a regulation overall as Beijing that maxima are near the
solstices while minimum equinox which indicates that RMS perturbations at middle and
low-middle latitude have the similar result seasonally. This result inferred that at the 120◦E
china the GW atmospheric density perturbations have the same regularity, which could be
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generated from the same GW source. According to the previous reports [9,10], TP affects
most regions of China mainland and is the main GW source.
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However, obviously, it worth mentioned that the perturbation in winter is still quite
active at Hainan which may indicate there is another abnormal GW activity, which means
at the low latitude region, the atmosphere density perturbation in winter has a relatively
stronger activity compared with the middle latitude region’s regularity. Referring to the
environment of the Hainan observatory at low latitudes near the South China Sea, there
could be extra sources that cause the abnormal GW activities in winter due to the wind
shear of the Tibetan plateau (TP) which will be discussed in a later chapter.

3.1. Study of Atmospheric Density Perturbations’ Vertical Wave Number Spectra

In order to investigate the GW field energies, the vertical wave number spectrum
Fa(m) which is also called the vertical power spectrum is considered to be the effective
method based on the analysis of the density of atmosphere perturbation. According to
Gardner’s theory, Fa(m) is defined as the spatial Fourier transform of atmospheric density
perturbations as [7,8].

Fa(m) =

∞∫
−∞

Ba(s, 0)eimsds =
∞∫
−∞

<ra(z, t)·ra(z− s, t)>eimsds (4)

In the above functions, the autocorrelation function was represented by Ba(s, 0),
which means the product of atmospheric density perturbations at adjacent height: <ra(z, t),
ra(z−s, t)> which is appropriate for our work because the calculations will have no lack
of data points as there is an 8 km large gap in the sodium layer. And we calculate all
the spectra parameters for the vertical wave number spectrum and temporal frequency
spectrum which can be seen in Supplementary Materials.

The seasonal variations of Fa(m) at three sites are shown in Figure 2, and special
wavelengths was chosen for characterization with those parameters as m8 = 2π/(8 km),
m4 = 2π/(4 km), m2 or m15 = 2π/(2 or 1.5 km) (while for Hefei and Hainan we choose
m2 = 2π/(2 km) for instead) and m1 = 2π/(1 km) at three sites. For all the variations the
maxima occur near the half of the year. The phases of the annual and the semiannual compo-
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nents are both near the solstice and their values are calculated as 39% and 27% of the annual
mean value respectively. The other annual mean value of the specific spectra we choose is a
correlation with the wavelength, as the variation value of Fa(m4) is 0.22 (m/cycles), which
is only 26% of the variations Fa(m8). The ratio of annual components to the mean annual
value of Fa(m4), Fa(m15), and Fa(m1) are 0.48, 0.61, and 0.60, respectively, which are all
about 50%. That means these at-wave number contributions of the annual and semiannual
components are similar. We also studied the Fa(m) and their fitting parameter based on
the data at Hefei and Hainan. The relationship between parameters of m8~m1 exhibited
a similar result as Beijing, and the minimum perturbation all occurs near equinoxes and
the phase of variation peaks are also around the solstice. Their distribution of vertical
wave numbers was shown in Figure 2 (middle) and (bottom) which indicated the similar
regulation at Urbana as Senft and Gardner reported [8]. However, it is worth mentioning
that the perturbation in winter, also as the seasonal variation of Fa(m) shows, is still quite
active in Hainan which may indicate there is another abnormal GW activity in the previous
studies as reported by Yang et al. [7] and Senft and Gardner [8] comparatively.
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3.2. Study of Atmospheric Density Perturbations’ Temporal Frequency Spectra

Similarly, the GW perturbations also can be studied by investigating the temporal
frequency spectra, Fa(ω). The data processing and spectra calculations are quite similar
to the vertical wave number Fa(m). After the pre-whitening and Hamming window
processing, Fa(ω) can be defined as

Fa(ω) =

∞∫
−∞

Ba(0, τ)eiωτdτ ∼=
〈|Ra(z, ω)|2〉

T
(5)

which was also proposed by Senft and Gardner [8].
Similar to the GW vertical wave number spectra, we choose those periods at 60 min,

40 min, and 25 min to characterize the distribution of atmosphere density perturbation
Their spectral amplitudes of three sites atω1 = 2π/60 min (square),ω2 = 2π/40 min (circle),
andω3 = 2π/25 min (triangles)are shown in Figure 3. Obviously, all the Fa(ω) amplitudes
variations are also coherent with the distribution of RMS atmosphere perturbation at
three places.

It is worth mentioning that as shown in Figure 4 (bottom), in winter, the Fa(ω) ampli-
tudes in Hainan are still strong relatively that cannot be neglected, and are quite different
from the result we observed in Beijing and Hefei shown in Figure 1 (top) and (middle),
although the specific frequencies show the similar result of the total density seasonal per-
turbation in which that maxima and minimum are also near the summer solstices and
equinox, respectively.

3.3. GW Activity along the 120◦E in China and Their Seasonal Variation Behaviors
3.3.1. Analyze GW Activity along 120◦E in China and Their Seasonal Variation Studies

Determining the wave source is a focus topic in GW studies at current despite the
numerous reports about GW source inferring studies. Here we use Senft and Gardner’s [8]
theory to calculate the possible wave source position. The relationship between zonal and
vertical background winds could be used to calculate the wave source, which is equal to

u′

w′
=

√( g
N
)2〈r2

a〉√
g2

N4

〈(
∂ra
∂t

)2
〉 (6)
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where ( g
N

)〈
ra

2
〉
=
〈

u′2
〉

(7)

g2

N4

〈(
∂ra

∂t

)2
〉

=
〈

w′2
〉

(8)

u′ denotes as zonal background wind; w′ denotes vertical background wind; g repre-
sents gravity acceleration and N means Brunt-Vaissalla frequency.
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Based on the above calculations, the horizontal distance between the observation site
and the GW source could be obtained. Since the sodium layer peak is about 90 km on
average, so we use this value as the vertical distance, and the distance between observing
sites and wave source has been calculated as shown in Table 2.

Table 2. The calculated distances between the observed site and wave source.

Hainan Beijing Hefei

Distance to wave source (km) 1098 1132 1200

The distance between the wave source and our observing site is 1098 (from Hainan),
1132 (from Beijing), and 1200 (from Hefei) as shown in Table 2, which are at a rough value
at 1100 km. According to the topography map of China, the most possible region for the
three observing sites’ wave sources located at the westward 120 ◦E observing monitor
chain, are near the TP as Figure 4 indicated, which are most probably located at the edge of
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Tibetan Plateau. This result is consistent with previously reported, which suggested that
the Tibetan could be the main important wave source.

Gong et al. [15], used the quasi-monochromatic statistics method to calculate the ratio
of observation of GWs period and Brunt-Vaisala period and estimated the average distances
between the main tropospheric sources and the observing sites are 3660 km, 3480 km, and
3800 km for Beijing, Hefei, and Hainan sites respectively, which is different from our result,
since we use perturbation value of atmosphere analysis to calculate wave source that is
also a different approach. And our result is consistent with the GW generated from the
edge of TP which belongs to the GW topography fact mechanism. Wan et al. [10] have
given a report on the vortexes for the central region of China by TIDs (traveling ionospheric
disturbances), meanwhile statistically analyzing the exciting sources of the TIDs based
on the HF Doppler array. The TIDs were observed dominant to be propagating from
northeastward and southeastward directions of TP. The feedback signal indicated vortexes
more likely generated near lee sides of the plateau which also means that the sources of
northeastward and southeastward.

TIDs are located in the southeastern and northeastern edges of TP respectively. More-
over, the incidence of vortexes and the TID sources statistical seasonally are fitted well with
regional distributions geographically, and the calculation from each site to the assumed
wave source region is just at the bounder of the TP, which is quite consistent with our
calculations about GW source positions that exist a rough distance of 1200 km westward to
the 120◦E observing chain. Meanwhile, a TEC (ionospheric total electron content) detection
method was used by Xu et al. [9] who indicated numerous vortexes were generated near the
edges of the plateau and propagated up to a much higher altitude based on the atmosphere
dynamics investigation, which confirmed the main possible GW source of China mainland.
While it fitted well when comparing our calculations with reports by Wan et al. [10] and
Xu et al. [9], thus it is more likely that our result is reliable based on the above analysis.

3.3.2. Analysis of GW Activity in Beijing and Hefei and Their Seasonal Variation Studies

From the measured results, it can be concluded the GW activity near 120◦E China
has regularity as the GW activity in summer are obviously larger than that in winter. The
maxima occur near the solstice and the semiannual minimum is near the equinoxes. Due to
this regularity, we try to analyze the possible wave source as given below.

At first, it was well recognized that topography and convection are the main factors to
generate GW [16–18] and the main wave source of China’s mainland is the TP [10]. Based on
the above analysis, the GW seasonal variation activity in Beijing and Hefei indicates similar
results to Urbana’s region located in North America as Senft and Gardner reported [8].
The atmospheric density perturbation and amplitudes of spatial and temporal density
perturbation spectra all show a seasonal distribution with maxima variations emerging
near the solstice.

To investigate the background winds in the mesosphere over Beijing and Hefei, we
plotted in Figure 5 the mean zonal wind diagram for Northern China which can reflect
the seasonal distribution of altitude–zonal wind relation based on the open mode model
HWM93 (http://modelweb.gsfc.nasa.gov/ last access on 10 February 2015. in which we
extract the open data and plotted diagram by ourselves) also considering the troposphere
and lower stratosphere (TIS) behaviors in Beijing given by Zhang and Yi [19]. The zonal
wind shows the obvious annual symmetry distribution that in spring and summer the
horizontal background wind is westward but mainly eastward from September to the next
February. While considering the temperature effect, it is well known that in China the
temperature of the atmosphere at lower altitudes in summer is a maximum and more GWs
will be generated due to the strong and frequent convection considering the significant
influence of TP that is located at the southwest direction. Moreover, considering the mean
westward zonal wind above Northern China opposes the background wind, those GW
northeastward propagated from the TP to Beijing and Hefei will be enhanced due to the
Doppler filtering effect, which will lead to relatively strong GW atmosphere perturbations.

http://modelweb.gsfc.nasa.gov/
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Moreover, Gong et al. [15,20], once reported this conclusion; TP is the main GW source in
china. although Gong’s work [20] indicated that the annual behavior of the event number
of GW and their seasonal distribution is similar to our result, however, the essence of GW
property is totally different, in this manuscript, we use atmosphere perturbation intensity
to study GW, which directly indicated the GW behavior of an intrinsic dynamic motions
demonstration rather than the GW events statistics.
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While in winter, much fewer GWs will be generated from the TP because of the
minimum cold atmosphere temperature which would cause relatively weak convections.
Furthermore, when GWs propagate northeastward from the TP to Beijing in winter, the
blocking effects will happen due to the eastward mean zonal background wind. Conse-
quently, as being blocked by the mean flow during the obliquely upward propagations, the
GWs could dissipate and be absorbed and finally, most of them are disappeared. This result
is more reasonable to explain that the atmosphere density perturbation has a relatively
weaker behavior in winter. Based on the above analysis, the reason for seasonal variation
can be concluded as the reaction of the topography of TP and the convection.

3.3.3. Analysis of the Seasonal Variation of Gravity Wave Activity in Hainan

Obviously, however, the GWs seasonal variation activity in China, Hainan, shows
quite different behavior in the latter half of the year. The activity in winter is still strong
which cannot be neglected, referring to the topography of Hainan, there is a presence
of a complex ocean current and frequent convection in the South China Sea at relatively
lower latitude, so there may be another wave source that caused the different seasonal
variations there. Though references suggest that the ocean effect is important to affect
China’s mainland’s convection, according to our fitting results, the three places in Beijing,
Hefei, and Hainan are very uniform, and their uniform behavior is that the summer is
large, and the winter is small. This is also consistent with the results of Urbana in the land
area of the United States. According to geographies, the ocean has little influence on the
Urbana of the United States, the GW behavior in the Urbana area is not the role of the
ocean. The waveforms found in the three places in China are highly consistent with Urbana,
and it is believed that the influence of the ocean is also limited. Moreover, the oceanic
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action in the Pacific region is very strong in late summer and autumn, including tropical
cyclones from the equatorial latitudes and so on. Therefore, the atmospheric perturbations
in summer and autumn in Hefei, mid-latitude, or low-latitude Hainan should be very
severe, and there will not be great regular perturbations during the mid-year summer
solstice. Thus, the main one is from the action of mountain waves. Meteorological literature
also shows that the convection in the western Pacific Ocean in summer can indeed affect
the China mainland [21–25]. At the same time, the convection and ocean temperature effect
from the equatorial latitude can interact mutually to form a large-scale Ocean-Atmosphere
Circulation, which has been confirmed. However, this convection from the ocean even did
not affect the regular distribution of Beijing and Hefei, which has the same regularity as
Hainan, also the South China Sea convection affection is not very clear, and that intensive
convection is much more effective when located in the equator. Alexander et al. [26]
and Wright [27] reported that the momentum flux of GW of the South China Sea became
minimum during the Monsoon period. And they were mainly caused by the intense and
frequent convection from the South China Sea, which is an important region that generates
ascending cyclones globally [26,27]. However, this explanation is weak, and according to
the climatology in Hainan, winter from November to January is the dry season in Hainan,
and there is seldom severe convection, such as typhoons or storms. Therefore, there should
be some other GW source in Hainan in winter.

As indicated by Li et al. [28], in the winter, the GWs propagation directions at China-
Qujing station (located at the strait line of Haikou and TP) are southeastward, which are
significantly different from another observatory in the northern hemisphere. Analyzed
by seasonal variation of the GW propagation, this propagation direction was proved
accordingly. Meanwhile, the wind shear intensity is large around the southeastern edge
of the TP in spring and winter based on European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis wind data. When more active GWs generated at TP edge,
due to the Doppler shift effect, in winter the southeastward propagation of those GWs is
enhanced by the northwestward background wind, the GW propagation directions affected
by the background winds are stronger and momentum fluxes present a strong seasonal
variation, with the maximum in winter and minimum in summer. The above analyzed
GWs behaviors matched well with our results, however, these airglow image observations
are different from LIDAR detection, to further understand the low latitude GWs activity of
China, more technique and joint observations are needed in future.

4. Conclusions

The seasonal variation of GW activity at three different sites in Beijing, Hefei, and
Hainan near 120◦E China was measured based on three years of observation. The RMS
atmosphere perturbation, the vertical wave number spectral amplitudes at 2π/(8 km)
2π/(4 km) 2π/(2 km), and 2π/(1 km) andω spectra with those frequencies as 2π/60 min,
2π/40 min, 2π/25 min indicated that solstices are dated, around which the maxima of
semiannual peaks and components emerge, while in Hainan the GW activity in winter is
still active, which is quite different from Hefei and Beijing in the middle latitude region.
The vertical wave number spectra and frequency spectra at different sites were calculated to
be fitted well with the theoretical value. It is concluded that the fact of the TP’s topography
could be the main reason for GW’s behavior at 120◦E. The main possible gravity wave
source caused by TP that influences China’s mainland was first estimated by the LIDAR
observation method, which was located near the Plateau edge after calculation, consistent
with previous reports.
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rameters at Hainan; Figure S1: Selected Fa(m) and their fitting slope to the nightly spectra of GW
atmospheric density perturbations nightly at Beijing; Figure S2: Vertical wave number power spectra
of atmospheric density perturbations associated with gravity waves in the menopause region at
Hefei; Figure S3: Frequency spectra of atmospheric density perturbations associated with gravity
waves in the menopause region at Hainan; Figure S4: Annual averaged Fa(m) at Beijing, Hefei
and Hainan; Figure S5: Distribution of the fitted regression spectra slopes Fa(m) at Beijing, Hefei
and Hainan; Figure S6: Selected Fa(ω) and their fitting slope to the spectra of GW atmospheric
density perturbations nightly at Beijing. The straight dotted lines are the regression fits to the spectra;
Figure S7: Frequency spectra Vertical wave number power spectra of atmospheric density perturba-
tions associated with gravity waves in the menopause region at Hefei; Figure S8: Frequency spectra
of atmospheric density perturbations associated with gravity waves in the menopause region at
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