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Abstract: Atmospheric gravity waves (GWs) can strongly modulate middle atmospheric circulation
and can be a significant factor for the coupling between the lower atmosphere and the middle
atmosphere. GWs are difficult to resolve in global atmospheric models due to their small scale; thus,
GW observations play an important role in middle atmospheric studies. The climatology of GW
variance and momentum in the low-latitude mesosphere and lower thermosphere (MLT) region
are revealed using multiple meteor radars, which are located at Kunming (25.6°N, 103.8°E), Sanya
(18.4°N, 109.6°E), and Fuke (19.5°N, 109.1°E). The climatology and longitudinal variations in GW
momentum fluxes and variance over the low-latitude region are reported. The GWs show strong
seasonal variations and can greatly control the mesospheric horizontal winds via modulation of the
quasi-geostrophic balance and momentum deposition. The different GW activities between Kunming
and Sanya/Fuke are possibly consistent with the unique prevailing surface winds over Kunming and
the convective system over the Tibetan Plateau according to the European Centre for Medium-Range
Weather Forecasts (ECMWF), Reanalysis v5 (ERA5) data, and outgoing longwave radiation (OLR)
data. These findings provide insight for better understanding the coupling between the troposphere
and mesosphere.

Keywords: meteor radar; gravity wave; mesospheric climatology

1. Introduction

The atmospheric gravity wave (GW) is one of the most important atmospheric waves
and can alter the pattern, energetics, and dynamics of the middle atmosphere by trans-
ferring energy and momentum from the lithosphere/troposphere to the mesosphere and
lower thermosphere (MLT). The GWs are excited primarily by topography, convection,
wind shear, jet streams, frontal systems, and other sources in the lower atmosphere [1-3],
as well as by seismic activity in the lithosphere [4,5]. The climatic anomalies and impacts
of episodic events can be imprinted onto GW sources and transported to the stratosphere
and/or the MLT region as the GWs propagate upward. As the GWs propagate upward,
they may encounter a “critical layer”, where the background wind speed is equal to the
phase velocity of the GW. In this situation, the GW will break and/or dissipate, resulting
in the deposition of energy and momentum into the mean flow in the MLT region [6].
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This deposition of GW energy/momentum can be seen as the application of a force (often
referred to as GW drag) with directions opposite to the background wind, which causes
a deceleration and even a reversal of the zonal mean zonal wind in the MLT region. In
addition, GWs can also induce pole-to-pole meridional circulation that leads to cold sum-
mers and warm winters in the MLT region [7] and interact with large scale waves (tides
and planetary waves) [1,6,8-12]. Thus, the GW is a significant key to understanding the
dynamics and thermal balances in the MLT region.

The importance of energy and momentum transfer for GWs has been well recog-
nized [2,6,13-15]. Because of the major role of GWs in the middle atmosphere, GWs have
been an essential part of global atmospheric modeling at different altitude ranges. Accord-
ing to the theory of GWs, the intrinsic frequency of GWs, which is observed in a frame of
reference moving with the background wind, is between the buoyancy frequency and the
Coriolis frequency, with a period of several minutes to several hours [1]. The horizontal
wavelengths of GWs always range from approximately tens to thousands of km [1]. GWs
are parameterized in global models [1,16-18], and the GW parameterization methodology
requires reference to the GW spectrum, energy, and momentum [19-21]. It has also been
emphasized that the parameterization of GW momentum in models should be validated
using observations, which are necessary to improve GW simulations in models [17].

The GW energy and momentum are important for the understanding of middle
atmospheric dynamics and energetics, which can be represented by GW variances and
the vertical flux of GW momentums in observations, respectively [1,7,22-24]. A variety of
instruments such as radiosondes [25-27], rocketsondes [28], radars [2,3,7,10,16,22,29-34],
lidars [24,31,35-42], satellites [9,17,43-45], and airglow imagers [31,46,47], have been used
to estimate the GW activity. A Fabry-Perot interferometer (FPI) can be used to invert
the atmospheric wind and temperature [48,49] and is expected to be used to reflect GW
activity. However, each measurement technique has its own limitations in GW observations.
Radiosondes are widely used to study inertial gravity waves, but they are limited to the
troposphere and lower stratosphere. The rocketsonde can provide the vertical pattern
of the mesosphere, but for a short time span. Optical measurements, such as those from
lidars and airglow imagers, can be used to invert atmospheric perturbations in temperature,
density, and winds at high spatial and temporal resolutions, but they are easily disturbed
by solar radiation, resulting in a lack of observations during the day and under cloud.
Satellites such as TIMED/SABER, COSMIC, and AIRS/Aqua are extensively used to study
the global variability of GWs from temperature profiles. However, these measurements can
only resolve a limited spectrum of GWs due to their coarse resolution and limited spatial
and temporal coverage.

Meteor radars can continuously measure neutral winds in the MLT region. According
to the methodology introduced by Hocking [50], meteor radar measurements can be used
to estimate GW variances and momentum fluxes in the MLT region over a long, continuous
time period. Recently, this technique has been extensively used to analyze GW activity
at high latitudes [16,22,51], mid-latitudes [2,3,10,52-54], and in tropical regions [15,55].
Although the climatology and latitudinal variations in GWs have been widely studied [2],
comparisons of the GW climatology among locations at similar latitudes but with large
topographic differences are rare. Considering the strong forcing of topography on GWs, it
is necessary to analyze the impact of topographic difference on GWs propagating upward
to the MLT region and the influences of these GWs on the mesospheric climate.

In this study, we present the climatology of GW variances and momentum fluxes over
boreal low-latitude regions and compare the climatology of GWs over different topogra-
phies, one of which is located near the Tibetan Plateau and the other in the South China
Sea. A description of the radars and methodology is presented in Section 2. The obser-
vation results regarding background winds and GWs, the interaction between GWs and
background winds, and the connection between topography and MLT GWs are considered
in Section 3, followed by the discussion and conclusion in Section 4.
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2. Materials and Methods
2.1. Meteor Radars

The meteor radars are used to calculate the horizontal wind and GW over Kunming
(25.6°N, 103.8°E), Sanya (18.4°N, 109.6°E), and Fuke (19.5°N, 109.1°E). The system parame-
ters, geographic coordinates, and observational time periods for these meteor radars are
presented in Table 1. Figure 1 presents the geographic locations of these meteor radars,
where the Kunming meteor radar is located south of the Tibetan Plateau. These meteor
radars are meteor detection radar (MDR) series made by ATRAD Pty Ltd., Underdale,
Australia [11,56-62] and the meteor radars located at Sanya (18.4°N, 109.6°E) and Fuke
(19.5°N, 109.1°E) belong to the Institute of Geology and Geophysics, Chinese Academy of
Sciences (IGGCAS), which is part of the Chinese Meridian Project and the Solar-Terrestrial
Environment Research Network (STERN). The Kunming meteor radar is run by Kunming
Electro-magnetic Environment Observation and Research Station. After 2015, the Kunming
meteor radar replaced the 53.1 MHz operating mode [63—66].

Table 1. Geographic locations, operation frequencies, and observational time periods of the meteor
radars used in this study. (PRF: pulse repetition frequency).

Meteor Radar Kunming Kunming (after 2015) Sanya Fuke
Geographic Locations 25.6°N, 103.8°E 25.6°N, 103.8°E 18.4°N, 109.6°E 19.5°N, 109.1°E
Frequency 37.5 MHz 53.1 MHz 47.5 MHz 38.9 MHz
Bandwidth 75 kHz 75 kHz 75 kHz 75 kHz
Peak Power 20 kW 20 kW 20 kW 20 kW
PRF 430 Hz 430 Hz 430 Hz 430 Hz
Vertical Resolution 2 km 2km 2 km 2 km

Data Coverage

1/1/2011-12/31/2015 1/1/2016-9/30/2020

12/1/2012-10/18/2016 1/1/2015-10/11/2019

85°E 95°E 105°E 115°E 125°E
35°N S 35°N
25°N e o iy § e, sk ittt LT ] 25°N
15°N i By s 8T : °

85°E 95°E 105°E 115°E 125°E

Figure 1. The topographic map around three meteor radar stations in this study. The locations of
Kunming, Sanya, and Fuke are marked by red solid circles.

The radar system transmitted the radio wave and coherently detected the meteor
trail reflections. The range is obtained from the time interval between transmission and
detection, and the azimuth and elevation angles are calculated from the phase differences
between antennas. Assuming that the vertical wind is negligible, the horizontal wind can
be determined by the Doppler shift following the algorithms used in Hocking et al. [67]
and Holdsworth et al. [57] Both radars are used to measure horizontal winds and GW
parameters from 70 to 110 km. The temporal and altitudinal resolutions of the horizontal
winds and GWs are 1 h and 2 km, respectively.
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2.2. ERAS5 Reanalysis

ERADS is the fifth-generation reanalysis dataset from the ECMWE. It provides several
improvements compared to ERA-], as detailed by Hersbach and Dee [68]. The analysis is
produced at a 1-hourly time step using a significantly more advanced 4D-var assimilation
scheme. Its horizontal resolution is approximately 31 km, and atmospheric variables are
calculated at 137 pressure levels [69]. The data for the 19792022 period were released
in 2023. In this study, the 10 m wind in the zonal and meridional components in the
single level and the monthly mean zonal and meridional winds in model levels are used to
analyze the possible excitation sources of GWs.

2.3. Outgoing Longwave Radiation (OLR)

Outgoing Longwave Radiation (OLR) refers to the amount of energy emitted into
space by the Earth’s atmosphere, oceans, and surface. Therefore, it is a critical component
of the Earth’s radiation budget. In addition, OLR values are often used as a proxy for
convection in tropical and subtropical regions, since cloud top temperatures (colder means
higher) are an indicator of cloud height [70]. The daily OLR data are taken from twice-daily
Advanced Very High Resolution Radiometer (AVHRR) soundings, with longitudinal and
latitudinal grids of 2.5° x 2.5°. Usually, lower values of OLR indicate robust convective
activities due to the shading of outgoing radiation by deep convective clouds [1].

2.4. Approach for Calculating the Variances and Momentum Fluxes of GWs

GWs cannot be decomposed by the observed hourly winds since the GW period is
always from several minutes to hours, which is too short for the temporal resolution of
horizontal winds observed by meteor radars of 1 h. To calculate the GWs from meteor radar
observations, Hocking [50] proposed a new methodology for determining horizontal GW
variances and the vertical fluxes of horizontal GW momentum in the zonal and meridional
components, respectively. Compared to the traditional radar dual beam method [7], this
method can be viewed as a generalization of the dual-beam method. The approach used to
calculate GW parameters via meteor radar observations is described in Appendix A [2,32].

In this study, a 3 km altitudinal sliding window with a step of 2 km and a 2 h temporal
sliding window with a step of 1 h are considered to focus on high-frequency GWs, with a
period of less than 2 h, and extend the vertical range of available meteor counts to estimate
reliable momentum fluxes. Only the detected meteors with zenith angles between 10° and
60° as well as radial velocities less than 200 m/s are considered, and the purpose is to
remove radio echoes with large errors [2,22]. The uncertainty in estimating GW momentum
fluxes primarily depends on the detected meteor counts in each altitude-time bin [23,30,32].
The simulation results of Vincent et al. [32] suggested that at least 10 meteor echoes are
required in each bin to estimate credible momentum fluxes. In our analysis, the minimum
of meteor counts is set to 30 in each 3 km altitudinal and 2 h temporal window to improve
the precision of GW estimation. To reduce the contamination by tides, planetary waves,
and prevailing winds, the modified composite day method proposed by Andrioli et al. [30]
was utilized in this calculation to derive the monthly mean zonal GW momentum flux,
meridional GW momentum flux, zonal GW variance, and meridional GW variance.

3. Results
3.1. Meteor Radar Observations

Before calculating the GW parameters over the low-latitude MLT region via meteor
radars, it is necessary to examine the meteor echoes detected by these meteor radars.
Figure 2a,b presents the meteor count rate per kilometer per hour in each altitude—-time
sliding window during 2011-2021 for the Kunming and Sanya/Fuke meteor radars. The
empty areas indicate radar downtime or a time period without available observed data.



Remote Sens. 2024, 16, 2870

50f21

(a) Meteor counts in each window over Kunming km 'day’
= 110 1 1000
2 100/ =1 100
: ol LIRIL L e
£ 80 —
- 70 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
(b) Meteor counts in each window over Sanya km'day’
= 110 ] _ 1000
< 100~ | 100
g Ml | 1 o
Z o - | -
< 70 1
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
(¢) Kunming with 37.5 MHz km zday‘ (dy Kunming with 53.1 MHz km zday 1
200 T T ‘ 30 200 T — - 30
- T
100 100 , 5 N
z 20 z N \ 20
) k] | > % '
% of & or, O I
g g - F '
- 10 - \ / 10
-100f 100 P
. -~
-200 . . ‘ 0 -200 N . 0
200 -100 0 100 200 200 -100 0 100 200
X range(km) X range(km)
(e) Sanya with 47.5 MHz km“day” (f) Fuke with 38.9 MHz km“day
200 — 30 200 - 30
- ~
ool 7
7 / 20 7 20
= | =
Eﬂ or, O Eu
g ' g
- \ 10 - 10
-100F /
~ -
-200 . . ‘ 0 . . . 0
200 -100 0 100 200 200 -100 0 100 200
X range(km) X range(km)

Figure 2. (a,b) The altitude-time section of meteor counts per kilometer per day throughout the time
that data available over (a) Kunming and (b) Sanya in the altitude range of 70-110 km during the
time period of 2011-2021. (¢,d) The horizontal distribution of meteor count rates per square kilometer
per day in each 10 km x 10 km bin observed by Kunming meteor radars with (c) 37.5 MHz and
(d) 53.1 MHz. (e,f) As in (c,d), but observed by the Sanya and Fuke meteor radars, respectively. The
black solid circle indicates a zenith angle of 10° and the red dashed circle indicates a zenith angle of 60°.

As shown in Figure 2a,b, the meteor detected echoes that primarily peaked near the
altitude of 90 km. The mean meteor counts in each 3 km altitudinal and 2 h temporal
window in the altitude range of 80-100 km are, respectively, ~80 and ~90 over Kunming
and Sanya, and more than 85% of the meteor counts are greater than 50, which is sufficient
to estimate reliable momentum fluxes. The meteor counts observed by these meteor radars
show significant seasonal variation, with a maximum in boreal fall and a minimum in
boreal early spring as shown in Figure Al.

However, the meteor counts are different before and after 2015 over Kunming, and
this date is 21 August 2015 over Sanya, possibly due to the replacement of radar system
parameters. Figure 2c—f shows the horizontal distributions of meteor-detected echoes
observed by meteor radars with different operating frequencies, derived by monthly
averaging in each October. The meteor echoes with zenith angles greater than 10° or less
than 60° are removed in Figure 2c—f. The vast majority of meteor echoes are located within
a 150 km radius around the center of the station. The normalized meteor counts are shown
in Figure A2. For the Kunming radars with 37.5 MHz and 53.1 MHz, the winds observed
by both meteor radars within the entire detection altitude range show strong consistency;,
although their operation frequencies are different (as shown in Figure A3) [63,71,72], so
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that the GWs estimated by radars with different frequencies over Kunming could be jointly
analyzed. Similarly, the GWs estimated by the Sanya meteor radar and Fuke meteor radar
could also be jointly analyzed because of the consistency of the winds measured by the
two meteor radars (as shown in Figure A3); these GWs are referred to as “GWs over
Sanya/Fuke” in this study.

At the same station, the horizontal distribution of meteor positions is coherent across
different radars, but the meteor counts are largely different: the meteor count rate per day
observed by the Kunming meteor radar with 37.5 MHz is ~9000, and that observed by the
53.1 MHz radar is only ~3000; the meteor count rate observed by the Sanya meteor radar
with 47.5 MHz is ~2500, and that observed by the Fuke meteor radar with 38.9 MHz is
~8000. Thus, priority is given to Fuke radar for the calculation of GW when there is an
overlap between the observational times of the Sanya and Fuke radars.

3.2. Climatology of Horizontal Winds and GWs

Figure 3 presents the climatology of the monthly mean zonal and meridional winds as
well as the GW variances in the zonal and meridional wind components between 80 and
100 km altitudes over Kunming and Sanya/Fuke. The climatology results are derived by
averaging the winds and GW variances in the composite year for each month in the whole
observational time period. The GW momentum fluxes, GW drag on horizontal winds, and
wind tendencies (shown in Figures 4-6) were obtained via the same method.

As shown in Figure 3a,b, both zonal and meridional winds show strong seasonal varia-
tions and semiannual oscillations (SAOs), in which eastward winds prevail in May—July and
December—February and southward winds prevail in February—April and August-October.
Similarly, the zonal GW variance indicates a clear SAO with two peaks in April—May
and August-November below 90 km. Above 90 km, the zonal GW variance is stronger in
January-March and June-August, while it is weaker in October. For the meridional GW
variance, the two peaks occur in February—-March and September—November, which is
consistent with the SAO in the southward wind. In particular, a southward wind prevails in
summer (June to July) below 88 km altitude, which has a coherent manner in the enhanced
meridional GW variance near 88 km in June-July. The climatology of the horizontal winds
and GW variances implies that the zonal/meridional GW variances are enhanced when
westward /southward winds prevail over Kunming.

(a) Monthly mean U over Kunming m/s (e) Monthly mean U over Sanya m/s
0 00 > 40
96 1 20 96 1 20
92 o 92 -
0
88 ' . 2 88 = 22
84 E 84 -
80 e 30 ol 40
FMAM A S O N D J FMAMZJ J A S ONDJ
b) Monthly mean V over Kunming m/s (f) Monthly mean V over Sanya m/s
100 — 100 40
96 1 20 96 = 120
88 . 88 q
84 120 84l 120
80 -40 80 -40
] M A M J J A S O N D J J FMAMJ J A S ONDJ
(c) Monthly mean u” over Kunming m/s (g) Monthly mean u"” over Sanya m/s
100 100 [ —————) 40
96~ 7300
921 o
o 200
841 100
80 0
M J A S O N D J J M A M J J A S O N D J
(d) Monlhly mean v" over Kunming mys* (h) Monthly mean v" over Sanya ms
100 100 400
’ Zg [ — 300
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4 ssl i
4 84l 4100
80 0
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Figure 3. (a,b) The seasonal variation in the monthly mean (a) zonal wind and (b) meridional wind
over Kunming in the altitude range of 80-100 km. (c,d) The seasonal variation in the monthly mean
(c) zonal GW variance and (d) meridional GW variance over Kunming in the altitude range of
80-100 km. (e-h) As in (a—d), but for the observations over Sanya/Fuke. Note that the color bars are
different between winds and GW variances. (U: zonal wind; V: meridional wind).
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Figure 4. (a) The seasonal variations in the monthly mean vertical flux of zonal GW momentum over
Kunming in the altitude range of 80-100 km. (b) The seasonal variations in the monthly mean GW
drag on the zonal wind over Kunming in the altitude range of 80-100 km. (c) Monthly mean total
zonal wind tendency over Kunming in the altitude range of 80-100 km. (d—f) As in (a—c), but for the
vertical flux of meridional GW momentum, GW drag on meridional wind, and total meridional wind
tendency, respectively. Note that the color bar values are different. (m/s/mon: meter per second

per month).
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Figure 5. The same as in Figure 4, but for the results for Sanya/Fuke.

In past studies, Li et al. (2023) [73] have analyzed high-frequency (HF; GWs with
timescales of 0.1-1 h in their study) and low-frequency (LF; GWs with timescales of 1-5 h
in their study) GWs over Kunming, observed by the Kunming MF radar. The seasonal
variations of HF GW variances in both zonal and meridional wind components in their
results are slightly consistent with the zonal and meridional variances observed by Kun-
ming meteor radars in this study. The difference between the observations via the MF
radar and the meteor radar is that the maximum value of meteor radar observations is
approximately 400 m?/s? but the maximum of MF radar observations is ~1000 m?/s?,
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which is more than twice that of meteor radar observations. This difference in value is
possibly due to the different frequency ranges of GWs measured by the MF radar and the
meteor radar [51]. Thus, the GW variances estimated by the Kunming meteor radar can
reflect the GW activities in the Kunming MLT region.

(a) Monthly mean GWF on U over Kunming

m/s/day (b) Monthly mean GWF on U over Sanya m/s/day
lo0g 100 1100

96 -
92

88 T

84
80

W

_

M A M 1] A
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I F ]
(c) Monthly mean GWD on U over Kunming

O N D I

I FMAM I J
m/s/day _ (d) Monthly mean GWD o
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Figure 6. (a,b) Monthly mean GW forcing on zonal winds over (a) Kunming and (b) Sanya/Fuke.
(c,d) The same as in (a,b), but for the GW drag on zonal winds over (¢) Kunming and (d) Sanya/Fuke.

The climatology of winds and GWs over Sanya/Fuke is different from that over
Kunming, even if the distance between these two stations is not as great as ~900 km. The
seasonal variation in zonal winds over 90 km is primarily modulated by annual oscillation
(AO), in which the eastward wind prevails in boreal spring and summer during the months
of March-August and the westward wind prevails in October and January. Below 90 km
altitude, a strong westward wind and another weaker westward wind occur from March to
April and in August, respectively, which indicates that the AO and SAO jointly dominate
the zonal flow in this altitude region. In contrast, the zonal GW variance shows few
seasonal variations, with only weak SAO and two peaks in April and August. The seasonal
variation in meridional winds over Sanya/Fuke is consistent with that over Kunming, and
the meridional GW variance is the same.

The GWs are primarily excited by topography, convection, wind shear, jet streams,
frontal systems, and other sources in the lower atmosphere [1]. The differences in atmo-
spheric circulation between the two stations are not large, but the difference in convection
and topography may cause the difference in GWs between Kunming and Sanya/Fuke. The
Kunming radar station (25.6°N, 103.8°E) is located south of the Tibetan Plateau and east of
the Hengduan Mountains. In the troposphere, northward-eastward winds prevail in boreal
spring, summer, and winter over Kunming; the prevailing winds over Sanya/Fuke, which
are consistent with the zonal mean winds, are weaker northward—eastward in the summer
and southward-westward in the winter (as shown in Figure 7). Strong eastward GW
momentums are excited as the prevailing eastward winds blow throughout the mountains
and/or plateaus. As these eastward GW momentums break and/or dissipate in the zonal
mean flow and deposit eastward momentum in the zonal mean flow, the eastward wind
over Kunming in the MLT altitude region is greater than that over Sanya/Fuke at the same
altitude in summer and winter.

3.3. Interaction between Horizontal Winds and GWs

Since the background wind can selectively filter GWs in specific directions [6], the
horizontal propagation directions and momentums of GWs are important for the horizontal
wind in the middle atmosphere. Figure 4a,d shows the seasonal variations in the vertical
fluxes of zonal and meridional momentum, respectively, over Kunming in the altitude
range of 80-100 km.



Remote Sens. 2024, 16, 2870

9 of 21

(a) Monthly mean U over Kunming m/s (b) Monthly mean U over Sanya m/s (c) Monthly mean zonal mean U m/s
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Figure 7. (a—c) Month-altitude sections of the monthly mean zonal winds over (a) Kunming and
(b) Sanya, and (c) the monthly mean zonal mean zonal winds derived from the ERA5 reanalysis
in the altitude range of 0-80 km. (d—f) The monthly mean 10 m zonal wind (black solid line) and
meridional wind (blue solid line) over (d) Kunming and (e) Sanya, and (f) averaged in 90°E-130°E
and 15°N-25°N, derived from the ERAS reanalysis data. The black dashed lines indicate a wind
velocity of zero.

As shown in Figure 4a,d, the zonal and meridional GW momentums both show
strong SAOs, in which the GW momentums strongly propagate eastward in February—May
and September-November, and propagate southward in February—-May and October—
December. The prevailing direction of zonal/meridional GW momentums is always
opposite to the prevailing direction of zonal/meridional background winds that are not
inverted at altitude; for the zonal /meridional background winds inverted at altitude, the
direction of GW momentums is consistent with the direction of the winds at higher altitudes.
This phenomenon is possibly due to the interaction of the zonal flow and the zonal GW
momentum [6].

As westward winds prevail over Kunming below the mesopause (by ~90 km), the
GWs propagating westward are filtered and more GWs propagating eastward are induced
to propagate upward. When the eastward GWs dissipate by breaking in the mesopause,
the eastward momentum is deposited into the background wind until the wind is reversed
into an eastward wind, and a weaker eastward-propagating GW is excited secondarily
above the mesopause.

For the meridional winds and GWs, the situation is much the same as that for the
zonal winds and GWs. In contrast, the meridional winds below ~84 km are northward in
winter and southward in summer, while the GWs below ~88 km propagate southward in
March-June and northward in August-February. This climatology of meridional winds is
referred to as pole-to-pole residual circulation, which is derived from the meridional GW
momentum forcing in the mesosphere. The GW momentum forcing, referred to as GW
drag on horizontal winds (GWD), can be calculated via the vertical fluxes of horizontal GW
momentum [1,74], which is given as

8<u’w’,v’w’)

(GWD,,GWDy) £ — e , @
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where GWD represents the GW drag on horizontal winds. The central difference is applied
to calculate the GWD via the u'w’ and v'w’ estimated by meteor radars.

Figure 4b,e presents the monthly mean GW drag on zonal and meridional winds
calculated by Kunming meteor radar observations in the altitude range of 80-100 km;
the monthly mean zonal and meridional wind tendencies in the same altitude range are
shown in Figure 4¢,f. In the zonal wind component, the zonal GWD is westward in the late
summer/fall and winter, which is partially consistent with the zonal wind tendency. The
others’ variabilities in zonal GWD are different from those with zonal wind tendency, and
the zonal GWD is weaker than the zonal wind tendency, implying that the climatology of
zonal winds could also be modulated by the GWs not observed by meteor radars and/or
other dynamic processes.

For the meridional wind component, the meridional GWD is northward in March-May
and September—December and southward in January-February and March-July above
~96 km, which is consistent with the meridional wind tendency. This result suggests that
the SAQO can be derived well from the GWs observed by the Kunming meteor radar. The
meridional GWD does not show the features that drive the meridional residual circulation
because the altitude range of the wave sources of the meridional residual circulation is
~80 km, which is not included in the meteor radar observations due to fewer meteor counts
at this altitude. Nevertheless, the meridional GW momentum also shows that the GWs
propagate southward in the spring/summer and northward in the fall/winter, which
implies that the GW exerts forces on the pole-to-pole residual circulation.

Figure 5 presents the GW momentum, GWD, and horizontal wind tendency observed
by the Sanya and Fuke meteor radars. In contrast to the zonal GW momentums over
Kunming, the zonal GW momentums over Sanya/Fuke show a strong AO, in which
the zonal momentum is eastward in summer and westward in winter. The westward
momentum is rapidly enhanced with increasing altitude from August to May, and the
eastward momentum in summer is slightly reduced at ~92 km and resumed above that
altitude. The altitudinal variability of zonal GW momentums suggests that the zonal GWD
will usually be eastward and will be slightly westward only in summer (by ~June-July), as
shown in Figure 5b. Compared to the zonal wind tendency over Sanya/Fuke (as shown in
Figure 5c), the zonal GWD estimated by the Sanya and Fuke meteor radars can explain why
the AO is above 90 km, the zonal wind is eastward in spring and summer, and the zonal
wind is westward in fall and winter. The GWDs driving the SAO are at lower altitudes, so
they cannot be calculated by meteor radars.

Figure 5d shows the meridional GW momentum estimated by the Sanya and Fuke
meteor radars. The meridional GW momentum shows a strong AO below 90 km, in which
the meridional momentum is southward from February to June and northward from July to
January, and an SAO above 90 km, in which the southward momentum prevails throughout
the year and has two peaks in spring and late fall. The meridional GWD derived from
meridional GW momentum (as shown in Figure 5e) shows that the AO is below 86 km, that
the GWD is southward from April to June, northward in other months, and shows a strong
SAO at higher altitudes, that the meridional GWD is northward in spring and fall, and that
the GWD is southward in August and December/January. Compared to the meridional
wind tendency (as shown in Figure 5f), the meridional GWD shows strong consistency
with the meridional wind tendency, indicating that the climatology of meridional wind
over Sanya/Fuke primarily results from GW forcing.

Interestingly, compared with past studies on GWs over the boreal MLT region near
120°E [2,3,75,76], the climatology of meridional GW momentum over Sanya/Fuke shows
strong consistency with the results over Mohe, Beijing, Mengcheng, and Wuhan [2]. In
addition, the meridional wind over Sanya/Fuke is also consistent with the meridional
wind observed by those radars. This phenomenon implies that the meridional winds
observed by these radars located at different latitudes are all modulated by the same
meridional circulation, which is forced by GWs varying with the same seasonal variation.
The meridional GW momentum over Kunming is slightly different from that observed by
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the radars located near 120°E, possibly due to the topographic difference between Kunming
and other locations.

The climatology of the GW momentum direction over Sanya/Fuke, which is northeast-
ward in summer and south-westward in winter, is consistent with that in several Northern
Hemisphere observations [47,77]. In past studies, the unique propagation direction of GWs
near Kunming observed by other measurements, such as airglow imager [78], has been
reported. In this study, the GW momentums over Kunming below 90 km are eastward and
southward in spring and winter, while GW momentums are eastward and northward in
summer and fall, respectively. Li et al. [78] have analyzed the GWs over Qujing (25.6°N,
103.7°E) observed by an airglow imager, and they reported that GWs propagate eastward
and southward in winter, but eastward and northward in spring, summer, and fall. Al-
though the meridional direction differs between these two results, the seasonal variation
in the zonal direction of GW momentum observed by the Kunming meteor radar in this
study is consistent with the zonal propagation direction of GW observed by the Qujing
airglow imager. The possible sources, due to the unique directions of GW momentum over
Kunming, will be considered in Section 3.4.

For zonal wind, Ma et al. [75] have estimated GW forcing on mean flow (GWF) via
mean zonal wind and mean meridional wind using the methodology proposed by Liu
et al. [79], but their study has not considered comparing the GWF and GWD estimated by
meteor radars. The zonal mean GWF can be expressed as [79]

Du utang \_  —=——
ﬁ_ <f+ a >U+GWF, (2)

where f is the Coriolis parameter; # and v represent the zonal mean zonal wind and zonal
mean meridional wind, respectively; ¢ is the latitude; and a is the Earth radius. With the
assumption that Du /Dt is much smaller than the zonal mean GWF, the simple force balance
is given as [75,79]

Gwpé_<f+“t’f1”(”)v, 3)
in this study, # and ¥ are replaced by the monthly mean zonal and meridional winds to
calculate the GWF over Kunming and Sanya/Fuke.

Figure 6 shows a comparison of the GWF and GWD over Kunming and Sanya/Fuke.
According to the Sanya and Fuke radar observations, the seasonal variation in the monthly
mean GWF is largely coherent with the seasonal variation in the monthly mean zonal
GWD, despite the differences in their magnitudes. This result indicates that the vertical
gradient of zonal GW momentum is approximately equal to the Coriolis forcing on the zonal
mean zonal wind. This finding implies that the GWD over Sanya/Fuke is approximately
consistent with the “normal” GWD. However, this situation is different over Kunming. The
GWD over Kunming is almost opposite to the GWF over Kunming in spring and summer
in the altitude range of ~88-94 km, although the GWF over Kunming is consistent with the
GWF over Sanya/Fuke. Interestingly, the part of the Kunming GWD that differs from the
GWF is associated with the zonal wind tendency over Kunming, possibly meaning that the
“anomalous” Kunming GWD (the difference between Kunming GWD and “normal” GWD)
results in the localized zonal wind tendency in the Kunming MLT region. This “anomalous”
Kunming GWD may be excited by the unique topography and/or prevailing tropospheric
winds near Kunming.

3.4. Possible Sources of Anomalous GWs over Kunming

Several factors can affect the direction of GW momentum, including the GW sources
and the critical layer wind-filtering effect.

Figure 7a—c presents the monthly mean zonal winds over Kunming and Sanya/Fuke
and the monthly mean zonal mean zonal winds averaged in 15°N-25°N, derived from
the ERAS reanalysis in the altitude range of 0-80 km. These background winds exhibit
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the same seasonal pattern: westward winds prevail in summer from ground to ~80 km
and eastward winds prevail in winter in the altitude ranges of ~0-20 km and ~40-80 km.
The climatology of the mean flow can explain the “normal” seasonal variation in GWs in
the Northern Hemisphere, in that the directions of GW momentum are always opposite
to the direction of background winds induced by the critical layer wind-filtering effect.
However, the background wind filtering cannot play a dominant role in driving the unique
directions of GWs over Kunming because the background winds below the MLT region are
not significantly different from the zonal mean flow.

As discussed above, the “anomalous” GW activity over Kunming is possibly due
to the unique topography and/or prevailing tropospheric winds near Kunming, which
excite unique GWs, and these GWs propagate upward to the MLT region. However, the
horizontal scale of orographic gravity waves is always short by tens of kilometers [1], which
is difficult to resolve in most atmospheric models and is rarely to be observed. Considering
the excitation process of the orographic waves, the surface winds could be associated with
the orographic waves [80].

Figure 7d—f shows the monthly mean 10 m zonal winds and 10 m meridional winds
over Kunming and Sanya, respectively, averaged in 90°E-130°E and 15°N-25°N, derived
from the ERAS reanalysis data. The 10 m zonal winds and 10 m meridional winds over
Sanya are consistent with the averaged 10 m winds, which are north-eastward in summer
and south-westward in winter. Interestingly, both the 10 m zonal wind and 10 m merid-
ional wind over Kunming are greatly different from those over Sanya and are averaged
across south China. The 10 m meridional wind over Kunming prevails southward during
the whole year and reaches a minimum in August; the 10 m zonal wind is eastward in
spring, summer, and winter, and westward in fall. According to the theory of excitation of
orographic waves, these unique surface winds will excite the GWs, with the momentum
in the same direction as the surface winds when the stably stratified airflow moves over
mountains. These orographic wave momentums can propagate vertically upward to the
MLT region due to their phase speeds being near zero. This process may be a factor that
leads to the unique GW momentums over Kunming.

In addition, tropospheric convection [1,81] is also an important source of GWs. In
contrast to orographic waves, the convective GWs can propagate both vertically and
horizontally. Because the horizontal pattern of GWs cannot be provided by a single meteor
radar, it is difficult to determine the locations of GW sources. Thus, the consideration of the
role of convective systems in the GWs will be only a wide and cursory discussion.

Usually, lower values of OLR indicate infrared emissions from deep convective clouds
with robust convective activities. Figure 8 presents the OLR data in the longitudinal and
latitudinal ranges of 65°E-125°E and 15°N—-45°N during spring, summer, fall, and winter,
respectively. As shown in Figure 8, the convective activities over Kunming are primarily
controlled by the Tibetan Plateau and Indian Ocean, in which the convection is strongly
forced by the convective system over the Tibetan Plateau during spring and winter, and
is modulated by the convective clouds from both the Tibetan Plateau and Indian Ocean
during summer and fall. The OLRs over Kunming and Sanya, which represent infrared
emissions from deep convective clouds, are lower in the spring and reach their minimum
values in the summer, indicating the enhancement of convection.

The GWs can be generated by a strong convective system and propagate upward after
being selectively filtered by the mean flow. In boreal winter and spring, the convection
over south China is primarily controlled by the convective system over the Tibetan Plateau,
which is located northwest of Kunming and Sanya. In the stratosphere, the zonal wind
is eastward (as shown in Figure 7), so only the GWs propagating westward and the GWs
propagating eastward with slow zonal phase speeds can reach the upper altitude region.
Considering the relative location of the convective source, the propagation direction of
GWs over Kunming will be eastward and these GWs will not occur over Sanya due to
the excessive distance between the convective source and Sanya. In the summer, the
south China region is controlled by a strong convective system from the Indian Ocean,
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30°N

which is located southwest of Kunming and Sanya. The westward prevailing wind in the
stratosphere has difficulty filtering the GWs propagating eastward; thus, the propagation
directions of GWs over Kunming and Sanya are both eastward in the summer.

s

(a) OLR map averaged in boreal spring

15°gl5°E

65°E
45°N

30°N

15°N,

(b) OLR map averaged in boreal summer

W/m? W/m2
80°E 95°E 110°E 125° °E 80°E 95°E 110°E 1259
45°N 285 s - —7 45N 285
270 « L D = § L 270
255 y P 255
” — .
240 = i v 240
1 | lateau g 225
22! = 3
30°N 5 30°N e e 30°N
210 ming 210
195 . sl . - 195
180 ~ a 180
165 nya . 165
°N 15°) °N
13508 150 o5E 80°E 95°E 110°E T25°E 150
(c) OLR map averaged in boreal fall W/m? (d) OLR map averaged in boreal winter W/m?
80°E 95°E 110°E 125°F 80°E 95°E 110°E 125°E
— - 5N 285 45°N 285
- a L 270 270
. P 255 255
2 . _
B LSRR . 240 240
. "}, Tibetan Plateau L 20°N 225 225
> Kljpmin 210 210
~ . 6 . 195 195
- X, 180 180
ﬁ} 165 165
N 15°N ! N
80°E 95°E 110°E 1254 150 S b 110°E 25 150

63°E

Figure 8. Distributions of OLR data observed by AVHRR soundings in the longitudinal and lati-
tudinal range of 65°E-125°E and 15°N—-45°N during (a) March—April-May, (b) June-July-August,
(c) September—October-November, and (d) December—January-February, respectively.

4. Discussion and Conclusions

The GW momentum fluxes and variances over the low-latitude MLT region are in-
vestigated using multiple meteor radar observations. The GW activities are strong over
Kunming and Sanya/Fuke, with GW variances of ~200-400 m?/s?. The magnitudes of the
vertical fluxes of GW momentums are ~1-20 m?/s? and ~1-15 m?/s? over Kunming and
Sanya/Fuke, respectively. The GW drag on horizontal winds is estimated by the vertical
gradient of the momentum fluxes, with values ranging from approximately —75 m/s/day
to 50 m/s/day.

Radar observations at some sites have been used to estimate GW momentum fluxes
and GW drags in the MLT region. At tropical stations, the momentum fluxes of ~2-8 m? /s?
over Jicamarca (12°S) [82] and ~1-15 m?/s? at three tropical stations [14] were observed,
with GW drags of ~10-60 m/s/day. At extratropical stations, mean values of momen-
tum fluxes of ~1-10 m?/s? have been reported, with the GW drags in the range of
~10-70 m/s/day [83]. Jia et al. [2] have compared some of the observations over the
mid-latitude region, and the momentum fluxes are highly variable, with peak values of
~4-20 m?/s?. Compared to other meteor radar observations, the magnitudes of momentum
fluxes and GW drags are of the same order as other observations worldwide.

The climatology of the GWs over the low-latitude MLT region is analyzed in this
study. The zonal GW variances over Kunming below ~90 km altitude reach two peaks in
spring and fall, but the seasonal variation in the zonal GW variances over Sanya/Fuke
is much weaker. The meridional variances over Kunming and Sanya/Fuke show similar
seasonal variations, which have two peaks in February—March and September-November.
These SAO-like variabilities in GWs below ~90 km altitude may be due to the critical layer
wind-filtering effect of SAO in the upper stratosphere on GWs with upward propagation.

The momentum fluxes over Kunming and Sanya/Fuke both show semiannual vari-
ability above 90 km and annual variability below 90 km. The SAO-like variability in the
GWs above 90 km could be consistent with the interaction between the winds at ~90 km
and the GWs. The GW-induced forces on horizontal winds (referred to as GWD in this
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study) are estimated by the vertical gradient of momentum fluxes in this study. It is shown
that the semiannual variability in the meridional GWD is consistent with that in the SAO
under winds in the same direction. Although the seasonal variation in the zonal GWD is
different from the zonal wind tendency, the zonal GWD over Sanya/Fuke is in balance with
the Coriolis term, implying that the zonal wind is forced by the zonal GWD by modulating
the geostrophic/quasi-geostrophic balance. The zonal GWD over Kunming shows less
correlation with both the zonal wind tendency and the Coriolis term, possibly due to the
unique wave sources near Kunming.

The momentum fluxes over Kunming and Sanya/Fuke below 90 km altitude show
different seasonal variations. The GW momentum direction over Sanya/Fuke is north-
eastward in the summer and south-westward in the winter, which is consistent with several
observations in east Asia [2,47,77,78]. However, the zonal GW momentum over Kunming
is eastward throughout the year, and the meridional momentum is southward in spring
and winter, and northward in summer and fall. This difference is considered to be related
to the unique tropospheric prevailing winds near Kunming and the convective system over
the Tibetan Plateau according to the ERA5 reanalysis and OLR data.

In conclusion, the results can be summarized as follows:

(1) The GW variances and momentum fluxes over the low-latitude MLT region can be
estimated by multiple meteor radars. These radars are located at Kunming, Sanya,
and Fuke. The GW variances over Kunming and Sanya/Fuke both show semiannual
variability below 90 km and annual variability above 90 km, which is consistent with
the seasonal variation in background winds.

(2) The vertical fluxes of GW momentum in both the zonal and meridional wind com-
ponents differ between Kunming and Sanya/Fuke. According to the interaction
between GWs and background winds, these longitudinal differences in GW momen-
tum could be considered to be one of the causes of the differences in the climatology
of background winds between Kunming and Sanya/Fuke by modulating the quasi-
geostrophic balance and the momentum deposition.

(8) The different GW activities between Kunming and Sanya/Fuke are possibly consistent
with the unique prevailing surface winds over Kunming and the convective system
over the Tibetan Plateau, according to the ERA5 reanalysis data and the OLR data.

These results indicate that the GWs can greatly modulate middle-atmospheric dynam-
ics and that these waves are primarily controlled by the lower atmosphere and small-scale
variability. To our knowledge, this is the first time that the longitudinal difference in the
MLT background wind via the GW activities has been explained, and that the impact of
the topographic and convective differences on GWs has been considered. In this situation,
the GWs can be a significant key for understanding the coupling between tropospheric
climate and middle-atmospheric dynamics. Considering that small-scale GWs are difficult
to resolve in current models, these findings provide insight into GW activities over the
low-latitude region, and will contribute to global circulation models.
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Appendix A

In general, the meteor radar is used to measure the meteor locations (zenith angle,
azimuth angle, and range) and radial velocity by utilizing the radio reflections from the
meteor trails in the MLT region. The radial velocities are clustered into specific altitude and
time windows, usually set at 1 h and 2 km to ensure that a sufficient number of meteors are
observed in each window. The horizontal winds can be estimated via using least square
fits to the all-sky radial velocities in each altitude-time window, which is as follows [2]

Vyaq = Usinbcosgp + Vsinfsing + Wcosd + residual, (A1)

where v,,4 represents the radial velocity; U represents the mean zonal wind; V represents
the mean meridional wind; W represents the mean vertical wind; 6 and ¢ represent the
zenith angle and azimuth, respectively.

To analyze the residual of radial velocity, the mean winds are used to calculate the
mean radial velocity v,,4,,, which is written as

Vyadm = Usinbcosd + Vsinbsing + Wcosb, (A2)

and the residual is given by

2
Zvlmd = Z(Umd - Z7nwlm)2/ (A3)

where v',,5 = 0,04 — Upadm represents the residual of radial velocity.

It is assumed that the neutral wind is uniform over all the detected positions in each
window in Equation (A1). However, the observed winds are not uniform, and the observed
radial velocity usually differs from the value of mean radial velocity. These differences can
be attributed to the effect of atmospheric waves on the neutral winds. The dominant waves
in the MLT region are GWs, tides, and planetary waves, in which the period of planetary
waves is longer than one day and the period of tides is always longer than several hours.
To estimate the effect of GWs, the time and altitude windows are set as 2 h and 2 km,
respectively. Assuming the differences in the radial velocities in each 2 h-2 km window
are mainly due to gravity waves, an all-sky fit of the square of residual of radial velocity is
performed as

V' 1aq = u'sinfcos¢ + v'sinfsing + w'cos + residual, (A4)

and the residual is given by
r 2 /s ! . / 212
A= Z[U rad. — (u'sinfcosg + v'sinBsing 4+ w'coso) } , (A5)

where 1/, v/, and w' represent the perturbations of zonal wind, meridional wind, and
vertical wind, respectively. A represents the sum of squares of the residual of all-sky radial
velocity perturbations due to GWs in each window.
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To minimize A, the Equation (A5) has been partially differentiated with respect to
each perturbation term, and then it is obtained as

DY [V 1 — (1 sin®0cos2p + o' *sin®0sin’p + w'*cos20+
2u'v'sin*Ocospsing + 2u'w'sinfcosdcosp+
20'w'sinfcosBsing)|sin*0cos’p = 0,

(A6)

2 02

where 1’2, v'2, w’? indicate the GW variance in zonal, meridional, and vertical components,
respectively; u'w’ and v'w’ indicate the vertical fluxes of zonal and meridional GW momen-
tum, respectively. The parameters w2, 02, w? uwv, ww', and v'w’ are all assumed to be
uniform over the observational region.

The matrix forms of Equation (A6) can be written as
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Appendix B
(a) Seaonal variation of meteor counts over Kunming km'day’
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Figure A1. The seasonal variation of meteor counts per kilometer per day throughout the time that
data were available over (a) Kunming and (b) Sanya, in the altitude range of 70-110 km during the
time period of 2011-2021, respectively.
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Figure A2. The normalized meteor counts observed by (a) the 37.5 MHz meteor radar, (b) the
53.1 MHz meteor radar, (c) the Sanya meteor radar, and (d) the Fuke meteor radar.
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Figure A3. (a-d) Comparisons between the hourly zonal and meridional winds from 8 to 10 November
2013, observed by (a,c) the 37.5 MHz meteor radar and (b,d) the 53.1 MHz meteor radar. (e-h) Com-
parisons between the hourly zonal and meridional winds from 8 to 10 November 2015, observed by
(e,g) the Sanya meteor radar and (f,h) the Fuke meteor radar.
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