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Simultaneous upward and downward propagating
inertia-gravity waves in the MLT observed at
Andes Lidar Observatory
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Kai Ming Huang'*3 , Chun Ming Huang'?,

Yun Gong'* (), Quan Gan'?

'School of Electronic Information, Wuhan University, Wuhan, China, 2Key Laboratory of Geospace Environment, Chinese
Academy of Sciences, University of Science and Technology of China, Hefei, China, 3State Observatory for Atmospheric
Remote Sensing, Wuhan, China, “Department of Physical Science, Embry-Riddle Aeronautical University, Daytona Beach,
Florida, USA, *College of Hydrometeorology, Nanjing University of Information Science and Technology, Nanjing, China,
5SOA Key Laboratory for Polar Science, Polar Research Institute of China, Shanghai, China

Abstract Based on the temperature and zonal and meridional winds observed with an Na lidar at Andes
Lidar Observatory (30.3°S, 70.7°W) on the night of 20-21 July 2015, we report simultaneous upward and
downward propagating inertia-gravity waves (IGWs) in the mesosphere/lower stratosphere (MLT). The
ground-based periods of the upward and downward IGWs are about 5.4 h and 4.8 h, respectively. The
horizontal and vertical wavelengths are about 935 km and 10.9 km for the 5.4 h IGW and about 1248 km and
22 km for the 4.8 h IGW, respectively. Hodograph analyses indicate that the 5.4 h IGW propagates in the
direction of about 23° west of north, while the 4.8 h IGW travels northward with an azimuth of 20°clockwise
from north. These wave parameters are in the typical IGW wavelength and period ranges; nevertheless,
the downward propagating IGWs in the MLT are rarely reported in previous observations. The ray-tracing
analysis suggests that the 5.4 h IGW is likely to originate from the stratospheric jet adjustment over the
Antarctic, while the 4.8 h IGW source may be above the MLT because it is unlikely to propagate downward
through a reflection in the realistic atmospheric wind field. Although both IGWs do not reach their amplitude
thresholds of instability, the Richard number reveals that the dynamical and convective instabilities occur
intermittently, which indicates that the instability arising from the multiple-perturbation superposition may
have a significant influence on wave saturation and amplitude constraint in the MLT.

1. Introduction

Gravity waves (GWs) play an important role in determining large-scale circulations, thermal states, and
dynamics of the middle and upper atmosphere because of their inherent ability to transport momentum
and energy among different atmospheric layers [Lindzen, 1981]. As medium- and small-scale perturbations,
GWs can be excited through many dynamical and thermodynamical processes in the atmosphere.
Convection, wind shear instability, flow over topography, and geostrophic adjustment are generally regarded
as the dominant sources of GWs in the lower atmosphere [Fritts and Alexander, 2003], and additional sources,
such as body forcing accompanying localized wave dissipation [Fritts et al., 2002; Vadas et al., 2003], auroral
heating [Sofko and Huang, 2000], and wave-wave interaction [Huang et al., 2009, 2013], are of significance in
the middle and upper atmosphere. Convection can excite broad spectrum range GWs [Yuan et al., 2016]. GWs
originating from unstable shear flow have typical horizontal wavelengths of a few to tens of kilometers with
horizontal phase speeds comparable to the mean wind. GWs associated with topography have various wave-
lengths depending on topographic scales [Pautet et al., 2016], and flow over large mountain can generate
mesoscale inertia-gravity waves (IGWs) propagating opposite to the background flow with ground-based
horizontal phase speeds near zero. Geostrophic adjustment radiates waves characterized by IGWs, which
has horizontal wavelengths of hundreds to thousands of kilometers and periods of hours up to the
inertial period.

IGWs influenced by the Earth rotation are primary mesoscale atmospheric wave. Model studies have demon-
strated that the realistic quasi-biennial and semiannual oscillations in the stratosphere and mesosphere
cannot be simulated properly without parameterized IGW fluxes [Dunkerton, 1997; Sassi and Garcia, 1997].
IGW signatures frequently appear in the atmospheric temperature and wind fields. In the troposphere and
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lower stratosphere (TLS), a great number of studies investigated not only IGW cases but also statistical distri-
butions of horizontal and vertical wavelengths, period, propagation direction, kinetic and potential energies,
and momentum flux of IGWs and their seasonal and interannual variations in different latitudes based on
radar and lidar observations [Cho, 1995; Riggin et al., 1995, 1997; Sato et al., 1997; Wilde et al., 1997;
Nastrom and Eaton, 2006; Kumar and Ramkumar, 2008; Ratnam et al., 2008], rocket sounding [Hamilton,
1991; Eckermann et al., 1994], and radiosonde observations [Tsuda et al., 1994; Shimizu and Tsuda, 1997;
Pfenninger et al., 1999; Vincent and Alexander, 2000; Zink and Vincent, 2001; Yoshiki et al., 2004; Zhang and
Yi, 2005, 2007; Yamamori and Sato, 2006; Vincent et al., 2007; Ki and Chun, 2011; Moffat-Griffin et al., 2013;
Murphy et al., 2014]. These observations suggested that IGWs in the TLS have typical horizontal wavelengths
of 200-2000 km, vertical wavelengths of 2—-10 km, and intrinsic frequencies of 2-5 f (where fis the inertial fre-
quency). In the upper stratosphere and mesosphere/lower thermosphere (MLT), IGWs were reported from
lidar [Collins et al., 1994; Hu et al., 2002; Rajeev et al., 2003; Xu et al., 2006; Li et al., 2007, 2010; Lu et al.,
2009, 2015a, 2015b, 2017; Chen et al., 2013, 2016; Cai et al., 2014; Baumgarten et al., 2015] and radar
[Muraoka et al., 1987; Yamamoto et al., 1987; Gavrilov et al., 2000; Zhou and Morton, 2006; Nicolls et al.,
2010; Chen et al., 2011, 2014, 2015; Suzuki et al., 2013] measurements. These observations indicate that most
IGWs in the MLT evidently exhibited a quasi-monochromatic feature. Relative to extensive investigations of
lower atmospheric IGWs in different latitudes and seasons, observational studies of IGWs in the MLT are
not sufficient to fully understand the features of their activities in the MLT.

Based on profiles of wind and temperature from radiosonde and radar, hodograph technique derived from
the IGW polarization relation is used to determine propagation direction and intrinsic frequency [Holton,
2004]. Hodograph method is viewed as an accurate technique when a monochromatic IGW with large ampli-
tude propagates in a background field which has weak shear and slow temporal variation. Modeling study
[Zhang et al., 2004] showed that there is a large uncertainty for intrinsic frequency derived from individual
profiles by using hodograph technique, which leads to large error in estimate of horizontal wavelength.
Similarly, observational analysis [Chen et al., 2013] also found that the ratio of fitted hodographic ellipse major
to minor axis varies dramatically with altitude due to the background atmospheric variation and other spec-
tral component influences. However, the direction of major axis is relatively consistent, suggesting that it is
reliable for estimating horizontal propagation direction. Once horizontal propagation direction is deter-
mined, intrinsic frequency and horizontal wavelength can be reliably estimated by means of combining
the IGW polarization relation with the Doppler shift equation [Li et al., 2007; Chen et al., 2013]. In this study,
we investigate IGW activities observed by a narrowband Na wind and temperature lidar at Andes Lidar
Observatory (ALO) in Cerro Pachén, Chile (30.3°S, 70.7°W) by using hodograph method. In particular, a down-
ward propagating IGW in the MLT will be presented, which is helpful in understanding the characteristics of
IGWs in the MLT.

In the next section, the recent Na lidar at ALO and observational data are briefly described. In section 3,
upward and downward propagating IGWs observed by lidar are analyzed, and their wavelengths, propaga-
tion directions, and intrinsic periods are estimated. In section 4, possible sources and instabilities of IGWs
are discussed. A summary is given in section 5.

2. Lidar Data

The lidar-measured neutral atmospheric wind and temperature over a period of 10.7 h from 2330 UT, 20 July
2015, are used to investigate the GW activities. The Na lidar system has about 0.4-0.6 W m? power aperture
product and was upgraded in May 2014 by using a high-power amplified diode laser as the master oscillator,
and the receiver was improved with more efficient coupling from the telescope to the photomultiplier tube
[Smith and Chu, 2015]. The ALO Na lidar upgrade was described in more detail in Liu et al. [2016]. The lidar
measures the wind and temperature by using the three-frequency technique [She and Yu, 1994]. The laser
is locked sequentially at the Na resonance frequency at the D2a line, and the two frequencies shifted by
+630 MHz. The temperature and line-of-sight wind are derived based on the ratios among the backscattered
signals at these three frequencies [Krueger et al., 2015]. The Na density, line-of-sight wind, temperature pro-
files in zenith, and 20° off-zenith to south and east are measured in sequence with 60s integration time at
each direction on this night. The horizontal winds were calculated by using off-zenith line-of-sight winds.
The wind and temperature errors with the three-frequency technique are dominated by photon noise. The
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Figure 1. (left column) Lidar observational (top) zonal wind, (middle) meridional wind, and (bottom) temperature at the height of 84-103 km for 10.7 h from 2330 UT,
20 July 2015 and (right column) perturbations of (top) zonal wind, (middle) meridional wind, and (bottom) temperature.

temperature and wind were derived at 500 m, 1 min resolutions, and then smoothed with 1km, 15 min full-
width hamming windows, resulting in effective resolutions of about 0.5 km and 6 min. At this temporal and
spatial resolution, the temperature uncertainty is the minimum at 92 km of about 0.5 K and increases to about
1.5K at 84 km and about 3.0K at 103 km on this night. The uncertainties of the zonal and meridional winds
are estimated to be about 2ms™" and 1.8ms™" at 92 km, about 4ms~"' and 3.5ms ™" at 84 km, and about
10ms™" and 8ms™" at 103 km, respectively. Only data between 84 km and 103 km are used in the study
because the uncertainties increase quickly beyond this range.

3. IGW Perturbations

3.1. Observations and Perturbations

The zonal (positive eastward) and meridional (positive northward) winds and temperature observed by the
Na lidar at ALO are shown in Figure 1. The wind and temperature fields exhibit temporal and spatial
variabilities, and downward phase progression of the zonal wind, meridional wind, and temperature
perturbations can be clearly seen. We use a second-order polynomial fit at each height, and then remove
the fitted values to obtain the total wave perturbations, which are also presented in Figure 1. A two-
dimensional discrete Fourier transform (DFT) on the total perturbations in the zonal wind, meridional wind,
and temperature is used to obtain their frequency-wave number spectra, which are then normalized by
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0.3 L ' ' ' ' their maximum spectral magnitudes,

0.2r 7 as shown in Figure 2. In Figure 2, the

~ 01 N i frequency and wave number, in units

! B VAN of h™" and km™', are denoted by the
E ’

x 00 i ) inverses of period and wavelength,

N o_01Ff 4 respectively. The positive and nega-

r < 1 tive vertical wave numbers represent

-0.2 i ] the upward and downward phase

-0.3 : : : : progressions, respectively. There are

0.0 0.2 0.4 0.6 0.8 1.0 two spectral peaks at the same fre-

0.3 T T T T quency corresponding to a period of

0.2; ] about 54h that exist in all three

F fields, and their corresponding verti-

T/g\ 0.11 ] T;Ik wavelengths are 95km and

< 00F i m, respectively. The stronger

~ F wave with negative vertical wave

L -0 i ° ] number is an upward propagating

—0.2F - wave because the vertical direction

0.3 r ‘ ‘ ‘ ‘ of the group velocity for GWs is oppo-

0.0 0.2 0.4 0.6 0.8 1.0 site to that of the phase speed. The

other relatively weaker wave has

0.3 L ' ' ' ' positive vertical wave number; thus,

0.2 b it propagates downward. Of course,

-0 . i if we decrease the minimum contour

‘E F 1 value, then a large number of other

x 00 i ) spectral components will emerge in

N _01F 4 Figure 2, which also means that rela-

r 1 tive to these two IGWs, the remaining

-0.2 i ] fluctuations after subtraction of the

-0.3 : . background and the two waves from

0.0 0.2 0.4 0.6 0.8 1.0

i original observations are rather weak.
frequency (h™")

Hence, Figure 2 suggests that there
were upward and downward propa-

Figure 2. Normalized frequency-wave number spectra of (top) zonal wind, R R K
9 a Y P P gating IGWs with large amplitudes

(middle) meridional wind, and (bottom) temperature perturbations derived ! i .
from DFT. The contour value is from 0.4 to 0.9 with an interval of 0.1. simultaneously appearing in the
MLT region.

3.2. The Upward Propagating IGW

The above preliminary analysis has limited spectral resolution due to the limited observational time span and
height range. To obtain more accurate wave parameters, we separate the upward and downward perturba-
tions by using a two-dimensional filter which includes all spectral components of positive or negative wave
numbers, and then a Lomb-Scargle spectrum analysis [Scargle, 1982] is performed on the extracted perturba-
tions. The Lomb-Scargle spectrum analysis adopts a 4 time oversampling, corresponding to an effective
frequency resolution of 1/42.8 h™" or a wave number resolution of 1/76 km™". Figure 3 shows the upward
propagating perturbations derived from the filtering. It is clear that an IGW dominates the perturbation field.
Figure 4 gives the Lomb-Scargle frequency spectra of the upward propagating perturbations in the zonal
wind, meridional wind, and temperature at the heights of 84-103 km, and Figure 5 presents their Lomb-
Scargle vertical wave number spectra during the observational period. Figures 4 and 5 illustrate that the
predominant IGW has a period of 5.4 h, equal to that derived from the DFT, and a vertical wavelength of
10.9 km, slightly larger than that derived from the DFT.

For high-frequency GWs, the horizontal wind perturbation in the direction of wave propagation, i, tends to
be much larger than the perturbation velocity perpendicular to the direction of wave propagation, v. For
IGWs, as the intrinsic frequency decreases toward the inertia frequency, v increases and becomes
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comparable to . They obey the
polarization relation derived from
the linear wave theory as follows

i&: [Tsuda et al, 1994; Fritts and

1_’ Alexander, 2003]:

o ~

‘® Q

2 Yt (1)
v f

where i is the imaginary unit, indicat-
ing a 90° phase difference; Q is the
intrinsic frequency; and the inertia
frequency f=—7.4x10">rads™' at
30.3°S. In the southern hemisphere,
v leads G by 90° due to f< 0; hence,
for upward propagating IGWs with
negative vertical wave number
(k, < 0), the hodograph of the (4, v)
vector rotates counterclockwise with
increasing height or time and forms
an ellipse. The direction of wave pro-
pagation is along the major axis of
the ellipse with a 180° ambiguity.
This ambiguity can be removed
based on the polarization relation of
the horizontal velocity component d
and the temperature perturbation T,
which is expressed as [Hu et al.,
2002; Li et al., 2007]

_ H(ik; +1/2H)(Q? — )

o RQkp, @

heigh (km)

heigh (km)

<N

time (h)

where ky, is the horizontal wave num-
Figure 3. Upward propagating waves in (top) zonal wind, (middle) meridio-  ber, H is the scale height, and R is the
nal wind, and (bottom) temperature. atmospheric gas constant. We can

assume a positive direction of kj, from
the two directions along the major axis of the hodographic ellipse; thus, the horizontal wind perturbation d
can be calculated by projecting the zonal and meridional wind perturbations to the assumed propagation
direction. According to equation (2), for upward propagating IGWs with k, < 0, @ leads to T. Thereby, if the
hodograph of the (4, T) vector rotates clockwise with increasing height or time, then the direction of wave
propagation is consistent with the assumed direction; otherwise, the propagation direction is opposite to
the assumed direction. Similarly, for downward propagating waves (k, > 0) in the southern hemisphere,
the hodograph of the (4, v) vector rotates clockwise with increasing height or counterclockwise with time.
At this time, when the hodograph of the (4, T) vector also rotates clockwise with height or counterclockwise
with time, the wave propagates along the assumed positive direction. Otherwise, the wave propagates in the
opposite direction. Therefore, the direction of horizontal propagation can be identified from the zonal wind,
meridional wind, and temperature observed at a single station through the two hodographs.

As shown in Figure 4, the upward propagating IGW has a dominant period of 5.4 h in the zonal wind, meri-
dional wind, and temperature. We fit a sinusoidal wave with this period at each height to obtain the pertur-
bation components of the zonal wind, meridional wind, and temperature. The fitted maximum amplitudes
are about 18.5ms ™" in the zonal wind at 97 km and 28.5ms ™' and 15.3K in the meridional wind and tem-
perature at 96 km, respectively. Figure 6 shows the evolution of the fitted initial phase with height. For these
initial phases, we make a linear fitting to their variation with height, and the fitted results are also presented in
Figure 6. One can see that the meridional wind perturbation leads to the zonal wind perturbation and the
zonal wind perturbation leads to the temperature perturbation. Based on the phase variation with height,
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. . m/zo we obtain the vertical wavelengths in

102 - 1 the zonal wind, meridional wind, and
99 : 1 H16 temperature to be 11.1£0.2km, 10.8
E 96 ] +0.3km, and 11.0£0.2km, respec-
i/ 93 4 12 tively. These values are essentially
2 ] the same as the 10.9 km derived from
< 90 1g the Lomb-Scargle spectrum because
87 4 their differences are smaller than the
84 ) ) i n vertical resolution of 0.5km. Thus,
0. 1.0 1.5 2.0 the IGW has a vertical wavelength of
m/s about 10.9 km.

102 ' ' 1%
] Figure 7 shows the temporal hodo-
. 99 7121 graphs of the fitted sin-function zonal
£ 96 4 and meridional wind perturbation
T 93 1|16 components between 90 and 96 km
-z ] from the start to the end. The star,
< 30 A 11 square, and triangle represent
87 b t=0h, 1h, and 2 h, respectively. This
84 . . 186 height range is chosen because the
0. 1.0 1.5 2.0 signal-to-noise ratio is the highest in
. . K 15 the range where the Na atom density
102 4 peak appears and the wave activity is
99 1812 relatively strong. The temporal hodo-
E 96 ’ 4 graph is equivalent to the altitudinal
\; o3 1o hodograph because they have the
o ] same theoretical basis [Chen et al,
2 90 1 s 2013]. As expected, all hodographs
87 ] exhibit a counterclockwise rotation
” ‘ ‘ B with time, indicating that the wave
0.0 . 1.0 1.5 2.0 propagates upward. Similar to the
frequency (h™") previous modeling and observational

Fi 4. Lomb-Scarale f a of g ’ . results [Zhang et al., 2004; Chen et al.,

igure 4. Lomb-Scargle frequency spectra of upward propagating waves in .

(top) zonal wind, (middle) meridional wind, and (bottom) temperature. The 2013], VYe can see from Flgf‘“’e 7 .that

dashed vertical line corresponds to a period of 5.4 h. the ratios of hodographic ellipse
major-to-minor  axes  remarkably

change with height, while the directions of major axes exhibit little variability. Hence, the hodograph techni-
que is appropriate to estimate the horizontal propagation direction of the wave but not to derive the intrinsic
frequency. Since the wave propagates along the major axis of the hodographic ellipse with a 180° ambiguity,
we may assume a positive propagation direction along the major axis, which is denoted by green arrows in
Figure 7. The propagation direction is calculated to be 65.9°, 67.4°, 69.7°, and 65.2° south of east at 90 km,
92 km, 94 km, and 96 km, respectively, with an averaged value of 67.1°, which is consistent with the averaged
angle of 67.2° over the height range of 84-103 km. In other words, this means that the wave is assumed to
propagate at about 157° azimuth. Figure 8 shows the hodographs of the temperature perturbation and
the horizontal wind perturbation at 157° azimuth. The counterclockwise rotation of all the four hodographs
in Figure 8 indicates that the actual direction is opposite to the assumed direction, at 337° azimuth.

We combine the GW dispersion relation with the Doppler shift equation, instead of equation (1), to
calculate the intrinsic frequency and horizontal wavelength for reducing the estimate error. The IGW
dispersion relation and Doppler shift equation can be written as follows [Fritts and Alexander, 2003; Liu
and Meriwether, 20041:

Q—f 1

2 2

kp® = N2 (kz + W) 3)
Q=ow-—kyU (4)
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Figure 5. Lomb-Scargle wave number spectra of upward propagating waves in (top) zonal wind, (middle) meridional wind,
and (bottom) temperature. The dashed horizontal line corresponds to a wavelength of 10.9 km.

where o is the ground-based wave frequency, N is the buoyancy frequency, and U is the horizontal
background wind velocity determined by projecting the zonal and meridional background winds to the
wave propagation direction. It is known that the wave frequency varies with the variational background

T
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96 |

93}

heigh (km)

s 0 3 6 9 12 15 18
initial phase (rad)

Figure 6. Variation of fitted initial phase with height. The blue, green, and red dashed lines denote the initial phases of the
zonal wind, meridional wind, and temperature perturbations of 5.4 h wave derived from sinusoidal wave fitting at each
height, respectively, and the blue, green, and red solid lines denote their linearly fitted initial phases, respectively.
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Figure 7. Temporal hodographs of zonal and meridional wind perturbations for 5.4 h wave. The star, square, and triangle
areat0, 1,and 2 h, respectively. The green arrow along the major axis of ellipse denotes the assumed propagation direction
of the wave, and the red arrow denotes the realistic propagation direction.

wind [Yeh and Liu, 1974; Huang and Zhang, 2006]. Since the ground-based frequency and vertical wavelength
derived from the spectral analysis are the averaged values over the whole observational time and space
domain, here we also neglect the temporal and spatial variabilities of the background fields to roughly
estimate the intrinsic frequency and horizontal wavelength based on equations (3) and (4) by using the
averaged background wind, buoyancy frequency, and scale height over the whole time and space domain.
The zonal wind, meridional wind, and temperature in Figure 1 observed by lidar are averaged to be
—113ms™ ", 7.1ms™, and 189.5K, respectively, which are in good agreement with those derived from the
fitted background values. The horizontal wind velocity U in the wave propagation direction is calculated to
be 10.9ms™". The gravitational acceleration is g=9.5ms™2 at about 90 km over 30.3°S; subsequently, the
averaged scale height and buoyancy frequency are calculated to be about H=57km and
N=2.1x10"rad s, respectively. Accordingly, the intrinsic period and horizontal wavelength are about
6.9h and 935 km derived from equations (3) and (4), respectively, and then, the intrinsic horizontal and
vertical group velocities are calculated to be 345ms™' and 0.4 ms™', respectively. We can also estimate
the intrinsic frequency based on the ratio of horizontal kinetic energy to potential energy of the IGWs
[Geller and Gong, 2010]. By using the fitted amplitudes, the averaged horizontal kinetic energy and
potential energy between 84km and 103km are calculated to be 133.2Jkg™' and 117.9Jkg™",
respectively. Thus, the intrinsic period is determined to be 6.7 h, which approximately equals the value of
6.9 h derived from the dispersion relation and Doppler shift equation.

3.3. The Downward Propagating IGW

The downward propagating perturbations extracted by the two-dimensional filtering are shown in Figure 9.
Similar to Figure 3, Figure 9 illustrates that a quasi-monochromatic IGW with clearly upward phase progres-
sion dominates the perturbation filed. Figures 10 and 11 present the Lomb-Scargle frequency and wave
number spectra of the perturbations, respectively. Relative to Figures 4 and 5, it can be seen from
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Figure 8. Temporal hodographs of temperature perturbation and horizontal wind perturbation in assumed propagation
direction for 5.4 h wave. The star, square, and triangle are at 0, 1, and 2 h, respectively.

Figures 10 and 11 that the dominant frequencies and wave numbers exhibit a slight drift in some height and
time, in particular for the zonal wind, which is probably caused by the influence of other spectral components
because the downward propagating IGW is a lot weaker than the upward propagating IGW shown in Figure 3
. The Lomb-Scargle spectrum analysis indicates that the ground-based period and vertical wavelength are
about 4.8 h and 19 km, respectively. A fitting of sinusoidal wave under a period of 4.8 h on the zonal wind,
meridional wind, and temperature perturbations at each height is carried out. The vertical wavelengths in
the zonal wind, meridional wind, and temperature are 21.3km, 22.4km, and 21.8km derived from the
fitted initial phases, respectively. The wavelength of 19 km resulting from both the DFT and Lomb-Scargle
spectrum analyses is slightly smaller than these values because of the limit of spectral resolution. On the
basis of the phase variation with height in Figure 9, we can note that the vertical wavelength of the
predominant IGW is close to but slightly larger than the observational height range. Therefore, the
downward propagating IGW may be considered to have a vertical wavelength of about 22 km.

Figure 12 displays the temporal hodographs of the fitted zonal and meridional wind perturbation compo-
nents. These counterclockwise rotating hodographs reconfirm the downward propagation feature of the
IGW. We choose a positive direction along the major axis of hodograph as the wave propagation direction.
The assumed propagation directions denoted by the green arrows in Figure 12 have an averaged azimuth
of 19.9° east of north at the four heights, which approximately equal the value of 20.5° averaged over all
observational heights. Hence, we can conclude that the wave is propagating at about 20° azimuth.
Figure 13 shows the hodographs of the temperature perturbation and the horizontal wind perturbation
in this propagation direction. The counterclockwise rotation of the hodographs with time reveals that
the horizontal propagation direction agrees with the assumed direction of 20° azimuth. By projecting
the zonal and meridional background winds onto this direction, we obtain the horizontal wind velocity
U=2.8ms"" in the direction of propagation. According to equations (3) and (4), the intrinsic period and
horizontal wavelength of this downward wave are calculated to be about 49h and 1284km,
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respectively. Accordingly, the intrin-
sic horizontal and vertical group
velocities are 69ms™' and 1.1ms™".
On the other hand, the horizontal
kinetic energy and potential energy
averaged in the height range of
84-103km are about 27.8Jkg~"
and 25.7Jkg”", respectively. The
intrinsic period is calculated to be
5.4h, which is slightly larger than
the value of 4.9h derived from
equations (3) and (4).

heigh (km)

4. Discussion

In general, low-frequency IGWs have
much larger horizontal wavelengths
than high-frequency GWs. Since the
ratio of horizontal-to-vertical group
velocities for IGWs approximately
equals the ratio of their horizontal-
to-vertical wavelengths [Fritts and
Alexander, 2003], IGWs propagate
almost horizontally. For example,
the upward and downward propa-
gating waves in our study propagate
with an elevation and depression
angles of about 2.0° and 2.8°,
respectively, in the absence of back-
ground wind. Consequently, when
time (h) IGWs generated in the TLS propa-
gate upward to the MLT, they must
have travelled very long horizontal
distances from their source region.
At the same time, their propagation
paths depend on the background conditions. The background wind velocity can directly add to the
ground-based group velocity of wave, and the spatial and temporal variabilities of the background atmo-
sphere can alter the intrinsic group velocities, and even the wave propagation direction [Huang et al.,
2008, 2010; Snively, 2013]. Here by means of wind data from HWMO7 [Drob et al., 2008] and temperature
data from MSISEQO [Picone et al., 2002], we perform a ray-tracing analysis to estimate the source region of
the upward propagating IGW. The ray-tracing is done based on the equations of wave parameter evolu-
tion presented by Yamamori and Sato [2006]. The initial zonal and meridional wave numbers are
ky=—26x10"%radm™' and k,=62x10"°radm™' derived from its horizontal wave number
ky=67%10"%radm~" and its propagation direction of 337° azimuth; the initial vertical wave number is
k,=5.8x10"*radm™"; the initial longitude and latitude is 30.3°5, 70.7°W; the initial height is 90 km;
and the beginning time is set to be 0500 UT, 21 July. The background information is obtained from
HWMO07 and MSISEQO, and the inertia frequency and the Rossby parameter are determined by the latitude
of wave position. The time step of numerical integration is taken to be 0.5 h, then the raypath is calculated
by integrating backward in time. Figure 14 shows the raypaths in the longitude-height and longitude-
latitude sections through the numerical integration for 37 h from 0500 UT, 21 July to 1600 UT, 19 July.
The raypath is traced to be the height of 44.6 km over 62.2°S, 147.8°W after 37 h. Figure 15 presents the
zonal wind over 62.2°S, 147.8°W at 1600 UT, 19 July. We can see from Figure 15 that there is an austral
winter stratospheric jet with a maximum wind velocity of about 66 ms~" at the height of around 37 km,
and the wave locates in the jet region and is close to the jet center. Although we do not carefully

heigh (km)

heigh (km)

Figure 9. Downward propagating waves in (top) zonal wind, (middle) meri-
dional wind, and (bottom) temperature.
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P 4~ S . . Am/;o compare the wave characteristics
Pe 1 with the jet geostrophic adjustment
. 99 ‘ t 1 M6 processes, the 5.4h upward propa-
£ 96} | . a gating IGW is likely to come from
N 112 the winter stratospheric jet region
= r : ] over the Antarctic because the wave
< 90 1ds has the typical time and space
s7F . scales of IGWs radiated from the
8 4: ) ) ) ] 4 geostrophic adjustment [Fritts and
0.0 0.5 1.0 1.5 2.0 Alexander, 2003]. Figure 16 presents
' ' m/ZG the variation of intrinsic wave period
1021 ] with height and latitude. The intrin-
99 I 4 o1 sic period is about 6.3 h at 1600 UT,
c 96 h 19 July, which approximately equals
= [ ] the 6 h period of the quarterdiurnal
o 931 10 tide. Figure 16 illustrates that the
IS 90: ~ » intrinsic period exhibits an obvious
g7k ] variability with the background
84: ‘ ‘ ] 6 condition and inertia frequency
0. 1.0 1.5 2.0 alteration. This indicates that the
K wave is an IGW rather than a tidal
102} ' ' JB"®  component because as forced
99| 4 i waves, the tides have only a very
- 06 B small change of period. A similar
= i 1 IGW which is possibly associated
< 931 ] ° with the polar stratospheric jet
o gol ] adjustment is observed at the
: 16 McMurdo station with an Fe lidar

87 i 4 [Chen et al., 2013].

84 s t 3

0.0 . 1.0 1.5 2.0 A downward propagating IGW in the
frequency (h™') MLT is rarely reported. The clear

. ) upward phase progression shown in
Figure 10.Lomb-Scargle frequency spectra of downward propagating . .
waves in (top) zonal wind, (middle) meridional wind, and (bottom) Figure 9 confirms that there existed
temperature. The dashed vertical line corresponds to a period of 4.8 h. a downward propagating IGW in the

MLT on this night. In a realistic atmo-

spheric wind field, a low-frequency
GW may encounter a critical level, while a high-frequency GW is likely to encounter a reflection level
[Huang et al., 2010]. Even so, we may still evaluate whether or not the 4.8 h IGW is a result of an upward pro-
pagating IGW reflected from above. At the reflection level, the intrinsic frequency is Doppler-shifted to the
buoyancy frequency. At this time, the vertical wave number becomes zero. By setting background tempera-
ture to be 1000 K in the thermosphere, the buoyancy frequency is calculated to be N=9.5x 10~ 3rads~'and
becomes larger if considering the positive temperature gradient in the thermosphere. According to equation
(4), for the 4.8 h IGW with a horizontal wave number k, =4.9x 10~ ®rad m ™", the wind velocity at the reflec-
tion level should be about 1860 ms™" in the opposite direction of the wave propagation. When we further
consider the positive temperature gradient due to the rapid increase of temperature with altitude in the
lower thermosphere, the calculated buoyancy frequency is larger, which means that the reflection level
requires a larger wind velocity. Such a large wind velocity is impossible in the realistic atmosphere so that
the 4.8 h IGW is not likely from a reflection from above. This indicates that the source region of the downward
propagating IGW is above the MLT. However, since we cannot estimate how long and how far the wave tra-
vels from its source region, we cannot conjecture the possible source region and the associated dynamical
process of wave excitation yet.

For a medium-frequency GW propagating along a background wind shear, when the background wind velo-
city approaches the horizontal phase speed, the intrinsic frequency is close to zero due to the Doppler effect
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0.5 — ‘ ‘ ‘ ‘ m/z5 and the vertical wave number
r 1 approaches infinity. In this way, the
wave encounters the critical level,
which brings about the wave
momentum deposition in the back-
ground flow due to the critical level
absorption. However, for a low-
frequency IGW, the intrinsic
frequency at the critical level is non-
zero and equal to the inertia fre-
quency; thus, the wind velocity at
the critical level is smaller than the
horizontal phase speed [Fritts and
Alexander, 2003]. Hence, it is possible
for the IGWs to encounter the critical
level when they propagate in the
atmosphere. By taking
f=—74x10"rads™', the wind
speeds at the critical level for the
54h and 48h IGWs are about
376ms™' and 599ms~' derived
T " " " " 23 from equation (4), which are smaller
than their horizontal phase speed of
18 486ms~" and 749ms”', respec-
i tively. Although the atmospheric
1113 zonal wind may be much larger than
b these speeds at the critical level,
e = . * . ] 8 these two IGWs may propagate to
m‘k ‘“ the MLT without critical level filtering
. n n . 3 because their propagation directions
2 4 6 8 10 are nearly in the meridional direction
with about 20° departure rather than
in the zonal direction.
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Figure 11. Lomb-Scargle wave number spectra of downward propagating
waves in (top) zonal wind, (middle) meridional wind, and (bottom) tem- According to the linear saturation
perature. The dashed horizontal line corresponds to a wavelength of 19 km. theory of GWs [Lindzen, 1981; Fritts,

1984], once the GW amplitude
exceeds the intrinsic horizontal phase speed, the wave becomes saturated and experiences severe dissipa-
tion due to dynamical and convective instabilities, which cause wave energy and momentum to be depos-
ited into the background atmosphere. The maximum amplitude of the 5.4h IGW in horizontal wind is
30.7ms™" at 96km derived from the fitting, which is smaller than the intrinsic horizontal phase speed
of 37.6ms™". Similarly, the maximum amplitude of 128 ms™"' at 94.5km for the 4.8h IGW is far smaller
than the intrinsic horizontal phase speed of 72.2 ms™". This indicates that as a single quasi-monochromatic
wave, neither the 5.4 h nor the 4.8 h IGWs reach the amplitude threshold of instability. Nevertheless, the
dynamical and convective instabilities may still take place due to superposition of different spectral
components. Since the instabilities may arise from the effect of wave superposition, we use the wind

2

(Bu/az)zl\jr(ﬁv/az)z'
Figure 17 depicts the Richardson number in the observational domain. Here we designate the dynamical
instability area as where 0 < Ri < 0.25 to distinguish it from the convective instability in which N> <0. In
Figure 17, the dynamical instability is denoted by light blue, while the convective instability is represented
by dark blue. It can be seen from Figure 17 that the dynamical and convective instabilities occur discon-
tinuously. By comparing Figure 17 with Figure 3, the downward evolution tendency of the unstable region
is similar to the phase progression of the 54h IGW, indicating that the 5.4h IGW is the predominant
perturbations, and the instability mainly arises from the superposition of other perturbations with the

and temperature in Figure 1 measured by lidar to calculate the Richardson number Ri =
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Figure 12. Temporal hodographs of zonal and meridional wind perturbations for 4.8 h wave. The star, square, and triangle
are at0, 1,and 2 h, respectively. The green arrow along the major axis of ellipse denotes the assumed propagation direction
of the wave, and the red arrow denotes the realistic propagation direction.

5.4 h IGW. For a quasi-monochromatic wave, the occurrence of convective instability generally follows the
dynamical instability [Fritts and Isler, 1994], while this scenario does not always occur for the superposition
of multiple waves. In this way, the instability due to the superposition effect may play a significant role in
wave amplitude constraint in the MLT since perturbations with different scales commonly overlap with
each other in the atmosphere. At present, the effects of GW parameterization on the mean flow drag
do not include this instability arising from the superposition; thus, a more sophisticated
parameterization scheme of GWs should be developed to parameterize the saturation and instability of
multiple-wave superposition.

5. Summary

In this paper, the IGW activities in the MLT are studied based on the ALO Na lidar observations from 2330
UT, 20 July to 1012 UT, 21 July 2015. An upward propagating IGW and a downward propagating IGW are
simultaneously observed. The ground-based periods of the upward and downward propagating IGWs are
about 5.4 h and 4.8 h, respectively. The maximum amplitude of the 5.4 h IGW is about 18.5 and 28.5ms™"
in the zonal and meridional winds and 153K in the temperature, respectively. In comparison, the 4.8 h
IGW is weak. Both the spectral analysis and phase propagation indicate that the 5.4 h wave has a vertical
wavelength of about 10.9 km. The vertical wavelength of the 4.8 h wave is about 22 km, derived from the
phase evolutions. The hodographic technique is used to determine the horizontal propagation directions
of the two IGWs. The 5.4 h IGW propagates in the direction of about 23° west of north, while the 4.8 h IGW
propagates northward with an azimuth of about 20° clockwise from north.

We roughly estimate the intrinsic frequencies and horizontal wavelengths of these IGWs by combining the
GW dispersion relation with the Doppler shift equation. The upward propagating IGW has a horizontal wave-
length of 935 km. It propagates along the background wind of about 10.9 ms™" in its horizontal propagation
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Figure 13. Temporal hodographs of temperature perturbation and horizontal wind perturbation in assumed propagation
direction for 4.8 h wave. The star, square, and triangle are at 0, 1, and 2 h, respectively.

direction; thus, its intrinsic period of 6.9 h is larger than its ground-based period of 5.4 h. Its intrinsic horizontal
and vertical group velocities are 34.5ms™' and 0.4ms™", respectively. The horizontal wavelength of the
downward propagating IGW is about 1248 km, and its intrinsic period of 4.9 h is slightly larger than the
ground-based period of 4.8 h because it travels along the small background wind of 2.8 ms™". Its intrinsic
horizontal and vertical group velocities are calculated to be 69ms™' and 1.1 ms™". Since the horizontal
velocities of these waves are much larger than their vertical velocities, they propagate almost horizontally
with very small elevation or depression angle of about 2-3°. These observed wave parameters are in the
typical ranges presented in previous studies. Since many significant wave sources exist in the different
atmospheric layers, the observational events of several dominating waves are a relatively common
phenomenon. However, the downward propagating IGWs in the MLT are seldom reported in previous
observations. Our observations indicate that there are downward propagating IGW activities in MLT.

With the help of data from HWMO07 and MSISEQOQ, the ray-tracing analysis indicates that the upward propagat-
ing IGW probably originates from the stratospheric unbalanced flow over the Antarctica. The downward
propagating IGW is not likely to be a wave originated from the lower atmosphere and reflected above
because a reflection level requires a very large unrealistic wind. We speculate that the wave may be
generated above the MLT, but more work is needed to investigate this possibility.

The maximum horizontal wind amplitudes of 30.7 ms ™' and 12.8 ms™' for the two IGWs are smaller than their
intrinsic horizontal phase speeds of 37.6 ms ™' and 72.2ms ™, respectively. Thus, these IGWs do not reach the
threshold of instability. However, the Richardson number and N* show the occurrence of dynamical and
convective instabilities in some height and time due to the superposition of different perturbation compo-
nents. Hence, the instability arising from the superposition effect may have a significant influence on wave
saturation and amplitude constraint in the MLT. GW parameterizations do not include such effects, therefore
may miss an important wave dissipation mechanism.
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Figure 14. Ray paths in (top) longitude-height and (bottom) longitude-latitude sections by integrating backward in time
for 37 h from 0500 UT, 21 July (30.3°S, 70.7°W) and the height of 90 km. The stars on the raypaths indicate the positions
every 3 h from the starting point.
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Figure 15. Zonal wind over (62.2°S, 147.8°W) at 1600 UT, 19 July. The two squares indicate the initial and final heights of
integration, respectively.
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Figure 16. Evolution of intrinsic period with (top) height and (bottom) latitude. The stars indicate the period values every
3 h from the start.
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Figure 17. Richardson number. Note that the dynamical (0 < Ri < 0.25) and convective (Ri < 0) instabilities are denoted by
light and dark blues, respectively.
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