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Abstract Based on observations from lidar at Andes, we study the features of gravity wave activities
and their spectra in the mesosphere and lower thermosphere (MLT). Case analysis shows that a quasi-
monochromatic inertia—-gravity wave (IGW) dominates the perturbation fields, with clearly downward
phase progression in the wind and temperature fields. Statistical investigation shows that the dominant
waves in the MLT over Andes have the typical temporal and spatial scales of IGWs and show the
preferential propagation in the meridional direction relative to in the zonal direction. The preferential
propagation direction causes larger spectral peak and steeper spectral slope in the meridional wind

as compared to the zonal counterpart. The 27-night observations indicate that the frequency (vertical
wavenumber) spectrum has the slopes of about —1.4 (—1.5), —1.7 (—2.0), and —2.3 (—2.6) in the zonal
wind, meridional wind, and relative temperature perturbations, more or less deviated from the universal
spectral index of —5/3 (—3), respectively. The vertical wind has a steeper spectral tail in both the frequency
and wavenumber spectra, which is different from the other three components. In the saturated spectrum
region, the frequency and vertical wavenumber spectra have the slopes of —0.4 and —1.1 in the vertical
wind, which are much shallower than those in the zonal and meridional winds, respectively. In the
spectral tail region, the frequency and wavenumber spectrum slopes of —2.2 and —3.5 are far steeper
relative to their saturated spectrum slopes. This suggests that the vertical wind should obey the different
spectral laws from the horizontal winds.

1. Introduction

It is known for decades that gravity waves (GWs) have a substantial influence on the mean circulation and
thermal structure of the middle and upper atmosphere because they transport energy and momentum from
the lower atmosphere and deposit them into the middle and upper atmosphere due to the instability (Fritts
& Alexander, 2003; Holton, 1982). As GWs generated in the lower atmosphere propagate upward, their
amplitudes increase exponentially with altitude because of the decrease of atmospheric density. When the
amplitude reaches the critical value, GWs break up as a result of convective or dynamic instability or critical
level filtering and then release energy and momentum to the background flow, which is regarded as wave
saturation and dissipation process (Hickey et al., 2003; Lindzen, 1981).

As a delicate method, hodograph technique is extensively utilized to extract the predominant inertia-grav-
ity wave (IGW) from the observational profiles of radiosonde (Huang et al., 2018; Tsuda et al., 1994; Vin-
cent & Alexander, 2000; Yamamori & Sato, 2006; S. D. Zhang & Yi, 2005; S. D. Zhang et al., 2012, 2017),
radar (Gavrilov et al., 2000; Nicolls et al., 2010; Suzuki et al., 2013; M. Yamamoto et al., 1987; Zhou &
Morton, 2006), and lidar (Cai et al., 2014; Chen et al., 2013, 2016; Collins et al., 1994; Hu et al., 2002; T. Li
et al., 2007; Lu et al., 2015, 2017; Rajeev et al., 2003; Xu et al., 2006). Combined with Doppler shifting equa-
tion, this technique can estimate the temporal and spatial parameters of quasi-monochromatic IGW, such
as wave period, wavelength, and propagation direction. A large number of observations indicate that GWs
have typical horizontal wavelengths of tens to thousands of kilometers, vertical wavelengths of a few to tens
of kilometers, and frequencies of minutes to days (Cai et al., 2014, 2017; Chen et al., 2013; Lu et al., 2015; Su-
zuki et al., 2013; Vincent & Alexander, 2000; Wang et al., 2005; Yamamori & Sato, 2006; Yoshiki et al., 2004;
Yuan et al., 2016; S. D. Zhang & Yi, 2005, 2007; Zhou & Morton, 2006). In addition, broad spectral analysis
method is widely used to investigate the structure of atmospheric GW power spectral density (PSD) and to
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obtain total energy and momentum of GWs with a spectral range (Acott et al., 2011; Ern et al., 2004; H. Y.
Li et al., 2016; Yuan et al., 2014, 2016; S. D. Zhang et al., 2012, 2013).

The universal spectrum was suggested by VanZandt (1982). The atmospheric horizontal wind, temperature,
and density perturbations exhibit an almost invariant power law shape in the saturated spectra region re-
gardless of altitude, season, and location, thus the almost invariant spectrum was called “universal” spec-
trum. The universal spectrum has the canonical slopes of —5/3 in the frequency spectrum and —3 in the
vertical wavenumber spectrum on a logarithmic coordinate. Specific wave sources endow the generated
wavefield with their own spectral features, thus source characteristics do not explain the formation of the
universal spectrum. Wave propagation in the sheared wind and nonuniform temperature can make the
wave spectrum fade away from the source features, and nonlinear interaction can shape the wave spectrum
through energy exchange among different spectral components (Huang et al., 2009, 2012; Snively, 2017).
In this case, the universal characteristic is generally attributed to the combined effect of superposition of
waves excited by different sources, wave propagation, and extensive nonlinear interaction. Meanwhile, as
wave momentum and energy eventually deposit to the background flow in the form of turbulent motion
due to the instability, wave dissipation also plays an important role in shaping the PSD slope. Hereby, based
on assumption of different dissipation mechanisms, some spectral theories, such as linear instability theory
(Dewan & Good, 1986; Smith et al., 1987), diffusive damping theory (Weinstock, 1989), diffusive filtering
theory (Gardner, 1994; Weinstock, 1989; Zhu, 1994), and Doppler-spread theory (Hines, 1991, 1997), were
suggested to interpret the formation of the universal spectrum. All the theories can give the canonical PSD
indices of the horizontal wind and temperature perturbations; however, these spectral theories also predict
the different PSD index in the vertical wind perturbation based on the GW polarization relations among
different perturbation components. Hence, the vertical wind spectrum observed by various measurements
can provide insight into the dissipation mechanisms of GWs and the spectral theories.

In last few decades, many observational studies improved our understanding of the universal spectra. The
characteristics of vertical wavenumber spectrum in the horizontal winds are widely investigated from the
troposphere to the mesosphere and lower thermosphere (MLT) based on radiosonde (Guharay et al., 2010;
Huang et al., 2018; S. D. Zhang et al., 2017), radar (Dutta et al., 2005; Larsen et al., 1986; Qing et al., 2014),
and lidar (Gardner et al., 1998; Senft & Gardner, 1991; Yang et al., 2006) measurements. These observations
indicated that the vertical wavenumber spectrum in the horizontal winds has a PSD slope range of about
—1.5 to —3.2 in the different atmospheric layers. Radar and lidar can obtain the high time resolution hori-
zontal winds, which raises the possibility of investigating the frequency spectrum in the horizontal wind
perturbations. The frequency spectra in the zonal and meridional winds have the PSD slope between —1.5
and —2.2 in radar (Hoffmann et al., 2010; Larsen et al., 1986; Y. Yamamoto et al., 1996) and lidar (Senft
& Gardner, 1991; Yang et al., 2006) data. A lot of observations showed that the index ranges of frequency
and vertical wavenumber spectra in the temperature fluctuations are approximately the same as those in
the horizontal wind perturbations (Chen et al., 2016; Cot, 2001; Guharay & Sekar, 2011; Guo et al., 2017;
Huang et al., 2018; Wu et al., 2006; Yang et al., 2010). It can be noted that the observed frequency (vertical
wavenumber) spectrum slope exhibits a change around the canonical value of —5/3 (—3) derived from the
spectral theories. The variability is usually attributed to the unsaturated GWs, background conditions, and
wave sources.

As for the vertical wind, not only these spectral theories deduce different spectral slopes but also the limit-
ed observations showed substantial difference in the PSD index. For instance, the vertical wavenumber in
the vertical wind has a same spectral slope of —3 as in the horizontal winds and temperature in the linear
instability spectrum theory (Dewan & Good, 1986; Smith et al., 1987), but a spectral slope near 1 in the
diffusive filtering theory (Gardner, 1994). Based on the vertical wind in the MLT measured by lidar, the
slope of the frequency (vertical wavenumber) spectrum is driven to be near 0 (—1.4) over Maui (Gardner
etal., 1995), and in the range of —0.59 to —1.2 (—0.83 to —1.48) with a mean value of —0.76 (—1.1) over New
Mexico (Gardner et al., 1998). The vertical wind has the frequency spectrum indices of —0.8 to —0.9 in the
troposphere and —0.6 to —0.7 in the lower stratosphere, and the vertical wavenumber spectrum index of
—1.27 in the troposphere and lower stratosphere from the sounding system (SOUSY) very high frequency
(VHF) radar data (Larsen et al., 1987). And the similar slopes in the upper troposphere and lower strato-
sphere are presented in the Arecibo ultra-high-frequency radar data (Cornish, 1988). The middle and upper
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atmosphere radar observation shows an average frequency spectrum slope of about —0.4 in the vertical
wind in the lower troposphere (Y. Yamamoto et al., 1996). However, a detailed analysis of the vertical wind
from the SOUSY-VHF Radar indicates that the slope of frequency (vertical wavenumber) spectrum displays
significant dependence on height with a variational range of —2.2 to 0 (—1.67 to —0.34) in 2-16 km (Kuo
et al., 1985). The slope of frequency spectrum in the troposphere and lower stratosphere from the middle
atmosphere Alomar radar system and multifrequency atmospheric radar is inferred to be about —5/3 in
the strong winds (Q. Li et al., 2018; Muschinski et al., 2001), and steeper values of —3 to —4 by Muschinski
et al. (2001) but shallower values of around —1 by Q. Li et al. (2018) in the weak winds. The slope of verti-
cal wavenumber spectrum has the mean value of —2.2 in the troposphere and lower stratosphere from the
Gadanki mesosphere-stratosphere-troposphere (MST) radar measurement (Dutta et al., 2005). The vertical
wind perturbation derived from radiosonde ascent rate change is reported to have the wavenumber spec-
trum indices of —1.1 to —0.2 in the troposphere and —0.6 to —0.1 in the lower stratosphere (S. D. Zhang
et al., 2017). Hence, the spectral slope of the vertical wind shows obvious difference from one to another
observations. Because of the difficulty of detecting the vertical wind, the change of spectral slope may be
due to the relatively large uncertainty in the vertical wind velocity resulting from the radar beam width and
beam pointing zenith and azimuth deviation in radar measurement since the vertical wind is roughly 1-2
orders smaller than the horizontal winds, and from the ascent rate perturbation of balloon treated as the
vertical velocity perturbation in radiosonde observation now that radiosonde does not directly sound the
vertical wind. Many studies indicate that the vertical wind should obey distinctive spectral laws comparing
to the horizontal winds and temperature. Hence, it is of significance to extensively obtain the fine precision
vertical wind and reveal the general characteristic of the vertical wind spectra.

Lidar is one of a very few systems that can measure the vertical wind, especially in the MLT with high tem-
poral resolution. Lidar observation provides an opportunity to study and compare the features of three-di-
mensional wind and temperature spectra. In this paper, we use the lidar data to investigate the GW activity
and their spectral features. In Section 2, the data used are briefly described. In Section 3, an estimate of qua-
si-monochromatic IGW in the lidar data is presented in detail, and then statistical characteristics of IGWs
in the MLT are investigated based on 27-night observations. The three-dimensional wind and temperature
spectra are discussed in Section 5. Finally, a summary is provided in Section 6.

2. Lidar Data

The three-dimensional winds and temperature measured by the Na lidar at Andes Lidar Observatory (ALO)
in Cerro Pachon, Chile (30.25°S, 70.74°W), are used to investigate the GWs and their spectral characteristics.
The design architecture and performance specifications of the ALO lidar system are described in detail by
A. Z. Liu et al. (2016). The lidar system has about 0.4-0.6 W m” power aperture product and employs the
three-frequency technique to measure the line-of-sight wind, temperature, and Na number density (She &
Yu, 1994). The line-of-sight wind and temperature are derived based on the ratios among the backscattered
signals at these three frequencies and their errors are estimated by photon noise (Krueger et al., 2015).
The wind and temperature were derived from 500 m and 1 min photon echo signal and then smoothed
with 1 km and 15 min full-width hamming windows, which leads to temporal and spatial resolutions of
about 0.5 km and 6 min in the observational data. The uncertainty in temperature is typically about 0. 5 K
around 90 km and increase to roughly 1.5 K around 85 km and 2-3 K around 100 km. The uncertainty in
the horizontal winds has the values of approximately 2 m s~* around 90 km and 4-5 (8-10) m s™* around
85(100) km.

The continuous measurement of 10.6 h from 2306 UT, April 18, 2015 to 0942 UT, April 19, 2015, is utilized
to investigate the dominant IGW activity in the night, especially in the vertical wind, showing that the
clear wave activity can be observed in the vertical wind from the lidar. Next, we statistically study the wave
activities and their frequency and vertical wavenumber spectra. For the fine resolutions of frequency and
wavenumber spectra, we choose the data that meet the continuous observation longer than 8 h and spatial
coverage larger than 17 km in all the temperature and wind field, and then 27-night observations are select-
ed. The data are obtained from 1, 2, 3, 1, and 3 nights in January, April, July, October, and November 2015; 3,
4, 5, and 3 nights in February, March, October, and November 2016; and 2 nights in April 2017, respectively.
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3. IGW Analysis
3.1. IGW Case Study

Figure 1 shows the zonal (u, positive eastward), meridional (v, positive northward), and vertical (w, positive
upward) winds and temperature (7) from 84.5 to 101.5 km observed by the Na lidar at ALO from 2306 UT,
April 18, 2015. In order to extract the dominant GW from the lidar data and reduce the influence of large-
scale or long-period perturbations on GW analysis (Huang et al., 2017), we fit and subtract a second-order
polynomial with respect to time from the observations at each altitude. For the calculated results, we fit and
subtract a second-order polynomial with respect to altitude again to obtain the total wave perturbations,
which are also depicted in Figure 1. A predominant quasi-monochromatic GW with downward phase prop-
agation can be seen in all the perturbation fields. In the vertical wind, there are more short period pertur-
bations relative to the zonal and meridional winds and temperature, which is consistent with the feature of
the vertical wind that it is more sensitive to high frequency waves according to the polarization relations of
GWs (Fritts & Alexander, 2003). Even so, the predominant GW can clearly be distinguished from the pertur-
bation fields. Hence, it can be inferred that an upward propagating GW, with downward phase progression,
is observed by the lidar in this night.

We make a Lomb-Scargle spectrum analysis (Scargle, 1982), with a four-time oversampling, on the per-
turbation fields to estimate the temporal and vertical scales of the dominant wave. Figure 2 shows the fre-
quency and vertical wavenumber spectra in the three-dimensional winds and temperature. The vertical line
denotes a period of 6.1 h in the frequency spectrum and a vertical wavelength of 9.7 km in the wavenumber
spectrum, thus the predominant quasi-monochromatic GW has the period of about 6.1 h and the vertical
wavelength of roughly 9.7 km since the two strong spectral peaks appear in all the four components. We
treated the long-period GW as a lower frequency IGW and will estimate the feasibility based on the wave
intrinsic period. In addition, an obvious spectral peak at a period of 3.5 h occurs only in the vertical wind
and temperature at about 85-90 km, and the corresponding perturbation can be seen in Figures 1g and 1h.
In that case, we focus only on the IGW and estimate its propagation features.

We extract the zonal wind, meridional wind, and vertical wind and temperature perturbation components
(W', v',w’, T") of the IGW from their total perturbation fields by making a sinusoidal wave fit under a period
of 6.1 h, and then use the hodograph technique to determine the horizontal propagation direction of the
upward moving IGW. Previous studies showed that only the direction of the hodograph ellipse remains
relatively constant, while the intrinsic frequency estimated from the ratio of the ellipse major and minor
axes varies dramatically at different times or altitudes (Chen et al., 2013; F. Zhang et al., 2004). By combin-
ing the IGW polarization relation with the Doppler shift equation, the intrinsic frequency and horizontal
wave length can be calculated in a more accurate way after the horizontal direction is determined (Chen
et al., 2013; Huang et al., 2017). This method is applied in this study. The polarization relation derived from
the linear wave theory is written as follows (Fritts & Alexander, 2003):

< | =
1]
~
|

ey

where iz and v are the horizontal wind perturbation in the direction of propagation and the perpendicular
counterpart, respectively; i is the imaginary unit, representing a quarter cycle out of phase; Q is the in-
trinsic wave frequency; and the inertia frequency is f = —7.4 x 107> rad s™" at 30.25°S. Because the u'—v’
hodograph has the same rotation direction as the & — v hodograph, the u’—v’ hodograph is generally used to
determine the wave propagation direction. In this case, the horizontal propagation direction of the IGW can
be estimated by the major axis direction of the u’—v" hodograph ellipse, but with a 180°ambiguity (Gavrilov
etal., 1996), and then the polarization relation between the horizontal wind perturbation # and temperature
perturbation T’ can be used to resolve the 180° ambiguity (Hu et al., 2002; T. Li et al., 2007):
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Figure 1. (a, e) Zonal wind, (b, f) meridional wind, (c, g) vertical wind, and (d, h) temperature and their total perturbations at 84.5-101.5 km measured by lidar
for 10.6 h from 2306 UT, April 18, 2015. The left column denotes the observed values, and the right column denotes the corresponding perturbations.
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Figure 3. Temporal hodographs at (a, b) 91 km and (c, d) 96 km. The left column represents the hodograph of zonal
and meridional wind perturbations, and the right column represents the hodograph of temperature perturbation and
horizontal wind perturbation in assumed propagation direction. The star, triangle, and square are at 0, 1, and 2 h,
respectively. The green arrow along the major axis of ellipse denotes the assumed propagation direction of the IGW, and
the red arrow denotes the actual propagation direction.

where kj, is the horizontal wavenumber; k, is the vertical wavenumber; H is the scale height; and R is the at-
mospheric gas constant. i is calculated by projecting the zonal and meridional wind perturbations onto the
assumed horizontal propagation direction along the ellipse major axis. According to Equation 2, the iz — T’
hodograph should rotate clockwise for an upward propagating wave. Otherwise, the horizontal propagation
direction is opposite to the assumed propagation direction.

Based on the fitted wave perturbation components, we plot the temporal hodographs at 90 and 95 km,
which is shown in Figure 3. In Figures 3a and 3c, the u’—v" hodographs rotate counterclockwise, and the
major axis of the two polarization ellipses shows a nearly same direction. We choose a direction of major
axis as the horizontal propagation direction of wave, which is denoted by the green arrow. The chosen direc-
tion is about 73° and 78° south of east at 90 and 95 km, respectively, and its averaged value of 73.8° between
84.5 and 101.5 km is treated as the wave propagation direction. The i — 7’ hodograph at 90 and 95 km in
Figures 3b and 3d shows a counterclockwise rotation, indicating that the wave propagation is opposite to
the assumed direction, thus the horizontal propagation direction is 26.2° west of north, represented by the
red arrow in Figures 3a and 3c.

We estimate the intrinsic frequency and horizontal wavenumber by solving the following dispersion rela-
tion and Doppler shift equation (Fritts & Alexander, 2003; H.-L. Liu & Meriwether, 2004):

%=d‘ﬁ@%-1] 3)
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Q=w-kU 4

where N is the buoyancy frequency; w is the ground-based wave frequency; and U is the horizontal back-
ground wind obtained by projecting the zonal and meridional background winds to the horizontal propaga-
tion direction of IGW. We roughly estimate the background parameter values by simply calculating their av-
erages over the whole time and space domain. The zonal and meridional background winds are calculated
tobe9.1and —4.5m s, respectively, thus the horizontal background wind is derived to be —6.7 m s ' based
on the wave propagation direction of 26.2°counterclockwise from north. The scale height is H = 5.8 km,
k, = 6.5 x 107" rad s is calculated from the vertical wavelength 4, = 9.7 km, and the buoyancy frequen-
cy is N = 2.1 x 107> rad s™" derived from the background temperature. According to Equations 3 and 4,
the intrinsic frequency and the horizontal wavenumber are calculated to be Q = 3.8 x 107 rad s and
k, = 1.3 x 107 rad m ™, respectively, thus the IGW has an intrinsic period Ty, = 4.7 h and a horizontal wave-
length 4, = 484 km. The intrinsic period of 4.7 h is far larger than the buoyancy oscillation period of about
5 min and is one fifth of the inertial oscillation period. In the statistical investigation of IGWs, one tenth of
the inertial period is relatively widely chosen as the lower limit of IGWs (Hall et al., 1995; Hamilton, 1991;
Hirota & Niki, 1985; Qing et al., 2014; Vincent & Alexander, 2000; Wang et al., 2005; Yoshiki et al., 2004; S.
D. Zhang & Yi, 2005, 2007). The observed GW with Q = 5f is regarded as an IGW, which causes some error,
whereas the discrepancy may not be very serious, and the hodograph may still help us roughly estimate the
horizontal propagation direction of wave. Accordingly, the absolute values of zonal and meridional wave-
numbers calculated to be 5.74 x 10~° and 1.17 x 10~ rad m™, corresponding to the zonal and meridional
wavelengths of about 1,095 and 539 km, respectively.

Wave kinetic (E\) and potential (E,) energies represent the magnitude of wave activity. The kinetic and po-
tential energies per unit mass are expressed as (Huang et al., 2018; S. D. Zhang & Yi, 2007)

11— — —
E, = E(u'z 2+ w'z) (5)
2 R
)
E =°_T (6)
P ON?

where 7" = T’ / T is the relative temperature perturbation, defined as the ratio of the temperature pertur-
bation T"(z) to the mean temperature Ty(z); g = 9.77 m s * is the gravitational acceleration; and the overbar
denotes an average over the height range. In this way, the kinetic and potential energies of the IGW are
Ey = 82.8 J/kg and E, = 71.8 J/kg derived from Equations 5 and 6, and their ratio is 1.15. According to the
linear wave theory, the ratio of IGW kinetic to potential energies can be written as (Collins et al., 1994;
Yamamori & Sato, 2006)

B _rf ™)
Ep QZ _ f2

here, Q = 5f, Ei/E, is calculated to be 1.08, which is approximately consistent with the value of 1.15 derived
from the realistic wave energies. The consistency indicates that the IGW in the MLT shows the feature of
freely propagating wave far from its excitation region.

3.2. Statistical Characteristics of IGWs

We choose 27-night lidar data with observation time exceeding 8 h and effective observation height range
larger than 17 km, to statistically analyze the general characteristics of IGWs in the MLT. In order to reduce
the error in the estimate, we set Q < 5f as a criterion of IGWs in our investigation, which is more restrictive
than that of Q < 10f used relatively extensively in previous studies (Hall et al., 1995; Hamilton, 1991; Qing
et al., 2014; Vincent & Alexander, 2000; Wang et al., 2005; Yoshiki et al., 2004; S. D. Zhang & Yi, 2005, 2007).
There are two nights (in October 2016 and April 2017) in which the dominant wave does not meet the cri-
terion, thus we extract 25 IGWs for the analysis.
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(c) Q7 f for 25 IGWs observed by lidar. IGW, inertia-gravity wave.

Figures 4a and 4b depict the distribution of the horizontal and vertical
wavelengths. In all the 25 IGWs, the horizontal wavelength is between
200 and 1,500 km, and the vertical wavelength changes from 5 to 15 km.
These wavelengths are in the typical scale range of IGWs. Even so, the
horizontal (vertical) wavelength has the mean value of 788.7 (9.8) km and
a nearly equal median value of 782.8 (9.7) km, which are slightly larger
than those in some previous studies. Based on the profiles observed by
radiosonde, the IGWs are commonly extracted in the tropospheric seg-
ment and the lower stratospheric segment with a height range of less
than 10 km, respectively, in order to avoid the influences of extremely
low temperature around the tropopause and very large zonal wind in
the tropospheric jet. At midlatitudes, although there are the IGWs with
the horizontal scale of over 2,000 km, the mean horizontal and vertical
wavelengths are generally about 200-600 km and 2-6 km (Plougonven
et al., 2003; Wang et al., 2005; S. D. Zhang & Yi, 2005, 2007; Zink & Vin-
cent, 2001), respectively. And the calculated mean wavelength is gener-
ally sensitive to the chosen height range that larger the vertical range is,
longer the dominant IGW wavelength is. In our study, the height cover-
age is at least 17 km, thus the larger scale waves are observed relative to
the previous results. Based on the horizontal wind measurements by MST
radar at midlatitudes, the IGWs at the tropospheric heights of 3-10 km
are reported to have the horizontal and vertical wavelengths of 100-
1,500 km and 1.5-5.5 km, with the mean values of 469 and 3.8 km (Qing
et al., 2014), respectively, and the mean horizontal and vertical wave-
lengths are about 1,000 and 3 km around the tropopause region (Nastrom
& Eaton, 2006). In the MLT, the lidar data between 84 and 104 km show
the averaged horizontal and vertical scales of 1,360 and 12.2 km for the
IGWs over the midlatitudes (Hu et al., 2002). The past case studies also
report obvious different scale GWs in the lidar observations, for example,
the waves of (4, = 2,200 km, 4, = 22 km, T, = 7.9 h) by Chen et al. (2013),
(4,=1,230km, 4, =17.3km, T, = 2.5 h) by Cai et al. (2014), (4, = 219 km,
A, =16 km, T, = 1.3 h) by Lu et al. (2015), and (4, = 85 km, 4, = 4.1 km,
T, = 1.7 h) by Kwon and Gardner (1990). As shown above, owing to the
IGWs extracted from the large vertical range in the lidar measurements,
the dominant waves generally have larger wavelengths relative to those in
the radiosonde and MST radar observations. At the same time, by virtue
of the fine resolution of lidar observations, the lidar data are also used to
study the high- and medium-frequency GWs and GW breakdown (Cai
et al., 2014; Lu et al., 2017).

Figure 4c shows the occurrence of the intrinsic frequency. The mean and
median intrinsic frequencies are 3.47f and 3.24f, corresponding to the
intrinsic periods of 7.4 and 7.5 h, respectively, and almost half intrinsic
frequency lies in 2.5f~3.5f. The distribution of Q / f is roughly consist-
ent with previous results at midlatitudes that the intrinsic frequencies
of IGWs are mainly distributed between 2f and 4f (Hu et al., 2002; Qing
et al., 2014; Wang et al., 2005; S. D. Zhang & Yi, 2005, 2007). It is interest-
ing that the intrinsic frequency distribution displays the similarity in the
different layers observed by different instruments though there are some
statistical differences in the wavelengths of IGWs. All 25 IGWs propa-
gate upward in the vertical direction, and their horizontal propagation is
shown in Figure 5. The IGWs in the MLT over Andes evidently exhibit the
preferential propagation in the meridian direction relative to in the zon-
al direction. The anisotropy in the wave propagation direction is exten-
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Propag ation direction sively reported at different latitudes (Hu et al., 2002; Huang et al., 2018;
0(N)

Moffat-Griffin et al., 2011; Vincent & Alexander, 2000; Yamamori &
Sato, 2006; Yoshiki et al., 2004), which is generally attributed to the wave
excitation process and propagation effect.

30

Figure 6a depicts the total wave energy and the ratio of kinetic to po-

60 tential energies. These waves in the MLT have the mean energy of 92.2

J kg™', which is obviously larger than those observed in the troposphere

6 and stratosphere (Moffat-Griffin et al., 2011; Ratnam et al., 2008; Vincent

4 & Alexander, 2000; S. D. Zhang & Yi, 2005, 2007) because the waves prop-

QO(E) agating to the MLT generally have large amplitudes due to the exponen-
tially decreasing atmospheric density with height. Figure 6b illustrates
that the ratio of kinetic to potential energies derived from the lidar ob-
servation is in nearly agreement with Equation 7. This indicates that the

120 waves extracted in the condition of Q@ < 5f can meet the linear theory of
IGWs and show the characteristic of freely propagating waves.

150

180(S) 4. Frequency and Wavenumber Spectra of GWs

4.1. Observation in One Night

Figure 5. Distribution of horizontal propagation direction for 25 IGWs
observed by lidar. IGW, inertia—gravity wave. In this section, we investigate the PSDs of frequency and wavenumber

spectra for the zonal wind, meridional wind, vertical wind, and relative
temperature perturbation observed in the night of April 18-19, 2015.

The frequency PSD F(a)k) is calculated by using the Fourier spectrum f (a)k) derived from discrete Fourier
transform for the corresponding perturbation time series x(t;) at each height, which can be written as fol-
lows (Dewan & Grossbard, 2000):

n— _iﬂ
F(o) = 8t(n-1)|f (@) = ar(n - 1)%2;x(zj)e z ®)

where the temporal resolution As = 0.1 h; n is the total number of data; and @ is the kth frequency. The
frequency spectrum at each observational height is calculated individually and then averaged to obtain the
mean spectrum. The spectral slope is determined by applying a linear fit to the mean spectrum in a logarith-
mic coordinate. Figure 7 presents the frequency spectra of the zonal wind, meridional wind, vertical wind,
and relative temperature perturbations observed by the lidar in this night. The PSDs in the zonal wind,
meridional wind, and temperature have the spectral slopes of —1.5, —1.9, and —2.1, respectively, and these
spectral slopes are close to the universal spectrum index of —5/3 in the spectral theories. Although the peak
amplitude of PSDs is on the order of ~10° m? s™ Hz! in the horizontal winds, the meridional wind has a
larger peak amplitude relative to the zonal wind because the dominant IGW has a stronger perturbation
in the meridional wind field than in the zonal wind field, as shown in Figures 1-3. The spectra shape of
the vertical wind can be distinguished from the other three components. The vertical wind has a spectral
slope of —1.1, which is significantly shallower than the canonical value of —5/3 in the horizontal winds and
temperature, and a peak amplitude with the order of ~10° m® s™ Hz™', being about 3 orders smaller than
that in the horizontal winds because the horizontal wind perturbations are generally 1-2 orders larger in
comparison with the vertical wind perturbation.

We use the similar method following Equation 8 to calculate the PSDs of vertical wavenumber spectra
for these four perturbations in each observational profile. The vertical wavenumber spectra of the zonal
wind, meridional wind, vertical wind, and relative temperature perturbations at different observational
times and their averaged and fitted results are also shown in Figure 7. The vertical wavenumber spectrum
has the slope of —2.6 in the temperature close to the canonical value of —3 and less negative slopes of —1.6
and —2.1 in the zonal and meridional winds, respectively. The spectral shape of the vertical wind is slightly
different from that of the other three components. Relative to the horizontal winds and temperature, the
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vertical wind has smoother spectral amplitudes around the peak value
and a steeper spectral tail at the small scales, indicating that the vertical

wind perturbation is more sensitive to the high frequency waves. The fit-
ted spectrum index is —1.7 in the vertical wind, and the peak amplitude is
about 2-3 orders smaller than in the horizontal winds.

Occurrence
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4.2. Statistical Feature of Spectra

We choose 27-night lidar data with observation time exceeding 8 h and ef-
fective observation height range larger than 17 km, to statistically analyze
the general feature of frequency and vertical wavenumber spectra in the
MLT. Figure 8 presents the averaged frequency and vertical wavenumber

20

spectra of the zonal wind, meridional wind, vertical wind, and relative

1 OO 1 80 2 60 temperature perturbations observed in the 27 nights.
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trum and linearly fitted spectrum. The feature of the statistical frequency
spectrum is similar to that in the case analysis above. The peak amplitude
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of frequency spectrum is the order of ~10° m* s™ Hz ™ in the zonal and
meridional winds, ~10> m* s~ Hz" in the vertical wind, and ~10 Hz ™" in
the temperature, respectively. The fitted spectral slopes of —1.4, —1.7, and
—2.3 in the zonal and meridional winds and temperature vary around

- the saturated spectrum index of —5/3, respectively, while the frequen-

cy spectrum of the vertical wind has a less negative slope of —0.8. The

. averaged PSDs and fitted slopes of wavenumber spectra in Figure 8 ex-

# hibit the nearly same peak amplitudes and spectral indices as the case

results shown in Figure 7. The peak amplitude of wavenumber spectrum
is the order of ~10° m* s™ km in the zonal and meridional winds, ~10
m? s~ Hz ' in the vertical wind, and ~107 km in the temperature, re-

spectively. The spectral slope of —2.6 in the relative temperature pertur-

1 .O 1 .2 1 .4 1 .6 1 ’8 2.0 bation is close to the saturated spectrum index of —3; however, the statis-

E E tical slopes of —1.5 and —2.0 in the zonal and meridional winds indicate
k/ p that a less negative index in the horizontal winds may be a general phe-
nomenon in the MLT over Andes. In the same spectrum range, the fitted

Figure 6. (a) Total energy distribution and (b) ratio of Kinetic to potential  slope in the vertical wind is —1.6, which is approximately consistent with

energies for 25 IGWs observed by lidar. In (b), the horizontal axis denotes

those in the horizontal winds.

the ratio value derived from the wave energies observed by the lidar, and
the vertical axis denotes the ratio value derived from the linear theory of In the saturated spectrum theory, the spectrum part on the right of

IGWs. IGW, inertia-gravity wave.

the peak amplitude within the GW scales is generally referred to as

the saturated spectrum region, and the low-frequency or wavenumber

part on the left of the peak amplitude with a positive slope is regarded
as the unsaturated spectrum region. It can be noted from Figures 8c and 8g that both the frequency and
wavenumber spectra in the vertical wind show a steeper spectral tail, which is clearly distinguished
from the saturated spectrum region, but a similar spectral tail does not occur in the zonal and merid-
ional winds. The steeper tail of wavenumber spectrum in the vertical wind also clearly appears in the
radiosonde observation by S. D. Zhang et al. (2017). We refit the saturated spectrum and spectral tail of
the vertical wind. The fitted spectral index is —0.4 and —1.1 in the saturated frequency and wavenum-
ber spectra, respectively, thus the vertical wind has much shallower indices of saturated frequency and
wavenumber spectra than the horizontal winds. Meanwhile, in the spectral tail regions, corresponding
to 0.2-0.4 h periods and 1-1.7 km vertical scales, the fitted frequency and wavenumber spectrum slopes
of —2.2 and —3.5 are far steeper than the saturated spectrum indices of —0.4 and —1.1, respectively.
Both the steeper spectrum tails indicate a more intense dissipation of the vertical wind perturbation in
the small temporal and spatial scales. The obvious differences between the vertical and horizontal wind
spectra imply that the vertical wind may obey the different spectral laws from the zonal and meridional
winds.
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Figure 7. PSDs of frequency and wavenumber spectra in (a, e) zonal wind, (b, f) meridional wind, (c, g) vertical wind,
and (d, h) relative temperature perturbations observed in night of April 18-19, 2015. The left and right columns denote
the frequency and wavenumber spectra, respectively. The black and blue lines denote the PSD at each altitude and their
averaged value, respectively, and the red line denotes the linearly fitted value of the averaged PSD. PSD, power spectral
density.
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Figure 8. Averaged PSDs of frequency and wavenumber spectra and their fitted values for (a, e) zonal wind, (b, f)
meridional wind, (c, g) vertical wind, and (d, h) relative temperature perturbations observed in 25 nights. The left and
right columns denote the frequency and wavenumber spectra, and the blue and red lines denote the averaged PSD and
fitted value, respectively. In (c) and (g), the green and yellow lines denote the fitted PSDs in the saturated spectrum and
steep spectral tail regions of the vertical wind, respectively. PSD, power spectral density.
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In addition, both the case and statistical analyses show that peak amplitudes of frequency and wavenumber
spectra in the meridional wind are larger than in the zonal wind. This is related to the ratio of the IGW
zonal wavenumber to meridional wavenumber, or the IGW horizontal propagation direction. According to
the polarization relation (Fritts & Alexander, 2003), for a constant intrinsic frequency IGW, the larger the
meridional wavenumber is relative to the zonal wavenumber, the stronger the meridional wind amplitude
is relative to the zonal wind amplitude. In the observation during the night of April 18-19, 2015, the pre-
dominant IGW propagates along the direction of 26.2° counterclockwise from north, leading to that the
meridional wavenumber is about twice as large as the zonal wavenumber based on horizontal wave vector
decomposition, thus the wave amplitude and spectral peak amplitude are evidently stronger in the meridi-
onal wind than in the zonal wind. As shown in Figure 5, relative to in the zonal direction, the preferential
propagation in the meridional direction is the general feature of the IGWs in the MLT over Andes, thus the
statistical spectrum has larger peak amplitude and then steeper slope in the meridional wind than in the
zonal wind, as shown in Figure 8. We speculate that the preferential propagation direction is possibly con-
nected with the influence of the nearly north-south Andes mountain on the wave generation or the effect of
the background wind on the wave propagation.

5. Summary

In this work, we use the lidar observation to study the features of GW activities and their spectra in the
MLT over Andes. The 10.6 h lidar observation displays a predominant IGW with clearly downward phase
progression in the three-dimensional winds and temperature. The Lomb-Scargle spectrum analysis and
hodograph technique show that the predominant wave has a ground-based period of 6.1 h and a vertical
wavelength of 9.7 km and propagates along the horizontal direction of 26.2°counterclockwise from north.
The horizontal wavelength is calculated to be 484 km, and the intrinsic wave period is about 4.7 h because
the wave travels against the background wind of 6.7 m s™'. Owing to the horizontal propagation direction
close to the meridional direction, the horizontal wave vector has a larger projection in the meridian direc-
tion than in the zonal direction, thus the meridional wavenumber is larger relative to the zonal wavenum-
ber. According to the GW polarization relation, the amplitude is stronger in the meridional wind than in the
zonal wind, as shown in the Lomb-Scargle spectrum and PSDs of the zonal and meridional winds.

In the 27-night observations, 25 IGWs are extracted. Their horizontal and vertical wavelengths are in the
ranges of 200-1,500 km and 5-15 km, with the mean values of 788.7 and 9.8 km, respectively, and their
intrinsic frequencies have the mean value of 3.47f, corresponding to the intrinsic period of 7.4 h, thus these
period and wavelength are the typical temporal and spatial scales of IGWs at midlatitudes. The wave energy
is larger than that in the troposphere and stratosphere because the waves propagating to the MLT generally
have high amplitudes. The ratio of kinetic to potential energies derived from the lidar observation closely
agrees with the linear theory of IGWs, indicating that the IGWs in the MLT have the feature of freely prop-
agating waves far from their excitation region. Similar to the case study, the statistical investigation shows
that the IGWs in the MLT over Andes have the preferential propagation in the meridian direction relative
to in the zonal direction. This causes stronger peak amplitude and steeper spectral slope in the meridional
wind than in the zonal wind.

The statistical PSDs in the 27-night observations are nearly consistent with the PSDs in the night of April
18-19, 2015. The peak magnitudes of the zonal and meridional wind PSDs have the same orders of ~10°
m® s> Hz ! in the frequency spectrum and ~10°> m* s> km in the vertical wavenumber spectrum though
the maximum spectral amplitude is obviously stronger in the meridional wind compared with in the zonal
wind. The PSD of frequency spectrum has the slopes of about —1.4 in the zonal wind, —1.7 in the meridion-
al wind, and —2.3 in the relative temperature perturbation, and the spectral index of vertical wavenumber
spectrum is about —1.6 in the zonal wind, —2.0 in the meridional wind, and —2.6 in the relative temperature
perturbation. On the whole, the vertical wavenumber spectrum of the zonal wind has a relatively large de-
viation from the universal spectral index of —3.

The spectral characteristic of the vertical wind is different from that of the other three components. The
vertical wind has a steeper spectral tail in both the frequency and wavenumber spectra, which does not arise
in the spectra of the horizontal winds and temperature. In the saturated spectrum region, the frequency and
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vertical wavenumber spectrum slopes of —0.4 and —1.1 in the vertical wind are much shallower than those
in the zonal and meridional winds and also than the canonical frequency and wavenumber spectrum indi-
ces of —5/3 and —3, respectively. In the spectral tail region, the frequency and wavenumber spectrum slopes
of —2.2 and —3.5 are far steeper than their saturated spectrum slopes, respectively. Hence, the vertical wind
should obey the different spectral laws from the zonal and meridional winds.
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