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Abstract Persistent, dominant, and large-amplitude gravity waves with 3–10 h periods and vertical
wavelengths ~20–30 km are observed in temperatures from the stratosphere to lower thermosphere with
an Fe Boltzmann lidar at McMurdo, Antarctica. These waves exhibit characteristics of inertia-gravity waves in
case studies, yet they are extremely persistent and have been present during every lidar observation. We
characterize these 3–10 h waves in the mesosphere and lower thermosphere using lidar temperature data in
June from 2011 to 2015. A new method is applied to identify the major wave events from every lidar run
longer than 12 h. A continuous 65 h lidar run on 28–30 June 2014 exhibits a 7.5 h wave spanning ~60 h, and
6.5 h and 3.4 h waves spanning 40 and 45 h, respectively. Over the course of 5 years, 323 h of data in June
reveal that the major wave periods occur in several groups centered from ~3.5 to 7.5 h, with vertical phase
speeds of 0.8–2m/s. These 3–10 h waves possess more than half of the spectral energy for ~93% of the time.
A rigorous prewhitening, postcoloring technique is introduced for frequency power spectra investigation.
The resulting spectral slopes are unusually steep (�2.7) below ~100 km but gradually become shallower with
increasing altitude, reaching about �1.6 at 110 km. Two-dimensional fast Fourier transform spectra confirm
that these waves have a uniform dominant vertical wavelength of 20–30 km across periods of 3.5–10 h. These
statistical features shed light on the wave source and pave the way for future research.

1. Introduction

Owing to the high-resolution, long-duration, large-altitude-range temperature measurements provided
by the Fe Boltzmann lidar at McMurdo [Chu et al., 2011a, 2011b; Chen et al., 2013], a new wave phenom-
enon in the Antarctic middle and upper atmosphere has been discovered. As illustrated in Figure 1, the
raw temperature data from the stratosphere to the lower thermosphere (about 30–115 km) exhibit
persistent, dominant, large-amplitude waves with nontidal periods of ~3–10 h and vertical wavelengths
of ~20–30 km. Here the word “persistent” is used to describe the fact that these waves continue for a
prolonged period, e.g., a single wave event (see section 2) may last at least 10 h, and sometimes over
50 h, in the small field of view (1mrad) of the lidar beams. If we do not separate the observed wave var-
iations into individual wave events with individual periods, but regard these waves as a group of waves
with periods ranging between 3 and 10 h, then this wave group is perpetual. That is, these waves occur
on every lidar run, spanning sufficient duration, and occur frequently enough as to appear endless and
uninterrupted. There has not been any single lidar run that does not show the signature of this 3–10 h
wave group during 5 years of lidar observations at McMurdo, and so far we have not seen any inactive
wave gap epoch in observed temperature data. The word “dominant,” as used above, is to describe the
fact that the temperature variations in the mesosphere and lower thermosphere (MLT) are dominated
by these nontidal, short period waves, while the diurnal and semidiurnal tides in temperature are very
minimal (up to 1–3 K amplitude) below 100 km [Fong et al., 2014, 2015]. Because planetary waves
dominate the temperature variations in the polar winter stratosphere as studied by Lu et al. [2013],
the 3–10 h waves are not as obvious in the stratosphere as in the MLT (Figure 1). Nevertheless, Figure
2 demonstrates that the 3–10 h waves are still persistent in the stratosphere and mesosphere once pla-
netary waves are filtered out from the Rayleigh temperature perturbations.
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These persistent 3–10h waves were unknown before the McMurdo lidar campaign started providing high-
resolution, range-resolved temperature, although observations in the Antarctic middle and upper atmosphere
can be traced back to the 1980s or even earlier [Nomura et al., 1987]. Horizontal wind observations using med-
ium frequency (MF) or meteor radars have been used to characterize diurnal and semidiurnal tides [e.g., Forbes
et al., 1995; Baumgaertner et al., 2005;Murphy et al., 2006], planetary waves [e.g., Dowdy, 2004; Espy et al., 2005],
gravity waves [e.g., Vincent, 1994; Hibbins et al., 2007], and lamb waves [e.g., Forbes et al., 1999; Portnyagin et al.,
2000; Kovalam and Vincent, 2003]. However, none of these works noted the persistent 3–10h waves, except
Forbes et al. [1999] who described intradiurnal wave oscillations with periods of ~7.5–10.5 h. However, no infor-
mation was provided on the vertical wavelengths. There have been observational studies of gravity waves,
tides, and planetary waves in Antarctica using OH airglow intensities by all-sky imagers [e.g., Espy et al., 2006;
Suzuki et al., 2011; Nielsen et al., 2012], wind and temperature measured by Michelson interferometers [e.g.,
Sivjee and Walterscheid, 1994; Azeem and Sivjee, 2009], and Fabry-Perot interferometers [e.g., Hernandez et al.,
1992;Wu et al., 2005], but these instruments do not have vertical range resolution, and necessarily average over
the altitude range of the emission. Na and Fe densities measured by broadband resonance fluorescence lidars
were also used to observe wave dynamics in the Antarctic mesopause region [Nomura et al., 1987; Collins and
Gardner, 1995; Diettrich et al., 2006], but none of them depicted persistent 3–10h waves. Gravity waves and
large-scale global waves such as tides and planetary waves in the Antarctic MLT have also been studied by

Figure 1. Contours of typical raw temperature observations in June from 2011 to 2015 at McMurdo by an Fe Boltzmann lidar in the MLT region (in the altitude range
of 81–115 km) and from Rayleigh integration (in the altitude range of 30–72 km).
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satellite observations [e.g., Iimura et al., 2009; Morris et al., 2009; McDonald et al., 2010]. There are several
explanations for the lack of evidence for persistent 3–10h waves in the observations mentioned above: (1)
horizontal winds are usually dominated by tides, thereby obscuring these wave signatures, (2) nonrange-
resolved temperature, wind, and airglow data would have easily mistaken these phenomena as tides because
no vertical wavelength information was available, and (3) most observations in the past did not have sufficient
temporal resolution or time span to reveal these waves deterministically. It is worth mentioning that an
AdvancedMesospheric TemperatureMapper operating at the South Pole in the same years as our observations
at McMurdo has revealed wave oscillations in the OH layer temperatures with similar periods as the lidar
findings (Mike Taylor, Utah State University, private communication).

It is surprising that these waves are so dominant and so strong in range-resolved temperature data, as shown in
Figure 1. Temperature perturbations can easily reach ±10–30K in the mesopause region, but tidal signatures
are essentially invisible. This is very different from observations in subpolar, middle- and low-latitude regions
wherein tidal signatures usually dominate temperature variations while gravity wave perturbations are rela-
tively minor [e.g., States and Gardner, 2000; She et al., 2004; Chu et al., 2005; Friedman and Chu, 2007]. Chen
et al. [2013] conducted a case study for McMurdo waves on 29–30 June 2011, combining the Fe Boltzmann lidar
temperature with MF radar horizontal wind data. Although tides are obvious in the winds, 3–10h waves were
found in the range-resolved wind data for the first time. Besides temperature and wind, the 372 and 374nm Fe
density data at McMurdo have also revealed these persistent 3–10h waves. Chu et al. [2011a] presented such a
case for summer in January 2011 (see their Figure 4). The downward phase progression in the density data is
comparable to that in the temperature data, and interestingly, the cold phase of these waves helps polar
mesospheric clouds to form in the summer, as demonstrated in Chu et al. [2011a]. A winter case is illustrated
in Figure 3. The 3–10h waves show nicely on the Fe density contours.

There are significant merits of studying these persistent 3–10 h waves. An intriguing question concerns wave
sources and the generation mechanisms for such persistent, year-round waves. The waves would have a
strong impact on composition and chemistry in the mesopause region because the large temperature
perturbations induced by waves can alter the rates of chemical reactions and therefore the concentrations
of minor species in the region. Consequently, they are important to the correct modeling of metal layers,
polar mesospheric clouds, and other species in the Antarctic middle and upper atmosphere. Because such
strong waves cannot continue propagating upward forever, it is important to know where they break and
how they impact the upper atmosphere. The implications of these waves on general circulation models
and chemical climatemodels are also significant, particularly with regard to the “cold pole” problem. The cold
pole problem refers to the cold bias inmodeled winter temperatures in the southern polar stratosphere when

Figure 2. Relative temperature perturbations (unit: %) on 28–30 June 2014 at McMurdo. The Rayleigh temperature pertur-
bations were high-pass filtered with a cutoff frequency of 1/12 h�1, in order to reveal the waves with periods <12 h.
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compared to observations [Garcia and Boville, 1994; Eyring et al., 2006]. Numerical simulations have indicated
missing wave drag in the southern stratosphere as a possible cause. Mountain waves generated by small
islands around 60°S [Alexander et al., 2008; McLandress et al., 2012] or inertia-gravity waves (IGWs) [Tan
et al., 2011] may provide the missing wave drag. However, the persistent occurrence of 3–10 h waves in
the Antarctic mesopause region complicates the picture. If these IGWs survive into the mesopause, then it
is unlikely that these waves break or severely dissipate in the stratosphere, so they may not produce sufficient
wave drag in the stratosphere. On the other hand, could the unknown sources that persistently generate
such waves be responsible for the missing wave drag?

None of the above questions can be answered before these 3–10 h waves are well characterized and docu-
mented in the Antarctic middle and upper atmosphere. Therefore, the major goals of this study are to estab-
lish the observational fact that the 3–10 h waves are persistent and dominant in the MLT region at McMurdo
and to characterize the wave properties using the temperature perturbations. In addition to sophisticated
analyses of an individual case demonstrating our new wave analysis methods, we perform a statistical study
on the extensive lidar data collected in June through five Antarctic winters from 2011 to 2015. Although these
single-location observations cannot resolve the wave nature and source, they do provide the observational
basis for future research on answering the important questions listed above.

2. Observations

Since December 2010, the McMurdo lidar observational campaign, conducted by the University of Colorado
lidar group, has been in progress for 5 years as of this writing. The upgraded Fe Boltzmann/Rayleigh

Figure 3. Wintertime Fe densities measured by the (a) 372 and (b) 374 nm channels along with the (c) Fe temperature
perturbations (unit: K) in the MLT region on 28–30 June 2014 at McMurdo.
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temperature lidar [Chu et al., 2002;Wang et al., 2012] has been operated at Arrival Heights observatory (77.83°S,
166.67°E) through a collaborative effort between the United States Antarctic Program (USAP) and Antarctica
New Zealand (AntNZ). The observations are year round, weather permitting. Due to the Antarctic darkness,
the winter lidar observations experience very low solar background. Combined with a higher Fe layer abun-
dance in winter [Yu et al., 2012], the lidar data in winter months (i.e., May through August) provide the highest
resolution and largest range of temperature measurements. Among the winter months, the data quantity is
highest in June, primarily due to superior weather conditions. June data have been collected in five consecutive
years, from 2011 to 2015. Therefore, this study focuses on the June data analysis, not only because very long
data sets can be utilized to inspect wave activity, but also because good statistics can be achieved. These five
years of data also allow investigation of year-to-year variability.

Several representative lidar runs are plotted in Figure 1 to illustrate the temperature data quality and length
during the month of June. The temperatures in the MLT region (~80–115 km) are derived from the 372 and
374 nm channels of Fe lidar data using the Boltzmann technique [Gelbwachs, 1994; Chu et al., 2002], while the
temperatures in the mesosphere and stratosphere (~28–73 km) are derived from the Rayleigh scattering
obtained by the same Fe lidar with the Rayleigh integration technique [Hauchecorne and Chanin, 1980]. Fe
temperatures in the MLT are derived with resolutions of 0.25 h and 0.5 km and oversampled to 0.1 h and
0.1 km [Chu et al., 2011b]. The data are then temporally and vertically smoothed with a Hamming window
of 0.5 h and 1 km full width at half maximum (FWHM) to further reduce the temperature error. The
Rayleigh temperatures have resolutions of 1 h and 1 km and are plotted with steps of 1 h and 1 km. A gap
exists between the Fe and Rayleigh temperature regions because the signals obtained from this gap region
are too weak to derive reliable temperatures.

Chen et al. [2013] reported two simultaneous inertia-gravity wave events on 29–30 June 2011 at McMurdo,
with apparent periods of 7.7 ± 0.2 and 5.0 ± 0.1 h and vertical wavelengths of 22 ± 2 and 23 ± 2 km, respec-
tively. The data on 23–24 June 2011 are shown in Figure 1a, exhibiting similar wave patterns as those in
Chen et al. [2013]. The case in 2012 covers nearly 2 days, while the case in 2013 is relatively short (~20 h).
However, the wave patterns and periods are similar to each other and to the 2011 data. Two long data sets
in 2014 are illustrated in Figures 1d and 1e, with ~50 and 65 h of data, respectively. The case in 2015 is again
long, covering ~50 h. As mentioned above, weather conditions dictated the data set lengths. Despite the dif-
fering lengths of the data sets in each year, the wave patterns, with periods falling between 3 and 10 h, are
very similar in each case and similar to many cases that are not shown here. No obvious year-to-year varia-
bility is observed, and for this reason, such variability will not be a focus of this study. So far we have not seen
any days of data without signatures of such 3–10 h waves. In fact, author Cao Chen was motivated to take
nearly 3 days of continuous lidar data in 2014 to investigate whether these waves ever paused. Figures 1
and 2 clearly show that the 3–10 h waves were persistent for three entire days.

The 3–10 h wave signatures also show up clearly in all of the Fe density contours. An example is illustrated in
Figure 3, where the Fe densities in 372 nm and 374 nm channels are plotted in direct comparison to the Fe
temperatures for 28–30 June 2014. Note the large differences in the absolute Fe densities between two
channels. These differences are determined by the Boltzmann distribution of populations on two different
energy levels of atomic Fe, in which the 372 nm signals originate from the lowest ground state a5D4 and
the 374 nm signals originate from a lower excited state a5D3. The Boltzmann distribution is temperature-
dependent, and therefore, the Fe temperatures are derived from the ratio of the signals from these two
channels [Gelbwachs, 1994; Chu et al., 2002]. Figure 3 reveals periodic variations of Fe densities in both chan-
nels that are consistent with the Fe temperature variations through the 3 days of observations. As illustrated
in the figure, eight white, dashed lines are overlaid with the downward-progressing phase lines of the local
minimum of Fe density. The density phase lines closely match the cold temperature phase lines, especially
when a nearly monochromatic wave dominates. The dashed line at around 20 UT marks a time when
multiple waves were present in the Fe temperature contour with no dominant wave. Consequently, this
phase line is an average. Although the 374 nm Fe density has the best phase match with Fe temperature,
the phase match between the 372 nm Fe density and Fe temperature is reasonable as well. This is consistent
with summer observational results by the same lidar at McMurdo (see Figure 4 in Chu et al. [2011a]). One
implication of this observed phase correlation is that 3–10 h waves may be studied using the 372 nm Fe
density data during the summer, when the Fe temperature data and 374 nm Fe density data are of
lower quality.
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For this study, we will only use the June Fe temperatures for wave analyses because of the very high quality of
these data. Since the wind data from the MF radar at Scott Base and Arrival Heights are not available for many
days in June, we will focus on the lidar data, conducting a case study in section 3 and then statistical studies in
section 4 to characterize the properties and occurrence rate of the 3–10 h waves.

3. Wave Analysis of a Case on 28–30 June 2014

Long, continuous lidar temperature data are essential for understanding these persistent 3–10 h waves. On
28–30 June 2014 (Figure 1e), about 65 h of high-quality lidar data were taken—the longest winter-time obser-
vational run in all 5 years of this campaign. By subtracting the data set-mean temperatures at each altitude
and dividing by the mean, relative temperature perturbations in the MLT are derived and shown in Figure
2. Note that no filters are applied to the Fe temperature data. The perturbation data provide strong evidence
for the persistency of these 3–10 h waves. During nearly 65 h of observations, clear wave structures with a
downward phase progression persist in the MLT region, the amplitudes of which can exceed 25 K at
100 km. The temperature variations are dominated by wave oscillations with periods of 3–10 h throughout
the observation while diurnal- and semidiurnal-period waves appear minor. In the lower mesosphere and
stratosphere, after the long-period (>1 day) waves are high-pass filtered using a sixth-order Butterworth filter
with a cutoff frequency of 1/12 h�1, the 3–10 h waves are clearly shown. Several different periods emerge
from analysis of the MLT perturbations apparent in Figure 2. We perform detailed wavelet analyses to char-
acterize the properties of each wave packet.

3.1. Wavelet Analysis Method

For separating each wave packet according to its dominant period, amplitude and life span, wavelet analysis
is a very effective technique [Nappo, 2002]. By decomposing the time series into time-frequency space, wave-
let analysis allows us to determine not only the dominant modes of variability but also how those modes
evolve with time [Torrence and Compo, 1998]. Many studies on gravity waves have used this technique to
determine the locations of wave events [e.g., Sato and Yamada, 1994; Zhang et al., 2001; Wang et al., 2006;
Lu et al., 2015a] and to extract monochromatic wave packets [e.g., Zink and Vincent, 2001a, 2001b; Werner
et al., 2007; Murphy et al., 2014]. The ability to analyze nonstationary signals gives the wavelet technique
advantages over traditional Fourier spectrum analysis, which assumes constant amplitudes of oscillation over
the data series.

In this study, we perform a wavelet analysis on the relative temperature perturbations. Since the wavelet
transform prefers gap-less data, the original data gap between 46 UT and 48 UT was filled by means of a
Lomb-Scargle (LS) periodogram, which is a method first proposed by Scargle [1989], and then described in
detail by Hocke and Kämpfer [2009]. The power spectral density P(ω), amplitude AFT(ω), and phase φFT of
the LS periodogram were first calculated from the gapped data series using equations (3)–(10) in Hocke
and Kämpfer [2009]. Then, the corresponding complex FFT vector F(ω) was calculated as

F ωð Þ ¼ AFT ωð Þexp iφFTð Þ (1)

An inverse fast Fourier transform was then applied to F(ω) to provide a nongapped data series. Since the new
data series shares the same LS spectrum with the gapped one, this method has the advantage of preserving
the spectral features of the original gapped data series [Hocke and Kämpfer, 2009].

After the data gap was filled, we then applied a Morlet wavelet transform to the relative temperature pertur-
bations and calculated their amplitude spectra |W(t, T)| as a function of time (t) and period (T) following
Torrence and Compo [1998]. It is known that wavelet power spectra calculated using the code provided by
Torrence and Compo [1998] are distorted or biased in favor of large scales or low-frequency oscillations
[see Liu et al., 2007]. To overcome the bias of higher amplitudes for longer-period waves, we constructed a

new Morlet wavelet function that was modified from ψ^ sωð Þ given by equation (6) and Table 1 in Torrence
and Compo [1998],

^ψmod sωð Þ ¼ δt
2π1=2s

� �1=2
^ψ sωð Þ ¼ H ωð Þe� sω�ω0ð Þ2=2 (2)

where s is the wavelet scale, which is almost equivalent to period T [Torrence and Compo, 1998]; δt is the data
sample interval; ω0 is the nondimentional frequency, which is taken to be 6 [Torrence and Compo, 1998]; and
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H(ω) is the Heaviside step function: H(ω) = 1 if ω> 0, H(ω) = 0 otherwise. Using this “corrected” wavelet func-
tion, our forward-modeling tests show that the amplitude of the wavelet transform no longer biases toward
the longer period features. This correction is very important for our purpose because it will prevent any bias
toward the larger-scale oscillations when extracting the dominant waves. Two more advantages of this cor-
rected wavelet function are as follows: First, the wavelet amplitude does not depend on the resolution of the
data (δt) because δt has been canceled out in equation (2). This resolution independency allows comparison
of the wavelet amplitude between data sets with different resolutions. Second, the wavelet amplitude is
equivalent to the amplitude given by Fourier transform. Essentially, the new wavelet transform can give an
accurate estimate of the wave amplitude. As an example, the wavelet amplitude spectra of the temperature
relative perturbation time series at 90 km on 28–30 June 2014 are shown in Figure 4a. Several peaks are
clearly shown: a dominant one with a period of 7.5 h and another two with periods of 6.5 h and 3.4 h. The
value of each peak in the spectrum correctly represents the peak amplitude of each corresponding oscilla-
tion. The peak amplitude of the 7.5 h wave is 7.0%, while the peak amplitude of the 6.5 h and 3.4 h waves
are 4.8% and 5.0%, respectively. It also demonstrates that the 6.5 h wave dominates in the first ~10 h of
the temperature measurements, after which the 3.4 h wave dominates for the next ~20 h and the 7.5 h wave
becomes dominant for the remainder of the temperature measurements. This result agrees with the obser-
vations in Figure 2.

To extract the perturbations induced by individual waves and characterize their wave parameters, we first
search for local maxima |W(tmax, Tmax)| in the amplitude spectrum. Then, for each of these maxima, we scan
the surface of |W(t, T)| around (tmax, Tmax) to identify an extended region about the peak. This extended
region about the peak is defined as the region in which the amplitude |W(t,T)| monotonically descends from
|W(tmax, Tmax)| to where the amplitude either drops below a threshold (Wth) or begins to increase. For this
study, we define a threshold of Wth = 2%. Using this method, the major peaks at periods T~7.5 h, T~6.5 h,
and T~3.4 h and their corresponding extensions were identified in the wavelet amplitude spectrum, as shown
in Figures 4b–4d. Then, the complex wavelet transform coefficients (W(tn,Tj)) within each peak extension

Figure 4. Example of the Morlet wavelet amplitude spectra of relative temperature perturbations at 90 km obtained
on 28–30 June 2014 and extractions of wave packets. (a) Amplitude of wavelet spectrum. (b–d) Three identified peaks
(at ~7.5, ~6.5, and ~3.4 h) and their extensions in the wavelet amplitude spectrum. (e) Reconstructed relative
perturbations from each peak extensions around ~7.5 h (red), ~6.5 h (black), and ~3.4 h (magenta). Each line plot is
offset by 10%. (f) Comparison between the sum of three reconstructed perturbations (red) and the original tem-
perature perturbation (blue).
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were recorded and reconstructed back to the time domain by summing the real part of the wavelet transform
over all scales [Torrence and Compo, 1998]:

xn ¼ δjδt1=2

Cδπ�1=4
∑
j

ℜ W tn; sj
� �� �
sj1=2

; (3)

where xn is the reconstructed time series at tn, Cδ=0.776 for Morlet (ω0 = 6), and δj represents the sampling
spacing of the scales. The reconstructed, relative temperature perturbations from each wavelet peak exten-
sion are shown in Figure 4e. As can be seen, each reconstructed time series is quasi-monochromatic, and their
peak amplitudes agree well with the wavelet spectra. Another feature of the reconstructed time series is that
they have wave packet-like shapes in the time domain, whichmatches a character of gravity waves, i.e., being
intermittent. This will be further discussed in section 4.1. Finally, in order to further validate this method,
these three reconstructed time series are summed to compare with the original data in Figure 4f. The results
show good agreement with the original time series in general, and better agreement can be achieved if more
peak extensions are included in the reconstruction (not shown here). These extra peak extensions include the
10.6 h wave shown in Figures 4a and 5e and waves with periods longer than 15 h not shown in Figure 4a.

3.2. Periods and Life Span of Five Wave Events

The above method can only be used to extract wave packets from a 1-D time series. However, since atmo-
spheric waves propagate in both time and space, we need to extract the dominant waves in the 2-D (both
time and altitude) domain. In order to do this, 1-D wave packets with similar periods (within ±0.5 h), but
detected at different altitudes, are grouped into one 2-D wave packet. For each lidar observation, we can
extract several dominant 2-D wave packets, each of which is called a “wave event.”Only the wave events with
vertical coverage larger than 4 km were selected for future analysis. We make this selection for the following
two reasons. First, oscillations with no vertical coherence, perhaps due to noise or false detection by the
wavelet transform, will be excluded from the analysis. This spatial scrutiny ensures that each wave event is
a real atmospheric wave that travels in both time and space. Second, the spatial examination also helps us
to study how wave characteristics change in a relatively large range of altitudes.

Using the above method, five wave events are identified for the ~65 h lidar run during 28–30 June 2014 and
the extracted 2-D perturbations are shown in Figure 5. The mean period of each wave event is obtained by
averaging the peak periods over the height range where the event is present. These five wave events have
mean periods of T~7.5 h, T~6.5 h, T~3.4 h, T~10.6 h, and T~3.9 h, respectively. Each wave event shows coher-
ent, downward phase lines and a consistent period across altitude—the characteristics of quasi-
monochromatic gravity waves. These wave events all show “come-and-go” features (with a wave packet -like
“envelope” of amplitudes), instead of constant amplitudes. Their occurrences also overlap with each other. As
stated in section 1, if we regard these wave events as a group of waves with periods ranging between 3 and
10 h, then this wave group is perpetual. The total life span of each major wave event is defined as the span
from the start of the appearance of the wave at any altitude until the last disappearance of the wave at any
altitude. The results for the life spans of five wave events during this case are shown in Figure 6. The wave
packet of period T~7.5 h is the most persistent wave event, and its life span is nearly 60 h in our observation,
~90% of the entire observation period. The other dominant wave events also last long (>30 h).

The presence of such persistent and long duration waves in the lidar data is astonishing. We may be able to
make several inferences from this. Either the horizontal wavelengths of the waves are very long, or the
sources producing these 3–10 h waves are persistent, or both. Future searches for wave sources should keep
this observational fact in mind. Another interesting result is that four waves with periods of 7.5, 6.5, 3.4, and
10.6 h occur simultaneously around 20–30 UT in Figure 4a with comparable wave amplitudes. This explains
why the second white dashed line from the left in Figure 3 does not follow any single wave but is an average
over multiple waves.

3.3. Phase, Vertical Wavelength, and Vertical Phase Speed

Phases and vertical wavelengths are important for understanding the nature of waves. For example, if the
waves are of tidal origin then they should have a relatively fixed phase. If the waves are normal modes, their
vertical wavelengths may be very long. After wave events were identified, we derived phases and vertical
wavelengths for each wave event using the method described by Chu et al. [2011b]. The mean phase is
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defined as the universal time of maximum temperature perturbation, and the derived phase profile for each
wave event is plotted on each contour in Figure 5 as black asterisks. The same phase profile, modulo 24 h, is
shown in Figure 7a. The derived phases are quite smooth with the obvious downward progression. The
phases of the five events occur at different local/universal times.

The vertical wavelength λz is derived as below

λz ¼ T= dΦ=dzð Þ (4)

where T is the wave period,Φ is the phase expressed in universal time, and z is the altitude. Even though the
periods of individual wave events are quite different, the vertical wavelengths, as shown in Figure 7b, are
mostly between 20 and 30 km, except at lower altitudes for the 6.5 h and 10.6 h waves. It appears that the
3–10 h waves in the MLT region exhibit a preference in vertical wavelength of 20–30 km. Such a result is sur-
prising as we are not aware of any mechanisms that would limit, or select for, vertical wavelengths in the MLT
region. The vertical phase speed (cz) profiles derived from the wavelet analyses are shown in Figure 7c. The
observed cz of each wave is mostly around 1m/s, comparable to the two IGWs studied by Chen et al. [2013], in

Figure 5. Wavelet reconstructed relative temperature perturbations of five wave events with periods of (a) 3.4 h, (b) 3.9 h,
(c) 6.5 h, (d) 7.5 h, and (e) 10.6 h during 28–30 June 2014. Black asterisks on each contour plot mark the derived average hot
phase line for each wave event.
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which cz= 0.8m/s and cz= 1.2m/s for the 7.7 h and 5 h waves,
respectively. This common cz is also comparable to the summer
case reported in Chu et al. [2011a], where the downward phase
speed is ~0.7m/s. We did not find any obvious or consistent
trends in the cz variations with altitude.

4. Statistical Studies of Wave Characteristics
in June

Although several case studies have identified the 3–10 h waves as
IGWs [Chen et al., 2012, 2013], case studies cannot provide an esti-
mate on the occurrence frequency or representativeness of parti-
cular cases, and the results could be biased by sample selections.
Moreover, it is quite difficult to make comparisons of case study
results with other data sets, such as observations using different
instruments at different locations and time, and with assimilated
or forecast model data. Therefore, a statistical study is crucial to
establish an observational basis of the properties of these 3–10 h

waves that would serve as a foundation for future studies. In this section, the temperature data in June from
2011 to 2015 are used to derive several statistical wave properties. We select observation episodes longer
than 12 h for the study because this allows us to accurately determine the wave periods. A total of ~323 h
of data are used in this study, and a list of the data is given in Table 1.

4.1. Statistical Results

Applying the samewave analysis technique as that described in section 3 to the 5 years of June data, we iden-
tify a total of 35 wave events. Periods, life spans, phases, vertical wavelengths, and phase speeds are calcu-
lated and recorded for all these wave events. We then categorize each wave event by its period. The
proportion of time spans for identified wave events as a fraction of the complete observation time, plotted
against the wave period, is shown in the histogram (Figure 8a). Figure 8a suggests that waves with periods
of ~3.5, 5, 6, 6.5, and 7.5 h have the highest occurrence frequency, each occurring ~25–30% of the time in
323 h data examined. If we do not separate each wave event, but treat all of them as a group, the 3–10 h
waves can be considered persistent. The percentage of the spectral power between periods of 3–10 h over
the total spectral power was calculated. Then, the total time that this percentage exceeds 50% was counted.
The results for altitudes from 80 to 110 km are shown in Figure 8b. Between 80 and 110 km, the 3–10 h waves
have more than half of the entire spectral power for ~93% of the time. This result confirms our intuition that
these waves are persistent and dominant and exhibit long lifetimes.

It is worth pointing out that the persistence of these 3–10 h waves does not contradict a consensus that grav-
ity waves are inherently intermittent. In the wave dynamics field, waves are considered to be intermittent
when the amplitude of wave-induced disturbances is not constant, but varies with time scales comparable

Figure 7. Vertical profiles of (a) derived phase, (b) vertical wavelength, and (c) vertical phase speed for each wave event on
28–30 June 2014. Results for each event are denoted in different colors and markers as indicated in the legend.

Figure 6. Life spans (in hours) of five wave
packets identified from the wavelet analysis
are plotted against their observed periods
for 28–30 June 2014.
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to those of the wave packets [Hertzog et al., 2012]. Many observational studies have shown that gravity waves
are generally observed as wave packets [e.g., Pfister et al., 1993; Alexander and Pfister, 1995; Eckermann and
Preusse, 1999; Plougonven et al., 2008]. This wave packet behavior implies that the amplitudes of gravity
waves vary in time and space, and that therefore, by nature, gravity waves are inherently (at least to some
extent) intermittent [see Fritts, 1984; Nappo, 2002; Vadas, 2005; Vadas and Fritts, 2006; Alexander et al.,
2010; Hertzog et al., 2012]. This concept of intermittency is not in opposition to the definition of persistency
in our analyses. Here the persistency ignores variations in wave amplitude over time. In fact, our wavelet
analysis and reconstruction have shown these waves to exhibit a packet-like shape in the time domain
(see Figures 4 and 5 as examples), suggesting that the highly persistent 3–10 h waves we observed are
intermittent as well.

For each wave event, profiles of wave phases (defined as the UT time when the maximum temperature
perturbations occur at each altitude), vertical wavelengths, and vertical phase speeds are derived using the
method described in section 3.3. The wave phase modulo the corresponding wave period at each altitude
is calculated and shown for 5 years of data in Figure 9a. The phases are categorized in three different groups,
i.e., 3–5 h, 5–7 h, and 7–10 h, based on their mean wave period, and are denoted in three different colors in
order to show if there is any consistency within each group. These three groups of waves are chosen because
their periods are close to some harmonics of Earth’s rotational period (4, 6, and 8 h), which are also tidal wave
periods. As can be seen from the figure, all of the extracted wave phases show a downward phase progres-
sion. Within each group, wave phases at each altitude are random. Figures 9b and 9c show the derived λz and
cz profiles, respectively. Even though the periods of the wave events are quite different, the vertical
wavelengths λz remain around 20–30 km, while the vertical phase speeds cz remain around 0.8–2m/s. Both
λz and cz profiles do not exhibit any obvious dependence on altitude, but are rather uniform throughout
the MLT region. These statistical studies on the 3–10 h waves illustrate the randomness of the phases, yet
uniform vertical wavelengths and phase speeds. Such information will be useful in studies of the nature of
the waves and their possible sources.

4.2. Frequency Power Spectra and 2-D Wave Spectra of the MLT Temperatures

Even though there are numerous lidar studies on frequency power spectra in the MLT region based on Na den-
sities [Senft and Gardner, 1991; Beatty et al., 1992; Senft et al., 1993; Collins et al., 1994, 1996; Yang et al., 2006], there

Table 1. Number of Observations and Hours of June Data Used in the Analysis

Year 2011 2012 2013 2014 2015

Number of observations 3 1 1 3 3
Hours 63 31.5 20.3 134.5 73.9

Figure 8. (a) Ratio of time span of a wave event over entire observation time (323.2 h) plotted against the wave period
in June from 2011 to 2015. Each bin is 0.5 h wide. (b) Ratio of the time length over entire observation length when the
spectral energy of the 3–10 h waves exceeds 50% of the total spectral energy. The results at different altitudes were shown.
Each bin is 1 km wide.
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are few studies based on temperature data in this region. One study that covers such a topic was performed by
Gardner and Yang [1998] based on 65h (eight nights) of observations at a midlatitude site in New Mexico.
However, no information was given on how the spectra change with height and the length of each observation
limited their study. To calculate the power spectral density (PSD), we first derive the relative temperature pertur-
bations from raw temperature data. Then, for each episode, the PSD is calculated at each altitude using a prewhi-
tening and postcoloring method. This method has been widely used and has been shown to reduce sidelobe
leakage from the finite length of the rectangular window [e.g., Tsuda et al., 1990; Nakamura et al., 1993; Allen
and Vincent, 1995; Dewan and Grossbard, 2000; Yang et al., 2010]. However, all of the above studies have used
the first-order autoregressive (AR) model (first-order differencing) with a fixed coefficient of φ=0.95 or φ=1.
Among them, Dewan and Grossbard [2000] found the first-order AR model sufficient for the data under consid-
eration, butwithout giving any detailed comparison. There aremany ways to prewhiten data, all of which involve
fitting an ARmodel to the data and transforming the signal to zero-mean white noise with a small variance and a
small model estimation error [Percival and Walden, 1993]. In general, an nth-order AR model can be used to
prewhiten the relative temperature perturbations time series (x(t)).

w tð Þ ¼ x tð Þ �
X
n

φnx t � nð Þ (5)

where φn is estimated by solving the Yule-Walker equations andw(t) is very close to white noise with variance
σ2w [Brockwell and Davis, 2013]. The order (n) of the AR model, which is proportional to the number of spectral
peaks in the data, is chosen based on the final prediction error (FPE) criterion.

FPE ¼ σ2w
N þ n
N � n

� �
; (6)

where N is the length of the time series [Brockwell and Davis, 2013]. We have tested different orders (from first

Figure 9. Vertical profiles of (a) phase, (b) vertical wavelength, and (c) vertical phase speed for each wave event in June
from 2011 to 2015. The results are categorized in three different groups, i.e., 3–5 h, 5–7 h, and 7–10 h, based on their
mean wave periods, and are denoted in three different colors.
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to seventh) of the AR model and found
that the FPE decreases significantly
from order 1 to order 4 but does not
significantly decrease at higher orders.
Therefore, we chose the fourth-order
AR model to prewhiten our data. The
power spectral density (PSDw(ω)) of
the prewhitened data is then calcu-
lated using the periodogram method
[Gardner and Voelz, 1987; Beatty et al.,
1992; Dewan and Grossbard, 2000].

PSDw ωð Þ ¼ 2δt
N

Fw ωð Þj j2 (7)

where Fw(ω) is the Fourier transform of
w(t). Periodogram of each episode must
be calculated at the same frequency
grids in order to average results of all
episodes. However, each observation
length is different in our data sets: the
shortest length of all episodes is 12.7 h,
while the longest is 64h. Therefore, we
zero-pad the shorter data to 64h before
calculating periodogram. To reduce the
variability in the spectral slope estima-
tion, Dewan and Grossbard [2000] sug-
gest smoothing the raw PSDw(ω). We
use a Hamming window with FWHM of
0.25h�1 to smooth PSDw(ω). However,
such smoothed spectra are not ideal for
identifying spectral peaks. Therefore, in
order for both peak identification and
spectral slope estimation, both raw and
smoothed PSDw(ω) are postcolored to
obtain the PSD of x(t).

PSD ωð Þ ¼ PSDw ωð Þ

1þ
X4
n¼1

φnexp �iωnδtð Þ
�����

�����
2

(8)

The PSD at each altitude was then ver-
tically averaged every 5 km in order to

Figure 10. (a) Averaged raw frequency PSDs
of relative temperature perturbations in June
over the 5 years of 2011–2015 at different
altitudes. Dotted lines are fittings of the
power law shapes in the range of ~1–10 h.
The fitted slopes are indicated in the legend.
(b) Same as Figure 10a but for smoothed
frequency PSDs. (c) Averaged 2-D power
spectrum of relative temperature perturba-
tions (dimensionless) in June over the years of
2011–2015. Each black dot line on the con-
tour marks the averaged vertical wavelength
and period for each major wave event.
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reduce the variance in the spectra and improve accuracy [see Gardner et al., 1989; Beatty et al., 1992]. Finally,
the results for each episode in June were weighted by their observation time lengths to obtain weighted-
average frequency spectra. The mean raw and smoothed frequency spectra are plotted at increments of
5 km from 85–110 km for June in Figures 10a and 10b, respectively.

Results at different altitudes are denoted by different colors and are indicated in the legends of Figures 10a
and 10b. In general, the magnitudes of the power spectra increase with increasing altitudes, with the PSD at
110 km being more than 1 order of magnitude larger than the PSD at 85 km. The absolute magnitudes of the
PSDs are comparable to those in the study by Gardner and Yang [1998]. Wemush be aware that the spectra at
periods longer than the total lengths of the original data are less reliable. Because the shortest data set is
12.7 h, spectra longer than 12 h must be interpreted with caution. The raw spectra in Figure 10a show many
peaks in the range of 3–10 h, but no consistent peaks at the same periods through 85–110 km. Even though
the calculated spectra of the shorter data (<64 h) appear to have high-frequency resolution (Δf= 1/64 h�1),
the true frequency resolution is lower and is limited by the shorter data length. Therefore, it is not meaningful
to discuss these local peaks here. Least squares fittings of the power law spectral shape were done in the per-
iod range of 1–10 h, and dashed lines in Figures 10a and 10b denote the fitted spectra. The fitted slopes and
their uncertainties at each altitude are also indicated in the legends. The fittings show the same slopes for the
raw and smoothed spectra in Figures 10a and 10b, respectively. The slopes are all much steeper at lower alti-
tudes around 85 to 100 km with an average of �2.7. However, from 95 km to 110 km, there is a clear trend in
which the slopes gradually become shallower with altitude. At 110 km, the fitted slope becomes �1.6, com-
parable to the results in previous MLT region GW studies in which the slope was found to be either �5/3 or
�2 [e.g., Vincent, 1984; Senft and Gardner, 1991; Beatty et al., 1992; Nakamura et al., 1993; Senft et al., 1993;
Collins et al., 1994, 1996; Gao et al., 1998; Gardner and Yang, 1998; Yang et al., 2006; Sivakumar et al., 2006].
However, below 110 km, the fitted slopes are significantly steeper than the results shown in previous MLT
GW studies, which means that below 110 km, the 3–10 h waves at McMurdo have more excess energy than
GWs of the same period band shown in other studies. Another interesting feature is that the transition fre-
quency between the positive and negative slope regions, called the characteristic frequency ω *, increases
with increasing altitude. This trend is more obviously shown in Figure 10b. At 85 km, the corresponding tran-
sition period T * = 2π/ω * is ~6.7 h, gradually shifting to shorter periods with increasing altitude until T* is
~4.5 h at 110 km. This shift in T* could be explained by atmospheric dissipations, since GWs with higher fre-
quencies and, thus, larger vertical phase speeds (presuming vertical wavelengths are the same) are less sus-
ceptible to dissipation than those with the same vertical wavelengths, but lower frequencies [Vadas, 2005,
2007]. Processes such as wave-induced diffusion, molecular viscosity, and thermal diffusion can all cause dis-
sipation of GWs, and dissipation becomes even stronger when waves propagate above the turbopause
(located at ~110 km) [Weinstock, 1990; Vadas, 2005]. Therefore, the dominant periods of the waves become
shorter as altitude increases. Finally, below ω *, where PSD slopes are usually positive, the spectra gradually
flatten as altitude increases. This is especially evident at and above 105 km in Figures 10a and 10b.
Spectral leakage from the diurnal and semidiurnal “tides” with fast amplitude growth above 100 km caused
by in situ heating/cooling [see Fong et al., 2014, 2015] could have contributed to the flattening.

Vertical spatial spectra of GWs with λz< 10 km in the MLT at McMurdo have been examined by Lu et al.
[2015b]. They found that the spectra follow the power law for λz< 10 km and that the mean spectral slope
(�p) is approximately �2.26 in the winter MLT region at McMurdo. Since the 3–10 h waves tend to have
longer vertical wavelengths (λz ≥ 20 km), in order to study their vertical spatial spectra we focus on a larger
vertical wavelength range. Furthermore, inspired by Collins et al. [1996], we examine the wave number and
frequency dependence of the wave energy simultaneously by calculating the 2-D Fourier transform for each
episode in June. The results for each episode are weighted by their observational time lengths and shown in
Figure 10c. In order to average the spectra of episodes with different lengths and be consistent with the 1-D
frequency spectra shown in Figures 10a and 10b, we use the same zero-padding method in the time domain
so that padded data are 64 h long. Furthermore, for sufficient spectral resolution in the long-wavelength part
of the spectra, we also zero-pad the data to 1024 points in the vertical domain prior to the transform. Again,
we must be aware that the long-wavelength parts (λz> 35 km) of the spectra approach our vertical observa-
tion range (80–115 km). As can be seen in Figure 10c, generally, 2-D power spectrum has high powers at λz
~20–30 km across periods ~3.5–10 h. Two local peaks appear at T= 5.3 h and T=6.4 h; however, since fre-
quency resolution of this averaged spectrum is limited by the shortest data, these peaks should be
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interpreted with caution. Each black dot on top of the 2-D power spectrum in Figure 10c is the averaged λz
and period derived for each major wave event. Most of the derived individual wave parameters coincide well
in the higher-power region of the 2-D spectrum. There is a weak positive correlation between period and λz;
i.e., λz tends to increase with increasing period.

5. Discussion

Although several case studies, using simultaneous lidar and MF radar observations, identified some 3–10h
waves as IGWs [Chen et al., 2012, 2013], this is the first report to show that the 3–10h waves are so persistent
that they exist in all lidar observations and that these waves occur year round at McMurdo. The vertical wave-
lengths of the 3–10h waves we observed are quite close to that (~25 km) of the “planetary-scale inertio gravity
waves” generated by a Numerical Spectral Model [Mayr, 2003; Mayr et al., 2004]. These inertio gravity waves
appear to have the largest amplitudes from late winter to spring in the polar MLT with periods between 9
and 11h [Mayr, 2003; Mayr et al., 2004]. They are essentially the gravity mode (Class I) solutions to the classical
Laplace tidal equations for the Earth’s atmosphere, as discussed in the classical literature [Longuet-Higgins,
1968]. These simulated features capture some of the observed wave properties but are not consistent with
the larger period span (3–10h) and all-year-round occurrence at McMurdo. Possible identities of the 3–10h
waves, other than gravity waves, include short-period Atmospheric Normal Modes (ANMs), short-period tidal
waves, and wave-wave interactions. ANMs, also called Lamb waves, were observed at the South Pole [see
Forbes et al., 1999], and can have periods around 3–10h and a long life span (up to several days) [Lindzen
and Blake, 1972]. However, theoretically, ANMs have infinite λz in an isothermal atmosphere, or a long λz (at least
~80km) in a simulated realistic atmosphere [see Lindzen and Blake, 1972; Forbes et al., 1999; Kovalam and
Vincent, 2003]. As the predicted λz of ANMs are much longer than our observed results, the 3–10h waves are
unlikely to be ANMs. As for tidal waves, the vertical wavelengths of subdiurnal tides are generally much larger
than those of the 3–10h waves. Theoretical calculations and model simulations performed by Smith and
Ortland [2001] indicate that the 8h tides have a long λz (>47 km). Other shorter-period (6h, 4.8 h, etc.) tidal
waves have an even longer λz [Smith, 2004]. Furthermore, from Figure 9a, there is no phase coherence among
different wave events, indicating that the 3–10h waves are not likely of tidal origin. The observed 3–10h waves
could be the result of wave-wave interactions. For example, based on the measurements from an array of
instruments at northern high latitudes, Wu et al. [2002] presented revealing observations of a 10 h oscillation
in the temperatures and winds in the MLT. By comparing the wave phases at different stations, a zonal wave
number s=5 was inferred. These wave properties led to the conclusion that nonlinear coupling between a
semidiurnal tide and a 2day planetary wave was likely the wave origin. However, without observations at dif-
ferent longitudes, we cannot explore the possibilities of such mechanisms.

As the observed 3–10h waves are unlikely to be ANMs or tides, our current judgment is that they should be
regarded as gravity waves, althoughwe cannot rule out the possibility of wave-wave interactions. A challenging
question is then—what sources can generate such persistent gravity waves all year round? Although the winter
cases may be attributed to unbalanced flow caused by the polar night jet, such a jet is unlikely to exist during
the polar summer. Mayr et al. [2004] suggest that the planetary-scale inertio gravity waves are excited by
instabilities that arise in the zonal mean circulation. Similarly, we may speculate the wave source to be an
instability, but there are no clues as to the type of instability. Here we discuss what information on the source
can be delineated from the statistical results.

Our frequency spectral analysis of the 3–10h waves shows differences with the “canonical”wave spectrum, i.e.,
when waves are regarded as being fully damped or saturated, the PSD follows a form ofm�p (m is vertical wave
number, p=3 usually) and ω�q [e.g., VanZandt, 1982; Dewan and Good, 1986; Smith et al., 1987; Gardner, 1994].
Many different theories have been proposed to explain the universal wave number spectrum [e.g., Dewan and
Good, 1986;Weinstock, 1990; Hines, 1991; Gardner, 1994], but fewer theories have been proposed to explain the
universal frequency spectrum. Among these are saturated-cascade theory (SCT) [Dewan, 1994] and diffusive fil-
tering theory (DFT) [Gardner, 1994]. Despite the differences in their mechanisms, SCT and DFT both agree that
atmospheric dissipation processes, whether arising frommolecular viscosity or eddy diffusion [Weinstock, 1990;
Gardner, 1994], or instability and a turbulent cascade [Dewan, 1994], will transfer (diffuse) excess energy from
the larger periodwaves to smaller temporal scale motions (either waves or turbulence). Therefore, it is expected
that the slope of the frequency spectrum becomes shallower as it propagates away from the source region
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where the slope is steepest [Gardner, 1994]. When GWs are saturated, or fully damped, frequency spectra with a
ω�2 orω�5/3 trend are predicted from theory [Dewan, 1994; Gardner, 1994], which is supported by observations
in the region where GWs were assumed saturated or fully damped [e.g., Senft and Gardner, 1991; Beatty et al.,
1992; Senft et al., 1993; Gardner and Yang, 1998]. On the other hand, a steeper slope implies that the observed
wave spectrum still bears some resemblance to the source spectrum, which means that the dissipation effects
have not yet changed the shape of the spectrum to a fully damped or saturated shape. This is likely the case for
our data below 105 km. As the wavefield propagates upward, atmospheric dissipation processes remove low-
frequency energy, and therefore, the observed spectrum becomes increasingly shallower than the source. This
prediction matches our observation that the slopes gradually become shallower with increasing altitude. The
phenomena observed at McMurdo imply that the wave source(s) of these 3–10h wave may not be far from
the MLT region, unlike at middle-low latitudes where major sources of the MLT gravity waves, such as convec-
tion, topography, or tropospheric jet streams, are located in the troposphere [see Fritts and Alexander, 2003;
Alexander et al., 2010]. Our results likely point to a wave source in the stratosphere, which is consistent with
the speculation of the wave source for the 7.7 h wave (unbalanced flow in the polar vortex ~40 km) by Chen
et al. [2013] in a case study. In fact, it is known that stratospheric sources are important for Antarctic gravity
waves, as supported by many gravity wave studies [e.g., Yoshiki and Sato, 2000; Sato and Yoshiki, 2008;
Yamashita et al., 2009; Yamashita, 2011; Moffat-Griffin et al., 2013; Murphy et al., 2014].

The universal peaks at λz ~20–30 km across periods ~3.5–10 h shown in the 2D-FFT results are “characteristic
vertical wavelengths” that mark the transition between the source and the so-called “saturated” regimes of
the spectrum [Smith et al., 1987]. These uniform, dominant vertical wavelengths could provide a hint as to
the vertical scale of the sources because the strongest GW response tends to occur at a vertical wavelength
about twice the depth of the forcing region [Vadas and Fritts, 2001; Fritts and Alexander, 2003; Alexander and
Holton, 2004]. Using a similar heuristic argument as Fritts and Alexander [2003], we can estimate the approx-
imate vertical scale of the wave sources. Since the vertical wavelength is inversely proportional to the buoy-
ancy frequency N (equation (33) in Fritts and Alexander, 2003), and N in the Antarctic winter mesosphere is
about 2/3 of its value in the stratosphere [Lu et al., 2015b], the λz of the 3–10 h wave in the stratosphere
should, by the above argument, be ~2/3 of its MLT value, or ~16 km. Therefore, if it were a stratospheric
source, the vertical scale of the forcing region might be ~8 km. This information might be useful in future stu-
dies on the wave source location, although we are aware that it is only a speculation for now.

6. Conclusions and Outlooks

To our knowledge, this study is the first to report the persistence of the 3–10h gravity waves in the polar MLT
region. During the last 5 years of lidar observations at McMurdo, the group of 3–10h waves has been perpetual.
That is, such waves occur on every lidar run spanning a sufficient duration, and so far we have not seen any inac-
tive wave gap epoch in the lidar temperature data. In order to accurately quantify the lifetime and occurrence of
these 3–10hwaves, we have demonstrated a newwave analysis method in a case study using ~65h of lidar data
from 28 to 30 June 2014 at McMurdo. A rectified wavelet function is used in a wavelet transform of relative tem-
perature perturbations to give an accurate, unbiased estimate of thewave amplitudes for all periods in a 1-D time
series. Dominant wave packets are identified through searching the amplitude contours on the wavelet power
spectrum for each altitude. Vertical coherence of waves at multiple altitudes is then examined to determine
the major wave events. Following this, the major wave perturbations are extracted using wavelet reconstruction.
This improvedwavelet function, in combination with the temporal wavelet reconstruction and some spatial scru-
tiny, enables us to quantify the life span, occurrence rate, andmany other properties of the waves in a systematic
manner. Applying this new analysismethod to all of the lidar data recorded during themonth of June in the years
of 2011–2015, the statistical results of wave properties, such as occurrence frequencies, periods, phases, vertical
wavelengths, and vertical phase speeds, are obtained for McMurdo (77.8°S, 166.7°E), Antarctica. In general, these
waves have periods of 3–10h, vertical wavelengths of 20–30 km, and vertical phase speeds of ~0.8–2m/s. These
waves have dominant amplitudes in the MLT and extremely long lifetimes (sometimes ~60h observed). The
occurrence frequencies of these 3–10h waves are high. Waves with periods of ~3.5, 5, 6–6.5, and 7.5 h have
the highest occurrence frequencies each occurring more than 25% of the time in 323h of data examined.
Furthermore, on average, 93% of time, the 3–10h waves possess more than half of the spectral energy. The rela-
tively slow vertical phase speeds and short vertical wavelengths make these 3–10h waves very susceptible to
damping in thermosphere diffusions. Therefore, the momentum flux, heat flux, and atmospheric constituent flux

Journal of Geophysical Research: Space Physics 10.1002/2015JA022127

CHEN ET AL. PERSISTENT GRAVITY WAVES IN ANTARCTICA 1498



associated with these waves have the potential to alter the mean flow, temperature structure, and constituent
concentrations in the Antarctic lower thermosphere.

The frequency spectra of these 3–10h waves have also been examined using a rigorous method of “prewhiten-
ing and postcoloring.” To our knowledge, this study is the first to show how GW temperature frequency spectra
evolve with altitude in the MLT region. By fitting the spectra with a power law spectral shape in the period range
of 1–10h, we find an interesting phenomenon for the 3–10h waves at McMurdo. That is, the spectral slopes are
unusually steep, with an averaged value of�2.7, below 100 km, gradually becoming shallower to�1.6 at 110 km.
From this, we speculate that the source region is close to theMLT region, which points to a possible stratospheric
source. The characteristic periods in the spectra show a clear trend toward shorter periods with increasing alti-
tude. Such a variation is expected, considering that the effect of atmospheric dissipations is to remove waves
with longer periods, especially around the turbopause region. From the 2-D FFT spectra, these waves have peak
powers at vertical wavelengths of ~20–30 km across periods of ~3.5–10h. This uniform peak λz across the differ-
ent periods might shed some light on the vertical scale of the wave sources. Many features of the 3–10h waves
challenge our understanding of gravity waves and demand deeper investigation into the sources and mechan-
isms for their generation, the reasons for their persistence, and their impacts on general circulation and chemical
climate models. We cannot answer these important questions without further studying our Rayleigh lidar data
and investigating the high-resolution global models and assimilated data sets.
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