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Advancing Science through Making Discoveries and 
Producing the Best Crop of Young Scientists
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Zhibin Yu PhD 2014
John A. Smith PhD 2014
Weichun Fong PhD 2015
Cao Chen PhD 2016
Brendan Roberts MS 2012
Ian F. Barry MS 2015

2011 Chihoko Yamashita
2012 Cao Chen
2013 Zhibin Yu
2015 Weichun Fong

First Place Prizes at NSF/CEDAR 
student poster competitions

2017  Ian Geraghty (undergrad)
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McMurdo Lidar Observations since Dec 2010

Fe Boltzmann Temperature Lidar

Photo Credit: B. Roberts

Lidar beams @ 
Arrival Heights

Photo Credit: Zhibin Yu

McMurdo lidar projects supported by NSF grants OPP-0839091, 1246405, and 1443726

Collaboration between USAP and AntNZ

Arrival Heights

Photo Credit: Zhibin Yu

Aurora on 
28 May 2011 
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STAR Na Doppler Lidar Added in Dec 2018

McMurdo lidar projects supported by NSF grants OPP-0839091, 1246405, and 1443726

Fe Boltzmann Lidar
Since Dec 2010

Na Doppler Lidar
Since Jan 2018
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Vertical Winds Measured by STAR Na Lidar

~1.5–2 wave cycles and regard this window as the duration of the wave,
which therefore lasts about 3–4 wave cycles. Using a uniform window
width of ~3–4 wave cycles for every wave avoids a bias in the
estimation of the wave amplitude which usually relies on a sinusoidal
fitting that employs a constant wave frequency. As the wave amplitude,
phase, or period changes with time, the fitted amplitude is always
larger with a shorter fitting window, and vice versa. In addition,ap-
proximately 3–4 wave cycles are long enough to derive the phase
accurately. If the wave amplitude distribution is asymmetric, we use
the wavelet amplitude to determine the wave duration using the
principle that the wave amplitudes should be larger within the window
than outside. We also require that the wave peaks exist for at least 2/3
of the available altitude range. We divide the altitude ranges into three
regions (i.e., 84.5–89.5, 89.5–94.5, 94.5–99.5 km) and calculate the
averaged amplitude spectra individually. Wave peaks that occur in only
one of these regions are not taken into account, following the practice
in Chen et al. (2016). For example, on the night of 10 August 2013, this
last criterion discards the peak at ~0.5 h occurring from ~6 to 8 UT in
the mean spectra (Fig. 2c and d).

Using the above procedures, 6 wave cases are identified in the 10
August 2013 data (Table 2) and, in most nights, 3–7 wave cases are
identified. A total number of 257 cases are identified from 56 nights of
lidar observations during the 10-month period. We note that, using the
night of 10 August 2013 as an example, we cannot exclude the
possibility that the 0.37-h (occurring at ~9 UT) and 0.38-h (occurring

at ~11 UT) waves might have originated from the same wave packet
since their periods are so similar, and therefore were likely excited by
the same source. However, we count them as two separate waves here
because their magnitudes weakened considerably for a couple of hours
between their occurrences. There are several possible explanations for
the temporal variation of the wave magnitudes, such as interactions
with other waves, modulations by background wind, and/or changes in
source strengths. Instead of studying the physical nature and source of
each wave, the focus of our study is to identify waves when they are
strong locally and study their statistical properties.

2.3. Determining wave amplitude ratios, phase differences, and
vertical wavelengths

To determine the wave amplitude and phase, researchers typically
apply a 1-D sinusoidal fitting with a known wave frequency at each
altitude, then derive the vertical wavelength from the vertical variation
of the wave phase (e.g., Lu et al., 2009; Chen et al., 2013). This 1-D
fitting method fails to employ any a priori constraint on the vertical
wavelength and is not optimal for the current study since the dominant
vertical wavelengths in the temperature and vertical wind fields are not
always identical. In this case, the amplitude ratios and phase differ-
ences of temperature and vertical wind cannot be used in conjunction
with the gravity wave polarization relation because this relation can
only be applied to the parameters for a single wave, which must have
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Fig. 1. Examples of raw vertical wind measurements with resolutions of 7.5 min and 0.96 km that show prominent high-to-medium frequency gravity waves.

X. Lu et al. Journal of Atmospheric and Solar–Terrestrial Physics xx (xxxx) xxxx–xxxx
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STAR Na Doppler lidar enabled the very high-efficiency, high-resolution lidar!

[Lu et al., JASTP, 2016]

Gravity Waves
Period = 0.25-3 h

ΔT = 0.3-1 K
ΔW = 0.2-0.5 m/s

@ 7.5 min & 
0.96 km

Raw Data 
@ 3 s and 24 m

vertical wavelengths of mainly ~10–30 km. Such a wave spectrum is
different from, and only partially overlaps with, the short-period and
small-scale waves (usually < 100 km in horizontal wavelength) pre-
ferentially observed by airglow imagers and the long-period and large-
scale waves readily detected by less sensitive lidars and radars. The
significance of such high-to-medium frequency mesoscale gravity
waves on precipitation patterns, weather systems, and the transport
of momentum to the MLT region has been widely appreciated (e.g.,
Koch and O’Handly, 1997; Zhang, 2004; Fritts and Nastrom, 1992),
although the direct observations of them were sparse. Therefore, an
observational and statistical characterization of the gravity waves with
these scales is required. Additionally, recent gravity-wave-resolving,
high-resolution GCMs (e.g., Watanabe and Miyahara, 2009; Becker,
2009; Sato et al., 2012; Liu et al., 2014) can resolve mesoscale gravity
waves with periods of 0.3–2.5 h directly from the physical processes
simulated in the models. Therefore, obtaining information about the
characteristics of these waves from an observational standpoint, as
done in this study, is important and timely.

In a case study by Lu et al. (2015a), we developed a systematic
method to study the characteristics of a quasi-1-h wave using the STAR
lidar in Boulder, CO and a Na Doppler lidar and Advanced Mesospheric
Temperature Mapper (AMTM) in Logan, UT. The horizontal and
vertical wavelengths of this wave were determined to be ~219 ± 4
and 16.0 ± 0.3 km, respectively. Because the Utah State University
(USU) lidar does not have vertical wind measurements currently, we
utilize the STAR lidar observations only for the current statistical study,
and analyze the period from April 2013 through January 2014. During
this period, there were 56 nights of observations totaling ~461 h of
high-quality vertical wind measurements(Table 1). The 0.3–2.5 h
waves occur and dominate in almost every night of the observations.
This dataset therefore provides a compelling opportunity for a statis-
tical study of high-to-medium frequency mesoscale gravity waves.

2. Observations and methodology

2.1. Vertical wind measurements showing prominent 0.3–2.5 h
waves

The University of Colorado STAR Na Doppler lidar saves raw
photon count profiles with a resolution of 3 s temporally and 24 m
vertically. In order to increase the signal-to-noise ratio, the raw photon
counts are smoothed with a 15 min (full width) Hamming window to
derive temperatures and vertical winds, and the window is shifted at a
step of ~5 min. Vertically, the photons counts are binned to 0.96 km to
further increase the precision. Therefore, the effective temporal and
vertical resolutions are 7.5 min and 0.96 km, respectively. With this
resolution, the measurement uncertainties in the STAR temperatures
and vertical winds are ~0.3–1 K and ~0.2–1 m/s near the Na layer
peak and the uncertainties in the winter months are usually smaller
than those in the summer months due to the higher winter Na
abundance. Taking the 27 November 2013 case as an example, the
STAR lidar obtained 1000 counts per laser shot from the Na layer with
an average laser power of ~500 mW at a 30 Hz repetition rate and with
a telescope primary mirror of ~80 cm in diameter (Lu et al., 2015a).

Fig. 1 illustrates examples of the raw vertical wind measurements at
resolutions of 7.5 min and 0.96 km. The most prominent waves are
those with high to medium frequencies. The downward progression of
their phases indicates that these signatures are real and are created by

upward-propagating gravity waves with upward energy propagation.
To obtain the gravity wave perturbations, we first subtract the nightly
mean temperatures and vertical winds. Then, to effectively remove the
anomalous vertical stripes found in some of our raw vertical winds and
the wave spectra with unwanted long periods, we apply the two-
dimensional (2D) Fast Fourier Transform (FFT) filtering with zero-
padding to remove the vertical wavenumbers close to zero and the
periods longer than 3 h. This 2DFFT filtering is fulfilled via the
following two steps. First, we derive the 2DFFT spectra that only keep
the powers contributed by waves with upward energy propagation,
vertical wavenumbers ranging from 0.0081 to 0.5 km−1 and frequen-
cies from 1/0.25 to 1/3 h−1. The lowest wavenumber at 0.0081 km−1 is
determined by the vertical window width after zero padding
(~123 km). Second, an inverse 2DFFT is then applied to recover the
filtered wave perturbations that are used later to discern the dominant
waves and their durations via wavelets. This filtering process selects the
waves with periods of 0.25–3 h and vertical wavelengths of 2–123 km.
Fig. 2b shows an example of the vertical wind field after this 2DFFT
filtering on 10 August 2013. A superposition of multiple upward
propagating waves with periods of 0.3–2.5 h is clearly seen.

2.2. Identifying wave cases using wavelet spectra

According to the Boussinesq, non-dissipative gravity wave polariza-
tion relation between the vertical wind and temperature perturbations,
their amplitude ratio is approximately proportional to wave's intrinsic
frequency (e.g., Eq. (2) in Lu et al., 2015a),

T iN
gω w≈ − ˆ

∼ ∼2

(1)

where T∼ and w∼ are the complex amplitudes of relative temperature and
vertical wind, respectively, ω̂ is the intrinsic frequency and N is the
Brunt–Väisälä frequency. The Boussinesq approximation holds for
λ πH< < 4z , where H is the density scale height (see Eq. (B18) of
Vadas (2013) with the substitution i for i− because of the different
phase definition). We first calculate the Morlet wavelet spectra of T∼ and
w∼ using the method in Chen et al. (2016) and Chen and Chu (2016),
where the bias (found in favor of the low-frequency waves) in the 1-D
Morlet wavelet power spectrum code by Torrence and Compo (1998) is
corrected. Then following the case study by Lu et al. (2015a), the
amplitudes of the temperature wavelet spectra are weighted by their
observed frequencies (i.e., multiplied by the frequencies) in order to be
comparable with the amplitude spectra for the vertical wind and
highlight the high-frequency waves, which are the focus of this study.
Fig. 2c, d show how we identify the dominant waves and their
durations using the vertically averaged wavelet spectra. The local peaks
are first identified from these averaged spectra. If two adjacent peaks
are within 3 wave cycles, they are treated as the same wave. For
example, on the night of 10 August 2013 (Fig. 2d), two local peaks at
8.99 and 9.07 UT with a period of ~0.37 h are so close to each other
that they are considered as the same peak/wave in our analysis.

To establish a wave case, the same wave peaks must be identified
simultaneously in both the temperature and vertical wind perturba-
tions. We allow the periods of these peaks for these two components to
differ by no more than 20% of their mean; this mean is then used as the
period determined from the wavelet. If the wave's amplitude distribu-
tion along the wavelet time axis is central symmetric, we expand the
time window from this peak to both the left and the right sides for

Table 1
Statistics of the Lidar data from April 2013 to January 2014 used for this study.

April May June July August September October November December January Total

Night 2 3 3 1 7 3 8 8 7 14 56
Hour (h) 15.9 18.5 12.9 6.9 42.2 23.0 73.1 73.6 69.2 125.5 460.8

X. Lu et al. Journal of Atmospheric and Solar–Terrestrial Physics xx (xxxx) xxxx–xxxx
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Persistent Gravity Waves and Higher-Freq 
Waves Revealed by Fe lidar at McMurdo



Simultaneous Na and Fe Lidar Observations
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Na and Fe Lidars Located Next to Each Other
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Na lidar beam & telescope Fe lidar beams & telescopes
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STAR Na Doppler Lidar Added in Dec 2018

Young energetic students are writing a new story in Antarctica

Dongming
Chang

Ian 
Geraghty


