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ABSTRACT

We present the first statistical study of gravity waves with periods of 0.3—2.5 h that are persistent and dominant
in the vertical winds measured with the University of Colorado STAR Na Doppler lidar in Boulder, CO (40.1°N,
105.2°W). The probability density functions of the wave amplitudes in temperature and vertical wind, ratios of
these two amplitudes, phase differences between them, and vertical wavelengths are derived directly from the
observations. The intrinsic period and horizontal wavelength of each wave are inferred from its vertical
wavelength, amplitude ratio, and a designated eddy viscosity by applying the gravity wave polarization and
dispersion relations. The amplitude ratios are positively correlated with the ground-based periods with a
coefficient of ~0.76. The phase differences between the vertical winds and temperatures (¢, — ¢;) follow a
Gaussian distribution with 84.2 + 26.7°, which has a much larger standard deviation than that predicted for
non-dissipative waves (~3.3°). The deviations of the observed phase differences from their predicted values for
non-dissipative waves may indicate wave dissipation. The shorter-vertical-wavelength waves tend to have larger
phase difference deviations, implying that the dissipative effects are more significant for shorter waves. The
majority of these waves have the vertical wavelengths ranging from 5 to 40 km with a mean and standard
deviation of ~18.6 and 7.2 km, respectively. For waves with similar periods, multiple peaks in the vertical
wavelengths are identified frequently and the ones peaking in the vertical wind are statistically longer than those
peaking in the temperature. The horizontal wavelengths range mostly from 50 to 500 km with a mean and
median of ~180 and 125 km, respectively. Therefore, these waves are mesoscale waves with high-to-medium
frequencies. Since they have recently become resolvable in high-resolution general circulation models (GCMs),
this statistical study provides an important and timely reference for them.

1. Introduction

Due to significantly improved optical efficiency (Smith and Chu,
2015), the University of Colorado Student Training and Atmosphere
Research (STAR) Na Doppler lidar can now measure vertical winds in
the mesosphere and lower thermosphere (MLT) with high precision
and resolution (Smith and Chu, 2015; Lu et al., 2015a). At the Table
Mountain Lidar Observatory (40.1°N, 105.2°W) north of Boulder,
Colorado, the most salient and persistent features in the vertical wind
field, measured with this STAR lidar, are gravity waves with periods of
0.3-2.5 h. Such high-to-medium frequency waves are also discernable
in the temperature field, and contribute significantly to its short-term
variability. The simultaneous observations of monochromatic, 0.3—
2.5h MLT gravity waves in both the vertical wind and temperature

were rare in previous studies (e.g., Collins et al., 1994; Hu et al., 2002;
Gavrilov et al., 1996; Riggin et al., 1997, Taylor et al., 1997,
Walterscheid et al., 1999; Suzuki et al., 2004; Li et al., 2011; Chen
et al., 2016). In addition, we employ the amplitude ratios of the relative
temperature to vertical wind in order to infer the intrinsic period and
horizontal wavelength from the measured vertical wavelength using the
wave polarization relation with and without dissipation. The current
study not only demonstrates the utility of simultaneous vertical wind
and temperature measurements in the MLT region, but also provides a
method by which to infer these two important wave parameters, i.e.,
the intrinsic period and horizontal wavelength, without knowledge of
the background wind field.

The other science merit of this work stems from the fact that the
0.3-2.5 h waves fall into the mesoscale range horizontally, and have
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Table 1
Statistics of the Lidar data from April 2013 to January 2014 used for this study.
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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

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 0.3-2.5h
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™ and frequen-
cies from 1/0.25 to 1/3 h™!. The lowest wavenumber at 0.0081 km™* 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),

Tw —ﬁw

50 &)
where T and # are the complex amplitudes of relative temperature and
vertical wind, respectively, @ is the intrinsic frequency and N is the
Brunt—Viisila frequency. The Boussinesq approximation holds for
A, < < 4zH, 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. 2¢, 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
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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.

~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. 2. (a) Temperature and (b) vertical wind perturbations after the 2DFFT filtering with a bandpass of 0.25-3 h in the time domain and 2—-123 km in the vertical domain. (c) Weighted
wavelet spectra for the temperature averaged from 85 to 100 km. (d) Same as (c) except for the amplitude spectra for the vertical wind.

the same vertical wavelength regardless of whether the wave is
observed in the temperature or vertical wind. To overcome this issue,
a 2-D sinusoidal fitting method is adapted for this study using the
following procedure.

After identifying each wave with an observed frequency of @ from
the wavelet analysis, we extract it by applying a 2DFFT filtering with a
bandpass of 0.7-1.3 @ in the frequency domain and 0.0081-0.5 km™!
in the vertical wavenumber domain to the wave perturbations that are
obtained from only subtracting nightly means. This filtering process
selects a quasi-monochromatic wave in the frequency domain that is
reflected by its narrow bandwidth in frequency, but allows for multiple
peaks in the wavenumber domain because of its wide bandwidth in
wavenumber. We then apply a 2DFFT to the filtered wave field that is
confined to the duration window of this wave (e.g., Fig. 3a and b) to
derive the wave amplitude spectrum as a function of frequency and
vertical wavenumber (Fig. 3¢ and d). The frequency and vertical
wavenumber used as the x- and y-axis in Fig. 3c and d are defined
and derived as 1/7 and 1/4., where 7 and A, are the wave period in h and
vertical wavelength in km, respectively. Therefore, the frequency and
vertical wavenumber have the units of 1/h and 1/km, respectively.
Multiple peaks in the vertical wavenumber are frequently observed, but
only the first two peaks are considered here since the higher-order ones
are usually weak. It is interesting to note that on the night of 3 May
2013, the 2DFFT spectra show that the first peak in the vertical wind,

Table 2
Periods and durations of the waves identified from wavelet spectra for August 10, 2013.

Wavel Wave2 Wave3 Wave4 Wave5 Wave 6
Period (h) 2.3 1.1 0.78 0.31 0.37 0.38
Duration (UT) 5-12 7.7-11 9.1-11.5 4.7-5.6 84-9.6 10.4-11.6

characterized by a long vertical wavelength (~40 km), corresponds to
the secondary peak in relative temperature while the first peak in the
temperature, characterized by a short vertical wavelength (~6 km),
corresponds to the secondary peak in the vertical wind (Fig. 3¢ and d).
Here, the first and secondary peaks correspond to the largest and the
second largest magnitudes in the 2DFFT spectrum, respectively. This
observation is consistent with Fig. 3a and b, which show that the wave
fields are superimposed by two different waves with the temperature/
vertical wind field being dominated by a short/long vertical wave-
length, respectively.

From the 2DFFT spectra, we first identify the peaks for temperature
and vertical wind individually, and then apply the following criterion to
claim the common peak: the differences must not differ by more than
30% of their means for both frequency and vertical wavenumber. After
a common peak is selected, the mean frequency @ and vertical
wavenumber m are fed into the 2D fitting to derive wave amplitude
and phase as follows,

T'/T (1, z) = Arcos (@t — Mz — ¢r)
w'(t, z) = Ay, cos (@t — iz — @,,), 2)
where Ar and A, are the amplitudes in the relative temperature (7/T)
and vertical wind w’, respectively, and ¢, and ¢, are the corresponding
phases. Note that the amplitudes (A7 and A,)) and phases (¢, and ¢,)
are constant within the 2D fitting window. The fitting uncertainties
(Gar Cays Opps 0py,) are taken as the standard deviations for these
parameters from the fitting processes. The relative temperature
perturbations are calculated as the temperature perturbations divided
by the mean temperature averaged over the fitting window. Therefore,
this mean or background temperature includes the effects of nightly
mean, tides, and waves with periods longer than the window length.
Fig. 3e and f show the fitted wave fields that correspond to the first
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Fig. 3. The filtered wave perturbations in (a) relative temperature and (b) vertical wind on 3 May 2013. (c) and (d) are their 2DFFT amplitude spectra. The white diamonds highlight the
spectral peaks. (e) and (f) are the 2D-fitted wave fields corresponding to the first peak in vertical wind and the secondary peak in temperature. (g) and (h) are the same as (e) and (f)

except for the first peak in temperature and the secondary peak in vertical wind.

and secondary peaks in vertical wind and relative temperature,
respectively. Fig. 3g and h are the same, except for the first peak in
relative temperature and the secondary peak in vertical wind. Even
before the fitting, the existence of these two waves is discernable in
Fig. 3a and b. Although the plane wave formula used in the 2D fitting
cannot capture the wave amplitudes varying in time and space, it is
sufficient for estimating the average amplitude and phase for a quasi-
monochromatic wave. When the wave fields are too complex to be
represented by monochromatic waves, the 2D fitting uncertainties are
large and these cases are discarded. We only keep the waves satisfying
oar <02 X A7, 04y <02 X Ay, 6,, < 10", 6, < 10°. There are lidar-
based observations and numerical modeling efforts illustrating that a

gravity wave packet excited by a source of finite duration and size can
evolve from a 1-h wave in temperature perturbations during the early
hours into a 1.5-h wave during the second half of the night at Logan,
Utah (Yuan et al., 2016). This shift in wave period is also accompanied
by a decreasing vertical wavelength. This evolution is a gradual process
and, in most cases, it is still reasonable to assume that within 3—4 wave
cycles, the wave periods and vertical wavelengths will remain approxi-
mately constant. Therefore, the plane wave assumption is valid over
our analysis period. Applying these constraints to our dataset yields
184 waves, of which 134 of them have vertical wavelengths that are the
first peaks in both vertical wind and temperature and 50 of them
involve the secondary peaks.
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Fig. 4. Probability density functions (black) of wave amplitudes in (a) temperature and (b) vertical wind. The corresponding accumulative probabilities (blue) are plotted on the right
axes. (c) and (d) are the same as (a) and (b) except that only the waves having the vertical wavelengths as the first peaks in both the temperature and vertical wind are shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Statistical results
3.1. Amplitude ratios, phase differences and vertical wavelengths

Fig. 4a and b show the probability density functions (PDFs) and the
accumulative density functions of the wave amplitudes in the tempera-
ture and vertical wind for all 184 cases. The mean amplitudes are 1.90
+0.014 K and 0.54 + 0.004 m/s, with maxima reaching 6.5 + 0.3 K and
2.5+ 0.2 m/s, respectively. Here, the uncertainties of the mean and
maximum amplitudes are propagated from the fitting errors. Fig. 4c
and d show the same functions, but only including waves with vertical
wavelengths from the first peaks in both the temperature and vertical
wind. We label these waves as TW11 waves for simplicity. The mean
amplitudes of the TW11 waves in the temperature and vertical wind are
1.91 £0.016 K and 0.62 + 0.006 m/s, respectively, which are compar-
able with the means of all the waves in Fig. 4a and b. The PDF of the
wave amplitudes is asymmetric and possesses an extended tail towards
relatively rare but large amplitude events. Similar asymmetric dis-
tributions of the momentum flux and potential energy from satellite
data are explained as being caused by the inherent intermittency of the
waves (Baumgaertner and McDonald, 2007; Alexander et al., 2010;
Hertzog et al., 2012), i.e., the wave amplitudes are not constant but
vary with time scales comparable to those of the wave packets (Chen
et al., 2016). The wave amplitude values we find here should be quoted
with caution because although the 2D fitting with a fixed period and
vertical wavelength and a constant amplitude facilitates the derivation
of the wave amplitude and phase in an averaged sense with minimum

uncertainties, it also imposes strong constraints that lead to an
underestimation of the wave impacts locally. For instance, the 0.7-h
wave shown in Fig. 3a and b can perturb the relative temperature and
vertical wind fields with magnitudes as large as ~3.4% and ~1.6 m/s
locally, while the fitted amplitudes are only around 1% and 0.4 m/s,
respectively.

Amplitude ratios (Ar/Ay) with respect to the ground-based ob-
served periods (z,5) are shown in Fig. 5a. There is an apparent positive
correlation between the amplitude ratios and the observed periods. The
linear fitting to the correlation is Ar/Ay = (2.85 X 7,5s — 0.37)% (the red
line in Fig. 5a). The unit of the amplitude ratios is 1/(m/s) and that of
the observed periods is h for this empirical relation. The correlation
coefficient is ~0.76 with a 95% confidence interval of (0.70, 0.82). The
phase differences (¢, — ¢;) are centered around ~84° and closely
follow a Gaussian distribution in Fig. 5b. The directly calculated mean
and standard deviation of the phase differences are 84.2° and 26.7°,
respectively, which are close to the values of 84.1° and 26.9° obtained
from the Gaussian fitting shown as the red line in Fig. 5b. The
uncertainty of the mean phase difference that propagates from the
fitting errors is ~0.65°. The distribution of vertical wavelengths is
shown in Fig. 5¢c. The majority of waves have vertical wavelengths of 5—
40 km. The mean and standard deviation of the vertical wavelengths
are 18.6 and 7.2 km, respectively.

As mentioned in Section 2.3, the dominant peaks in the vertical
wavelength for the vertical wind and temperature are often distinct. To
investigate whether there is any dependence of the dominant vertical
wavelength on the wave components, we separate the waves into four
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Fig. 5. (a) Amplitude ratios of the relative temperature to the vertical wind with a unit of 1/(m/s) versus ground-based periods with a unit of h. The uncertainties of the amplitude ratios
propagating from the 2D fitting are plotted as the vertical error bars. The red line represents a linear fitting between the amplitude ratio and the ground-based period. (b) Distribution of
the phase differences between the relative temperature and vertical wind ranging from 0° to 180° with an interval of 15°. The red line shows a Gaussian fitting to the distribution with a
mean of 84.2° and a standard deviation of 26.7°. (c) Histogram of the vertical wavelengths from 0 to 40 km with a bin size of 5 km. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

groups, labeled TW11, TW12, TW21, and TW22, and calculate their
means and standard deviations individually (Fig. 6). Following the
definition of TW11, the vertical wavelengths of the TWmn waves
correspond to those waves with the mth peak in the temperature and
the nth peak in the vertical wind. We see that if the first peaks of
vertical wavelengths are in vertical winds, they are statistically longer
than the first peaks in temperatures, i.e., the mean wavelengths of the
TW 21 waves are longer than those of the TW12 waves. The TW11
waves have statistically longer vertical wavelengths than the TW22
waves, implying that shorter-wavelength waves likely experience more
dissipation and are thus less dominant.
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3.2. Derivation of intrinsic periods and horizontal wavelengths from
polarization and dispersion relations with and without dissipation

It is known that molecular viscosity and thermal diffusivity
modulate the dispersion and polarization relations of gravity waves,
and change the amplitude ratios and phase differences between
different wave components (Pitteway and Hines, 1963; Midgley and
Liemohn, 1966; Hickey and Cole, 1987; Vadas and Fritts, 2005; Vadas
and Nicolls, 2012; Nicolls et al., 2012). In particular, the polarization
relation for the temperature and vertical wind perturbations in the
presence of molecular viscosity and thermal diffusivity for the f~plane
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Fig. 6. Distribution of the vertical wavelengths from 0 to 40 km with an interval of 5 km for (a) TW11, (b) TW22, (c) TW21, and (d) TW12 waves. The definition of the TW11, TW12,

TW21 and TW22 waves is given in the text.
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assumption when the Coriolis force can be neglected (i.e., f=0) is given
by Eq. (16) in Vadas and Nicolls (2012). Neglecting f is reasonable if
the gravity wave’s period is much smaller than the inertial period,
which is generally true in the thermosphere (Vadas, 2007).

In the thermosphere, molecular viscosity and thermal diffusivity are
the dominant dissipative processes for high-frequency gravity waves.
However, “eddy” dissipation is the main dissipative mechanism in the
mesosphere. Eddy dissipation is created by the turbulence which is
formed when previous gravity waves overturn/break/dissipate. In
order to adapt Eq. (16) in Vadas and Nicolls (2012) for gravity waves
in the mesosphere, we assume that this turbulence is isotropic, which is
a reasonable assumption in a well-mixed atmosphere. We then replace
the coefficient of the bulk molecular viscosity with the eddy viscosity
coefficient via an argument that the eddy viscosity is a rescaled analogy
of the molecular viscosity (Holloway, 1997). Then the eddy viscosity
formulas are the same as the molecular viscosity formulas (e.g., Liu
et al.,, 2000; Liu et al., 2009; Smith et al., 2011). In order to only
include the bulk viscosity, we set a = b = 0 in Eq. (16) in Vadas and
Nicolls (2012). Additionally, we assume that the eddy viscosity is
constant over our altitude range, which is typically ~15-25km. In
order to be consistent with our definition of the wave phase in Eq. (2),
we replace i with —i in Eq. (16) of Vadas and Nicolls (2012). This
prescription for the replacement was discussed in Appendix B of Vadas
(2013). We substitute v (the kinematic molecular viscosity) in Eq. (16)
of Vadas and Nicolls (2012) with K, which we define as the kinematic
eddy viscosity. Then, the polarization relation between the relative
temperature and the vertical wind under the influence of eddy viscosity

and diffusion is:
_ 2
TITH = r > D yiowy (iop — aK) + & —im + L ,
G D H 2H 3)
and
D=iw,yim—i+L +M—tm+L ,
H 2H Pr 2H (&)
oc=—(k2+m2)+L—iﬂ
H 4aH  H' 5)

where T/T = Arexp(—ip;) and W = Ayexp(—ipy) are the complex
relative temperature and vertical wind perturbations, Ay and Ay are
the corresponding (real) amplitudes, ¢, and ¢, are the corresponding
phases, w; is the intrinsic frequency which includes both the real and
imaginary parts, and ky and m are the horizontal and vertical
wavenumbers, respectively. In the mesosphere, the specific heat ratio
is y = 1.4 (Kundu, 1990) and the gravitational acceleration is g = 9.5
m/s®. Additionally, H and C, are the scale height and sound speed,
which are related to the background temperature via H = RT /g and
C = \/;/R_T , respectively. T is the mean temperature obtained from the
lidar measurements. The Prandtl number (Pr) is the ratio of the viscous
diffusion rate to the thermal diffusion rate and we use a value of Pr = 1
for the current study. The amplitude ratio (A;/Ay) is determined from
the absolute value of 7/7/#% while the phase difference (¢, — @) is
determined from the inverse tangent of the ratio of the imaginary to the
real parts of T/ /.

Using Eq. (3), the amplitude ratio and phase difference can be
determined from wy, ky, m and K. A gravity wave within a wave packet
decays explicitly in time from dissipation. Therefore, we fix the vertical
wavenumber to be real, so that the intrinsic frequency consists of both
real and imaginary parts (Eq. (24) in Vadas and Fritts, 2005 (VF05)):

(6)

Here, wy, is the real part and equals the intrinsic frequency of the
gravity wave via the dispersion relation and wj; is the imaginary part
and relates to the inverse decay rate of the wave amplitude with time
due to dissipation. Here, we have substituted i with —i as well. By
knowing the wave's vertical and horizontal wavelengths as well as eddy

W) = Wp — Wy;.
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viscosity, the inverse decay rate can be calculated using Eq. (25) in

VFO05:
_ L
4H? (@)

and the gravity wave dispersion relation involving wy,, ky, m and K can
be written as (Eq. (26) in VF05):

[1+ (1 + 25)/Pr]

wy = —E k[_zl + m2
2 (I + 8,/2)

Pr_1)2(1 + &, + 6%/Pr)
(1 + 8,/2)?

K mawy,
H

K? 1Y
2 2 2
a),,+—(kH+m ——2) a-

K N?
ki + m? + 1/4H>

K’m*
PrH?

®

Here 6, = 6(1 + Pr™)), K, = K(1 + Pr~") and 6 = Km/Hwy,, and N is
the Brunt—Viisila frequency calculated from the lidar data using Eq.
(3) in Lu et al. (2015b). Note that Egs. (7) and (8) are the anelastic
approximation of the full compressible complex dispersion relation
given by Eq. (12) in Vadas and Nicolls (2012). We use Eqgs. (7) and (8)
here because they are simpler to solve numerically and because the
waves we analyze here satisfy the anelastic approximation.

In principle, with m known from observations, for each pair of (ky,
K) we can use Egs. (7) and (8) to solve w;, and wj; using an iterative
method described in Vadas and Nicolls (2012). By substituting all four
variables (m,ky, K, and w;) into the polarization relation Eq. (3), the
amplitude ratio (Ar/Ay) and the phase difference (¢, — ¢;) corre-
sponding to a set of (m, ki, K) or equivalently (m, w;, K) can be derived.
Therefore, for a given m, there is a one-to-one correspondence between
each pair of (w;, K) and its corresponding amplitude ratio (Ar/Ay), and
a one-to-one correspondence of (w;, K) with horizontal wavenumber
(kz). Such correspondences are plotted in Fig. 7a and b, respectively,
for a 1.15-h wave observed on 10 August 2013, with @;, shown on the
x-axis. We also overplot the observed amplitude ratio (~0.03) as a
white line in Fig. 7a. This allows us to obtain the intrinsic frequency as
a function of the eddy viscosity (y-axis). For this wave, the amplitude
ratio is more sensitive to the intrinsic frequency than to the eddy
viscosity: Even as the eddy viscosity changes from 0 to 1000 m?/s, the
range of the intrinsic period is quite narrow for a given amplitude ratio.
The values of (w;,, K) constrained by the observed amplitude ratio (the
white line in Fig. 7a) are then used in Fig. 7b (white line) to obtain the
horizontal wavelength as a function of the eddy viscosity.

The eddy viscosity reported in the literature for the MLT region has
a wide range, but is usually less than 800 m?/s (e.g., Gardner and
Voelz, 1987; Hocking, 1988; Fukao et al., 1994; Liibken, 1997; Bishop
et al., 2004; Liu, 2009). It is valuable to compare the intrinsic period
and horizontal wavelength with and without including the eddy
viscosity. By setting the eddy viscosity K = 0 in Eq. (3), the polarization
relation without dissipation can be written as (e.g., Eq. (B11) in Vadas,
2013),

2
Yir

(=)
i i
‘ﬁ*ﬁ)

Here, we have used N? =

N2 (im — =y —
T = )

s ©)

¢=D2  Note that si h i
T ince there is no

dissipation, the imaginary part of ‘the intrinsic frequency is zero and
we have w; = w,. For our waves of interest, the wave frequencies are
much smaller than the buoyancy frequency (i.e., o7 < < N?). If we take
the absolute value of both sides, Eq. (9) can be used to estimate w,, as,

2 L L
N=(im — 2H)/g(m i + yH]

\T/1T 1%

=

(10)

The amplitude ratio |7/7/#%| and vertical wavenumber m are obtained
from observations. The non-dissipative dispersion relation is then used to
derive the horizontal wavelength (Fritts and Alexander, 2003),
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Fig. 7. (a) Amplitude ratios, and (b) horizontal wavelengths as a function of the real parts of intrinsic periods and eddy viscosity coefficients for a 1.15-h wave on 10 August 2013. The
vertical wavelength of this wave is ~14.4 km. The observed amplitude ratio is overplotted as the white line and the red lines highlight the amplitude ratio (0.03) + its uncertainties
(0.002) from the 2D fittings. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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where f is the inertial frequency, corresponding to a period of 18.7h in
Boulder.

3.3. Intrinsic periods, horizontal wavelengths, and phase difference
deviations

Fig. 8a—d show the real part of the intrinsic periods versus the
ground-based periods for four different eddy viscosities. The intrinsic

periods used in Fig. 8a and e are calculated directly from Eq. (10),
while those in Fig. 8b—d and f-h are iteratively derived from Eq. (8)
including eddy dissipation. The black diamonds above the red lines
represent the waves with intrinsic periods longer than the observed
periods and those below the red lines represent the opposite situation.
The general distribution patterns of the intrinsic periods are compar-
able for the different eddy viscosities, although the percentage of the
intrinsic frequencies Doppler-shifted to higher frequencies increases
from 77.1%, 78.9%, 80.6%, to 81.1%, respectively, for
K =0, 100, 400, 800 m?/s (Fig. 8a—d). This implies that 1) a majority
of the waves identified by the wavelet spectra propagate against the
mean wind and are blue-shifted to higher intrinsic frequencies; 2) for
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Fig. 8. (a)—(d) The distribution of the real parts of the intrinsic periods as a function of ground-based periods for different eddy viscosities. The red lines correspond to the 1:1 ratio of
the intrinsic period to the ground-based period. (e)—(h) Amplitude ratios versus intrinsic periods for different eddy viscosities. The red lines are the linear fittings of the amplitude ratios
versus the intrinsic periods. The intrinsic periods in (a) and (e) are derived from Eq. (10) while those in other figures are derived from Eq. (8). (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. (a)—(d) The distribution of the horizontal wavelengths for eddy viscosities equal to 0, 100, 400, and 800 m?/s. The horizontal wavelengths in (a) are computed from Eq. (11),
while those for the other three figures are computed from the combination of Egs. (3)—(8). Please see details in the text.

most of the waves, increasing the eddy viscosity tends to enhance the
Doppler-shifting to higher frequencies. This makes sense because when
waves propagate against the mean wind, they will have longer vertical
wavelengths and experience less dissipation than those waves propa-
gating in the direction of the mean wind. Less dissipation means that a
wave's amplitude will be better preserved and, therefore, that this wave
will be more likely become dominant.

Figs. 8e—h show the amplitude ratios as a function of their intrinsic
periods. A quasi-linear relation between them is expected since this
relation is inherently embedded in the wave polarization relation (Egs.
(8) and (10)). On the other hand, the deviations from the fitted linear
relation (red line in Fig. 5a) can be possibly attributed to the differences
between the ground-based and intrinsic periods, since the ground-
based periods are used as the x-axis in Fig. 5a.

The general distributions of the horizontal wavelengths are com-
parable for the different eddy viscosities (Fig. 9). Most of the waves fall
into the mesoscale range in terms of horizontal wavelength, i.e., from
50 to 500 km (Uccellini and Koch, 1987). The mean is around 180 km
and the uncertainty of this mean propagating from the fitting errors is
~16-17 km. The distribution of the horizontal wavelengths is not
symmetric and has a long tail towards large values. The median value
of the horizontal wavelengths is ~125-126 km.

Eddy dissipation alters the polarization relation that affects the
amplitude ratio and phase difference. The observed phase differences
are characterized by a Gaussian distribution with a mean of ~84.2° and
a large standard deviation of ~26.7° (Fig. 5b). However, the expected
phase differences for non-dissipative waves are characterized by a
much narrower distribution, i.e., they range from ~70-87° with a mean
and standard deviation of 81.6° and 3.3°, respectively (Fig. 10a). From

12

Eq. (9) and with the condition that w? < < N2, the expected phase
difference for a non-dissipative wave can be simply derived from the
ratio of the real and imaginary parts in the term

(im — %)/(m - i + fﬁ) In this case, the eddy viscosity K =0 is

assumed for the non-dissipative waves. The significant differences (or
deviations) of the observed phase differences from the predicted values
for non-dissipative waves are likely indicative of dissipation effects. We
calculate these deviations and examine their relation with respect to
the vertical wavelength (Fig. 10b and c), which show that the deviations
can be both positive and negative, while waves with shorter vertical
wavelengths have larger deviations than those with longer vertical
wavelengths. This may suggest that shorter waves experience more
eddy dissipation than longer ones, consistent with the previous
arguments in Forbes (1982), Fuller-Rowell (1995), and Gavrilov and
Kshetvetskii (2014).

4. Summary

In this study 10 months of STAR lidar measurements of vertical
winds and temperatures in the MLT at Boulder, Colorado are used to
examine the statistics of 0.3-2.5 h waves. Waves with these periods
represent the most persistent and dominant perturbations found in the
vertical wind field. The characteristics of these waves can be divided
into the observed quantities and indirectly inferred parameters. Our
systematic data analysis methods for deriving these wave properties
include three major stages: 1) to identify the dominant waves, 2) to
directly derive the vertical wavelengths, amplitudes, and phases of the
dominant waves, and 3) to infer the intrinsic periods and horizontal
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Fig. 10. (a) Phase difference distribution predicted for non-dissipative waves. The interval is 5°. (b) The deviations of the observed phase differences from the predicted values for non-
dissipative waves. Each diamond corresponds to one wave case. (c¢) Same as (b) except for the absolute values of the deviations of the phase differences.

wavelengths using the gravity wave polarization and dispersion rela-
tions with and without dissipation. The steps of our methodology are
summarized below.

Stage 1 — to identify the dominant waves:

1. The nightly mean temperatures and vertical winds are subtracted
from the raw fields to obtain the initial temperature and vertical
wind perturbations (77, W’).

2. 2DFFT filtering with a bandpass of (1/0.25h7!, 1/3h7!) in the
frequency domain and (0.0081km™', 0.5km™) in the vertical
wavenumber domain is applied to (7', W’) to derive the filtered
perturbations (77, W'g,).

3. A 1D wavelet analysis is applied to the filtered wave perturbations
(Th» W) to determine the ground-based frequency (w) of the
dominant waves and their durations (fy.s, tend)-

Stage 2 — to determine the vertical wavelength, amplitude, and
phase after a wave with a frequency ofwis identified in the time
domain:

1. 2DFFT filtering with a bandpass of (0.7, 1.3®) in the frequency
domain and (0.0081 km™!, 0.5 km™) in the vertical wavenumber
domain is applied to the initial perturbations (7, W’) to obtain the
filtered perturbations (77, (w), W, (®)) that are particularly caused
by this wave with the frequency of .

2. 2DFFT is applied to the filtered perturbations within the wave
duration window, i.e., T}, (@) [tsarss fenals W1 (@) [starss tenal. The com-
mon peaks in the temperature and vertical wind are identified from
the 2DFFT spectra. The mean frequency @ and vertical wavenumber
m are computed. The vertical wavelength is calculated as 2z/m.

3.w and m are employed in the 2D fitting to
T (@) starss tenals W'g (@) [tstanss tena] to derive the wave amplitudes
(Ar, Aw) and phases (p;, @y).

Stage 3 — to infer the intrinsic periods and horizontal wavelengths
of the waves with and without dissipation:

1. For the derivation with dissipation, the observed amplitude ratio
(Ar/Aw), vertical wavenumber (m), and a given eddy viscosity (K),
are used to determine w;, using the polarization relation with
dissipation. (m, w;, K) are then applied to infer horizontal wave-
length due to their one-to-one correspondence.

2. For the derivation without dissipation, the observed amplitude ratio
(Ar/Aw) and vertical wavenumber m are used to determine w; using
the gravity wave polarization relation without dissipation (Eq. (10)).
(m, wy) are then used to infer the horizontal wavelength using the
dispersion relation without eddy viscosity (Eq. (11)).

The directly observed quantities include the distributions of wave
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amplitudes in the vertical wind and temperature fields, amplitude
ratios and phase differences for these two components of wave
perturbations, the distributions of the vertical wavelengths for all the
waves, and for the four different groups (i.e., TW11, TW12, TW21, and
TW22). The amplitude ratios are positively correlated with their
ground-based periods with a correlation coefficient of ~0.76, while
the deviations from the linear fitting of these two variables may be
explained by the differences between the ground-based and intrinsic
periods. The phase differences have a mean value of ~84.2° and a larger
standard deviation (~26.7°) than that expected for non-dissipative
waves (3.3°). Wave dissipation may cause the phase differences to
significantly deviate from the predications for non-dissipative waves,
and this effect is likely larger for shorter vertical wavelength waves. The
mean vertical wavelength for all of the waves is ~18.6 km, and it is
longer for TW21 waves than TW12 waves. On average, the primary
waves (TW11 waves) exhibit longer vertical wavelengths than the
secondary waves (TW22 waves).

The indirectly inferred parameters are the intrinsic period and the
horizontal wavelength inferred from the measured vertical wavelength
and amplitude ratio, given a designated value of eddy viscosity. The
wave polarization and dispersion relations with and without eddy
viscosity and diffusion are used to infer the intrinsic period and
horizontal wavelength for dissipative and non-dissipative waves,
respectively. This is the first time that such a method has been applied
for MLT waves. Note that this method has been previously applied to
gravity waves in the thermosphere (Vadas and Nicolls, 2012; Nicolls
et al., 2012). For the eddy viscosity coefficients of K = 0, 100, 400, 800
m?/s, the portions of waves that are blue-Doppler-shifted by the mean
wind and have higher intrinsic frequencies than the ground-based
ones, are 77.1%, 78.9%, 80.6%, to 81.1%, respectively. This implies
that the majority of waves identified by the wavelet spectral analysis
propagate against the mean wind. Additionally, we find that increasing
the eddy viscosity tends to increase the intrinsic frequency. The
horizontal wavelengths are mostly within 50-500 km, which falls into
the mesoscale range of gravity waves. Their mean and median values
are ~180 and 125 km, respectively.

This is the first time (to our knowledge) that the amplitude ratios
and the phase differences between the temperature and vertical wind
are derived directly from real observations and their statistical
characteristics are provided considering a total of 184 gravity waves
in the MLT. The high-resolution measurements by the University of
Colorado STAR lidar enable us to quantify the characteristics of these
high-to-medium frequency and mesoscale gravity waves, which provide
a valuable database for the validation of high-resolution GCMs such as
the high-resolution Whole Atmosphere Community Climate Model
(WACCM), Japanese Atmospheric General circulation model for
Upper Atmosphere Research (JAGUAR), and Kiihlungsborn
Mechanistic Circulation Model (KMCM). The vertical information of
these waves derived from the range-resolved lidar measurements is
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also important and complementary to the horizontal wave information
derived from airglow imagers and satellites. The seasonal variations of
the wave characteristics and their relations with the potential wave
sources and the transition of the background winds are intriguing,
which deserve a future work.
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