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Abstract: This work presents the characteristics of gravity waves observed over Comandante Ferraz
Antarctic Station (EACF: 62.1◦ S, 58.4◦ W). A total of 122 gravity waves were observed in 34 nights
from March to October 2017, and their parameters were obtained by using the Fourier Transform
spectral analysis. The majority of the observed waves presented horizontal wavelength ranging
from 15 to 35 km, period from 5 to 20 min, and horizontal phase speed from 10 to 70 ± 2 m · s−1.
The propagation direction showed an anisotropic condition, with the slower wave propagating
mainly to the west, northwest and southeast directions, while the faster waves propagate to the
east, southeast and south. Blocking diagrams for the period of April–July showed a good agreement
between the wave propagation direction and the blocking positions, which are eastward oriented
while the waves propagate mainly westward. A case study to investigate wave sources was conducted
for the night of 20–21 July, wherein eight small-scale and one medium-scale gravity waves were
identified. Reverse ray tracing model was used to investigate the gravity wave source, and the results
showed that six among eight small-scale gravity waves were generated in the mesosphere. On the
other hand, only two small-scale waves and the medium-scale gravity wave had likely tropospheric
or stratospheric origin, however, they could not be associated with any reliable source.

Keywords: airglow; atmospheric gravity waves; winds; blocking diagram; ray tracing

1. Introduction

Atmospheric gravity waves (GWs) are considered to play an important role in the transport of
energy and momentum, coupling the distinct atmospheric layers, contributing to the mix of mass
and modifications in temperature and global circulation processes. The distribution of energy is
conducted more rapidly by waves than by the mean flow. Wave transport and subsequent deposition
of energy are an important component of the atmospheric dynamics [1]. Upward propagating gravity
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waves transport energy and momentum and deposit them to the mean background flow during wave
breaking and filtering [2,3].

Gravity waves generated in the troposphere/lower stratosphere are due to the flow above
orographic structures (ridges, high isolated mountains), or other instabilities caused by convection,
wind shears, jet streams or wave–wave interactions [3–5]. While a wave propagates upward, it is
affected by the mean wind and can be blocked by wind in a region known as “critical level” [6].
Some of the waves generated in lower layers of the atmosphere can propagate all over the atmosphere
gaining altitude, while grows in amplitude, and can reach the upper mesosphere and thermosphere
without being filtered by the wind [7–9]. The critical level is a layer, or an altitude level, where the
wind velocity in the wave propagation direction becomes close (or equal) to the GW phase velocity.

It is well known that gravity waves play an important role at lower levels of the atmosphere and
influence weather and meteorological phenomena [10]. Some studies demonstrated the importance
of applying gravity wave models to improve the accuracy of weather forecast and global circulation
models [11,12].

The Antarctic Peninsula shows an intense gravity wave activity, which is observed at the altitudes
ranging from the troposphere (about 5 to 10 km) to the mesosphere and lower thermosphere (about
80 to 100 km) [13–17]. Recent works have used winds from meteor radar and models in order to
calculate the waves intrinsic parameters; to investigate the environment conditions in which the waves
propagate vertically; to estimate the momentum and energy fluxes; to analyze the influence of gravity
waves in the solar tidal oscillations or mixed tide–gravity wave mode [18–23].

In this work we study the characteristics of the gravity waves observed by an airglow imager over
the Brazilian Antarctic Station, Comandante Ferraz Antarctic Station (EACF, or Ferraz Station), during
the year of 2017. We also investigate the possible occurrence of wind filtering using blocking diagrams.
The gravity waves were observed and analyzed by using airglow images, while the data set of winds
was obtained from the ERA-5 reanalysis and from a nearby meteor radar operated at the King Sejong
Station (KSS) at King George Island. This work investigates wind filtering and potential wave source
regions during one night with high gravity wave activity. A case study of small and medium scale
gravity waves was also conducted.

Results in terms of gravity wave characteristics are quite well known for the Antarctic region.
The main contribution of this work is to study the wave propagation by using blocking diagrams
of nocturnal averaged winds in selected periods of days. In addition, the work is complemented
by blocking diagrams and ray tracing results which are compatible in terms of the generation and
propagation of the investigated waves.

2. Instrumentation and Methodology

2.1. Airglow All-Sky Imager and Data Analysis

Gravity waves were observed by using an all-sky imager installed at Comandante Ferraz
Antarctic Station–EACF (62.1◦ S, 58.4◦ W), located on King George Island, Antarctic Peninsula. Airglow
observations were taken, with at least 2 h of clear sky conditions, from March to October 2017. The all-sky
imager is composed of a telecentric lens system, a fish-eye lens, and a six-position 3 inches filter wheel,
with three airglow filters, to measure Hydroxyl-Near Infrared (OH-NIR), atomic oxygen green (5577 Å)
and red (6300 Å) lines. The imager has also a Charge Coupled Device (CCD) with quantum efficiency
greater than 95% in the visible light spectrum and thermoelectric cooling down to −70 ◦C. More details
on the specifications of the airglow imager are found at the Keoscientific web page: Available online:
http://www.keoscientific.com/aeronomy-imagers.php (accessed on 20 March 2020).

In order to analyze the airglow images to obtain the wave parameters, a sequence of procedures
is performed, as follows: (1) the original image is unwarped and then mapped into the geographical
coordinates [24]; (2) a digital pre-processing is applied in the images in order to remove the star
field and the lower frequencies (Bageston, 2011 [25]); (3) a region of interest (ROI) is selected in the
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unwarped image where the gravity wave is observed; (4) spectral analysis is applied in the ROI for a
sequence of images, following the methodology described by Wrasse et al. (2007) [26]. The spectral
analysis consists of a 2-dimensional Fast Fourier Transform (2-D FFT, or just FFT). The amplitude and
phase spectra, obtained from the Fourier Transform, are used to calculate the wave parameters such as
horizontal wavelength, observed period, horizontal phase speed and propagation direction, without
any ambiguity.

Figure 1 shows an example of airglow image and summarizes the spectral analysis method.
Figure 1a,b show, respectively, a selected gravity wave in the original all-sky image and the wave in
the unwarped, mapped, and filtered image. For the spectral analysis a sequence of four images were
taken, and the averaged spectrum is obtained. Figures 1c,d present the unambiguous cross spectra
and phase, respectively, resulted from the two-dimensional FFT analysis applied to a set of images
observed between 23:32 and 23:37 UT on the night of 27 May 2017.

Figure 1. (a) Original image obtained by an all-sky imager observed at 23:35 UT on 27 May 2017.
(b) Unwarped and high-pass filtered image. The white box shows the selected region used in spectral
analysis. (c) Unambiguous averaged cross spectrum amplitude, obtained from the spectral analysis on
the highlighted region and (d) the averaged phase of cross spectrum.

The gravity wave analyzed in Figure 1 presented a horizontal wavelength of 30.1 ± 0.7 km,
observed period of 18.8 ± 1.5 min, horizontal phase speed of 26.7 ± 2 m · s−1, and was propagating in
the northwest direction (azimuth of 298.1◦). More details on gravity wave parameter calculation can
be found in Wrasse et al. (2007) [26].
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Uncertainties in the gravity wave parameters were estimated by taking the standard deviation of
the horizontal wavelength calculated for each individual image at the same wavenumber. Applying
the propagation error theory (Bevington and Robinson, 2002. [27]) the other uncertainties were
also estimated. In general, the uncertainty of the horizontal wavelength was lower than 10% of the
horizontal wavelength. Another source of uncertainty was the ROI, in which different ROI’s may have
resulted in slightly different gravity wave parameters.

2.2. Meteor Radars and Wind Models

The mesospheric winds used to calculate the intrinsic parameters of gravity wave and analyze
the conditions in which the waves propagated were obtained from the meteor radar installed at
King Sejong Station (KSS: 62.1◦S, 58.7◦ W). The meteor radar installed at KSS operated at 33.2 MHz
with a peak transmitting power of 12 kW. The radar had one transmitting antenna and five receiving
antennas, measuring about 23,000 to 35,000 meteor echoes per day [28]. Winds were measured between
80 and 100 km of altitude at every 15 min. In the present work mean winds were averaged within a
one-hour interval.

Ferraz Station also hosts a meteor radar (know as “Drake Antarctic Agile MEteor Radar-DrAAMER”)
that was installed in March of 2010, but due to a severe fire on the station in February of 2012, the radar
operation stopped that year up to 9 March 2020, after a complete rebuilding. The Ferraz radar (DrAAMER)
works with eight transmitting antennas, five receiving antennas, a frequency of 36.9 MHz and a peak
transmitter power of 30 kW [18].

In addition to the KSS winds, the ERA-5 reanalysis from ECMWF (European Centre for Medium-
Range Weather Forecasts) was used to retrieve wind data from 1 to 80 km. Combining the winds of
these two data sets we could cover all altitude ranges to conduct the analyses on the gravity wave
propagation. Detailed information on the ERA-5 reanalysis are found on Hersbach et al. (2018) [29].

Simultaneous observation of mesospheric winds at KSS and Ferraz station was conducted for
the year of 2011 (the only year with good time series of simultaneous data). Wind comparisons were
made in order to validate and use KSS wind observations as prevailing winds over Ferraz station.
Figure 2 shows one example of wind profiles at 21 UT of 21 June 2011, obtained from the meteor radars
operated at Ferraz and KSS (80–100 km), and by ERA-5/ECMWF and MERRA-2/GMAO/NASA
reanalysis, and also from the HWM-07 wind model. Reanalysis and model profiles were chosen for the
approximate location of Ferraz Station and King Sejong Station (62◦ S, 58◦ W), both on King George
Island, about 200 km to the north of the tip of the Antarctic Peninsula. The HWM version 2014 was not
used in this work because there are no changes in it regarding the parameterizations and any new data
input for altitude bellow 100 km in comparison with the version 2007. More information on HWM can
be found in Drob et al. (2007 [30]) and Drob et al. (2014 [31]), and details on the MERRA-2 reanalysis
are available on Gelaro et al. (2017) [32].

Significant discontinuities were clearly noted between the wind models and the radar measurements,
since the winds are from different atmospheric regions, especially in the meridional wind component.
For our purposes, the wind profiles were interpolated vertically and averaged using five profiles
to avoid significant discontinuity (more details on Section 2.3). Wind profiles obtained from the
models show a great difference from each other, except for MERRA-2 and HWM-07 that are quite
similar in the zonal wind component. However, MERRA-2 includes more observational data for better
accuracy showing variabilities not presented in the HWM profiles. This difference demonstrates some
unreliability in using models. For our case, models were the only option of obtaining wind data for
higher atmospheric altitudes where no measurements were available, and the accuracy or errors could
not be evaluated. Notwithstanding we could not ensure that the ERA-5 wind was the best choice,
but it offered satisfactory results, more variability along the profile, higher temporal (1 h), horizontal
(31 km) and vertical (137 levels from the surface to 0.01 hPa) resolutions. Besides that, it is the most
recent wind model and has not yet been used for similar purposes. Thus it is interesting to evaluate
this model for the vertical propagation study of the gravity waves.
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Figure 2. Winds over Comandante Ferraz Antarctic Station (EACF or Ferraz Station) measured by King
Sejong Station (KSS) (black line) and Ferraz (black dashed) meteor radars. HWM-07 model (blue lines),
ERA-5 (green line) and MERRA-2 reanalysis (purple line), for 21 June 2011 at 21:00 UT.

Figure 3 shows the monthly averaged winds obtained by ERA-5 and MERRA-2 reanalyses taken
at 00:00 UT of April (mid season of Autumn) and July (mid season of Winter) of 2017. Both reanalyses
were very similar to each other, and agreements concerning the seasonal variability. The zonal
component of the winds from April to July increase in intensity, and the meridional component of the
winds changes direction.

2.3. Blocking Diagram

Blocking diagrams are prepared by following the theory of Gossard and Hooke (1975) [33], which
demonstrate the dependency of the wave intrinsic frequency with the background wind. The relation
between intrinsic wave frequency (ω̂) and the background winds (~v) is given by the following equation:

ω̂ =~k · (~c−~v) (1)

where~k is the wavenumber vector (~k = (k, l, m)), and~c is the wave phase velocity. As we are interested
in the atmospheric region where the intrinsic frequency becomes zero, then Equation (1) can be better
represented (knowing that~c = ω

~k
) by:

ω̂ = ω(1− v
c
) (2)
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It is notable from Equation (2) that the intrinsic frequency ω̂ goes to zero (and the wave vanishes)
when~c approaches ~v. Following this approximation, it is possible to infer that the wave is absorbed
by the wind if the wave phase speed is less than or equal to the magnitude of the wind in the wave
propagation direction.

Figure 3. Monthly averaged winds for April (continuous lines) and July (dotted lines) of 2017, at 00:00
UT, obtained by ERA-5 (red) and MERRA-2 (black) reanalysis, for 62◦ S and 58◦ W.

Horizontal wind (v) can be represented by the zonal (vz) and meridional (vm) wind components
as a function of the azimuth (φ):

v = vzcos(φ) + vmsin(φ) (3)

where the azimuth angle in this equation is defined as degrees counterclockwise from East. Equation (3)
represents the wind projected in all directions, and indicates the possible critical levels for vertical
gravity wave propagation. Superposition of these critical levels is called blocking diagram [34].

In the present study, blocking diagrams were built using night-time averaged wind profiles
provided by ERA-5 reanalysis (1 to ∼80 km) and the KSS meteor radar (80 to ∼100 km). To avoid a
discontinuity at 80 km, the wind profiles between 70 and 90 km were interpolated at each 1 km to
produce a continuous profile from 1 to 100 km. Then an average wind profile was calculated using
five individual profiles from 18:00 UT to 06:00 UT of the next day, and temporally spaced at each 3 h.
This time interval was chosen based on the nocturnal airglow observations, and also considering the
averaged time of gravity wave propagation from the troposphere to the mesosphere as published in
previous works [35,36]. For example, if we set the time of the first wind profile to start about 3 h before
the beginning of the airglow observations and the last profile 3 h before the end of the observations,
this was quite realistic and could represent well the atmospheric environment.

Figure 4 shows the averaged nocturnal wind profiles as well as the five individual wind profiles
from KSS meteor radar and ERA-5 reanalysis for the night of 28–29 April. The black line denotes the
averaged profile; the blue line denotes the five individual profiles from ERA-5; the red line denotes
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the respective five profiles from KSS radar. It can be observed that the averaged nocturnal profile has
a great similarity with the individual profiles, and it can represent the general characteristics of the
background wind.

Figure 4. Individual 3-hourly (18, 21, 00, 03 and 06 UT) winds from ERA-5 reanalysis (blue) and KSS
meteor radar measurements (red), and the averaged night time wind profile (black).

The discontinuities at the top of the profile (above 95 km) were due to the lack of some winds
from the KSS radar. The mean wind profile shows, in general, that the “night-time” wind was quite
smooth and well-represented up to 90 km. Regarding the fact that the waves are visualized in the OH
emission layer, near 87 km altitude, and we are interested in the propagation environment below this
altitude, the blocking diagrams were constructed from near the ground up to 90 km.

3. Results and Discussions

3.1. Airglow Observations

Airglow observations at Ferraz Station are quite limited due to the great number of cloudy
nights, associated with bad weather conditions. Thus, one can have around 15 nights per month of
observations, based on the New Moon. Figure 5 shows the histograms with the number of nights and
gravity wave events analyzed in each month of 2017. It can be seen that the most wave events occurred
from April to July, and a total of 122 gravity wave events were observed in 34 nights with at least 2 h
of clear sky condition in 2017.

Gravity wave events were analyzed using Fourier spectral analysis (see details on Section 2.1),
and classified according to the following physical parameters: horizontal wavelength, observed period
and observed phase speed. Figure 6 shows histograms for the number of events regarding their
parameters (Table S1 presents all gravity wave parameters in the supplementary material). Gravity
wave phase speed (Figure 6A) ranges from 5 to 100 m·s−1, with most of the waves around 10 to
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70 m·s−1. The majority of the waves presented observed periods (Figure 6B) from 5 to 15 min (85% of
the waves). Regarding the horizontal wavelength, the waves presented wavelengths from a minimum
of 10 km up to a maximum of 60 km (just one case with λh > 50 km), with a higher distribution between
20 and 30 km.

Figure 5. Statistics for the all-sky airglow observation at EACF in 2017. Number of nights with observed
gravity waves (blue) and number of analyzed waves (red) per month.

Figure 6. Histogram of gravity wave characteristics: (a) horizontal phase speed, (b) observed period
and (c) horizontal wavelength.
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Figure 7 shows the distribution of the gravity waves propagation directions, in the polar chart, as a
function of the observed phase speed. The distance of each dot from the center of the chart represents
the horizontal phase speed, as the angular orientation of the dot is the azimuthal propagation direction
of the wave (0◦ is at North, increasing in the clockwise direction). An anisotropy is observed in the
wave propagation direction, with the faster waves (c ≥ 50 m · s−1) propagating mainly to east, south,
and southeast directions. However, the majority of the observed waves, including the slower ones,
propagated to west and northwest directions.

Figure 7. Polar chart of the gravity wave propagation direction as a function of the horizontal phase speed.

The resulted anisotropy in the propagation direction of the gravity waves agrees with the results
obtained by Bageston et al. [14], at the same site (EACF) in 2007. Other results obtained by airglow
imaging near the Antarctic Peninsula, at Halley Station, as described by Nielsen et al. [15] for
observations carried out in 2000 and 2001, and recently by Matsuda et al. [6], with data obtained at
Halley Station in 2013, also are similar to our results regarding the anisotropy in the gravity wave
propagation directions.

3.2. Blocking Diagrams

The blocking diagram charts were built based on the methodology described in Section 2.3 for
April, May, June and July, where the majority (79%) of the gravity waves were observed. The time
interval used to calculate the blocking diagrams did not include the entire month, but only a few
nights centered on the night of the New Moon. The interval began on the first day with an observed
wave in that month and it ended on the last day on which a wave was observed, and it could be in
the same month or even at the beginning of the next one, since the time interval was related to the
airglow calendar of observations. For example, if there were three or more sequentially nights without
wave observations the time interval would end just after the last night. So, the blocking diagram could
include up to two nights without wave observations, but not a gap larger than three nights without
airglow data.

Figure 8 shows the blocking diagrams for April to July from the ground up to 90 km height.
The time interval considered to represent the April airglow observations started on April 22 and
finished on May 2 early morning. This interval contained 28 gravity waves observed during 10
relatively clear nights. Thus, blocking diagram charts for April were prepared with an average wind
based on 10 nights, where each of these nights contained five wind profiles 3 hours apart from one
another, as described in Section 2.3 and Figure 4. For May, the blocking diagram included wind
profiles from May 23 until the early morning of June 2, with 10 sequential nights and containing 29
gravity wave events. The used sequential nights of June comprise the period from June 23 to 27, with
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four nights on which 15 wave events were observed. Finally, in July the nights from 16th to 22nd were
used, with six nights and 17 observed gravity waves.

Figure 8. Blocking diagrams of April, May, June, and July based on averaged wind profiles around the
new moon period. Blocking regions from 2 to 20 km of altitude are in green, representing the typical
winds of the troposphere. In purple, blocking regions from 22 to 60 km, representing the stratosphere.
In black, blocking regions from 62 to 90 km, representing the mesosphere.

Blocking regions from 2 km to 20 km are in green lines, corresponding to the characteristic
winds of troposphere region mainly, and including the lower stratospheric portion; blocking regions
between 21 and 60 km are in purple and corresponds approximately to the stratosphere region; in black
(upper portion) are the blocking regions for the mesosphere (including the OH airglow layer and the
mesopause), that comprises the region from 60 km to 90 km. From Figure 8 one can see that blocking
regions in the troposphere intensified from May to July, but in all months were quite small. In the
stratosphere and lower mesosphere the blocking regions were larger than in the troposphere, and it is
possible to observe significant changes in the shape and size (more changeable than the tropospheric
blocking layers) between the different months. For the mesosphere, we observed a significant change
of directions in the blocking regions above 80 km height in each month. In addition, the wind intensity
near the mesopause (∼85–90 km) was much stronger in June than in April and May.

For a better understanding of the impact of the wind in the wave filtering, the blocking diagrams
are plotted in a polar chart, along with the gravity waves phase speed drawn as an arrow (vector)
from the origin to the respective point in order to represent, simultaneously, the wave direction and
velocity. That way, Figure 9 shows the horizontal phase speed vectors of the waves along with the
blocking diagrams from Figure 8. The colors of the blocking regions correspond to the same colors
used in the Figure 8. The blocking diagram in a polar chart indicates a high correspondence between
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the preferable propagation direction of the observed waves and the mean wind in the regions below
the observation layer (∼87 km). Then, it is clearly seen that most of the vectors do not lie within the
blocking regions.

Figure 9. Blocking diagrams from a top view of Figure 8. The blue arrows represent the gravity waves
horizontal phase speed vectors, showing the velocity intensity and azimuthal direction (clockwise from
north). Colors of the blocking regions are the same as Figure 8.

Throughout the months most of the gravity waves were outside the blocking regions, mainly
because the majority of the waves were not oriented to the east (dominant blocking region). For those
14 gravity waves inside the blocking region in May and July, many of them were fast and also escape
the blocking regions. The east represented the preferential blocking regions in almost all atmospheric
layers. In April only three waves were propagating to the east and were inside the mesospheric
blocking region, and as they had a very small phase speed probably had in situ generation. Similar
situations occurred in May and June, with relatively slow waves inside the mesospheric blocking
region. These waves could be generated by wave breaking or recombination of waves by wave–wave
interactions, similarly to those studied by Taylor and Hapgood, and Hecht [37,38].

In June, the tropospheric blocking region moved and spread to the east and northeast, but no
gravity waves were observed inside this blocking region. In July, two relatively fast waves propagating
to the east were seen blocked in the stratosphere region. Potentially, these two waves could have
been generated in the stratosphere, or they could come from long distances (from the west) ducted
in the mesosphere, or stratosphere heights. The wave ducting over long distances was studied by
Walterscheid et al. [39], and other studies about energy transports by ducted waves were conducted
by Hecht et al. [40]. In July, it was also observed one wave (the smaller vector) propagating to the
northwest that was trapped in the mesospheric blocking region.
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Similar general wave filtering results were found by Perwitasari et al. [41] in 2013, using an
M-transform applied to airglow data from Syowa Station (69◦ S, 40◦ E). They found a westward
preferable propagation direction, supposedly due to filtering by winds eastward oriented in almost all
atmospheric layers, analogous to our blocking diagrams.

June was the month that better represented the wave filtering. With only one exception (a wave
with a low phase speed and trapped in the blocking region in mesosphere), all waves escaped the
blocking diagram region either due to their speed or to their direction. This blocking diagram was
built by an average of four nights, and it was the one that better represented the typical environment
where the waves propagated.

No blocking diagrams showed wave events trapped in the tropospheric blocking region, and this
suggests that most of the observed waves were blocked mainly in the stratospheric region. However,
this result does not indicate a possible source region and such waves could be generated both in the
troposphere as well as above that region.

The blocking diagrams presented in Figure 9 show a considerable number (11%) of waves trapped
in the mesospheric region. These gravity waves were generally oriented to the east and had slow
velocity in April, May and June, but the waves were relatively fast in July. These facts could be
explained by wave ducting and the high winds variability above 80 km (see the upper part of the
diagrams showed in Figure 8 and also at the top of Figure 4). This variability could be explained by
atmospheric tides and also due to wave breaking, including the gravity waves and waves of other
scales that are not identified in the airglow images. The next section includes a short discussion of the
tidal influence in the nocturnal averaged wind.

There seemed to be a direct relationship between the wind filtering (waves propagating out to the
blocking region), represented by the blocking diagrams, and the number of nights used to build the
blocking diagrams. When a larger number of days (or full nights) were used on the average blocking
diagram, more waves were inside the blocking regions. Blocking diagram analysis performed over
a short time interval (only during the useful airglow nights) can be very useful for the Antarctica
Peninsula, since the number of airglow observations on that region is concentrated in short periods
(and also sparse). This region is different from other sites, such as mid-low latitudes, where the waves
can be observed during several consecutive nights and blocking diagrams can be constructed based on
monthly or seasonal mean winds [34,42–44].

Tomikawa (2015) [45] developed a theoretical study where the blocking diagrams can represent
both the critical levels and turning levels, and consequently better represents waves filtering.
The turning levels are represented by a layer with squared vertical wavelength equals to zero (m2 = 0),
where a wave would be reflected. This kind of diagram was so-called transmitting diagrams because
they represent both the critical level filtering and the turning level reflection. The turning levels consider
the horizontal wavelength and the Brunt–Vaisälä frequency, and once we have the observation of
these parameters from an airglow CCD camera and temperature from satellite, the above theoretical
study could be applied for future works with the goal of better representing the waves preferential
propagation directions.

4. Case Study of July 20–21

This section presents the analyses for one interesting night in which it was observed a large
number of gravity waves. This special night was July 20–21 and comprised more than 13 h of clear
sky conditions, ranging from 21:00 UT (18:00 LT) to 10:40 UT (07:40 LT). During this clear sky night, it
was possible to identify eight small-scale waves and one medium-scale gravity wave that were fully
characterized.

This case study was conducted because it was a very characteristic observation night at EACF,
containing a variety of waves (small-scale, including bands and ripples, and one case of medium-scale
wave). This case study includes mainly an analysis of a blocking diagram and the application of a
reverse ray tracing model for all gravity waves observed in this night.
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Table 1 presents the characteristics of all observed gravity waves on July 20–21. The waves were
labeled by numbers and listed according to their respective observation time. The medium-scale wave
event was not included in the statistics presented in Figures 6 and 7, but is included in this case study.
This event was analyzed by using the keogram technique (similar spectral analysis methodology
employed by Figueiredo et al. [46] on keograms of the perturbed total electron content).

Table 1. Characteristics of gravity waves observed on the night of July 20–21.

Wave # Observed Horizontal Period Phase Propagation
Time (UT) Wavelength (km) (min) Speed (m/s) Direction (◦)

1 21:49 23.2 7.9 49.2 84.8 (E)
2 22:07 26.3 24.9 19.6 301.0 (NW)
3 02:55 26.8 31.9 14;0 276.0 (W)
4 03:11 52.0 34.0 25.5 294.0 (NW)
5 03:23 15.6 14.9 17.4 289.5 (W)
6 05:48 29.3 32.6 15.0 246.4 (W)
7 08:29 39.3 10.3 63.5 85.6 (E)

8 + 08:30 181.0 30.0 99.0 98.8 (E)
9 10:32 37.6 8.2 76.7 126 (SE)

+ Medium-scale wave.

4.1. Blocking Diagram Analysis

The blocking diagram for this case study was prepared in a similar way to the previous cases
(months), here with usage of the nocturnal mean winds, calculated with the wind profiles from 18 UT
up to 06 UT, separated at every 3 h. The blocking diagram and its projection in a polar chart along with
the wave phase speed vectors are shown in Figure 10. In the polar chart, the blue arrows represent the
small-scale waves and the red arrow represents the medium-scale wave event.

Figure 10. Blocking diagram for the night of July 20–21 (left panel), and its projection at the polar chart
(right panel). Blue arrows represents the phase speed and direction of the small-scale gravity waves
while the red arrow represents the medium-scale wave phase speed and direction. The used color
patterns for the blocking regions are the same as in Figure 8.

From Figure 10 it is possible to recognize the typical behavior of waves observed in the winter
season, that is, faster waves propagating to the east and southeast, while the slower waves propagated
to northwest and west directions. Small-scale waves propagating to the west were out of the blocking
regions, as well as the fast small-scale wave propagating southeastward and the medium-scale wave
propagating eastward. It can be seen that two small-scale waves propagated eastward and these waves
were trapped in the blocking region corresponding to the mesospheric winds. Supposedly these waves
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propagated in some kind of duct, or they were generated locally in the upper mesosphere by wave
breaking or wind shear.

The diagram on the right panel of Figure 10 shows good results when we compare the wave
filtering with the typical wave propagation directions on that night. As the nocturnal averaged wind
was used for constructing this blocking diagram, we can assume that this wind well represents the
environment where the waves were propagating. We suggest making use of this methodology when
only one or a few observation nights are available, even knowing that some errors can still occur due
to large winds variability in the region above 80 km height.

In order to analyze the influence of atmospheric solar tides in the nocturnal averaged wind, a
hodograph was constructed for the night of July 20–21 based on winds obtained by the KSS meteor
radar from 18 to 06 UT (five profiles) at five altitude levels, from 80 to 88 km, each spaced at 2 km
intervals. The hodograph is presented in Figure 11 where each line represents the wind direction and
intensity at different altitudes, showing a clear variability throughout the night. Triangles indicate
the wind at the initial time (18 UT), circles indicate the wind at 21 UT, and squares indicate the wind
at the last used time (06 UT). Crosses indicate the average wind associated with each altitude level
(five-colored curves), and the altitude levels are labeled just above the crosses.

Figure 11. Hodograph of winds measured by the KSS meteor radar, on July 20 at 18, 21, 00, 03, and 06
UT, at the heights of 80, 82, 84, 86, and 88 km. Symbols for each time are indicated in the figure, and
each altitude level is distinguished by different colors and indicated near the respective curve. The
crosses indicate the average wind calculated on the time interval for each altitude distinguished by
the colors.

The hodograph shows that the turn of the wind was counterclockwise for all the considered
altitudes (80, 82, ..., 88 km), mainly due to the semi-diurnal tide component (12-h global oscillation)
which was the dominant tidal component at Ferraz. The value of the average wind in the nocturnal
period interval (crosses) represents the winds with an amplitude smaller due to averaging the wind
variations in the nocturnal period. Subtracting a part of the wind variability justified the small wind
values in the blocking regions above 80 km. Although the nocturnal averaged wind profile did not
represent a “true” wind at the wave observation instant, it could be a good approximation for a
background wind, and it was useful for blocking diagrams.
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4.2. Reverse Ray Tracing

A reverse ray tracing model was used to estimate the most likely gravity wave source for the
waves observed in July 20–21. The model used in this paper is the same developed by Wrasse et al.
(2006) [35]. It is based mostly on the position and refraction equations of a wave packet, described by
Lighthill (1978) [47], and employs the group velocities and dispersion relations described by Marks
and Eckermann (1995) [48].

The time step is determined using the relation between the value of the vertical group velocity
and a height decrement of 100 m (δt = δz

cgz
). The model has four stopping conditions, which were

checked after each height step, as follows: the vertical wave number squared must remain positive;
intrinsic frequency must continue positive, unless the wave is filtered; if the vertical wave number
squared takes a value above 10−6, the wave is close to a critical level, and the model must stop; and
altitude of the wave must be positive, indicating the wave have not reached the ground. The stopping
conditions and time-step method are discussed in Wrasse et al. (2006) [35].

The model required a data set of hourly winds and temperature for 00:00 UT of the day of
observation to 12:00 UT of the next day, from 0 to 95 km of altitude. The used data set was composed
of interpolated winds of ERA-5 and KSS meteor radar. Ray tracing also needs the input of temperature
and Brunt–Väisälä frequency (N2, which is derived from the temperature), and that data set was
obtained from the Microwave Limb Sounder (MLS) instrument aboard AURA satellite, that passed
near EACF at 19:00 UT on July 20 and at 04:38 UT on July 21, measuring temperature from the ground
up to 100 km height (from 1000 hPa to 10−5 hPa, pressure levels). The temperature profile obtained at
19:00 UT was reproduced for 12:00 UT to 21:00 UT, and the profile of 05:00 UT was reproduced for
22:00 UT to 12:00 UT of July 21.

Regarding the winds used as input in the ray tracing, it was constructed by using two other wind
data sets with shifted (to left and to right) values from the standard (original) wind profiles to represent
the associated error. One data set was prepared by adding the error to the standard wind, and for
the other wind data, the error was subtracted from the original wind. For altitudes above 80 km, the
available radar errors are used for each altitude of wind measurements. A generic error is evaluated
by taking the difference between the ERA-5 and HWM-07 winds and dividing the result by two, as
shown in the following equation.

σ =
|ERA5− HWM|

2
(4)

The result obtained by Equation (4) (σ) is used as an estimation of error values to build two new
wind data set from the ground up to 80 km. With these new data sets, it is possible to infer how a
small wind variability (winds shifted from the original values) can have an influence on the ray tracing
paths and in the initial values of the intrinsic frequency. Although this methodology does not retrieve
a real error (uncertainty), it can represent a certain deviation from a base value using other models
as parameters.

Figure 12 shows temperature profiles for the night of July 20–21. Measurements from
TIMED/SABER sounding (blue profile) on that night at 02:14 UT (at a distance of ∼500 km from
EACF); the sounding of AURA/MLS (red) at 04:38 UT (about 300 km from station); MERRA-2 (orange)
and ERA-5 (green) temperature profiles for 04:00 UT. In addition, Figure 12 shows (right panel) three
individual temperature profiles from ERA-5 at 00:00, 06:00, 10:00 UT showing small variability of the
temperature profiles along a time interval of 10 h.

Quantitative results obtained from the reverse ray tracing applied to the waves listed in Table 1
are summarized in Table 2, and the waves were enumerated by following their observation time.
The ray tracing results indicated that only two waves were generated at the troposphere (below 10 km),
one event at the stratosphere (between 10 and 60 km), and the other 6 events were likely generated in
the mesosphere (above 60 km). Most waves propagated from close locations (considering a horizontal
straight line) of the Ferraz station. Results provided by the wind shifted from the original wind profiles
showed to be quite similar to the standard one for most cases.
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Figure 12. At left, vertical temperatures profiles obtained by ERA-5 reanalysis (green) and MERRA-2
reanalysis (orange) at July 21 4:00 UT, and profiles measured by TIMED/SABER (blue) at 02:14 UT, and
AURA/MLS (red) at 04:38 UT. At right, three temperatures profiles of ERA-5 reanalysis at 00:00, 06:00,
10:00 UT of July 21.

Table 2. Wave path results obtained by the reverse ray tracing model to each wave listed in Table 1.

Wave # Observed Generated Final Height Horizontal Propagating Direction
Time (UT) Time (UT) (km) Distance (km) Direction (◦) Stopped

1 21:49 20:11 72.3 129.6 84.8 (E) W
2 22:07 21:23 86.9 30.6 301.0 (NW) E
3 02:55 02:11 83.2 136 276.0 (W) -
4 03:11 2:52 84.4 33.9 294.0 (NW) -

5 ∗ 03:23 - - - 289.5 (W) -
6 05:48 03:54 4.3 118.8 246.4 (W) SW
7 08:29 05:16 63.6 397.4 85.6 (E) SW

8 + 08:30 02:50 33.7 907.1 98.8 (E) W
9 10:32 06:28 9.1 609.7 126 (SE) W

∗ Ray tracing stopped at the second iteration. + Medium scale wave.

Results for the ray tracing paths of the gravity waves # 2 to # 5 shows that these waves were
potentially generated in the upper mesosphere (near the OH airglow layer), i.e., between 80 and 90 km
height, and it was noted that the model stopped just after a few iterations. The error analysis showed
that the distance in which the waves # 2 and # 3 propagated above 80 were longer for a smaller deviated
wind than when the standard wind was used.

Waves # 1 and # 7 had a similar propagation direction inside the blocking region, were generated
in the lower mesosphere (∼60 to 70 km). These cases were potentially generated due to a wind shear
near the stratopause, that propagated vertically and horizontally a few kilometers and reached the
OH airglow layer. In addition, these results confirm the initial hypothesis that they were generated
above the blocking region. These two cases also could be originated by the effect of a primary wave
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breaking at some critical level around 60 km, which generated a secondary wave that propagates up to
the observed airglow layer. Trinh et al. 2018 [49] demonstrated the Antarctic Peninsula as a hot-spot of
secondary wave generation after wave breaking (from 30 to 90 km), using satellite data in the austral
winters of 2010–2013. Other studies, like the ones conducted by Vadas et al. 2013, 2014 [50,51] have
used modeling to investigate the propagation of secondary waves generated after wave breaking. Ray
paths resulted from the shifted wind profile showed very similar results comparing to the standard
winds, allowing the waves to propagate to a similar altitude and also to a close region of the station for
all paths.

Ray paths of the medium-scale gravity wave (wave # 8) are shown in Figure 13. The first panel
(top-left) shows the horizontal propagation of the wave paths over the map showing the tip of South
America and the Antarctic Peninsula region. Green path represents the wave path calculated with the
standard interpolated wind data set (ERA and meteor radar), while the blue and red paths represent
the paths obtained, respectively, by the positive and negative shifted winds. The second panel at the
bottom shows the wave paths as a function of longitudes and altitudes, and finally, the right panel
shows the wave paths in a latitudes versus altitudes frame.

Figure 13. Ray paths of the wave # 8. The first panel shows the horizontal ray traced path of the wave
in a rectangular map around EACF. The bottom panel shows the path concerning the altitude and the
longitude. The right panel shows the path concerning the latitude and altitude. Green lines indicate ray
paths calculated with the ERA5 and radar interpolated data set, while the blue and red lines indicate
the ray paths calculated with a deviated wind data set.

At the right-bottom corner of Figure 13 the parameters of the analyzed wave are shown along
with the numeric results of the ray tracing: final height (altitude where the ray path stopped); Distance
(in a straight line from the observatory to the ray path stopped position); time (UT time of the wave
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origin). Wave # 8 traveled a great distance horizontally to the west, but the ray tracing stopped because
the wave reached the limit of the used longitude grid. This result is quite inconclusive since the
wave probably was generated far away (maybe more than one thousand kilometers) to the west of
the station, justified by the large horizontal speed of the wave (∼ 100 m · s−1). The deviated (shifted)
wind made the paths spread some degrees in longitude and latitude, but in the three cases, the wave
propagated in a similar direction.

Ray paths for wave # 9 are shown in Figure 14, in the same way as Figure 13. Wave # 9 is the fastest
(76.7 m·s−1) small-scale gravity wave event with a relatively large structure (for small-scale waves)
that propagated for hundreds of kilometers from the troposphere to the OH airglow emission height.
Ray paths for the deviated wind profile showed that Wave # 9 came from a close region. Waves # 6,
# 8, and # 9 confirm the results obtained from the blocking diagram, as they are faster than the wind
and could propagate from the lower atmosphere to the mesosphere without any filtering process or
reflection caused by the wind.

Figure 14. Same as Figure 13, but for wave # 9.

Reverse ray tracing results obtained by Rourke et al. [52] using OH airglow radiometer images
observed at Davis Station showed very similar results to the present study, with a large number of ray
paths stopped around the airglow layer. The authors also found that only 15% of the gravity wave ray
paths originated in the troposphere, and a few cases in the stratosphere.

For waves # 6 and # 9, where the ray tracing indicates sources in the troposphere, no meteorological
phenomena could be associated with them. However, they should be generated by some physical
disturbance process in those altitudes, such as wind shear or temperature inversion layers, that are not
easily identified with satellite images or reanalysis of meteorological fields. Although the estimation of
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the wave sources was quite inconclusive and complicated to indicate a specific source, the ray paths
showed expected results regarding the blocking diagrams results.

The data set prepared with vertical interpolation in the winds was provided by two distinct
methods: one observed by radar in the altitude range from 80 to 100 km; other obtained from reanalysis
produced at pressure levels (corresponding to altitudes ranging from ∼1 km up to 80 km height),
showed consistent results in the estimation of the gravity waves paths and the wave filtering. An error
estimation in the interpolated winds verified the importance of the wind in the wave dynamics and
source estimation, for the Antarctic Peninsula region, although an ideal data set is not available.

5. Conclusions

The present study showed the observed gravity wave characteristics, the analysis of wave
propagation as a function of the wind filtering for the year of 2017 over Comandante Ferraz Antarctic
Station (EACF). In addition, a case study for one night of high activity of gravity waves was conducted,
using blocking diagrams and ray tracing model to identify the locations (regarding altitude and
distance from the observatory) of the origin of the waves. An FFT spectral analysis was applied to
122 gravity wave events, distributed along 34 nights with clear sky conditions. The typical parameter
values of the analyzed waves were: observed horizontal phase speed around 10 to 70 m·s−1; observed
periods typically in an interval from 5 to 20 min; horizontal wavelength mainly between 15 and 35 km;
the majority of the waves propagates to the northwest and west directions, with small phase speed;
and the faster events propagate to east and south directions.

Blocking diagrams were built to analyze the wave filtering conditions for the months of April, May,
June and July. The nocturnal averaged wind profiles were used to prepare the blocking diagrams, and
demonstrated to be appropriate for this purpose. Blocking diagrams with fewer nights demonstrated
a better accuracy than the ones constructed over longer time periods. The results from the blocking
diagrams showed an anisotropy in the wave propagation direction in agreement to the observed
horizontal propagation directions. It is suggested that for future studies averages of wind be used in
short days interval for hard airglow observational conditions and hourly winds be used for analyses
of specific wave filtering.

A case study on the night of July 20–21 was conducted by analyzing a one-night blocking diagram
and applying a reverse ray tracing model to nine observed gravity waves. The ray paths indicated
that: (1) six among eight small-scale gravity waves were generated in the mesosphere region (two
of them around the mesopause); (2) only two small-scale waves were potentially generated in the
troposphere (none of these two waves were linked to any clear meteorological source); (3) the ray path
for the medium-scale wave stopped more than 600 km to the west of the station (at around 33 km of
altitude), due to reaching the limit of the used data grid (in lat./lon.), and it was potentially generated
far away (>1000 km) from the observatory in the lower stratosphere or troposphere. Despite the fact
that none of the waves could be associated with any reliable source, the ray tracing confirmed the
general results obtained by the blocking diagrams and further investigations (with a larger set of wave
events in distinct seasons) should be conducted in future works.
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