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Abstract.

A statistical study of strong quasi-two-day waves (QTDWs) is carried out from the
intensities and rotational temperatures of OH(6-2) and O,b(0-1) emissions measured
from the “El Leoncito” Astronomical Complex (31.8°S, 69.3°W) between 2006 and
2020. These emissions correspond to layers centered at 87 km and 95 km altitude,
respectively. The period, amplitude and phase of each QTDW are obtained after
applying rigorous data and spectral conditions. QTDW is the strongest planetary wave
in January and is strong during the other summer months. In the rest of the year, the
presence of strong QTDWs is more exceptional. Most QTDWs have periods between
45 and 52 hours. In January, the periods are mostly concentrated in the range of 45 to
48 hours, with medians of approximately 46 hours, for both emissions. The peak of
QTDW amplitudes is also reached in January, with total averages greater than 10 K for
temperatures and 36% (45%) for OH (O,) relative intensities. Unlike what happens with
the semidiurnal tide, there is no increase of the temperature amplitude with altitude: for
January there is rather a slight decrease between the OH and the O, layer. QTDWs
affect airglow intensities more than temperatures, which is reflected in the large
Krassovsky’s 7 ratios (with mean vector modulus of 6.14 (+0.15) for OH and 8.08
(20.11) for O,). In a high percentage of cases, the vertical wavelength is long (4, > 100
km), especially for the O, layer. However, waves with 4, from 20 km were also
detected, and with both directions of vertical propagation. The January averages in the
documented years (2008-2012, 2014-2015, 2019-2020), indicate the minimum
amplitudes (in intensity and temperature) in 2009 and the maximum amplitudes in
2012. For each of the four observed parameters (intensities and temperatures of OH and
O,) there is a different day-by-day evolution of the QTDW amplitudes.

1. Introduction

The quasi-two-day wave (QTDW) with periods close to 48 hours, is one of the main
planetary waves present in the mesosphere and lower thermosphere (MLT). Since their
early wind observations in the 1970s (e. g. Clark, 1975; Glass et al., 1975; Muller and
Nelson, 1978) QTDWs have been extensively discussed in the literature.

Data measured with satellite instruments have been one of the main sources for
analyzing the global characteristics of the QTDWSs. Measurements made with the
"Sounding of the Atmosphere using Broadband Emission Radiometry" (SABER)
instrument on board the "Thermosphere — Ionosphere —Mesosphere Energetics and
Dynamics" (TIMED) spacecraft have resulted in many publications (e. g., Palo et al.,
2007; Ern et al., 2009; 2013; McCormack et al., 2009; Forbes and Moudden, 2012;
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Pedatella and Forbes, 2012; Gu et al., 2013; 2019; Huang et al., 2013; Chang et al.
2014; Moudden and Forbes, 2014; Nguyen et al., 2016; Wang et al., 2017; Xiong et
al., 2018; Liu et al., 2019 ). Data from the “Microwave Limb Sounder” (MLS)
instrument on board the NASA Aura satellite also led to several QTDW papers
(Tunbridge et al., 2011; Forbes and Moudden, 2012; Pancheva et al., 2018; Fritts et al.
2019). Hydroxyl nightglow emission measurements from the “Imaging Absorption
SpectroMeter for Atmospheric CHartographY” (SCIAMACHY) onboard Envisat also
was used (Ern et al., 2009).

QTDWs in the MLT region were also extensively studied with ground-based
measurements. Most of the QTDW papers were based on wind data obtained with
single radars or radar networks (e. g., Plumb et al., 1987;Tsuda et al. 1988; Meek et al.,
1996; Palo and Avery, 1996; Gurubaran et al., 2001, Jacobi et al., 2001; Namboothiri
et al., 2002; Lima et al., 2004; Chshyolkova et al., 2005; Nozawa et al., 2005;
Pancheva, 2006; Malinga and Ruohoniemi, 2007; Tunbridge and Mitchell, 2009;
Hecht et al., 2010; Suresh Babu et al., 2011; Guharay et al., 2012; 2015; Lilienthal
and Jacobi; 2015; Ma et al., 2017; Venkateswara Rao et al., 2017; Xiong et al., 2018;
Fritts et al., 2019; Gaikwad et al., 2019 ).

In contrast to radar data, QTDW studies using data obtained with other types of ground-
based instruments are very scarce. There are a few studies which use airglow data
(Takahashi et al., 2005; Lopez-Gonzdlez et al., 2009; Hecht et al., 2010) . Here some
features of the QTDW will be obtained, using a large airglow data set observed at El
Leoncito, in the Argentine Andes. The description of the data and the spectral analysis
method used to detect and quantify the QTDWs are described in Section 2. The QTDW
results are presented in Section 3, while these are compared with the literature in
Section 4. The main results are highlighted in Section 5.

2. Data and analysis method.

The Argentine Airglow Spectrometer (AAS) measures, in the zenith direction, band
intensities and rotational temperatures of OH (6-2) and Ob (0-1) emissions (Scheer,
1987; Scheer and Reisin, 2001), whose layers are centered nominally at 87 km and 95
km altitude, respectively (e. g., rockets observations by Baker and Stair Jr., 1988; Witt
et al., 1979). The set of these four parameters (and the spectral background) is
measured approximately every 80 s. In April 1998, the instrument was automated and
continues measuring from the Astronomical Complex "El Leoncito" (CASLEO, 31.8°S
69.3°W) with some interruptions due to instrumental failures (see table of number of
nights with data per month and year http://www.iafe.uba.ar/aeronomia/Months.html).

In principle, the data from January 2, 1998 to February 4, 2020 are used for the present
analysis. However, due to the strict selection criteria applied for this analysis (see
below), the first results correspond to February 2006 (with two exceptions in December
2002), when the sequence of many consecutive nights with data began to be frequent.

In order to reduce the spectral noise due to fast oscillations, for each of the four
parameters measured, the averages of the 30-minute bins are used (a minimum of 10
data is required for each bin). Spectral analysis is performed on windows of 17
consecutive nights. As a quality requirement, only windows that have data every night
and with an average of at least 4 hours of data per night are used. After testing with
different window lengths (6, 11, 15, 16, 17, 18 and 20 days), the 17-day length was
chosen because it had the highest rate of QTDWs detected per window.
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Despite the strict selection criteria mentioned above, more than 2600 windows for each
parameter were analyzed. Here, each window is labeled with the date of the central
night (e. g., the January 8, 2015 window, is the one that includes the nights from
January 1 to 17, 2015). The number of windows is well distributed in every month,
with between 132 and 255 windows depending on the month (see Fig. 1).
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Fig. 1. Number of 17-day windows per month used in the present analysis for OH (blue) and O, (red).

These windows, of course, are not independent, as neighboring windows share 16 data
nights. Despite this data overlay, the results of each data window are obtained
separately. In this way, a better statistical quality is obtained for the mean values (e. g.,
monthly average amplitudes) than if only windows without overlapping nights were
used. An additional advantage of this overlay approach is that it allows the day-to-day
evolution of the QTDW to be followed. Case count histograms are also shown below.
Since most cases are not independent, the case count is not the same as the QTDW
event count. The number of cases in the histograms can be considered as a measure of
the presence level of strong QTDWs. These histograms are then used as a proxy for the
discussion of some aspects of the QTDW.

The 17-day length of the windows is suitable to study planetary waves of different
periods. Here the analysis is limited to windows where QTDW is strong. For this, the
period, amplitude and phase are calculated with the sinusoidal fit by least squares
already used in the past (e. g. Reisin and Scheer, 1996; 2019) thus obtaining the main
spectral component. The second spectral component is also obtained, applying the
sinusoidal fit to the remainder of the data after subtracting the sinusoid from the main
spectral component. To study QTDW, only cases in which the period is within the
range of 1.6 to 2.4 days (38.4 to 57.6 hours) are considered. In addition, it is required
that the calculated periods of intensities and temperatures be similar, with a difference
of no more than one hour. An example of a QTDW in the four observed parameters is
shown in Fig. 2. The 30-minute data averages between January 6 and 22, 2011 are
contrasted with the reconstruction curves of the two main sinusoids. It is seen how the



slow variations of the data are well represented by their respective fits (note that the
"noisier" shape in the TO2 curve is due to the fact that the second spectral component
has a short period (0.34 d) that is not present in the other three parameters).
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Fig. 2. 30-minute data averages, measured by the AAS between January 6 and January 22, 2011. From
top to bottom: O, temperatures, O, intensities, OH temperatures, and OH intensities. The least squares

fits of the two main spectral components are also shown. The periods, amplitudes, and phases of these

components are also indicated on the left top of each frame.

The characteristics of the vertical wave propagation are obtained using the theory of
Hines and Tarasick (1987). According to this theory, for airglow zenith measurements,
the vertical wavelength and the direction of propagation depend on the Krassovsky’s

n ratio. This ratio is a complex dimensionless number defined as
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where A;and I are the nocturnal amplitude and mean intensity, Arand T the
corresponding values for temperature, and ¢ is the difference of the intensity and
temperature phases (¢ = ¢ - ¢r ). The phase ¢ is evaluated at the center of the data
window to avoid systematic errors due to the small differences of the intensity and
temperature frequencies. The vertical wavelength is (see Reisin and Scheer, 1996)
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where y = 1.4 is the ratio of the specific heats and H the scale height. A sign to A, is
attached, so that a negative A, means downward propagation of wave phase (or upward

energy propagation), and of course the opposite for positive A,. For long vertical
wavelengths, the phase varies little with altitude and, due to the margin of error, it is
difficult to distinguish whether the wave is ascending, descending or even evanescent.
As was done in previous papers (e. g., Reisin and Scheer, 1996; 2019), here the
condition |A,] > 100 km is used to refer to "long vertical wavelength" waves, for which
the direction of vertical propagation is not clearly defined.

3. Results.

From the present data analysis, it turns out that the QTDWs are evidenced in 221 cases
for the O, emission, and in 169 cases for the OH emission. This is 8.4% and 6.1% of
the total 17-day windows analyzed, respectively. Of special interest are the 78 cases in
which QTDW are well documented in the two emission layers simultaneously.

The monthly distribution of cases shows a clear peak in January, which is greatly
reduced in the neighboring months of December and February (see Fig. 3a). The
remaining months have few cases and almost none that are simultaneous in both
emissions. The preponderance of cases in January is more evident if only the main
spectral components are considered (see Fig. 3b). Note that, in addition, January is one
of the months with the fewest analyzed windows (Fig. 1). For this month, the QTDWs
were detected in 47% and 58% of the windows for OH and O-, respectively. These
percentages remain high, even if the cases are limited only to the main spectral
component (38% for OH, 50% for O,). Note that the periods of sinusoidal fits are not
restricted to the range close to 2 days (see example in Fig. 2). Since only the main
spectral components are used, this means that the detected cases of QTDW have
amplitudes that exceed any other planetary wave that might be present. From the fact
that for January, the QTDW is detected in at least half of the windows in O, (and a
somewhat lower percentage in OH) it can be concluded that the QTDW is the strongest
planetary wave during this month.
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Fig. 3. Monthly distribution of detected QTDW cases, for OH emission (blue), O, emission (red) and
simultaneous in both emissions (green): using two spectral components per window (a); and using only
the main component (b).

In the two emissions, the periods tend to be slightly less than 2 days. Most cases occur
between 45 and 52 hours (see Fig. 4a), with 68% of OH cases and 70% of O, and
medians of 47.1 and 46.2 h, respectively. Limiting itself to 78 simultaneous cases, the
concentration of cases in this period range is even higher, with 81% of OH cases and
77% of O, cases (and the corresponding medians of 46.1 h and 45.7 h).
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Fig. 4. Histogram of the QTDW periods for OH (blue), O, (red), simultaneous for OH (green), and
simultaneous for O, (cyan): All cases (a) and only January cases (b). Medians are indicated by the
vertical dashed lines.

January is the month with the highest temperature amplitude averages, exceeding 10.4
K in both emissions (Fig. 5). The neighboring months December and February have



smaller averages, around 7 K. The other months, much less documented, have monthly
averages below 6 K.

total number of cases & averages
OH: 169 & 8.41 02:221 & 8.17  simult.:

13 I Li ] L] ] ] ] ] I L] L] ]
195 11 125 14 I 13 W7 I 18 117 117 133
i ] i i I ' I i I i [ i
12 = 1 ] 1 1 I I 1 I [ I [ 1
[ ] [ ] I ] ] ] 1 (] 1 ] ] ]
] i i I I I I [ i [ i
R O
] i 1 I i 1 I I I [ 1
g |+ ] 1 1 I I I I 1 I [ 1
By gy Qe -y ———y S 0 0 O, - g - T A . = -y
@ 1 1 0 I | 1 i I 1 [ i 1
k=] i i i i I i i I i i i i
= 1 I I 1 I [ 1 I I I 1 1
s b AF F & § b 0 4 4 k&
o iy e e g L s e e
I T e T e e e e e et bty o il
@ i ] i i I [ I I I I 1 ol
E : .,B b b b
® 7 i i | I [ I I I I [ *
o i ] i i I i i I I i [
2 R U T T A L
E g 1 1
s AR B A A A O T A
c i ] i i I i I I [ 1
o 5 | i ] i i I I I I [ I [ i
o I ] I * | I | N ] I I [ |
= i i i I i i i i [ i i
o &P f R b
1 I 1 1 I | 1 @ 1 | [ | 1
L F 8 &1 14 % et
3~ 1 ] 1 1 I ] 1 1 1 I [ 1
1 [ ] I ] ] ] 1 1 (| ] ] ]
190 127 13 ] I I 15 15 I V7 I 130
i t i i 1 i i 1 i t t i
1 2 3 4 5 6 T 8 9 10 11 12

month

Fig. 5. Monthly averages of temperature amplitudes. Same color code as in Fig. 4. The numbers near
the vertical dashed lines indicate the number of cases used for each monthly average. Total averages are
indicated by the horizontal dashed lines.

Monthly averages of the amplitude of relative intensity (with respect to the window
mean) also peak in January (36% for OH and 43% for O,, see Fig. 6). The neighboring
months of December and February have somewhat lower monthly averages, from 22%
to 34%.
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Fig. 6. Same as Fig. 5, but for relative intensity amplitudes.

All Krassovsky’s 7 values are located in the first and fourth quadrants of the complex
plane (see Fig. 7). Many of the points are close to the real axis, i.e., intensity and
temperature oscillations are almost in phase. This 1 behavior is very different from the
case of the semidiurnal tide, where the 7 points are clearly located only in the fourth
quadrant (Reisin and Scheer, 2019). The modulus of 7 tend to be larger for O, than for
OH. The mean vector for O is |77 | = 8.08(+0.11) , ¢ = -3.80°(x0.79°); and for OH is |7 |
= 6.14(+0.15), ¢ = 0.02°(+1.44°).
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Fig. 7. Krassovsky's  ratio of the QTDW in the complex plane, for O, (top) and OH (bottom). The

respective average vectors are also shown.



For O, emission, most QTDWs have a long vertical wavelength, so they do not have a
clear vertical propagation direction defined. There are 70% of cases with |A, | > 100
km. (Fig. 8). For OH emission, the number of cases with a long vertical wavelength is
less (47%). For the simultaneous cases, these percentages are 72% for O, and 38% for
OH, that is, the vertical wavelength tends to be shorter in the lower altitude emission
layer.
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Fig. 8. Vertical wavelength distribution of the detected QTDWs. Same color code as in Fig. 4. The
cases with a long vertical wavelength are accumulated in the leftmost (A, < -100 km)) and rightmost (A,
> 100 km) bars group.

From what has been discussed so far, one can see that during January, QTDW is often
the strongest planetary wave. During the other months of the year, the occurrence of
strong QTDWs is much less frequent. In what follows, only the January cases will be
considered to analyze the interannual variation of the QTDW. The distribution of
QTDW periods for January (Fig. 4b) is clearly more concentrated than the distribution
for all months (Fig. 4a). Nearly all January cases are included between 42 and 52 hours.
Only in the reduced 45 h - 48 h range occur 60% of OH cases and 81% of O, cases,
while for simultaneous cases these percentages are 80% in both emissions.

There are nine years with monthly averages for January available (from 2008 to 2020),
six of which are for both emission layers (starting from 2011). The temperature
amplitude averages of OH range from 5.0 K to 12.6 K, indicating a strong variation
from year to year (Fig. 9). The amplitude of the O, temperature variations is reduced to
the range from 9.1 K to 14.1 K. For both emissions, the year with the highest
temperature range was 2012, with mean values greater than 12 K. The lowest values
correspond to 2009 and 2010, but only the OH amplitudes are documented. For each
year, the temperature amplitude average of the simultaneous cases do not differ
significantly from the amplitude average of all the cases: The only exceptions are for
OH temperatures in 2020 and 2014 with differences of 1.9 (+0.9) K and 1.6 (£1.1) K,



respectively. Furthermore, from the simultaneous cases, it follows that the temperature
amplitudes in the two emission layers are similar, only slightly higher for OH. This is
most evident with the ratio of temperature amplitudes of O, over OH (Fig. 10) with a
six-year average value of 0.95 (+0.04).
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In January, the amplitude of the relative intensity is usually very strong and variable
from year to year. January averages range from 27% to 49% (with the exception of
2009 for OH (18%); see Fig. 11). On average, the relative amplitudes of O, are about
23% greater than those of OH. From Figs. 9 and 11, it can be seen that the year-to-year
amplitude variations for temperatures and intensities are somewhat different. However,
they have in common the minimum of OH in 2009 and the maxima of OH and O, in
2012.
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Fig. 11. Same of Fig. 9, but for relative intensity amplitudes.

It is interesting to see how the QTDW temperature amplitudes evolve within January
2012, which is the best documented year. For OH, the maximum amplitude is reached
on January 6, lasting until at least January 8 (between 10 and 14 there are no data).
Already on January 15 the amplitude is much less and tends to drop until 31 inclusive
(Fig. 12). For O,, the amplitude peak is delayed between 4 and 6 days with respect to
OH: The maximum is on January 12 (although it could have been reached up to two
days before) and lasts until January 15. From January 16, the amplitudes decrease
almost continuously to less until January 23. As in previous papers (e. g. Reisin and
Scheer, 2019), the error bars in Fig. 12 (and also in Figs. 13, 15 and 17) were calculated
with the jackknife method (Efron and Gong, 1983).

In January 2012, the amplitudes of O, relative intensity remained fairly constant
between day 1 and 22 (Fig. 13). In a different way, for OH, the amplitude tends to
attenuate throughout the month. Furthermore, these day-to-day evolutions in the
intensities are very different from the evolutions in the temperatures (see Fig. 12).
Although only the amplitudes of January 2012 are shown here as an example,
significant differences in the temporal evolution between the four measured parameters
were observed in the other years.
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As already mentioned, the vertical wavelength tends to be long, especially in the O,
layer. This can also be seen in the January vertical wavenumber averages (k, = 1/A,; see
Fig. 14). In the O, layer, all January averages (expressed in wavelength) have a
modulus greater than 100 km. This is also the case for most years in the OH layer, the
exceptions are in 2011 and 2015 with A, averages of 34 km and 70 km, respectively (the
2019 average includes A, > 100 km within the margin of error).
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Fig. 14. January averages of the vertical wavenumber (k, = 1/ A,) versus year, for OH (blue) and O,
(red). Total averages are indicated by the horizontal dashed lines. The vertical wavelength scale is
displayed on the right hand side.

The temporal evolution of A, during January 2012 is different depending on the
emission layer. In the O, layer, the vertical wavelength is long on almost all available
days of the month, except for January 9 and 12 (Fig. 15). In contrast, the vertical
wavelength is much more variable in the OH layer: On January 1-3, the energy
propagation is upward, on January 4-15 and 27-31, |A,| it is long, and on January 19-23
the energy propagation is downward.
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Fig. 15. Day-to-day evolution of the QTDW vertical wavenumber during January 2012, for OH (blue)
and O; (red).

The long vertical wavelengths can also be seen in the phase comparison between the
two emission layers. Fig. 16 shows the January averages of the O, minus OH phase
differences A¢, for temperatures and intensities. The averages are consistent with zero
offset, or somewhat positive (that is, the oscillation in the upper layer is ahead of the
oscillation in the lower layer). For the 55 windows involved, the total average of A¢ is
only +3.42 (+£0.28) h for temperatures and +1.85 (+0.42) h for intensities, which
represents about 14% and 8% of the maximum possible phase difference for 48-hour
period wave, respectively. The maximum phase difference of 5.4 h is reached for
temperatures in 2012. The temporal evolution of the phase differences during that
January is different for temperatures and intensities: while for temperatures, the

A¢ values vary without a clear trend between 3 and 6 hours, for intensities, they tend to
decrease during the month from 8 to 0 hours (Fig. 17).
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Fig. 17. Day-to-day evolution of the phase differences A¢ during January 2012. Same color code as Fig.
16.

4. Discussion

Our results based on airglow data show an evident preponderance of quasi-two-day
waves during the summer months, especially in January. During the rest of the year, the
presence of QTDWs is much weaker, and does not stand out over the other planetary
waves. This seasonal behavior is widely recognized in the literature for midlatitudes of
the Southern Hemisphere (SH; e. g., Hecht et al., 2010;,Yue et al., 2012; Gu et al.,
2013; 2019; Huang et al., 2013; Pancheva et al., 2018).

From our measurements located at a single site, it is not possible to discern which zonal
modes are involved in the observed QTDWSs. Models, satellite observations, and
ground-based instrument networks agree that the westward propagating zonal
wavenumber 3 (W3) is usually the dominant QTDW mode in summer SH midlatitudes
(Salby, 1981, Ern et al., 2009; Tunbridge et al., 2011 ; Pendlebury, 2012; Pedatella
and Forbes, 2012; Pancheva et al., 2018; Fritts et al., 2019; Gu et al., 2019; Liu et al.,
2019). Other QTDW modes, such as westward wavenumber 2 and 4 (W2 and W4) or
eastward wavenumber 2 (E2) are also discussed in the literature, although in general,
their amplitudes are lower than those reached by W3 mode.

As mentioned, most of the QTDWs observed here are limited to a period range of +4 h
around 48 h. For January only, the periods are even more concentrated in both emission
layers, with medians around 46 h. The tendency to periods somewhat shorter than 48 h
may be related to the phase-locked 2-day waves, discussed by Walterscheid and Vincent
(1996). Moreover, these periods tend to be shorter than the value of 2.1 days mentioned
by Salby (1981). Using MLS data from January 2015, Fritts et al. (2019) determines a
range of periods between 44 and 52 h, similar to what is observed here. In the same



sense, with SABER temperatures, Moudden and Forbes (2014) find periods ranging
between 43 and 52 h for the SH. Also with SABER data for the austral summer, Gu et
al. (2019) found that the W2 mode of QTDWs are more frequently observed with
periods between 45 and 48 h, the W3 mode between 45 and 52 h and the mode W4,
between 41 and 56 h. Guharay et al. (2015) , with wind data obtained with a meteor
radar in Cachoeira Paulista (22.7°S 45°W) between 2000 and 2014, observe much wider
QTDW period range, between 36 and 70 h. The 20-year simulation based on Canadian
Medium Atmosphere Model (CMAM) by Pendlebury (2012), predicts QTDW periods
from 1.5 days. This contrasts with the present results, since almost no cases with
periods shorter than 40 h have been observed.

El Leoncito is located within the zone between 30°S and 40°S, where the W3 mode of
the QTDW reaches a maximum amplitude (Liu et al., 2019). The temperature
amplitudes of the QTDWs are strong in January, with total averages above 10 K, while
in December and February the amplitudes are approximately 3 K lower. For January
17, 2015, Fritts et al. (2019) show that the temperature amplitude of the strongest
westward wave mode 3 is around 8 K, at 30°S and 80-100 km altitude (see their Fig.
12). This value is somewhat less than the January 2015 average amplitudes of ~10.7 K
determined here for both emissions (Fig. 9). For the same W3 wave mode, month,
latitude and altitude range, Gu et al. (2019) derives amplitudes between 8 and 14 K (see
their Fig. 1d) that are values similar to those obtained here.

Gu et al. (2013) show the QTDW January temperature amplitudes obtained with
SABER between 30°S and 40°S from 2003 to 2012 (see their Fig. 6). The years with
the weakest amplitudes (for W3 wave mode) were 2008, 2009 and 2010, never
exceeding 8 K in the mesopause region. In the other years the amplitudes are much
higher, especially in 2011 and 2012, when the amplitudes reached 14 K. Moudden and
Forbes (2014) , also analyzing the 2002-2011 SABER data, arrive at a variation in the
interannual amplitude with minima in 2008 and 2009, similar to that by Gu et al.
(2013). Tunbridge et al. (2011), from MLS temperature data between 2004 and 2009
also obtain similar results, with W3 amplitudes reaching 12 K, and with the weakest
amplitudes in 2008 and 2009. These interannual behaviours are more or less consistent
with the present results between 2008 and 2012 (Fig. 9). Amplitudes that exceeded 17
K (Fig. 12) — somewhat higher than those shown by Gu et al. (2013) — were obtained
for some dates in January 2012 in the present study.

Here it was found that there is no increase in the amplitude of temperatures with
altitude but rather, a slight decrease: the mean growth factor between the OH layer and
the O, layer is 0.95 (+0.04). This differs greatly from the growth factor for the
semidiurnal tide which is 1.42 (£0.04) (see Reisin and Scheer, 2019).

There are few precedents in the literature regarding QTDWs in airglow intensities. With
data from Cachoeira Paulista (22.7° S, 45.0° W) between March and November 1999
(summer months not included), Takahashi et al. (2005), observe a clear maximum
amplitude of OH intensity during July (see their Fig. 4c). Although based on a few
cases, the present OH intensities do not appear to support this July peak because the
amplitude level is similar to that of August and October (Fig. 6).

Hecht et al. (2010) analyzed the QTDWs with OH and O, data from January 25 to
February 5, 2003, measured at two sites in Australia in latitudes similar to El Leoncito.
Using pairs of consecutive nights, they obtain the relative variation of intensities and
temperatures (AI /I and AT/ T) and the corresponding |1| value for each date (see
their Tables 2 - 5). These values are strongly variable from day to day. Excluding the



outliers, AI /I values are typically in the range between 25% and 55% for both
emissions, similar to the January averages shown here (Fig. 11). Hecht et al. (2010)
argue that the response to QTDW in airglow intensity is much greater than the response
in temperature or, in other words, || >> 1. As in the case of AI/ I, the values of |

n| also have a strong day-to-day variability. From the Alice Springs data (see their
Tables 4 and 5), |n7| medians are close to 11 for both emissions. That is, the values of |
n| tend to be even higher than those shown here (Fig. 7). On the other hand, Hecht et
al. (2010) also mention that "airglow intensity and temperature are generally in phase,
with an uncertainty of a few hours", which is consistent with the present results.

Another study of planetary waves based on the same OH and O, emission bands was
done by Lopez-Gonzdlez et al. (2009), using data acquired between 1998 and 2007 with
the Spectral Airglow Temperature Imager (SATI) installed at Sierra Nevada
Observatory (37.06° N, 3.38° W). They divide their results into four different period
ranges (around 2-days, 5-days, 10-days, and 16-days). The probability of the presence
of 2-day waves with respect to the month is very different from that observed in this
paper: for O, temperatures almost all the cases detected correspond to the northern
winter months (January to March) while for the OH temperatures, the detected waves
extend between both solstices (January to August). This different seasonal behaviour is
not unexpected considering that these are measurements in the opposite hemispheres.

The QTDWs found here often have a long vertical wavelength, especially in the O,
layer. However, waves with vertical wavelengths from 20 km have also been detected.
Upward waves with long vertical wavelengths (|A,| > 100 km) were already found in
wind measurements at Kyoto (35°N) and Adelaide (35°S) by Tsuda et al. (1988). In the
recent paper based on wind measurements with a network of eight radars between 23°S
and 76°S in January 2015, Fritts et al. (2019) determine QTDWs with |A,| between 75
and 100 km at mid-latitude sites and with even longer |A,| (> 150 km) at high-latitude
sites. Guharay et al. (2012), using wind measurements with the meteor radar in Santa
Maria (29.7° S, 53.7° W) in the summers of 2005-2007, obtain mean vertical
wavelengths with values of ~ 62 km for zonal wind and ~74 km for meridional wind.
Using wind data measured in Cachoeira Paulista, Lima et al. (2004) found vertical
wavelengths varying in the range of 40-140 km during the months of January and
February from 2000 to 2002. Vertical wavelengths shorter than those observed here,
between 40 and 80 km, have been shown by Huang et al. (2013, see their Fig. 4) from
the SABER temperatures at 32°S during January-February 2003. Similar results (|A,| <
60 km) from SABER temperatures of 2003-2005 is shown for 30°S by Ern et al. (2013,
see their Fig. 6a).

5. Summary

From the large database of OH and O intensities and temperatures acquired from El
Leoncito and using strict selection criteria, it was possible to obtain several
characteristics of the quasi-two-day waves in this location, between 2006 and 2020 (and
two isolated cases in December 2002). The method is only applied to the cases in which
the QTDW is the strongest planetary wave. These are the main results:

¢ In January, the QTDW is the strongest planetary wave, and it is strong in the
other summer months. For the rest of the months, the occurrence of strong
QTDWs is much less frequent.



The waves detected are mainly included in the period range of 45-52 hours. For
January only, the distribution of periods is limited to a narrower range, with
most of the cases between 45 and 48 hours and medians somewhat less than 2
days (~ 46 hours).

On average, the amplitude of the January temperature oscillations are greater
than 10 K in both emission layers, exceeding, by at least 3 K, the corresponding
values of the neighbouring months.

For the January cases in which QTDW is detected in both emissions, the
temperature amplitude is slightly greater in the OH layer (Ato2/Aron= 0.95 +
0.04, on average).

QTDW affects intensities much more strongly than temperatures. The monthly
averages of the relative intensity amplitudes vary between 15% and 43%,
reaching the peak in January.

From year to year, there is a great variability of the January amplitude averages.
Among the nine documented years (2008-2012, 2014-2015 and 2019-2020), the
first three were of lower temperature amplitudes (with the minimum in 2009
having an OH amplitude of ~5 K) and the maximum in 2012 (~14 K for O, and
~12.5 K for OH). For the relative intensity amplitudes, 2009 and 2012 were also
the years with extreme values of ~18% and ~47%, respectively.

The day-to-day evolution of QTDW is different in each of the four observed
parameters.

In both emissions, the Krassovsky's 7 ratios are completely distributed in the
first and fourth quadrant of the complex plane, with an accumulation of cases
close to the real axis. The mean vector of 7 has a modulus of 6.14 (+0.15) and
phase of 0.02° (£1.44°) for OH, and 8.08 (+0.11) and -3.80° (+0.79°) for O,.

The detected QTDWs tend to have a long vertical wavelength (greater than 100
km), especially in the O, layer. However, also cases of shorter vertical
wavelength (from |A,| > 20 km) and with both directions of vertical propagation
have also been observed.

Many of the results obtained here are consistent with those discussed in the literature
for similar latitudes to El Leoncito. With a method similar to that used in the past to
study the semidiurnal tide, it has been shown how, from airglow data, it is possible to
extract valuable information about the QTDW.
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