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Key Points:

o . First study of 8- and 6-hour tides from coordinated observations of three meteor
radars at Southern Hemisphere mid-to-high latitudes

e First time measured longitudinal phase differences between two sites suggest the
propagation of migrating 8- and 6-hour tides

e _Correlation between 8- and 6-hour tides is identified for the first time, suggesting that
these tides are generated by the same source

Abstract

Atmospheric 8- and 6-hour tides are observed for the first time in the zonal and meridional
winds at ~82-97 km altitudes simultaneously at Tierra del Fuego (TDF; 53.7°S, 67.7°W),
King Edward Point (KEP; 54.3°S, 36.5°W), and Rothera (ROT; 67.5°S, 68.0°W) at Southern
Hemisphere (SH) mid-to-high latitudes during long time spans, allowing to reveal
climatology and migrating nature. The monthly averaged amplitudes vary between ~1-8 m s
for the 8-hour tides while the amplitudes of 6-hour tides are smaller ~0.5-4 m s, Both tides
exhibit an annual pattern having the amplitude maxima during SH winter and minima in SH
summer. The tidal phases are smaller (earlier) in the zonal wind than in the meridional wind
by about 90°. The phase differences observed between TDF and KEP, which are located at
similar latitudes but different longitudes suggest the propagation of migrating tides. The
study finds that 8- and 6-hour tides are correlated.
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Plain Language Summary

Atmospheric oscillations with 8- and 6-hour periods at mid-to-high latitudes in the Southern
Hemisphere are poorly understood due to the lack of measurements. In this study, we report
the climatology of these oscillations in the altitude range from ~82-97 km in the mesosphere
and lower thermosphere through the analysis of the coordinated observations by three meteor
radars located at Rio Grande, Tierra del Fuego (TDF; 53.7°S, 67.7°W) in Argentina, King
Edward Point station (KEP; 54.3°S, 36.5°W) on South Georgia Island, and Rothera station
(ROT; 67.5°S, 68.0°W) on Adelaide Island west of the Antarctic Peninsula. The oscillations
are observed in both zonal and meridional winds with the zonal component leading the
meridional component corresponding to the counter-clockwise rotation. The observations
from TDF and KEP at similar latitudes suggest that the oscillations are propagating westward
in the phase speed of approximately 360° longitude/day following the apparent motion of the
Sun. ~11 years of continuous observations at TDF and ROT show that the long-term changes
between 8- and 6-hour oscillations are correlated with each other. These short-period tides
should have significant impacts on the variability of the thermosphere and the ionosphere.

1 Introduction

Solar thermal tides generated through the daily cyclic absorption of solar radiation are
important features of the dynamics in the mesosphere and lower thermosphere (MLT).
Migrating diurnal (24-hour period, westward propagating, zonal wavenumber 1) and
semidiurnal (12-hour period, westward propagating, zonal wavenumber 2) tides are the
dominant modes that have been extensively studied. In general, the 24-hour tides dominate at
low-latitudes whereas the 12-hour tides have larger amplitudes at mid-to-high latitudes
peaking at ~60° latitude (e.g. Hagan et al., 1999). A growing body of evidence shows that
nonmigrating tides, whose phase speeds do not follow the apparent motion of the Sun, can
also achieve large amplitudes in the MLT region and contribute significantly to the variability
in this region (e.g. Forbes et al., 2008; Oberheide et al., 2011).

Shorter-period tides at 8- and 6-hour harmonics have been discerned from both ground- and
space-based observations (e.g. Teitelbaum et al., 1989; Thayaparan, 1997; Oznovich et al.,
1997; van Eyken et al., 2000; Smith, 2000; Walterscheid and Sivjee, 2001; She et al., 2002;
Younger et al., 2002; Kovalam and Vincent, 2003; Batista et al., 2004; Smith et al., 2004;
Beldon et al., 2006; Jiang et al., 2009; Venkateswara Rao et al., 2011; Pancheva et al., 2013;
Yue et al., 2013; Moudden and Forbes, 2013; Liu et al., 2019). At mid-latitudes, the 8-hour
tides can sometimes have amplitudes as large as the 12- and 24-hour tides. Due to very long
vertical wavelengths, theory suggests that short-period tides are more sensitive to the
background atmospheric conditions having a distinct behavior (Smith and Ortland, 2011).
However, studies of 8- and 6-hour tides are limited, and the climatological behaviors of both
tides have not been well studied using long-term observations from more than one single site.

Ground-based observations are ideal to unambiguously determine the periods, and using the
observations made from different locations the spatial structures and properties of tides can
be determined. Due to limited land coverage, the observations near 60°S are sparse and the
MLT region in this latitudinal band is poorly known. However, this is an important latitude
zone, where the 12-hour tides reach their largest amplitudes (e.g. Hagan et al., 1999) and
gravity wave fluxes from general circulation models are seriously wrong (e.g. Garcia et al.,
2017). In addition, recent theory and some observations suggest that secondary gravity waves
generated by the breaking of very large mountain waves over the Southern Andes act to drive
the zonal winds in the MLT region into flows quite different from those predicted by the
models (e.g. Becker and Vadas, 2018). Multi-year observations by meteor radars have
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become available at three stations in this largely unexplored latitudinal band at Rio Grande,
Tierra del Fuego (TDF; 53.7°S, 67.7°W) in Argentina, King Edward Point station (KEP;
54.3°S, 36.5°W) on South Georgia Island, and Rothera (ROT; 67.5°S, 68.0°W) station on
Adelaide Island west of the Antarctic Peninsula. These observations allow for a
climatological study of tidal behaviors at mid-to-high latitudes in the Southern Hemisphere
(SH). Moreover, TDF and KEP are located ~30° longitudes apart at almost identical latitudes,
providing the observations of longitudinal propagations and zonal wavenumbers of tides.

2 Data and Methods

In this study, atmospheric winds measured by the all-sky interferometric meteor (SKiYMET)
radars at TDF, KEP and ROT are used. These radars employ a common system, and all are
able to provide the measurements of zonal and meridional winds in the altitude range of ~82-
97 km at ~3 km bins (e.g. Standford et al., 2010; Fritts et al., 2010a, 2010b). The radars have
been operated almost continuously except for the ROT radar, which was interrupted for
repairs during the period of October 2017-March 2018. The hourly wind data at the three
stations are analyzed for the time spans shown in Table 1.

Figure 1a presents the hourly mean zonal and meridional winds, averaged over the entire
time-intervals for the three stations. As shown, the absolute wind speeds differ slightly
between stations but their wind patterns are quite similar. As expected, the most striking
feature is that all stations display a clear 12-hour semidiurnal cycle in both wind components
throughout the vertical range considered, but exhibiting somewhat different maxima and
minima over the cycle. The largest wind speeds are ~50 m s in the zonal components, and
the meridional wind speeds are slightly smaller by ~10 ms™.

At all stations, the maximum and minimum winds are observed to shift to earlier hours at
higher altitudes. This indicates that the phase of the 12-hour cycle decreases with increasing
altitude, indicating the upward propagation of this cycle. The phase shifts ~2-3 hours within
the 15 km altitude range, suggesting the vertical wavelengths of ~60-90 km. These values are
in general agreement with the vertical wavelengths of semidiurnal tides at low latitudes
reported in previous studies (e.g. Davis et al., 2013).

Figure 1a also shows that the wind regimes appear later at TDF and ROT than at KEP by
about 2 hours. Given that TDF and ROT are located west of KEP (TDF and ROT are located
at ~68°W; KEP is at ~37°W), the 12-hour cycle propagates westward. The longitude
differences (~30°) between these stations show that the maxima and minima of the cycle are
actually observed at the same local times. These reveal the signatures of thermally driven
migrating semidiurnal tides.

As shown in Figure 1b, the 12-hour cycle is the largest periodic signature present in the time
series of the hourly zonal and meridional wind observations at each station. Longer and
shorter periods (24-, 8-, and 6-hour) are also observed above the 95% statistical significant
levels. We have thus included all these periods for the tidal calculations in this study.

The series of hourly zonal and meridional winds at individual altitude bins from one station
are used to calculate the amplitudes and phases of various tidal components. Least-square fits
are performed on the wind data for each day throughout the series, and only days when the
data are available for more than 18 hours are used. This is adequate to resolve the features of
tides with acceptable sampling and spectral resolution. It should be noted that gravity waves
may also contribute in the period range between 5 and 10 hours (e.g. Younger et al., 2002).
These waves are expected to be randomly phased, so the results are averaged over multiple
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days to reduce the gravity wave effects. Given that gravity waves are linearly superimposed,
the averaged amplitudes and phases of both 8- and 6-hour tides are almost identical to the
values determined from composite hourly mean wind data for multiple days.

3 Results

Figure 2 presents the monthly averaged amplitudes and phases of 8- and 6-hour tides through
all years observed in the altitude region of ~82-97 km at the three sites. Gravity waves should
be canceled out in the monthly averages due to their random phases. The figure shows that
both tides reach the largest amplitudes of up to ~8 m s* during March-September around SH
winter and their amplitudes are the smallest during October-February in SH summer at all
stations. The amplitudes generally increase with increasing altitude, and the phase changes
are small by only few hours within the limited vertical range. We have averaged the
amplitudes and phases over the range, which also smooths out occasional fluctuations.

Figure 3a presents the amplitudes of 8- and 6-hour tides, averaged over the altitude region of
82-97 km at the three locations. The 8-hour tides have the amplitudes between ~1-8 m s
while the amplitudes of 6-hour tides are smaller at 0.5-4 m s™. The amplitudes for both tides
are observed almost the same between the zonal (in solid lines) and meridional wind (in
dotted lines) components. For the 8-hour tides, TDF (in orange) and KEP (in purple) observe
almost the same pattern having the amplitude maxima during SH winter and the minima in
SH summer. ROT (in green) also observes the peak amplitudes in March and July/August
and the minima in January. For the 6-hour tides, the amplitudes are observed to have the
maxima in SH winter and the minima in SH summer, showing the similar seasonal variations
at all stations. At KEP, the 6-hour tides obtain large amplitudes in January, being stronger
than at TDF and ROT. This is observed in both wind components, and captured throughout
the vertical region considered (see Figure 2). This tidal enhancement at this site could be
related to larger forcing, which needs further verification in a future study.

The tidal phases are presented in Figure 3b, which shows that for both tides the phases are
observed smaller (earlier) in the zonal winds than in the meridional winds, observed by all the
three stations. The phase differences, shown in Figure 3c are mostly equal to -2 and -1.5
hours (equivalent to -90°) for the 8- and 6-hour tides between the zonal and meridional wind
components. These are consistent with the anti-clockwise rotation of tidal waves as observed
before (e.g. Younger et al., 2002; Smith et al., 2004; Liu et al., 2019).

Figure 3b also shows that for both wind components the phases of 8- and 6-hour tides are
observed to be mostly the same between TDF and ROT (plotted in orange and green colors).
The tidal phases are larger at the two stations than at KEP (in purple). The phase differences
(TDF-KEP) are presented in Figure 3d, which are nearly equal to 2 hours for most months.
The differences are deviated for October — January when the tidal amplitudes are relatively
small, and the uncertainties of the phase calculations are relatively large for these months.
Given that TDF is located at 30° west of KEP at almost the same latitudes, the 2-hour phase
differences observed suggest that both 8- and 6-hour tides are propagating westward and their
phase speeds are equal to ~15%hour. These are of the same features as the solar migrating
tides shown in Figure 1a for the 12-hour tides.

~11 years of continuous observations from TDF and ROT are used to study long-term
changes of tides at the two locations near ~54° and 68°S latitudes. Figure 4 presents the time
series of 8- and 6-hour tidal amplitudes in the zonal and meridional winds observed at the
same altitude level ~91.5 km. The amplitudes have been smoothed through the 91-day
running average, which reduces the variations on time-scales less than 91 days but preserves
longer-term trends.
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Figure 4 shows that in both wind components the 8- and 6-hour harmonics exhibit clearly an
annual pattern repeated almost every year, having the amplitude maxima around
June/July/August in SH winter and minima in SH summer as shown in Figure 2.
Superimposed are inter-annual variations, and the calculations show that the variations
between these tides are correlated (r=0.7), observed at both TDF and ROT. The figure also
shows that at TDF the peak amplitudes of the 8- and 6-hour tides are the smallest during 2014
and approach the largest values during 2008 and 2018. This tidal change does not appear to
follow the solar cycle variation from the solar maximum to the solar minimum during these
years.

4 Discussion

The day-to-day variations of 8-hour tides have been shown to have a positive correlation with
the 12-hour tides using 16-days of observations at the station near 43°N (Thayaparan, 1997).
The study presented here uses a much longer dataset, and shows that the 8-hour tides are
correlated to the 6-hour tides for longer-term variations. The correlations are observed at
higher latitudes across the mid-to-high latitude region in the SH.

From the phase differences observed between TDF and KEP located at similar latitudes but
different longitudes, this study shows that the 8- and 6-hour tides are observed to be
migrating tides. These tidal modes are primarily generated through the absorption of solar
radiation in the lower atmosphere (e.g. Teitelbaum et al., 1989; Smith and Ortland, 2001;
Smith et al., 2004; Du and Ward, 2010). Due to the same source, these tides are expected to
behave following the similar patterns. At mid-to-high latitudes, the 24-hour tides largely
dissipate in the MLT region while shorter-period tides are able to vertically propagate
throughout this region. It is reasonable that the variations between the 8- and 6-hour tides are
related to each other and both are expected to vary with the 12-hour tides. However, this
study focuses on the 8- and 6-hour periods and their relations to longer-period tides are
beyond the scope of the study.

The 8-hour tides can also be generated by the nonlinear interaction between 24- and 12-hour
tides (e.g. Teitelbaum et al., 1989; Smith, 2000; Younger et al., 2002). Model diagnostics
show that the nonlinear tidal interaction also contributes to the generation of the 6-hour tides
(Smith et al., 2004). If the 12-hour tides interact with the 24-hour tides, this generates the
secondary and tertiary tidal waves with the periods of 8- and 6-hours. As the 24-hour tides
dissipate, the 12-hour tides should be able to modulate the amplitudes of 8- and 6-hour tides,
causing the similar variations between them. The correlation of 8- and 6-hour tides observed
in this study provides supporting evidence on the generation mechanism of these short-period
tides proposed by the previous studies.

Short-period tides can propagate into very high altitudes due to their long vertical
wavelengths (e.g. Smith and Ortland, 2011). This implies that the 8- and 6-hour tides should
be able to propagate into the thermosphere where they may be significant owing to their
continued-amplitude growth. Although the 24-hour tides dissipate, they could imprint their
periodicity and variability on propagating tides (e.g. Pancheva et al., 2006; Lieberman et al.,
2007; Liu et al., 2010a, 2010b; Warner and Oberheide, 2014). The 8- and 6-hour tides could
thus transmit these signatures, which are known to be important for causing the structures and
variations in the ionosphere (e.g. Forbes et al., 2008; England et al., 2010; Pedatellat et al.,
2016). Dissipating diurnal tides are estimated to deliver ~15-20 m s day™ of acceleration
(Lieberman and Hays, 1994). When the 8- and 6-hour tides dissipate they could be significant
source of momentum in the thermosphere. Through various processes, the 8- and 6-hour tides
could have significant impacts on the thermosphere and the ionosphere.

©2019 American Geophysical Union. All rights reserved.



This study finds that the long-term changes of 8- and 6-hour tides do not appear to follow the
solar cycle variation from the solar maximum to the solar minimum during the years of 2008-
2018. These tides are thermally driven by the solar heating, but their vertical propagations in
the atmosphere are largely influenced by the background conditions. It is likely that the
conditions for these tides to propagate through the MLT region are more favorable at the
solar minimum than during the solar maximum.

5 Summary

We have studied the climatological behaviors of 8- and 6-hour tides at mid-to-high latitudes
in the SH for the first time using multi-year and multi-site observations of zonal and
meridional winds in the altitude range of ~82-97 km by the three meteor radars at Tierra del
Fuego (TDF; 53.7°S, 67.7°W), King Edward Point (KEP; 54.3°S, 36.5°W), and Rothera
(ROT; 67.5°S, 68.0°W) in a largely unexplored latitudinal band. The longitudinal
propagations of these tidal harmonics are determined from the observations over TDF and
KEP located ~30° longitudes apart at almost the same latitudes. The key results are
summarized as follows:

1. The 12-hour cycle is the largest periodic signature observed in the zonal and
meridional wind observations in the MLT region by the three meteor radars. The 24-,
8-, and 6-hour cycles are also observed with statistical significances.

2. The monthly averaged amplitudes of the 8-hour tides vary between ~1-8 ms™, and
the 6-hour tides have smaller amplitudes at ~0.5-4 m s, Both tides exhibit an annual
pattern, having the amplitude maxima in SH winter and the minima in SH summer.
The tidal amplitudes are often observed the same between the zonal and meridional
wind components.

3. For both tidal harmonics examined, the phases are observed smaller (earlier) in the
zonal wind components than in the meridional winds at all three stations. The phase
differences between the two wind components are mostly equal to -2 and -1.5 hours,
being equivalent to -90° for the 8- and 6-hour cycles. These are consistent with the
counter-clockwise rotation of tides as reported before.

4. The phases of 8- and 6-hour tides are observed almost the same between TDF and
ROT and they are observed larger than KEP by ~2 hours in both wind components.
Because of the 30° longitude difference between TDF and KEP, these tides are
propagating westward in the phase speed of ~15°hour, showing the features of
thermally driven migrating tides.

5. The amplitudes of 8- and 6-hour tides are calculated to be correlated with each other
using the ~11 years of continuous observations obtained at TDF and ROT. This is
consistent with that both tides are primarily generated by the same source of solar
heating and nonlinear tidal interaction could also contribute. The observations at TDF
also show that the peak amplitudes are the smallest during 2014 and approach the
largest values during 2008 and 2018. It is likely that the conditions for these tides to
propagate through the MLT region are more favorable at the solar minimum than
during the solar maximum.

This study shows that the short-period 8- and 6-hour tides are consistently observed in the
zonal and meridional wind observations in the MLT region by three meteor radars at SH mid-
to-high latitudes. Both tidal harmonics can approach large amplitudes, appearing to be a
persistent signature over multiple years. These tides could propagate into, or transmit the
diurnal tidal signature into the thermosphere, being important for the ionospheric variability.
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By accelerating winds, the 8- and 6-hour tides could be significant source of momentum in
the thermosphere. These tidal variations should be included in interpreting the dynamical
changes observed in this region. Our study shreds insights into better understanding of high-
latitude dynamics, providing guidance for further modeling studies.
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Table 1. Locations and data coverages of the three meteor radars used for this study.

Station Location Data Coverage
Tierra del Fuego (TDF) 53.7°S, 67.7°W | May 2008 — December 2018
King Edward Point (KEP) | 54.3°S, 36.5°W | February 2016 — December 2018

Rothera (ROT) 67.5°S, 68.0°W | February 2005 — December 2018;
Gap: October 2017 — March 2018
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Figure 1. a) Composite hourly mean zonal and meridional winds observed in the altitude
range ~82-97 km by the three meteor radars at TDF, ROT and KEP. The dashed lines mark
the zero-wind line. b) Lomb-Scargle periodograms (e.g. Scargle et al., 1982) of the hourly
zonal and meridional winds at ~94.5 km altitude. The horizontal dashed lines mark the 95%

statistical significance levels.
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Figure 2. Composite monthly mean amplitudes and phases of the 8- and 6-hour tides in the
zonal (a and b) and meridional winds (c and d) observed by the three radars for the altitude
range from ~82-97 km.
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Figure 3. Monthly mean amplitudes a) and phases b) of the 8- and 6-hour tides (in different
panels), averaged over the altitude range of ~82-97 km in the zonal (solid lines) and
meridional (dashed lines) winds observed by the three radars plotted in different colors. The
standard errors (lighter color shaded) are relatively small, mostly a few percent of the mean
values. Phase differences of the 8- and 6-hour tides between c¢) zonal and meridional wind
components for the three stations (plotted in different colors), and d) TDF and ROT (TDF-
ROT) for the zonal (in solid lines) and meridional (in dotted lines) wind components.

©2019 American Geophysical Union. All rights reserved.



TDF Zonal Wind

2006 2008 2010 2012 2014 2016
Year

TDF Meridional Wind

__16F8h 6h 1 __20F8h 6h
€ E ERcY [
[} £ o) L
gel £ e} r
= 10 2 .
i £
< 6°f 1 < L
4' 1 1 1 1 1 : 5k 1 1 1 1 1
2008 2010 2012 2014 2016 2018 2008 2010 2012 2014 2016 2018
Year Year
ROT Zonal Wind ROT Meridional Wind
= 20: Bh 6hx T T T x: _ 20: 8h 6hx T T T T
£ 1 E 15¢
[0) 1 o [
gl { T
= 1 3 [
5 10 13 19
IS I £ [
< < [
5¢ 1 5¢

2006 2008 2010 2012 2014 2016

Year

Figure 4. Amplitudes of 8- and 6-hour tides observed in the zonal and meridional winds at
~91.5 km altitude from TDF and ROT. The TDF observations cover the entire time interval
from May 2008-December 2018, and the ROT data are over the interval of April 2005-
September 2017. The standard errors are represented by the thicker curves in lighter colors.
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