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Abstract Atmospheric tides are known to have a dramatic influence on thermospheric and ionospheric
structure and variability. Considerable effort goes into understanding characteristics of tidal modes, their
interactions with planetary and gravity waves and other tidal modes, as well as their influence on the
background state of the thermosphere-ionosphere system. For the altitude interval between roughly 120 and
400 km, this effort is somewhat hindered by the lack of global observations. We propose a new method of
determining tidal variability by making use of dynasonde measurements. The NeXtYZ inversion procedure
produces altitude profiles of the ionospheric parameters with a vertical resolution typically better than 1 km.
This, together with the typical 2 min cadence of the instrument, results in extensive data sets with wide
temporal and altitude coverage. At any given altitude we have nonuniform sampling due to the natural
ionospheric variability. A Lomb-Scargle implementation is used to obtain equivalent results at all altitudes
and locations. We report height profiles of the first three tidal harmonics derived from dynasonde
measurements. The data analyzed include the vertical electron density profiles, the ionospheric X (east-west)
“tilt” measurement, and the derived zonal plasma density gradient. Both the tilt and the gradient are shown
to be sensitive tracers of atmospheric waves. We use data from Wallops Island and San Juan, for two time
intervals: 6 May- 6 June and 9 October-8 November 2013, thus capturing seasonal, latitudinal, and altitude
variations of tidal amplitude and phase. This proves the potential of using dynasonde-capable instruments as
a data source for tidal studies in the thermosphere.

1. Introduction

Forcings of the thermosphere-ionosphere can be grouped in two categories: solar and geomagnetic forcings
and energy and momentum transport by fluid waves from the lower atmosphere [Forbes, 1991; Forbes et al.,
2000; Akmaev, 2011]. The second category of forcings can induce periodic fluctuations in the ionospheric
plasma density, commonly referred to as traveling ionospheric disturbances (TID). A specific class of which
are manifestations of atmospheric thermal waves (tides) with frequencies that are harmonics of 24 h. The
relative impact of tides is generally greater during periods of reduced solar activity, but it is always present.
The main source of tidal oscillations is known to be the absorption of solar radiation by tropospheric H,0 and
stratospheric O3 [Groves, 1982a, 1982b]. These waves propagate upward and increase in amplitude as the
background density decreases. Their spectra are modified by nonlinear interactions [Angelats | Coll and
Forbes, 2002; Huang et al., 2012; Teitelbaum and Vial, 1991] and by in situ excitation of nonmigrating tidal
modes in the thermosphere [Jones et al., 2013].

The tides influence background characteristics of the thermosphere-ionosphere system by dumping their
momentum into the mean flow as they dissipate and by affecting the wind dynamo in the E region. The
overall importance of migrating and nonmigrating tidal modes has been amply demonstrated by modeling
studies [Fang et al., 2013; Oberheide et al., 2002, 2009, 2011; Chen et al., 2013; Forbes et al., 2001; Hagan and
Forbes, 2002; Yamazaki and Richmond, 2013; Lu et al., 2012; Jones et al., 2013, 2014; Akmaev et al., 2008]
and, to a lesser extent, by satellite and ground-based data. However, research has been hindered by the
so-called “thermospheric gap” in the data [Oberheide et al., 2011], referring to the altitude range between
120 and 400 km, for which global tidal measurements are currently sparse. As a result, recent studies using
various types of measurements have focused on either the lower thermosphere (below 120 km) or the upper
thermosphere (above 400 km) or have used data sets covering short time intervals or limited altitude ranges.
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The height profile of tidal harmonics has been studied using incoherent scatter radar measurements [Huang
etal.,, 2012; Gong and Zhou, 2011; Hocke, 1996]. The long-term impact due to tides on the large-scale structure
of the ionosphere has been investigated using N,,,F, data from digisonde stations [Forbes et al., 2000], and the
global impact of tidal modes has been investigated using satellite observations [McLandress et al., 1996].
However, current satellite missions do not provide data above 120km [Forbes et al., 2006; Warner and
Oberheide, 2014]. A notable exception are the results obtained with Constellation Observing System for
Meteorology, lonosphere, and Climate (COSMIC) data [Mukhtarov and Pancheva, 2011], which suggested
the presence of several altitude ranges of enhanced ionospheric response to atmospheric tides, below
250 km and above 300 km. Finally, Hdusler et al. [2015] showed limitations to the existing methodologies
for tidal studies reliant on satellite measurements, suggesting a need for ground-based observations. The
development we describe here may be considered a response to this need.

We propose the use of dynasonde methods for the study of thermospheric tidal waves. Dynasonde is a
generic name for a methodology of precision ionospheric radio sounding [Wright and Pitteway, 1979]. The
classical principle (detection of radar reflections from ionospheric plasma at frequencies that vary within a
sounding session from 0.5 to 25 MHz) is implemented in this technique in a way that puts focus on phase
properties of the radio echoes. High-resolution raw data provided by modern digital HF radar hardware with
high-performance analog front ends accomplish the precise determination of echo physical parameters. An
echo is defined by seven parameters (two angles of arrival, group range, Doppler, polarization, phase range,
and amplitude), each with its individual uncertainty estimate determined primarily by ionospheric roughness.
Dynasonde analysis yields excellent statistics of recognized echoes (up to several thousands per sounding
session). Processing the list of the echo parameters instead of traditional amplitude-based image analysis is
another distinctive property of the dynasonde technique. Accuracy of physical parameters (particularly of
the range and of the angles of arrival) and rich statistics of recognized echoes provide conditions for a 3-D
plasma density inversion procedure, “NeXtYZ,” which produces the true vertical profile of plasma density
and the vertical profile of horizontal gradients (tilts) [Zabotin et al., 2006]. Both characteristics are sensitive
to wave activities in the thermosphere-ionosphere system, including manifestations of atmospheric tides.
This is because they characterize the local 3-D plasma density, as opposed to the classical vertical height
profile, allowing detection of the irregular ionospheric reflection surfaces caused by thermospheric waves.

The purpose of this paper is twofold: first to demonstrate the possibility of using dynasonde methods to fill
the current gap in tidal measurements and second to discuss some prominent features of the altitude profiles
of amplitude and phase for the major tidal harmonics. The dynasonde compatible instruments can operate
continuously. The availability of data sets covering long time periods and broad altitude ranges facilitates the
investigation of tidal variability. For this first study, we determine the average height profiles of tidal ampli-
tude and phase for the diurnal, semidiurnal, and terdiurnal tidal harmonics over Wallops Island, VA, and
San Juan, PR. This is done for two time intervals: 6 May (11:18) to 6 June (10:50) and 9 October (00:00) to 8
November (23:58), both in 2013. These were chosen such that we would have observations at both locations
for 31 uninterrupted days. We capture seasonal, latitude, and altitude variations of the first three tidal
harmonics. The X (west-east) tilt is our preferred parameter since it is normalized by the magnitude of the
electron density gradient (and therefore less dependent on diurnal variations of ionization) and due to the
fact that Earth’s west-to-east rotation determines the principal direction of propagation of the tidal waves.
However, the electron density and X (west-east) component of the electron density gradient are also used.
Significant tidal amplitudes are present in the Y (south-north) tilt data over smaller altitude ranges, but their
analysis has not been included in this first publication. Section 2 describes the data used, provides the
explanation for the tilts’ sensitivity to wave activity, and describes the data analysis methodology.
Section 3 discusses amplitude and phase characteristics of tidal harmonics obtained with the new approach
employing tilt and associated electron density gradient measurements. Finally, section 4 briefly states our
conclusions and future plans.

2. Dynasonde Data Acquisition and Analysis

Wallops Island and San Juan HF radar installations differ somewhat in specific types of transmitting antenna
and in layouts of the receiving antenna array, but both are compliants with basic principles of the dynasonde
method. Their transmitting antennas provide a broad, vertically directed illumination pattern within the
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1-25 MHz frequency band. The receiving arrays consist of eight dipole antennas grouped in two orthogo-
nal lines with antenna separations varying between 10 and 100 m. Careful attention is given to phase cali-
bration of receiving channels. A state-of-the-art digital radar system Vertical Incidence Pulsed lonospheric
Radar (VIPIR) [Grubb et al., 2008] performs down conversion and 10 pus sampling of the signal complex
amplitude in each channel for a short time window (4480 ps) after every transmitted pulse. Parameters
of the sounding session (pulse repetition interval, 5000 ps, and the number of base frequencies, ~580)
are set to provide optimal statistics of the echoes on the one hand and an appropriate duration of the ses-
sion (<2 min) on the other hand. The typical 2 min cadence of the sounding sessions provides sufficient
temporal resolution to study wave processes in the ionosphere.

Further processing steps are performed autonomously by the dynasonde analysis software [Zabotin et al.,
2005]. These include phase-based echo recognition [Wright and Pitteway, 1999] and parameterization
[Wright and Pitteway, 1979], echo classification into traces, and trace selection for higher level analyses.
The latter takes advantage of the accurately determined group propagation time and angles of arrival for
each ionogram echo. The “stationary phase group range” method provides accuracy down to a few tens of
meters [Paul et al, 1974]. In addition, a least squares phase comparison method [Wright and Pitteway,
1979] permits echo direction-of-arrival calculations with accuracy within 1°. A component of the dynasonde
analysis software, the 3-D inversion procedure NeXtYZ, employs multiple ray tracings to reconcile the spatial
electron density distribution with the measured echo ranges and their angular positions [Zabotin et al., 2006].
The inversion problem is formulated in terms of the recovery of parameters of a parameterized wedge stra-
tified ionosphere (WSI) model that describes locally both the vertical and horizontal gradients of ionospheric
plasma density. In the WSI model, the plasma density surfaces are represented locally for small increments in
plasma frequency f, at a sequence of heights h; along the vertical axis by tilted sections of “frame” planes. The
slope of each frame plane is characterized by the two horizontal components n,, n,, of its normal unit vector
(which constitute a mathematical definition of the “tilt"). The two tilts are provided by NeXtYZ as separate
outputs as they constitute distinct parameters of the WSI model, separate from the electron density. The nor-
mal to the plasma density surface determines the local direction of the total gradient in the layer

N
VN,

— (1
VN,

= (nX7ny7nz) =

Heights h; and the components of the normal vector n,, n, are found by iterative ray tracing to match the
observed ranges and angles of arrival of echoes reflected within the current wedge. The altitude interval
for this inversion scheme is determined by the radio echoes detected at the preceding analysis steps; it
may extend from the bottom of the E layer up to the F layer peak.

NeXtYZ produces altitude profiles for several ionospheric parameters: the electron density with associated
uncertainties, the X (west-east) and Y (south-north) tilts and the vertical projection of the line-of-sight
Doppler speed characterizing the motion of plasma contours. The original distribution of the profile points
is nonuniform, with a typical spacing between adjacent points less than 1 km. For further analysis, all profiles
are linearly interpolated to a uniform altitude grid with a 2 km resolution. Time series of the inversion results
can be represented in a graphical format, a temporal scan of the vertical ionospheric cross section for a spe-
cific parameter. An example of this representation is shown in Figure 1. The two panels use a gray scale to
show the X tilt as a function of universal time and the altitude for 4 days in October 2013 for the two locations,
Wallops Island, VA, and San Juan, PR. One can see a typical diurnal variation in the altitude coverage caused
by the solar UV-driven changes in ionospheric ionization. Another prominent feature of the images is the
slightly inclined light and dark strips corresponding to periodicities from a few minutes to a few hundred min-
utes. These are manifestations of traveling ionospheric disturbances most likely caused by ever present grav-
ity waves, with phase fronts propagating downward. A less obvious feature of the images is the presence of
long-periodic tilt variations related to tidal harmonics. This feature can be revealed through spectral analysis.

The ionospheric perturbation induced by a superposition of tidal modes is expected to have the following form:
Nem(2,8) = % Nems(2) cos[mQ(t — tm(2)) + ], &)
s

where mis a subharmonic of 1 day, s is the zonal wave number, N, s is the amplitude of a single mode, /is the

longitude (expressed inrad), Q = 2ﬁ—”his the Earth'’s rotation frequency, t is the local time in hours, and t, is the
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Figure 1. Temporal and altitude variability of the tilts. The two panels use a gray scale to show the west-east tilt n, as a
function of the universal time and the altitude for 4 days in October 2013 for two locations, (a) Wallops Island, VA, and
(b) San Juan, PR.

local time corresponding to the maximum of subharmonic m. It is obvious that if a neutral atmosphere oscil-
lation induces an ionospheric response with the time dependence described by equation (2), the electron
density gradient, and implicitly also the associated tilt, must exhibit similar oscillatory behavior

1

D = R cost@)

Zs Nems(z) sin[mQ(t — tm(2)) + s, (3)
S

where R is the radius of the Earth and @ is the latitude. It is possible that a local variation in electron density

may be mistakenly attributed to a tidal mode. This is less likely to be the case for the tilt measurement since

this is indicative of the spatial structure over a large surface within the stations’ field of view. There is a simple

relationship between the horizontal and vertical components of the gradient and the tilt values

nyV,N,
\J1—n;—n}

Note that all quantities present in the right-hand side of equation (4) (the tilts and the vertical component of
gradient) are available as products of the NeXtYZ inversion.

We used data from the Wallops Island (37.85°N, 75.47°W) and San Juan (18.45°N, 66.07°W) dynasondes. The X
tilt and the electron density profiles are direct products of dynasonde analysis, while the X component of the
gradient was derived using equation (4). All three quantities are expected to be susceptible to the tidal phe-
nomena, as may be concluded from equations (1)-(3). The time periods used are 31 days from 6 May to
6 June 2013 and 31 days from 9 October to 8 November 2013. Analyses for the two locations were entirely
independent. Each spectral harmonic in the spectra is the result of superposition of several tidal modes, pro-
pagating both eastward and westward, and in the case of the diurnal variation, superimposed with the tidal
effects is the normal diurnal ionospheric variation due to changes in ionization from daytime to nighttime.

ViNe(z,t) = 4)

Common spectral analysis tools (for example, Fast Fourier Transform) are unsuitable for use with the data.
There are several reasons for this. First, the distribution of the data points is nonuniform because of inevitable
presence of data gaps. These are mostly caused by ionospheric variability and, to a much lesser extent, by
failures of the autonomous analysis procedure. Second, the data are characterized by different samplings
at different altitudes. Third, there are differences in the day-to-day ionospheric variability at the two locations.
Segments of the data series shown in Figure 1 give a good idea of the mentioned data properties. The
spectral analysis tool that we need has to provide objectively comparable results for different time periods,
different altitudes, and different locations. The Lomb-Scargle periodogram technique [Scargle, 1982, 1989]
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Figure 2. Normalized periodograms of the west-east ionospheric tilt obtained by the dynasonde-based technique

for Wallops Island, VA, (a) October and November and (b) May and June 2013 and San Juan, PR, (c) October and November
and (d) May and June 2013. One can clearly see the diurnal, semidiurnal, and terdiurnal harmonics in a very broad
altitude range.

satisfies all the requirements. The Lomb-Scargle implementation we use is based on that developed by Hocke
and Kdmpfer [2009]; it allows simultaneous determination of both magnitude and phase of Fourier equivalent
spectra. The technique was modified slightly to work for an arbitrary set of frequencies. When determining
the amplitude, the algorithm was applied to data segments obtained with a sliding Welch [Welch, 1967] win-
dow of 20 days and a 12 h step; the results were averaged over all 23 steps. The phase was determined in a
single step, using the entire 31 day time interval, due to the fact that the Welch method has traditionally only
been used to calculate spectral amplitudes and due to the known high variability of the phase of tidal modes
[Murphy, 2002].

The gap configuration specific to dynasonde data introduces an added difficulty. For most constant altitudes,
the size of the data gap can be as large as 12 h for a 24 h interval. This still allows for an accurate fit for the
semidiurnal and terdiurnal harmonics. However, Zhou et al. [1997] and Gong et al. [2013] showed possible
errors in the case of the diurnal harmonic, even with the use of the Lomb-Scargle method. While a compre-
hensive solution to this problem is beyond the scope of this paper, a partial solution is used. Zhou et al.[1997]
suggest that a tidal harmonic is questionable if it has a small amplitude and random phase variation. In order
to avoid such dubious results, at each altitude, a tidal harmonic is considered relevant if its amplitude is 3
times the standard deviation above the mean amplitude. Figure 2 uses color scale to show the Lomb-
Scargle results for the X tilts as a function of the period and altitude. For this illustration, each periodogram
(for every altitude) was independently calculated and normalized by its maximum value. One can clearly
see the ability of the dynasonde-based technique to reveal major tidal harmonics in a very broad
altitude range.

3. Properties of the Tidal Harmonics

Equation (2) was initially introduced to describe tidal oscillations directly caused by absorption of solar
radiation [Chapman and Lindzen, 1970]. Some other processes are known to cause oscillations with the same per-
iods, sometimes being referred to as “pseudotides,” as opposed to the solar thermal tides [Vadas et al., 2014;
Walterscheid et al., 1986]. In this paper, we broadly refer to all Fourier coefficients corresponding to harmonics
of 24 h as “tidal” amplitudes. The diurnal tidal harmonic (m=1) is superimposed over the variability of photoio-
nization, usually resulting in the overestimation of the diurnal tidal harmonic when a nondiscriminative approach
is used. Note however that, while the distortion of the diurnal harmonic describing electron density variations is
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Figure 3. (a, ¢, and e) Amplitude and (b, d, and f) phase height profiles for the diurnal (black), semidiurnal (blue), and ter-
diurnal (red) harmonics in the electron density variations (Figures 3a and 3b), in the west-east gradient (Figures 3c and 3d),
and in the west-east tilt (Figures 3e and 3f) at Wallops Island, VA, for May and June 2013.

expected to be significant, the effect of photoionization on the tilts and gradients is much smaller. A numerical
investigation of this difference can be accomplished, but it is beyond the scope of the present publication.

The set of Figures 3-6 illustrates altitude dependencies of the amplitude and phase of the three major tidal
harmonics as revealed by our analysis for the two locations and the two periods. We provide numerical
results for all three physical quantities that were previously introduced as possible indicators of the tidal
oscillations: electron density, tilts and horizontal gradients.

The structure of the height profiles corresponding to each of the three harmonics may be explained by simul-
taneous manifestation of several tidal modes with the same frequency. Each mode is likely to have one or
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Figure 4. Same as in Figure 3 but for October and November 2013.
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Figure 5. Same as in Figure 3 but at San Juan, PR, and for May and June 2013.

more maxima and minima, their height distributions may vary depending on the zonal wavenumber. One
possibility is that a single mode may have a dominant contribution to the amplitude of its corresponding har-
monic. In such cases, the summation on the right-hand side in equations (2) and (3) reduces to a single term,
and the phase shift between the electron density and its gradient is expected to be either 5 or —2 for a west-
ward or eastward propagating mode, respectively. Examples of this behavior may be found in Figure 3 for the
diurnal and semidiurnal harmonics below 175 km, Figure 4 for the terdiurnal harmonic between 210 and
240km, and in Figure 5 for the diurnal harmonic above 180km and the semidiurnal harmonic above
260 km. For a superposition of waves, equations (2) and (3) suggest that this can no longer be the case,
particularly if modes propagating in both directions are present. The altitude profiles of the phase show
significant jumps, such as in Figure 3f for the terdiurnal harmonic between 175 and 185km and in
Figure 4b for the terdiurnal harmonic at 195km. A smooth variation of the phase with altitude indicates
the presence of wave modes covering the entire altitude range being considered, as can be observed in
Figure 5 for the terdiurnal harmonic. By contrast, the phase jumps indicate significant differences between
the wave modes present above and below the jump. Possible explanations are interference of several modes
with different height profiles and/or a manifestation of different tidal excitation mechanisms [Jones et al.,
2013; Walterscheid et al., 1986].

Phase variation with height is indicative of vertical propagation of the respective tidal harmonic. A typical
feature of tidal and gravity waves is that the vertical phase speed must have an opposite sign to that of the ver-
tical component of the group velocity. As such, the phase increase and decrease with height is indicative of
downward and upward propagation, respectively. The phase results for the electron density, electron density
gradient, and west-east tilt are not necessarily in agreement, and this is explained by the differences between
equations (2) and (4). The propagation direction for the diurnal harmonic should not be determined exclusively
based on the phase results obtained for electron density due to the potential bias introduced by the diurnal
variation in photoionization. At Wallops Island, Figures 3b, 3d, and 3f show downward propagation of the
diurnal harmonic between 270 km and 210 km and possibly also downward propagation for the semidiurnal
harmonic within the same height interval. For the period of October - November, Figures 4b, 4d, and 4f show
downward propagation for the diurnal harmonic between 180 and 280 km, while the terdiurnal harmonic
is propagating upward above 240km and downward below 215km. At San Juan, during the time
interval in May-June 2013, our results (Figures 5b, 5d, and 5f) showed only small phase variations for
the diurnal and terdiurnal harmonics. Finally, Figures 6b, 6d, and 6f indicate upward propagation for the
semidiurnal harmonic between 180 and 210 km and downward propagation for the terdiurnal harmonic
above 210 km.
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Figure 6. Same as in Figure 5 but for October and November 2013.

Tidal signatures show significant altitude and seasonal variability at both locations. The semidiurnal harmo-
nic at Wallops Island exhibits two altitude ranges of enhanced amplitude: below 200 km and above 245 km.
This is valid for both data sets, and such a feature has been previously reported [Mukhtarov and Pancheva,
2011]. The particular data sets used here indicate that the separation between the two regions may be as
small as 50 km. The terdiurnal harmonic at Wallops Island in October - November exhibits at least three
maxima. By combining information in Figures 4a, 4c, and 4e four such distinct maxima can be identified.
The amplitude of the semidiurnal and terdiurnal harmonics in the electron density at Wallops Island varies
between 0.5x10"-1x10"" and 0.2x10""-0.6 x 10" m~3, respectively. At San Juan, the semidiurnal and
terdiurnal harmonics exhibit amplitudes of 0.2x10''-2.1x 10" and 2x 10'"-0.8 x 10" m™3, respectively.
The range for the amplitudes of both the semidiurnal and terdiurnal harmonics is similar to those
previously reported by Mukhtarov and Pancheva [2011].

4, Conclusions

We report estimates of the amplitude and phase of the first three tidal harmonics at thermospheric alti-
tudes using dynasonde analysis. Our results are based on data obtained at Wallops Island, VA, and San
Juan, PR, for May-June and October-November 2013. The plasma density and X tilt variations are
sensitive indicators of tidal oscillations. We also derive and use for the same purpose the local west-east
gradient of the plasma density. Electron density amplitudes of approximately 10'°-10"" m~3 are obtained
at both locations but with significant differences observed in the altitude structure of the harmonics. The
semidiurnal and terdiurnal harmonics show two or more local maxima in amplitude. Possible causes are
simultaneous manifestation of several modes with the same frequency and/or existence of several exci-
tation mechanisms. This may particularly be true when the abrupt phase shifts are observed at altitudes
between consecutive maxima.

This study demonstrates a possibility to infer ionospheric features caused by tidal modes using dynasonde
data. Global measurements of atmospheric tides are currently not available, and local measurements have
been scarce and until now only covering short time intervals. The methodology used in this study can be
extended for other dynasonde-capable instruments. An important feature of the HF radars, lacking for other
ground-based instruments, is their ability to operate continuously with low operational costs. Long-term
studies are thus possible covering a broad geographical latitude interval. This provides a way to “fill” the
gap for tidal measurements in the thermosphere.
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The tilt measurement is particularly useful in detecting tidal and wave features in general, as it is sensitive to
wave-like perturbations and explicitly normalized. Like the plasma density, it is however an ionospheric and
not a thermospheric characteristic. One possible way to address this would be a semiempirical approach
describing the thermosphere-ionosphere coupling.
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