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A B S T R A C T

The theory of atmospheric normal modes (ANMs) predicts the existence of relatively short-period gravity-inertia
ANMs. Simultaneous observations of surface air-pressure variations by barometers at distant stations of the Global
Geodynamics Project network during an interval of 6 months were used to detect individual gravity-inertia ANMs
with periods of ~2–5 h. Evidence was found for five ANMs with a lifetime of ~10 days. The data of the stations,
which are close in both latitude and longitude, were utilized for deriving the phases of the detected ANMs. The
phases revealed wave propagation to the west and increase of zonal wavenumbers with frequency. As all the
detected gravity-inertia ANMs are westward propagating, they are suggested to be generated due to the break-
down of migrating solar tides and/or large-scale Rossby waves. The existence of an ANM background will
complicate the detection of the translational motions of the Earth's inner core.
1. Introduction

To date, there is extensive knowledge about long-period atmospheric
normal modes (ANMs) with periods of ~2–30 days (e.g., Madden, 2007).
According to Longuet-Higgins (1968), these rotational ANMs, so-called
Rossby waves, are named “Class-II” waves. Less comprehensively stud-
ied, however, are the relatively weak gravity-inertia ANMs belonging to
“Class-I”. Therefore, the subject of this study is gravity-inertia ANMs.

Based on eigensolutions of Laplace's tidal equation for a barotropic
ocean, a simple model of these ANMs results in wave periods less than 2
days (Hamilton and Garcia, 1986; Meyer and Forbes, 1997; Beliaev and
Shved, 2014). The ANM amplitudes grow with height (e.g., Forbes,
1995). Hence, it may be suggested that some oscillations with the above
mentioned periods, revealed in the middle and upper atmosphere, are
gravity-inertia ANMs.

Above all, there are many observations of the oscillations with pe-
riods between ~6 and ~20 h in the mesosphere and lower thermosphere
(MLT). First, those are wind measurements by radio wave reflection
methods such as meteor radars (Forbes et al., 1999b; Portnyagin et al.,
2000; Hocking, 2001) and partial reflection radars (Rüster, 1994; Fritts
et al., 1998; Hoffmann et al., 2002; Kovalam and Vincent, 2003). Second,
ground-based optical instruments have been used to observe airglow
emissions from the mesopause region. Moreover, emission brightness,
the observations of temperature and wind both derived from emission
ovember 2017; Accepted 11 Decemb
measurements show atmospheric oscillations with the abovementioned
periods (Hernandez et al., 1993, 1997; Sivjee et al., 1994; Reisin and
Scheer, 1996; Wu et al., 2002). Finally, these oscillations have been also
detected by combined optical and radar measurements (Hernandez et al.,
1992, 1996). The oscillation measurements in the MLT region were
performed at the middle and high latitudes of both hemispheres. The
lifetimes of the detected oscillations vary widely, up to about a month.

It is conceivable that gravity-inertia ANMs penetrate the middle and
upper thermosphere. Accordingly, some of the oscillations with quasi-
steady periods, observed there, may be attributed to them. The ANMs
can account for the oscillations of the AE geomagnetic index in the 1–4 h
period range (Bobova et al., 1990). The density variations near 200 km
from the Satellite Electrostatic Triaxial Accelerometer experiment have
shown oscillations with periods between 6 and 10 h (Forbes et al.,
1999a). The incoherent scatter radar at Arecibo Observatory has detected
oscillations with period ~1 h in the F-region during two ~35-h
geomagnetically quiet observation periods (Livneh et al., 2007). Ant-
arctic measurements of thermospheric airglow emissions during austral
winter months have revealed non-tidal oscillations in the ~2–10 h period
range with lifetimes from ~5 days to ~1 month (Gerrard et al., 2010).

It should be noted that the inertial effect for waves with periods of
2–5 h can be neglected. But since we will later draw some conclusions,
involving waves with periods of more than 5 h (up to 20 h), we would
like to keep the generalized name of the gravity-inertia normal modes
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Fig. 1. Running spectra of the surface air-pressure for the station set, which show oscillations at the frequencies 52 μHz (from March 30 through April 11, 2009),
88 μHz (June, 14–25, 2009), 100 μHz (February 13–22, 2009), 109 μHz (from March 30 through April 5, 2009), and 134 μHz (April 6–12, 2009). The red bands
display the frequency intervals around the oscillation frequencies considered. The periods of oscillations are given in parentheses. The dashed lines correspond to
the frequencies of solar tide subharmonics.
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here.
Meyer and Forbes (1997) first simulated gravity-inertia ANMs in the

middle and upper atmosphere taking into account atmosphere
non-isothermality, mean winds, and dissipation. Their 2D linearized
perturbation model has shown eastward and westward waves for zonal
wavenumbers 1–3 and periods up to ~5 h. The eastward and westward
waves for zonal wavenumber 0–4 and periods of ~9–12 h have been also
simulated with a numerical spectral model (Mayr et al., 2004; Talaat and
Mayr, 2011).

As to the measurements of the gravity-inertia ANMs in the lower at-
mosphere, Hamilton and Garcia (1986) have reported waves up to a
period of ~11 h by using surface air-pressure observations in the tropics.
In addition to barometer measurements, oscillations of the lower atmo-
sphere can also be detected by seismometers and gravimeters (Shved
et al., 2013). However, no method has so far revealed an individual
oscillation with period less than ~11 h in the lower atmosphere.
Nevertheless, signatures of gravity-inertia ANMs were detected in the
~1–5 h period range. This has been made possible by observing
2

clustering of the ANMs on the frequency axis, with equal intervals be-
tween the clusters in this period range (Beliaev and Shved, 2014). Such
an interval has been revealed by both barometer and seismometer
measurements (Petrova and Shved, 2000; Karpova et al., 2004; Shved
et al., 2015). Also, it has been noted that in the ~1–2 h period range the
amplification of surface air-pressure perturbations (Fig. 11a in (Livneh
et al., 2007)) corresponds to the discrete spectrum of oscillations detec-
ted by seismometer (Petrova and Shved, 2000).

The purpose of the present study is to reveal individual ANMs in the
~2–5 h period range from barometer measurements using a network of
observation stations. We shall analyze ANM events with lifetimes of
several days simultaneously observed at stations spaced even very far.
The remainder of the paper is organized as follows: In Section 2 the
observational basis is described. The analysis method is presented in
section 3. In section 4 the results will be presented and discussed, and
section 5 concludes the paper.



Fig. 2. Cross-spectra of cross-covariances between the surface air-pressure
measurements at the MO station and the stations of CA (top), KA (middle),
and SU (bottom), performed during the periods of existence of the oscillations
revealed and shown in Fig. 1. The red bands display the frequency intervals
around the oscillation frequencies considered. The dashed lines correspond to
the frequencies of solar tide subharmonics.

Fig. 3. Cross-spectra of cross-covariances between the surface air-pressure
measurements at the stations of MO and CA for a whole two-year interval.
It is used the filtered series at the cutoff frequencies of 40 μHz (top) and
80 μHz (bottom). The dashed lines correspond to the frequencies of solar tide
subharmonics.

S.I. Ermolenko et al. Journal of Atmospheric and Solar-Terrestrial Physics 169 (2018) 1–5
2. Observational data

We utilized barometer data from the Global Geodynamics Project
(GGP) network (Crossley and Hinderer, 2009). The barometer sensitivity
is high, up to ~10�1 Pа. The surface air-pressure measurements are
presented in the GGP database with a 1-min step. Data from the following
GGP stations have been chosen for analysis. First of all, four stations at
very similar latitude in Central Europe have been selected to obviate a
possible falling of anyone of them on an ANM node, where there is no
pressure oscillation. These sites are Membach (MB, 50.6�N, 6.0�E), Bad
Homburg (BH, 50.2�N, 8.6�E), Moxa (MO, 50.6�N, 11.9�E), and Pecny
(PE, 49.9�N, 14.8�E). Furthermore, two stations have been selected at
longitudes close to the MO longitude, but on other latitudes, namely
3

Medicina (MC, 44.5�N, 11.6�E) in Southern Europe and Ny-Alesund (NY,
78.9�N, 11.9�E) on Svalbard. Two stations at longitudes very much
different from the European ones have also been selected to test the
global nature of observed oscillations; these are Cantley (CA, 45.6�N,
75.8�W) in Canada and Kamioka (KA, 36.4�N, 137.3�E) in Japan. Finally,
to test the possible penetration of ANMs into the Southern hemisphere,
the Sutherland (SU, 32.4�S, 20.8�E) observations have been used. We
analyzed measurements obtained during a half-year interval (January 16
through July 17, 2009), except for the NY data. This dataset ranges from
April 26 through July 7, 2009.

3. Analysis method

The processing of the barometer series and its evaluation are given in
detail by Shved et al. (2015). Here we only briefly repeat the main ele-
ments of the method. Lomb-Scargle spectra are calculated for the series,
which before have been filtered at the cutoff frequencies of 40, 80, and
120 μHz. The transience of ANMs has demanded spectral analyses for
relatively short 5-day segments of the half-year series. The spectral power
in the periodograms is presented at a resolution of 1.16 μHz. The statis-
tical significance of the spectral peaks was estimated by comparing the
resulting spectra with a white noise spectrum. We took into account
spectral peaks with a 90% confidence level.

The ANM transience and local features of the measurements and/or
meteorological conditions suggest that the oscillations detected can vary
in frequency. We allow a frequency variation within three 1.16-μHz in-
tervals. As the considered ANMs are very weak, a set of requirements is
defined to be confident that an oscillation detected is ANM:

1. The 1.16-μHz intervals involving solar tide subharmonics and both
neighboring intervals are excluded from the analysis.

2. We only take into account oscillations that are simultaneously
observed at all the four Central European stations in a sequence of at
least three 5-day spectra.

3. The oscillation must be simultaneously observed in the same obser-
vational period at least at one of the stations CA, KA, or SU.

4. An oscillation is believed to be an ANM if they are visible in the cross-
covariances between the measurement series of a Central European
station and the CA and/or KA stations.

To obtain the cross-spectra, series of 10-day length centered around
the time interval of detected ANMs have been used. These cross-
covariances were analyzed for a maximal lag time of 5 days.

The way to confirm that the oscillations detected are global is to
reveal their frequencies in cross-spectra based on long series of barom-
eter measurements at far-spaced stations. This is why the cross-spectra
for a whole two-year interval with maximal lag time of 10 days have
been calculated for the measurement at the stations of MO and CA.

Zonal wavenumbers of the detected ANMs have been calculated from
the phases of relevant oscillations at the four Central European stations.
First, a high-pass filter with a cutoff frequency close to the ANM ones has
been applied to the initial series. Then, the series derived have been
subjected to narrow band filtering to reveal the sinusoids at the ANM
frequencies in the band with width of 1.16 μHz. Further, a time interval
has been found, in which the sinusoids for all four stations are best
represented. ANM phases at the longitudes of the stations have been
derived from the sinusoids for this interval. The wavelength has been
detected from the phase change with longitude through least-squares
fitting. To improve the fit, the data point with the largest deviation
from the fit has been rejected and the fitting was repeated.

4. Results and discussion

We have detected five cases that have met all the requirements. Fig. 1
shows running spectra for these cases, while the detected cross-spectra
for those time intervals are presented in Fig. 2. Two ANMs with
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Fig. 4. Phase progressions of the revealed oscillations
(see Fig. 1) observed at the Central European stations
as functions of longitude. The thick line is a linear fit
to the three phase data points. The phase point
excluded from the fit is given by cross.
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frequencies of about 52 and 88 μHz (periods about 5 h 20min and 3 h
10min, respectively) were observed over eight 5-day intervals (12 days
in total). Three ANMs with frequencies about 100, 109, and 134 μHz
(periods about 2 h 45min, 2 h 35min, and 2 h 5min, respectively) were
observed over six 5-day intervals (10 days in total) for the first frequency
and over three intervals (7 days) for the other ones.

The running spectra (Fig. 1) and cross-spectra (Fig. 2) show the os-
cillations at frequencies of 52, 100, and 134 μHz at all the far-spaced
stations simultaneously. In addition to Europe, the 109-μHz oscillation
signatures were also observed at CA and KA. As to the 88-μHz oscillation,
it was additionally observed with confidence at CA only. The absence of
reliable detection of the 88- and 109-μHz oscillations at KA can be pre-
sumably explained by local features of measurements and/or meteoro-
logical conditions. This is also the case for SU, whichmay be explained on
the basis of global observations of Rossby waves. Meteor radar obser-
vations of these waves with periods of ~2–~16 days, performed simul-
taneously in the Northern and Southern hemispheres, show that there are
episodes when a wave does not penetrate from one hemisphere to the
other (Tunbrige and Mitchell, 2009; Day and Mitchell, 2010a, 2010b;
Fritts et al., 2012; Iimura et al., 2015). We suggest that the same may be
true for gravity-inertia ANMs.

Fig. 3 presents the cross-spectra for the 2-year interval (January 1 of
2009 through December 31 of 2010) of measurements at far-spaced
stations. All the ANMs detected appear in these spectra along with the
solar tidal subharmonics. The absence or weakness of some sub-
harmonics is most likely due to the proximity of the latitude of one or
both stations to the latitude of pressure oscillation node. It can be seen in
Fig. 3 that there are also ANM signatures at other frequencies, which,
however, have not been identified with confidence in this study.

In the considered period range the gravity waves (GWs) are observed
in the atmosphere (e.g., Fritts and Alexander, 2003; Plougonven and
Zhang, 2014). The oscillations revealed here are not GWs for the
following reasons. First of all, the duration of GWwave packets, as a rule,
does not exceed the order of ten GW periods. Since the spectral analysis
was performed for the 5-day series, first, the detection of GWs is unlikely.
Second, the lifetime of the revealed oscillations is of ~10 days, which is
much more than GW packet duration. Moreover, there are no narrow
frequency intervals for the predominant occurrence of GWs: the proba-
bilities of GW generation are smooth functions of frequency. In contrast
to the GWs, as indicated in the Introduction, the gravity-inertia ANMs are
grouped in frequency, with the periodicity of ~6 μHz being revealed for
the GW clusters in the ~1–5 h period range (Shved et al., 2015). The
cross-spectra in Fig. 3 show fairly narrow peaks between tidal
4

subharmonic frequencies.
An attempt was made to determine the zonal wavenumbers s of the

detected ANMs (Fig. 4). Those have been found to be westward waves
with zonal wavenumbers s¼ 4� 2, 10� 5, 12� 8, and 16� 7 for the
ANM frequencies of 52, 88, 100, and 134 μHz, respectively. The strong
uncertainty of s for each frequency can be explained by simultaneous
generation of a set of ANMs at close frequencies, which is allowed by
theory (Beliaev and Shved, 2014). The superposition of ANMs with close
frequencies is the most plausible hypothesis, why the computational code
did not give any linear fit for the 109 μHz oscillation. All of the previous
observations of propagation direction for gravity-inertia ANMs showed
westward direction as well (Hernandez et al., 1992, 1993, 1996, 1997;
Forbes et al., 1999a, 1999b; Portnyagin et al., 2000; Kovalam and Vin-
cent, 2003). According to the gravity-inertia ANM theory, the westward
direction is not preferred to the eastward one (Meyer and Forbes, 1997;
Mayr et al., 2004; Beliaev and Shved, 2014). Therefore, the observations
of only westward propagating ANMs should be owing to their origin. As
both the migrating solar thermal tides and large-scale Rossby waves
propagate to the west and belong to the strongest global waves, their
breakdown may be suggested as a dominant excitation source for the
observed gravity-inertia ANMs. An increase of the amplitude of the tides
and Rossby waves with height (e.g., Forbes, 1995) results in nonlinear
processes which break down these global waves and generate ones with
other periods in the middle and upper atmosphere. For example, it is
shown that in MLT the terdiurnal tides originate from nonlinear in-
teractions between diurnal and semidiurnal tides (Guharay et al., 2013;
Moudden and Forbes, 2013), and the interactions of the 6-day Rossby
wave with solar tides result in secondary waves (Forbes and Zhang,
2017).

According to theory, the range of possible wavenumbers s increases
with ANM frequency (Beliaev and Shved, 2014). Moreover, there is a
physical consideration which explains the s increase in the detected ANM
with frequency. Namely, it may be assumed that the ANMs with zonal
phase speeds that do not exceed the speed of sound are predominantly
generated. The wavenumber corresponding to a phase speed closest to
the speed of sound increases with wave frequency. As a suitable example,
for the Central European station latitudes such s are 4, 7, 9, and 11 for the
wave frequencies of 52, 88, 100, and 134 μHz, respectively. Observations
of ANMs with period up to ~6 h (Forbes et al., 1999a) have revealed
zonal wavenumbers up to s¼ 6. This result and the s values derived in the
present study are in agreement with ANM theory and the above physical
consideration.
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5. Conclusions

The barometer observations at far-spaced stations, performed simul-
taneously during semi-annual interval, for the first time have revealed
individual non-tidal global atmospheric oscillations in the ~2–5 h period
range. These oscillations have a lifetime of ~10 days and are most likely
gravity-inertia normal modes or “Lamb” waves. In accordance both with
the theory of these normal modes and with limiting the phase speed of
waves to the speed of sound, the zonal wavenumbers of the waves
detected increase with wave frequency. Like the normal modes revealed
in the ~6–20 h period range in previous investigations, the waves
propagate to the west. We suggest that the short-period gravity-inertia
normal modes are mainly generated due to the breakdown of solar
thermal tides and/or large-scale Rossby waves, which both propagate to
the west as well.

The translational motions of the Earth's inner core (Slichter triplet)
presumably have periods in the 3–10 h range (e.g., Rosat et al., 2004). As
seismometers and gravimeters detect atmospheric oscillations in this
period range, it should be assumed that the existence of atmospheric
normal mode background will complicate the detection of the Slichter
mode.
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