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In this paper different spectral analyses are employed to investigate the tidal and planetary wave peri-
odicities imprinted in the following two main characteristics of the sporadic E (Es) layer: the top fre-
quency (ftEs) and the lowest virtual height (h′Es). The study is based on ionograms recorded during the
summertime of 2013, and precisely in June, July, August and September, by the Advanced Ionospheric
Sounder by Istituto Nazionale di Geofisica e Vulcanologia (AIS-INGV) ionosondes installed at Rome
(41.8°N, 12.5°E) and Gibilmanna (37.9°N, 14.0°E), Italy. It was confirmed that the diurnal and semidiurnal
atmospheric tides play a fundamental role in the formation of the mid-latitude Es layers, acting through
their vertical wind-shear forcing of the long-living metallic ions in the lower thermosphere, and at the
same time it was found that the planetary atmospheric waves might affect the Es layers acting through
their horizontal wind-shear forcing with periods close to the normal Rossby modes, that is 2, 5, 10 and 16
days. The wavelet analysis shows also that the ftEs and h′Es tidal oscillations undergo a strong amplitude
modulation with periods of several days and with important differences between the two parameters.
This amplitude modulation, characterizing markedly the first thirty days of the ftEs spectrogram, sug-
gests that Es layers are affected indirectly by planetary waves through their nonlinear interaction with
the atmospheric tides at lower altitudes. This study wants to be a continuation of the Haldoupis et al.
(2004) work in order to verify their results for the foEs characteristic and on the other hand to extend the
study also to the h′Es characteristic not yet shown so far. Anyhow, the study confirms that ionosonde
data, especially those registered in summertime, represent a powerful tool for studying tidal and pla-
netary waves properties and their climatology in the mesosphere–low-thermosphere region.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The mid-latitude sporadic E (Es) layers, whose characteristics
have been studied for many years (see reviews by Whitehead,
1989; Mathews, 1998; Haldoupis, 2011, 2012), are thin and dense
layers of plasma forming mostly in the mesosphere–low-thermo-
sphere (MLT) region between 90 and 130 km, a region character-
ized by complicated dynamics and nonlinear plasma processes.
The Es phenomenon is in fact itself representative of the complex
interaction between the neutral atmosphere wave dynamics and
the ionosphere which occurs right in this region.

As a proof of the complexity and intricacy of the phenomenon,
Mathews et al. (1993) using incoherent scatter radar observations
showed that ion layers are almost continuously present in the 80–
150 km altitude region above Arecibo, and they identified three
zzopane).
different categories. The first category includes those layers that,
due to their highly periodic behavior, are associated with the tidal
waves (TWs) and referred to as tidal ion layers (TILs); TILs include
the classical intermediate layers, associated with the semidiurnal
TW, as well as the lower-lying layers that have been traditionally
known as sporadic E layers and are largely controlled by the
diurnal TW, although a mix of TWs is often involved, and are
convincingly held to be formed via the classical wind-shear me-
chanism. The second category includes all sporadic layers (layers
which are unexpected in location and/or intensity) including
sporadic intermediate layers, true sporadic E in the 90–110 km
region, and associated sporadic neutral-metal layers; these layers
are found in a rich context of related phenomena that includes the
TILs, electric-field-induced layers, HF/VHF radar quasi-periodic
echoing (QPE) regions, and ion rain as discussed by Mathews
(1998), Mathews et al. (2001), and Otsuka et al. (2007); in parti-
cular, Mathews (1998) and Otsuka et al. (2007) concluded that the
QPEs and ion rain indicate small horizontal scales and found
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considerable other evidence of 10–100 km scale horizontal-struc-
turing of layers suggesting an E/F region electrodynamic coupling,
apparently including instability-generated 10–100 km horizontal-
scale E fields that are hypothesized to generate true sporadic E and
the related complex layer structures (CLS) via horizontal redis-
tribution of ions. The third category includes very low-lying layers
that occur down to an altitude of about 82 km which cannot be
seen by an ionosonde.

According to the first category, it is believed that the formation
of Es relies on vertical wind shears in the neutral horizontal winds
with a proper polarity, which can cause, along with the combined
action of ion-neutral collisional coupling and geomagnetic Lorentz
forcing, the long-lived metallic ions of meteoric origin to move
vertically and converge into dense and thin plasma layers localized
at the convergence node of the neutral horizontal wind vertical
profile. In this process the magnetized electrons simply follow the
ions by moving along the field lines to maintain charge neutrality
(Rishbeth and Garriott, 1969). This vertical wind-shear mechanism
was formulated in the early 60s studies about the Es phenomenon,
mostly associated with the atmospheric gravity waves (White-
head, 1961; Axford, 1963; Chimonas and Axford, 1968). Further
studies by Fujitaka and Tohmatsu (1973), Wilkinson et al. (1992),
and Szuszczewicz et al. (1995), based on ionosonde data, de-
monstrated the importance of the TW influence imprinted in the
Es characteristics. This influence has been recently investigated by
Haldoupis et al. (2006), who proposed a new methodology named
height-time-intensity (HTI) to study how the TWs control the Es
dynamics.

More recently, it has been recognized also the importance of
the planetary waves (PWs), that set up a horizontal wind-shear
mechanism causing a plasma accumulation in areas of positive
vorticity, as formulated by Shalimov et al. (1999) and Shalimov and
Haldoupis (2002), and then verified by the Haldoupis and Pan-
cheva (2002) and Pancheva et al. (2003). Planetary waves are
global oscillations of the neutral atmosphere at periods of about 2,
5, 10 and 16 days, also called Rossby normal modes (Holton, 1975;
Forbes, 1995); they are mainly of tropospheric origin and can pe-
netrate directly to height slightly above 100 km as it was earlier
theoretically proposed by Charney and Drazin (1961) and Dick-
inson (1968) and recently experimentally verified by Pancheva and
Mukhtarov (2000), this penetration being critically dependent on
the zonal wind flow intensity.

Haldoupis et al. (2004) found an amplitude modulation of the
TW periodicities, with periods of days, characterizing the Es cri-
tical frequency of the ordinary wave component (foEs) time series,
and they associated this phenomenon to a nonlinear wave inter-
action between the TWs and the PWs concurrently present at low
altitudes. Sauli and Bourdillon (2008) showed the same amplitude
modulation affecting the lowest virtual height of the Es trace (h′
Es). This mechanism of nonlinear interaction, formulated by Tei-
telbaum and Vial (1991) and verified in neutral atmospheric winds
studies (Beard et al., 1999; Pancheva et al., 2000a, 2000b; Pan-
cheva, 2000; Pancheva and Mukhtarov, 2000), causes the ap-
pearance of secondary waves having frequencies that are the sum
and difference of the waves frequencies involved in the interac-
tion, according to the Teitelbaum and Vial (1991) theory. It is
worth noting that, unlike the TWs, the PWs are not to be ne-
cessarily present at the investigated ionospheric region, since their
nonlinear modulation may occur in the lower atmospheric region
and be transported by the TWs to upper regions, where the PWs
might not propagate.

In this paper we show the variability of the oscillations, com-
parable to those of the TWs and the PWs, imprinted in the time
series of the top frequency of the Es layer (ftEs) and h′Es measured
during a summertime campaign carried out at two mid-latitude
ionospheric stations. These Es layer oscillations are investigated by
means of the Fast Fourier Transform (FFT) and the Windowed
Fourier Transform (WFT) amplitude spectra, and by the Con-
tinuous Wavelet Transform (CWT) spectrograms. The purpose of
the work is to study in detail the tidal amplitude modulation af-
fecting both ftEs and h′Es, and relate it to the Teitelbaum and Vial
(1991) theory.

This study comes as a continuation of the Haldoupis et al.
(2004) work, as a first step to verify their results for the foEs
characteristic, but also to make additional considerations about
the h′Es characteristic.
2. Data and methods of analysis

The ionograms used to make the ftEs and h′Es time series
employed in this study were recorded during a summertime
campaign (4 June–30 September 2013) by the Advanced Iono-
spheric Sounder-Istituto Nazionale di Geofisica e Vulcanologia
(AIS-INGV) ionosondes (Zuccheretti et al., 2003) installed at Rome
(Italy, 41.8°N, 12.5°E) and Gibilmanna (Italy, 37.9°N, 14.0°E), with a
sounding repetition rate of 5 and 15 min respectively. The corre-
sponding sweeping frequency range was set up from 1 MHz to
16 MHz at both stations, with a frequency resolution of 0.05 MHz;
the height range investigated by the AIS-INGV ionosonde is 90–
760.5 km with a height resolution of 4.5 km, these two altitude
settings being fixed and depending on the architectural features of
the ionosonde. The Gibilmanna data were essentially used to as-
sess and validate the significance of the results obtained for Rome.

This study was performed considering summertime ionograms
since it is known that Es layer is most pronounced in this period
(Haldoupis et al., 2007; Pietrella and Bianchi, 2009). Inspection of
ionograms showed the presence of fairly continuous Es layers from
early June to late September, which allowed for a reasonably
complete time series of the Es characteristics to be obtained. From
each ionogram the ftEs expressed in MHz, and the h′Es expressed
in km, were manually validated through the graphical user inter-
face of the software Interpre (Pezzopane, 2004). It was decided to
refer to ftEs and not to foEs because the AIS-INGV ionosonde
cannot tag the different modes of propagation, that is the extra-
ordinary (X) and the ordinary (O) ones, and for most of ionograms
was practically impossible to distinguish between foEs and the
critical frequency (fxEs) of the Es extraordinary mode. The char-
acteristic ftEs is an estimate of the maximum electron density of
the Es layer, and it is directly associated to the efficiency of the
wind-shear theory; the characteristic h′Es provides information
about the location of the Es layer, hence it is the best characteristic
for studying the Es diurnal dynamics.

In order to reduce data gaps caused by the absence of the layer,
ftEs and h′Es hourly means were considered. In this way there
were only few data gaps due mainly to the absence of Es layer,
mostly in late August and September. In order to have complete
time series, which is a constraint of the wavelet transform algo-
rithm used in our study, the gaps were filled with the corre-
sponding monthly mean values; in this way, two complete ftEs
and h′Es time series of 2856 hourly mean values, corresponding to
the 119 days of the whole sounding campaign (4 June–30 Sep-
tember 2013), were obtained for Rome and Gibilmanna.

In order to determine the prevailing TW periodicities, the Fast
Fourier Transform (FFT) spectral analysis was selected to compute
amplitude spectra of the ftEs and h′Es time series, for periodicities
from 2 to 36 h. The Windowed Fourier Transform (WFT) spectral
analysis was instead selected to point out the PW periodicities
from 1.5 to 20 days. This different choice is because the two wave
phenomena under investigation have different characteristics; it is
known in fact that the TWs influence continuously Es layers with
diurnal and semidiurnal periodicities (Haldoupis et al., 2004,
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2006), and then can be considered as a stationary phenomenon,
while the PWs influence Es layers only for a definite time (typically
of a few weeks) with periods similar to those of the normal Rossby
modes, and then can be considered as transient phenomena.

In order to study in more detail the TW and PW periodicities
imprinted in the Es time series, the Morlet wavelet was also ap-
plied (Torrence and Compo, 1998, and references therein); the
corresponding wavelet spectrograms are very useful to highlight
the dynamic changes in the ftEs and h′Es spectral content, mostly
concerning the amplitude modulation suffered by TW periodi-
cities, but also to obtain a temporal characterization of the PWs,
which is impossible by using the FFT and WFT methods.

When applying the CWT, FFT and WFT methods, to avoid edge
problems and cut problems, from the ftEs and h′Es time series the
corresponding mean value was subtracted (obtaining as a con-
sequence two zero mean time series) and zeros at the beginning
and at the end of the time series were added up to reach the
nearest multiple of 2 of values (4096 in our case).
Fig. 1. (a) ftEs hourly mean values recorded at Rome from the 4 June to the 30
September 2013 (the thick line represents the 72 h running mean). (b) FFT ampli-
tude spectrum of the ftEs time series shown in (a) for period ranging from 2 to 36 h
(the horizontal dashed line indicates the 95% level of confidence). (c) Wavelet
spectrogram of the ftEs time series shown in (a) for periods ranging from 6 to 36 h.
3. Spectral analysis of the ftEs and h′Es time series

This section describes the application of the FFT, WFT, and CWT
analyses to the ftEs and h′Es Rome and Gibilmanna time series to
investigate how these are affected by the TW and PW periodicities.

3.1. Tidal wave periodicities affecting the Es layer: the Rome case

Fig. 1a shows the ftEs hourly mean values recorded at Rome
from the 4 June (day 155) to the 30 September (day 273) 2013,
which presents a pronounced diurnal variability, with values
ranging from about 2 to 15 MHz; the corresponding 72 h running
mean (the thick line in Fig. 1a) ranges between 4 and 6 MHz, and is
amplitude modulated at a much slower rate, with periods from a
few to several days. The amplitude modulation is particularly
evident in the first half of the time series (June and July), where
the ftEs values are higher, accordingly to the seasonal behavior
characterizing the Es layer and recently well explained in terms of
the meteoric influx near the summer solstice (Haldoupis et al.,
2007).

To identify the ftEs TW periodicities, the FFT amplitude spec-
trum of the ftEs time series was performed for periods ranging
from 2 to 36 h (Fig. 1b). This amplitude spectrum is dominated by
two narrow spectral peaks at 12 and 24 h that greatly exceed the
95% level of confidence, and that are reasonably associated to the
diurnal and semidiurnal TWs through the vertical wind-shear
mechanism. To further investigate this feature, a CWT analysis of
the ftEs time series was also performed for periods ranging from
6 to 36 h (Fig. 1c). Also the CWT analysis confirms that the
strongest components are mostly around the 12 h and 24 h peri-
ods, the latter being the most important, as it was already high-
lighted by the FFT analysis. Anyway, the CWT spectrogram shows
that the amplitudes of the tidal-like periodicities are strongly
modulated in time with a period of several days, above all in the
first half of the time series, as it was previously seen in Fig. 1a; the
theory of Teitelbaum and Vial (1991) suggests that this could be
caused by a TW–PW nonlinear interaction, which will be in-
vestigated later in more detail.

The same analysis was also performed for the h′Es character-
istic. Fig. 2a shows the h′Es hourly mean value time series re-
corded from the 4 June (day 155) to the 30 September (day 273)
2013, which presents a pronounced diurnal variability, with values
ranging from about 94 to 130 km; the corresponding 72 h running
mean (the thick line in Fig. 2a) ranges between 102 and 110 km,
and alike ftEs is amplitude modulated with periods from a few to
several days. However, unlike ftEs, the h′Es amplitude modulation
is present throughout the time series, this fact highlighting the
different physical meaning distinguishing the two characteristics.
Fig. 2b shows the FFT amplitude spectrum of the h′Es time series
for periods ranging from 2 to 36 h. Unlike ftEs, the h′Es amplitude
spectrum is characterized by several narrow spectral peaks at 6, 8,
12 and 24 h exceeding the 95% level of confidence, that are rea-
sonably associated to the TW periodicities that are sub-harmonics
of the solar day; however, also in this case, the 12 h and 24 h peaks
are the most intense. Fig. 2c shows the CWT spectrogram of the



Fig. 2. (a) h′Es hourly mean values recorded at Rome from the 4 June to the 30
September 2013 (the thick line represents the 72 h running mean). (b) FFT ampli-
tude spectrum of the h′Es time series shown in (a) for period ranging from 2 to 36 h
(the horizontal dashed line indicates the 95% level of confidence). (c) Wavelet
spectrogram of the h′Es time series shown in (a) for periods ranging from 6 to 36 h.

Fig. 3. (a) WFT amplitude spectrum (the horizontal dashed line indicates the 95%
level of confidence) and (b) Wavelet spectrogram of the ftEs time series shown in
Fig. 1a for periods ranging from 1.5 to 20 days.
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h′Es time series for periods ranging from 6 to 36 h. Alike ftEs, also
for h′Es the strongest components are mostly around the 12 h and
24 h periods, the latter being the most important, whereas the
other components at 6 and 8 h pointed out by the FFT analysis are
much weaker. Also in this case the CWT spectrogram shows that
the amplitudes of the tidal-like periodicities are strongly modu-
lated in time with a period of several days.
3.2. Planetary wave periodicities affecting the Es layer: the Rome
case

Fig. 3a shows the WFT amplitude spectrum of the ftEs time
series shown in Fig. 1a, for periods ranging from 1.5 to 20 days.
This spectrum is characterized by several more or less narrow
spectral peaks at about 2, 5, 7, 9, 11 and 17 days exceeding the 95%
level of confidence. The peaks with periods ranging from 2 to
5 days are very narrow and this means that they have a low energy
content, while the peaks at 7, 9, 11 and 17 days are wide, this
implying a high energy content. These spectral peaks are reason-
ably associated to the PWs through the horizontal wind-shear
mechanism proposed by Shalimov et al. (1999) and Shalimov and
Haldoupis (2002). To further investigate this feature, a CWT ana-
lysis of the ftEs time series was performed for periods ranging
from 1.5 to 20 days (Fig. 3b). The corresponding spectrogram
shows that the strongest components are mostly around the 2, 4,
5, 7–8, 10 and 17 day periods, that are more or less the normal
Rossby modes of the PWs; the differences between the theoretical
and experimental periods are due mainly to the fact that we are
not analyzing directly the winds in the E region but the effects that
there have on Es through the horizontal wind-shear mechanism.
As might be expected, the greater the period of the PW, the greater
the energy content because the greater the duration of the wave
phenomenon, so even though the maximum intensity is asso-
ciated to the 2 day period around the day 170, the maximum
energy content is associated to the 7–11 day periods characterizing



Fig. 4. (a) WFT amplitude spectrum (the horizontal dashed line indicates the 95%
level of confidence) and (b) Wavelet spectrogram of the h′Es time series shown in
Fig. 2a for periods ranging from 1.5 to 20 days.

Fig. 5. (a) ftEs hourly mean values recorded at Gibilmanna from the 4 June to the
30 September 2013 (the thick line represents the 72 h running mean). (b) Wavelet
spectrogram of the ftEs time series shown in (a) for periods ranging from 6 to 36 h.
(c) Wavelet spectrogram of the ftEs time series shown in (a) for periods ranging
from 1.5 to 20 days.
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the first 30 days of the time series. As it was already seen for the
TW periodicities, also for the PW periodicities the results are af-
fected by the seasonal behavior characterizing the Es layer and
recently well explained in terms of the meteoric influx near the
summer solstice (Haldoupis et al., 2007).

Fig. 4a shows the WFT amplitude spectrum of the h′Es time
series shown in Fig. 2a, for periods ranging from 1.5 to 20 days.
This amplitude spectrum is characterized by several more or less
narrow spectral peaks at about 1.5–2, 2.5, 4, 5–6, 7–8 and 9–
12 days exceeding the 95% level of confidence. The peaks with
periods between 1.5 and 4 days are very narrow implying a low
energy content, while the peaks with periods between 5 and 12
days are wide implying a high energy content. Similarly to the
spectral peaks characterizing ftEs, also these peaks are reasonably
associated to the PWs through the horizontal wind-shear me-
chanism; anyway, the most striking feature is that the periods
shown by the h′Es WFT analysis are quite different than those
shown by the ftEs WFT analysis shown in Fig. 3a. To further in-
vestigate this influence, a CWT analysis of the h′Es time series was
also performed for periods ranging from 1.5 to 20 days (Fig. 4b).
The CWT spectrogram confirms that the strongest components are
mostly those with periods of around 1.5–3, 5–6 and 9–12 days. The
maximum energy content is associated to the 5–6 and 9–12 day
periods located, respectively, in the last 20 days and between the
days 210 and 250 of the time series. Overall, alike the TW peri-
odicities, also the h′Es PW periodicities do not present a clear
seasonal behavior.
3.3. Tidal and planetary wave periodicities affecting the Es layer: the
Gibilmanna case

In order to assess and validate the significance of the results
obtained for Rome and described in Sections 3.1 and 3.2, the same
spectral analyses were carried out on data recorded at Gibilmanna,



Fig. 6. (a) h′Es hourly mean values recorded at Gibilmanna from the 4 June to the
30 September 2013 (the thick line represents the 72 h running mean). (b) Wavelet
spectrogram of the h′Es time series shown in (a) for periods ranging from 6 to 36 h.
(c) Wavelet spectrogram of the h′Es time series shown in (a) for periods ranging
from 1.5 to 20 days.
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which is approximately 450 km far from Rome and differs in la-
titude by about 4° southward. Fig. 5a shows the ftEs hourly mean
values recorded at Gibilmanna from the 4 June (day 155) to the 30
September (day 273) 2013; Fig. 5b and c shows instead the cor-
responding CWT spectrograms for the TW periodicities and the
PW periodicities, respectively. The only difference between the
analyses made on Rome data and on Gibilmanna data is that the
sounding repetition rate at Gibilmanna was set to 15 min while at
Rome was set to 5 min, which may result in a lower resolution
characterizing the Gibilmanna spectra. Anyhow, the Gibilmanna
results are in good agreement with the Rome results, mostly for
what concerns the TW periodicities (Figs. 1c and 5b), whereas the
PW periodicities (Fig. 3b and 5c) show some differences mostly
related to an intensification of the higher periods (14–20 days) in
the first part of the time series characterizing the Gibilmanna
spectrogram.

Fig. 6a shows the h′Es hourly mean values recorded at
Gibilmanna from the 4 June (day 155) to the 30 September (day
273) 2013, while Fig. 6b and c shows the corresponding CWT
spectrograms for the TW periodicities and the PW periodicities,
respectively. The Gibilmanna results are in good agreement with
the Rome results both in terms of TW periodicities (Figs. 2c and
6b) and in terms of PW periodicities (Fig. 4b and 6c).

The fairly good correspondence between the Rome and
Gibilmanna results suggests that the oscillations embedded in the
Rome and Gibilmanna Es data are both realistic and significant.
Moreover, the distance between the two sites indicates that these
oscillations are caused by large-scale processes, a fact that agrees
very well with the notion of TWs and PWs. The small differences
characterizing mostly the PW periodicities could be due to the
small difference in latitude between the two sites; in fact, the PWs
exhibit a pronounced variability in latitude (Pancheva and
Mukhtarov, 2011) and the properties of the vertical propagation
depend critically on the zonal mean flow (Charney and Drazin,
1961; Dickinson, 1968).
4. TW–PW nonlinear interaction

Figs. 1c and 2c show clearly that the diurnal and semidiurnal
TW periodicities imprinted both in ftEs and h′Es are modulated in
amplitude with periods of several days. In order to study in more
detail how much this phenomenon is due to the nonlinear inter-
action between the TWs and the PWs, the time series associated to
the diurnal and semidiurnal periodicities were extracted and fil-
tered from the corresponding spectrograms shown in Figs. 1c and
2c according to the following steps: (a) the wavelet coefficients
with periods from 20 to 28 h, and with periods from 10 to 14 h,
were selected; (b) the inverse wavelet transform was applied to
these coefficients in order to extract the signals related to the
diurnal and semidiurnal periodicities; (c) a low-pass filter was
applied to obtain the time series showing the modulation caused
by the PWs; and (d) a CWT was then applied again to these filtered
time series to find out which PW modes interacted nonlinearly
with the diurnal and semidiurnal TW periodicities imprinted in
the Es time series. In the following two sections, the correspond-
ing results obtained respectively for the diurnal and the semi-
diurnal periodicities are described.

4.1. The case of the diurnal tidal periodicity

Fig. 7a shows the signal related to the diurnal TW periodicity
characterizing ftEs after applying the aforementioned steps (a) and
(b) starting from the spectrogram shown in Fig. 1c. As expected,
the signal appears as an AM radio signal, it has a carrier wave with
a period of 24 h and a modulating wave with a variable period of
many days. Fig. 7b shows instead the ftEs diurnal periodicity time
series obtained from the signal shown in Fig. 7a after straightening
and low-filtering it, and Fig. 7c shows the corresponding wavelet
spectrogram for PW periods. Fig. 7c shows that the most im-
portant feature is associated to a large spectral peak with a period
ranging from about 7 to 11 days centered around the 9 day



Fig. 7. (a) The ftEs signal related to the diurnal periodicity extracted from the
spectrogram shown in Fig. 1c. (b) The ftEs diurnal periodicity time series obtained
from the signal shown in (a) after straightening and low-filtering it. (c) The wavelet
spectrogram of the time series shown in (b) for periods ranging from 1.5 to 20 days.

Fig. 8. (a) The h′Es signal related to the diurnal periodicity extracted from the
spectrogram shown in Fig. 2c. (b) The h′Es diurnal periodicity time series obtained
from the signal shown in (a) after straightening and low-filtering it. (c) The wavelet
spectrogram of the time series shown in (b) for periods ranging from 1.5 to 20 days.
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periods, tagging the first 30 days of the time series (4 June–4 July
2013); in the same sector minor peaks for periods of about 4 and
14–18 days are also present, while between the days 210 and 240 a
less important spectral peak for periods ranging from 10 to 16 days
is present.
Fig. 8 is the same as Fig. 7 but for h′Es. The wavelet spectrogram
of Fig. 8c shows that the first part of the time series is pretty si-
milar to that found for ftEs (Fig. 7c) with the most important peak
centered at a period of about 11 days, while other minor peaks are
localized at about 6, 8 and 15–20 days in the second half of the
time series.



Fig. 9. (a) The ftEs signal related to the semidiurnal periodicity extracted from the
spectrogram shown in Fig. 1c. (b) The ftEs semidiurnal periodicity time series ob-
tained from the signal shown in (a) after straightening and low-filtering it. (c) The
wavelet spectrogram of the time series shown in (b) for periods ranging from 1.5 to
20 days.

Fig. 10. (a) The h′Es signal related to the semidiurnal periodicity extracted from the
spectrogram shown in Fig. 2c. (b) The h′Es semidiurnal periodicity time series
obtained from the signal shown in (a) after straightening and low-filtering it. (c)
The wavelet spectrogram of the time series shown in (b) for periods ranging from
1.5 to 20 days.
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4.2. The case of the semidiurnal tidal periodicity

Fig. 9 is the same as Fig. 7 but related to the semidiurnal TW
periodicity, that is the wavelet coefficients of Figs. 1c and 2c that
have been considered in the analysis were those with periods from
10 to 14 h. Again, Fig. 9a shows that the signal appears as an AM
radio signal, it has a carrier wave with a period of 12 h and a
modulating wave with a variable period of many days. Fig. 9b
shows the ftEs semidiurnal periodicity time series obtained from
the signal shown in Fig. 9a after straightening and low-filtering it,
and Fig. 9c shows the corresponding wavelet spectrogram for the
PWs periods. Fig. 9c shows that the most important feature is



Fig. 11. (a) FFT amplitude spectrum of the ftEs hourly mean values of Fig. 1a falling
in the time interval [4 June 2013, 4 July 2013], for periods ranging from 2 to 36 h.
(b) FFT amplitude spectrum of the ftEs diurnal time series of Fig. 7a falling in the
time interval [4 June 2013, 4 July 2013], for periods ranging from 16 to 32 h. (c) FFT
amplitude spectrum of the ftEs semidiurnal time series of Fig. 9a falling in the time
interval [4 June 2013, 4 July 2013], for periods ranging from 8 to 16 h. The arrows
highlight the secondary peaks due to the TW–PW nonlinear interaction (see the
text). The horizontal dashed lines indicates the 95% level of confidence.

A. Pignalberi et al. / Journal of Atmospheric and Solar-Terrestrial Physics 122 (2015) 34–4442
associated to three large spectral peaks, the first localized between
the days 155 and 170 with a period of about 8–9 days, the second
between the days 200 and 235 with a period of about 8 days, the
third with a period of about 20 days and more is a very large
spectral peak that is present for the first half of the spectrogram.

Fig. 10 is the same as Fig. 9 but for h′Es. The wavelet spectro-
gram of Fig. 10c shows that the most important peaks are localized
respectively in the first part of the time series with a period ran-
ging from 13 to 18 days, and in the second part of the time series
with a period centered at about 16–18 days; several small peaks
with periods ranging from 2 to 8 days are also present throughout
the time series.

At first glance, the results given by the wavelet spectrograms
shown in Figs. 7c and 9c for ftEs, and in Figs. 8c and 10c for h′Es,
present some differences, mostly the latter. Anyway, focusing the
attention on the first part of the ftEs time series, specifically from
the 4 June up to the 4 July 2013, Figs. 3c, 7c, and 9c present some
similarities, this meaning that the wind-shear and the TW–PW
nonlinear interaction theories are in agreement. This is why in the
next section this ftEs time interval will be investigated in more
detail.

4.3. Strong evidence of the TW–PW nonlinear interaction during the
4 June–4 July 2013 time interval

As demonstrated by Teitelbaum and Vial (1991), besides am-
plitude modulating the signal, the nonlinear interaction mechan-
ism gives also rise to secondary waves causing in the spectrum the
appearance of sidebands around the TW periodicities, for fre-
quencies equal to the sum and difference of the primary wave
interacting frequencies. In order to look for these secondary peaks,
according to the considerations made at the end of the previous
section, the ftEs data from the 4 June to the 4 July 2013 were se-
lected, and the corresponding FFT spectra were calculated.

Fig. 11a shows the FFT amplitude spectrum of the ftEs hourly
mean values of Fig. 1a falling in the considered time interval for
period ranging from 2 to 36 h. This figure points out that ad-
ditionally to the primary peaks due to the diurnal and semidiurnal
TWs, there are secondary peaks exceeding the 95% level of con-
fidence, the most important of which have been highlighted with
arrows of different colors: the red ones at about 22 and 27 h are
consistent with a nonlinear interaction between the diurnal TW
and a PW with a period of about 9–10 days; the blue ones at about
19 and 31 h are consistent with a nonlinear interaction between
the diurnal TW and a PW with a period of about 4–5 days; the
green ones at about 11 and 13 h are consistent with a nonlinear
interaction between the semidiurnal TW and a PW with a period
of about 8–9 days. This preliminary results are in agreement with
what is shown in Figs. 3, 7 and 9. Anyway, to deeply study this
TW–PW nonlinear interaction, the FFT spectra were also calculated
separately for the diurnal and semidiurnal filtered signals shown
in Figs. 7a and 9a, but only for the time interval from the 4 June up
to the 4 July 2013.

Fig. 11b shows the FFT amplitude spectrum of the ftEs diurnal
filtered values, for periods ranging from 16 to 32 h, and points out
that additionally to the primary peak due to the diurnal TW, there
are secondary peaks exceeding the 95% level of confidence or close
to it, the most important of which have been highlighted with
arrows of different colors: the red ones at about 21.9 and 26.7 h
are consistent with a nonlinear interaction between the diurnal
TW and a PW with a period of about 9–10 days; the green ones at
about 22.7 and 25.3 h are consistent with a nonlinear interaction
between the diurnal TW and a PW with a period of about 18 days;
the blue ones at about 19.4 and 31.2 h are consistent with a non-
linear interaction between the diurnal TW and a PW with a period
of about 4 days. These results are in good agreement with the
wavelet spectrogram shown in Fig. 7c for the first 30 days of the
time series; as expected, the most important secondary peaks are
associated with the strong modulation caused by the intense peak
with a period of about 9–10 days, characterizing the first part of
the ftEs diurnal time series.
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Fig. 11c shows the FFT amplitude spectrum of the ftEs semi-
diurnal filtered values, for periods ranging from 8 to 16 h, and
points out that additionally to the primary peak due to the semi-
diurnal TW there are secondary peaks, the most important of
which have been highlighted with arrows of different colors: the
red ones at about 11.2 and 12.7 h are consistent with a nonlinear
interaction between the semidiurnal TW and a PW with a period
of about 8–9 days; the green ones at about 10.7 and 14.0 h are
consistent with a nonlinear interaction between the semidiurnal
TW and a PW with a period of about 4 days. Also these results are
in good agreement with the wavelet spectrogram shown in Fig. 9c
for the first 30 days of the time series; as expected, the most
important secondary peaks are associated with the strong mod-
ulation caused by the intense peak with a period of about 8–9
days, characterizing the first part of the ftEs semidiurnal time
series.
5. Discussion and conclusions

Using vertical ionograms recorded during a summertime
campaign (4 June–30 September 2013) by the AIS-INGV iono-
sondes installed at the mid-latitude ionospheric stations of Rome
and Gibilmanna, Italy, the variability of the oscillations imprinted
in the time series of the ftEs and h′Es characteristics that are
comparable with those of the TWs and the PWs were investigated.

The main periodicities tagging both time series are at 12 and
24 h (see Figs. 1b, c and 2b, c), and this fact can be associated with
the influence that semidiurnal and diurnal TWs have on the ver-
tical wind-shear mechanism at the base of the Es formation. Ac-
tually, concerning the 24 h periodicity, it has to be taken into ac-
count also that the Es layer is characterized by a daily cycle for
which the daytime layer is much stronger than the nighttime one.
This is because the number of existing photo-ionized metal atoms
is larger during sunlit hours, which increases the metal ion den-
sities considerably. Hence, in reality, the strong 24 h periodicity is
due to a mixing of two causes: the Es daily cycle and the tidal
effect.

The ftEs time series shows values that in June and July are
greater than in August and September (Fig. 1a), while the h′Es time
series shows values that are nearly constant along the whole time
series (Fig. 2a); this means that the ftEs characteristic strongly
depends on the meteoric influx near the summer solstice as
shown by Haldoupis et al. (2007), while the h′Es trend highlights
that the wave activity affecting the Es layer is a phenomenon al-
ways present.

Again, Figs. 1a and 2a show that ftEs and h′Es values are am-
plitude modulated with periodicities of several days, and the WFT
and CWT analyses (see Figs. 3a, b and 4a, b) suggest that these
periodicities are likely associated with the influence of the PWs
acting through their horizontal wind-shear forcing with periods
close to the normal Rossby modes, that is 2, 5, 10 and 16 days
(Shalimov et al., 1999; Shalimov and Haldoupis, 2002; Haldoupis
and Pancheva, 2002; Pancheva et al., 2003). Anyway, concerning
the main PW periods involved and their temporal localization,
some differences arose between ftEs and h′Es; in fact, unlike the
ftEs spectrogram (Fig. 3b), the h′Es spectrogram (Fig. 4b) shows
maxima that are placed along the whole time series. At first
glance, this feature would seem an unquestionable advantage for
studying the influence that atmospheric waves have on Es dy-
namics, but this would be true if the h′Es measurements had the
same resolution as ftEs. In fact, we have to take into account that
the height resolution of the AIS-INGV ionosonde is 4.5 km, which
is certainly constraining for studying the Es dynamics, because the
thickness of the Es layer is of the order of few kilometers and then
most of Es movements occurs within the AIS-INGV height
resolution.

The wavelet spectrograms of the ftEs signals related to the
diurnal and semidiurnal periodicities extracted from the spectro-
gram shown in Fig. 1c show both similarities and differences (see
Fig. 7c and Fig. 9c). In particular, both spectrograms show an im-
portant periodicity of about 8–10 days in the first part which is
similar to that shown by the wavelet spectrogram of Fig. 3b related
to the unfiltered time series. This suggests that, at least in the first
thirty days of the measurement campaign, in the low atmosphere
the PWs with such a period might have nonlinearly interacted
both with the diurnal and semidiurnal TWs, and then propagated
in the MLT region without suffering important changes. This fact is
on the other hand confirmed also by the FFT analysis illustrated in
Fig. 11 showing sidebands around the TW periodicities that, ac-
cordingly to the Teitelbaum and Vial (1991) theory, are justified in
terms of the TW–PW nonlinear interaction. Anyway, other peri-
odicities do not present the same features; for instance, the in-
tense periodicity at 8 days in the central part of the spectrogram of
Fig. 9c does not appear neither in the spectrogram of Fig. 7c nor in
that of Fig. 3b. These differences can be however explained in
terms of the nonlinearity of the interaction; in fact, the non-
linearity allows very intense modulations in the presence of weak
interacting waves but also moderate modulations in the presence
of strong interacting waves, the latter being most likely what
featured the aforementioned periodicity at 8 days visible in the
central part of the spectrogram of Fig. 9c. Moreover, we have to
take into account that these oscillations propagate through the
atmosphere, and hence it can be happened that the PW with a
period of 8 days interacted with the semidiurnal TW at lower al-
titudes, without propagating to higher altitudes, unlike the semi-
diurnal TW that reaches the low ionosphere carrying with itself
the modulation impressed by the PW. Moreover, it is worth re-
minding that the periodicities associated with the PWs are caused
by the efficiency of the horizontal wind-shear mechanism, and
consequently their appearance in the spectrogram could be in-
fluenced by this mechanism that could prove differently efficient
for different periodicities. Anyhow, it seems that the semidiurnal
and diurnal TWs can interact differently with the PWs, even
though a PW much more intense than the others in all likelihood
will modulate both TWs, as seen in the first part of the wavelet
spectrograms of Figs. 3b, 7c, and 9c.

Unlike ftEs, the wavelet spectrograms of the h′Es signals related
to the diurnal and semidiurnal periodicities extracted from the
spectrogram shown in Fig. 2c show significant differences both for
the corresponding intensities and for the temporal location (see
Figs. 8c and 10c). For instance, the intense maximum at 11 days
visible in the first part of Fig. 8c does not appear neither in Fig. 4b
nor in Fig. 10c. Hence, it is difficult to claim that the semidiurnal
and diurnal periodicities of h′Es are amplitude modulated by a PW
simultaneously present in the ionospheric E region. At the same
time, however, Fig. 2c shows that h′Es suffers an amplitude
modulation. A possible explanation of this discrepancy could be
related just to the nonlinearity of the TW–PW interaction and to
the consequent selective propagation through the ionosphere, but
the inconsistencies are so important that this explanation can be
considered fully unjustified. A simpler explanation could be lie in
the aforementioned low height resolution of the AIS-INGV iono-
sonde which is certainly not sufficient for highlighting the Es dy-
namics with the right accuracy by means of the h′Es characteristic,
as on the contrary it is possible through the ftEs analyses. Anyway,
also this explanation turns out to be unsatisfactory, because at
least in part the h′Es analysis should have shown results partially
concordant with those obtained by the ftEs studies. The more
plausible explanation lies in the different physical meaning char-
acterizing the two ionospheric characteristic in play. The ftEs
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represents a measure of the ionic content of the Es layer, where
the ions are accumulated through the wind-shear mechanism
(vertical for the TWs, horizontal for the PWs), and consequently
ftEs represents a measure of the efficiency of this mechanism and
indirectly highlights what atmospheric wave phenomena caused
the ion accumulation; for this reason, ftEs turns out to be the most
suitable characteristic for studying the influence of the TWs and
the PWs on Es. On the contrary, h′Es is a characteristic exclusively
dynamic and hence is the most suitable one for studying the
parameters associated with the TWs, but on the other hand it can
reveal nothing about the efficiency of the wind-shear mechanism
and consequently about the influence that the PWs have on the
dynamic properties of the TWs. Hence, in the light of this, even
though interesting, the h′Es results cannot be considered suitable
for studying the influence of the PWs on Es, although alike ftEs it is
characterized by a tidal amplitude modulation. Another important
point came out from the study described in the paper is the very
good correspondence between the Rome and Gibilmanna results,
because this represents an evidence that the oscillations em-
bedded in Rome and Gibilmanna data are realistic. Additionally,
the distance between the two sites suggests that these oscillations
are caused by large-scale processes, which is concurring with the
notion of TWs and PWs. The differences characterizing in part the
PW periodicities could be related to the small difference in latitude
between the two sites.

Anyhow, concerning the Es dynamics complexity, it is however
worth remarking that the wind-shear theory (perhaps with a
small added external field) appears sufficient along with the tidal
wind system to explain the mid-latitude layers that, as it has been
previously said in the introduction section, are known as TILs and
the features of which are somewhat consistent with the results
shown in the paper. However, also at mid latitudes, there are cases
of layers for which alternative formation processes are required, as
electric-field-induced layers, QPE regions, and ion rains.

Finally, this study confirms that ionosonde data, especially
those registered in summertime, represent a powerful tool for
investigating the TW and the PW properties. In order to verify
whether the features described in this paper are somehow influ-
enced by the solar activity, it is intention of the authors to extend
the analyses here illustrated also to hourly validated summertime
data recorded from 1976 to 2012 at the ionospheric station of
Rome.
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