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Abstract. This paper describes a study of the daily vari-
ability shown by the main characteristics of the sporadic
E (Es) layer, that is the top frequency (ftEs) and the low-
est virtual height (h’Es). The study is based on ionograms
recorded by the Advanced lonospheric Sounder by the Is-
tituto Nazionale di Geofisica e Vulcanologia (AIS-INGV)
ionosondes installed in the ionospheric stations at Rome
(41.8° N, 12.5°E) and Gibilmanna (37.9° N, 14.0° E), Italy,
during the summer (June, July, August and September) of
2013, a year falling in the ascending phase of solar cycle 24.
The ftEs presents a diurnal variation characterized by two
maxima, the first around noon is very well defined and the
second in the evening/night is much less defined; the ampli-
tude of both maxima decreases from June to September ac-
companied by a general decrease of the ftEs values which is
more pronounced in the daytime than in the nighttime. h’Es
also presents a diurnal variation characterized by two max-
ima but, unlike ftEs, these present the same amplitude which
is independent from the considered month. Assuming that
both ftEs and h’Es trends are influenced by the atmospheric
tides, the height-time—intensity (HTI) technique was applied
to deeply investigate how these waves control the Es dynam-
ics. The HTI study, along with a fast Fourier transform anal-
ysis, show that a well-defined semidiurnal periodicity char-
acterizes the Es layer dynamics most accurately in June and
July, while in August and September the daytime semidiur-
nal periodicity becomes weaker and the role of the diurnal
periodicity is consequently highlighted.

Keywords. lonosphere (ionosphere—atmosphere interac-
tions; mid-latitude ionosphere; instruments and techniques)

1 Introduction

The term sporadic E (Es) layer refers to extremely anoma-
lous values of ionization confined within layers of very lim-
ited thickness (a few km) occurring between 90 and 130 km,
whose critical frequency is often higher than the normal E
layer. Es layers have been widely studied from the early
twentieth century (e.g., see reviews by Whitehead, 1989;
Mathews, 1998, and references therein), because they can
seriously affect high frequency (HF) radio communications.
These layers form in the ionospheric dynamo region, when
metallic ions of meteoric origin converge vertically, mainly
due to vertical shears in the horizontal wind (e.g., see reviews
by Haldoupis, 2011, 2012, and references therein).

The periodic heating of the atmosphere by the Sun gen-
erates tides whose periods are related to the solar day. It
might initially be estimated that the diurnal solar heating
would give rise to tides with a period of 24 h, corresponding
to the heating periodicity. However, observations reveal that
large amplitude tides are generated with periods of 24, 12, 8
and 6 h, even though these latter tides are characterized by
smaller amplitudes. These periods appear because the solar
heating of the atmosphere occurs in an approximate square
wave profile and is consequently rich in harmonics (Forbes,
1995).

With regard to this, it is now known that diurnal and semid-
iurnal tides play a significant role in affecting the develop-
ment and descent of Es layers and, given that the prevailing
winds in the E region are thermal tides generated by solar
heating, this is not unexpected (see, e.g., Lindzen and Chap-
man, 1969; Forbes, 1995). However, it is worth highlighting
that the wind-shear theory (perhaps with a small added exter-
nal field) appears sufficient, along with the tidal wind system,
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to explain the most common mid-latitude Es layers that are
known as tidal ion layers (TILs). Nonetheless, and also at
mid-latitudes, there are cases of Es layers for which alter-
native formation processes are required: these include elec-
tric field-induced layers, HF and very high frequency (VHF)
radar quasi-periodic echoing (QPE) regions, and ion rains
(Mathews et al., 2001; Otsuka et al., 2007).

Concerning TILs specifically, there are still outstanding
questions, for instance with respect to the confluence of the
different tidal modes. With regard to this issue, Haldoupis
et al. (2006) proposed a new methodology, the ionosonde
height-time—intensity (HTI) analysis, for investigating the Es
layer vertical motion and variability.

With this in mind, Es data recorded at mid-latitudes are
considered in this study both to contribute additional infor-
mation about the influence of tides on the Es layer, and to
confirm that the HT1 analysis represents a good alternative to
study how the neutral wind dynamics affects the Es layer at
mid-latitudes.

Section 2 describes the data set used, how the ionograms
were validated, the HTI technique, and the fast Fourier trans-
form (FFT) analysis. Section 3 has three main parts describ-
ing and discussing the results related to (1) the diurnal and
monthly variability shown by the main characteristics of the
Es layer, these are the top frequency (ftEs) and the lowest
virtual height (h’Es); (2) the plots produced by the HT1 anal-
ysis; and (3) the spectra produced by the FFT analysis. The
conclusions form Sect. 4.

2 Experiment, data, and analysis

The analysis described in this paper is based on data recorded
at two ionospheric stations: one in Rome (ltaly, 41.8°N,
12.5° E) and another in Gibilmanna (ltaly, 37.9° N, 14.0° E),
both equipped with an AIS-INGV (Advanced lonospheric
Sounder by Istituto Nazionale di Geofisica e Vulcanologia)
ionosonde (Zuccheretti et al., 2003). A measurement cam-
paign during the summer of 2013 (smoothed sunspot number
R12 = 63), from 4 June to the 30 September, was planned
with a sounding repetition rate set to every 5min at Rome
and every 15 min at Gibilmanna, a sweeping frequency range
from 1 to 16 MHz at both stations, and with a frequency res-
olution of 0.05MHz. The height range investigated by the
AIS-INGV ionosonde was 90-760.5 km with a height reso-
lution of 4.5 km, these two values being fixed and depending
on the architectural features of the ionosonde. The full fre-
guency scale of the sounding was set to 16 MHz because, as it
is possible to infer from the visualization feature of the elec-
tronic Space Weather upper atmosphere database (eSWua;
http://www.eswua.ingv.it/) (Romano et al., 2008), at Rome
and Gibilmanna the Es layer has never shown critical fre-
quency values of the Es ordinary mode (foEs) of propagation
greater than 15 MHz.
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Figure 1. Examples of Es layer of (a) type “I” and (b) type “c”
recorded at Rome in June 2013. The corresponding manually vali-
dated ftEs and h’Es are respectively shown in red and blue.

The summertime campaign was suggested by the well-
known fact that Es layer occurrence presents a maximum be-
tween May and September in the Northern Hemisphere, and
between November and March in the Southern Hemisphere
(e.g., Chuetal., 2014).

2.1 lonogram manual validation

From each of the ionograms recorded during the whole cam-
paign of 119 days at both stations, the ftEs and the h’Es char-
acteristics were manually validated using the Interpre soft-
ware developed by 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 ex-
traordinary and the ordinary ones, and for most of the iono-
grams it was practically impossible to distinguish between
foEs and the critical frequency of the Es extraordinary mode
(fXEs). The most frequent Es layers characterizing the iono-
grams recorded during the measurement campaign were of
the “I” and the “c” types (Wakai et al., 1987), as shown in
Fig. 1.

2.2 lonogram height-time-intensity (HTI) analysis
In order to study how the atmospheric tides affect the Es dy-

namics, custom software was coded to perform the HTI anal-
ysis of the ionograms proposed by Haldoupis et al. (2006).

www.ann-geophys.net/32/1427/2014/
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Figure 2. HTI plots averaged over two consecutive days, the 11 and 12 June 2013. Each plot corresponds to a different frequency range:
(a) 1-2 MHz, (b) 2-3 MHz, (c) 3-4 MHz, (d) 4-5 MHz, (e) 5-6 MHz, and (f) 6-7 MHz.

An ionogram represents a snapshot of the ionosphere at the
time of the sounding for a definite height and frequency
range, hence from a single ionogram it would not be pos-
sible to derive the dynamics of the ionospheric layers. On
the contrary, the HTI analysis considers a specific frequency
range and, by using a series of ionograms, allows the study of
the aforementioned dynamics. The output of the HTI analy-
sis is a plot of the intensity of the energy received by the
ionosonde, after being reflected by the ionosphere, versus the
24 h of the day, for a definite frequency range, and for the
same height range of the ionogram.

Figure 2 shows HTI plots for different 1 MHz frequency
intervals, calculated by considering the ionograms recorded
at Rome on the 11 and 12 June 2013. This means that each
of the plots is based on the 576 ionograms recorded at Rome
during the two considered days. The maximum of the height
range, compared to that of the ionogram, is restricted to
400 km because the interest is in highlighting phenomena
associated with Es layers that are characteristic of altitudes
lower than 150 km. Figure 2 shows that concerning the Es
trace visible at altitudes between 100 and 150 km, there are
significant differences depending on the chosen frequency
range. The HTI plots related to the frequency ranges 1-2 and
2-3 MHz (Fig. 2a-b) are characterized by traces showing two
maxima, approximately at 03:00 universal time (UT) (local
time (LT)=UT +2) and 17:00-18:00 UT, while in the fol-
lowing plots the corresponding ascending traces disappear.
As a first step, this phenomenon could be attributed to the
Es layer, but a careful check of the ionograms reveals that
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this effect is actually caused by the cusp associated with the
electron density maximum of the E region, which is charac-
teristic of the Es layer of type “c” (see Fig. 1b). According
to this consideration, the HTI analysis described in Sect. 3.2
refers mainly to frequency ranges higher than 3 MHz. Fig-
ure 2c—d show instead two distinct Es layers that, starting
from an altitude of about 125 and 150 km respectively at ap-
proximately 04:00 UT and 15:00 UT, lower to an altitude of
about 100 km where they stop their descent. These descend-
ing traces are associated with the descent of the convergence
node that characterizes the neutral wind profile connected
with the atmospheric tides. This continues until the unload-
ing altitude is reached, where the descent stops and the Es
layer can remain for many hours (Chimonas and Axford,
1968).

Hence, as already shown by Haldoupis et al. (2006), the
HTI plots are very useful when investigating Es layer dy-
namic features concurrently with the wind-shear theory.

Figure 2e—f show that, for higher frequency ranges, only
the trace referring to the central hours of the day is visible.
This is definitely due to the fact that the Es layer is much
stronger during the day and weaker at night, because there
are more metallic ions available during the day than at night
from which the layer can form and intensify (Haldoupis et
al., 2007). Additionally, this can likely be attributed to the
confluence of the daytime semidiurnal trace with the diurnal
trace that gives rise to the strongest Es layers observed during
the day (Haldoupis et al., 2006).

Ann. Geophys., 32, 1427-1440, 2014
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Figure 3. Linear correlation plots of the hourly monthly median
ftEs and h’Es values recorded at Rome and Gibilmanna in (a-b)
June, (c—d) July, (e-f) August, and (g—h) September.

In order to verify how the measurements recorded at Rome
and Gibilmanna are correlated, the corresponding linear cor-
relation plot of the hourly monthly median values of ftEs and
h’Es was generated for each of the considered months, thus
obtaining the corresponding linear correlation coefficient o
defined as

cov(X,Y) E(X—-EX)(Y—-E(Y))

PXYy =
O0x0y

Ox0y

where cov() is the covariance between the variables X and
Y, ox and oy are the corresponding standard deviations, and
E() represents the expected value. Figure 3 shows that p
ranges from 0.88 to 0.94, which means that the two data sets
of measurements are highly correlated. In light of this, and
also taking into account that the sounding repetition rate of
the AIS-INGV ionosonde installed at Rome is higher (5 min)
and consequently better resolves the Es dynamics, the HTI
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analysis described in the Sect. 3.2 focuses on the ionograms
recorded at Rome.

2.3 The fast Fourier transform analysis

The FFT analysis decomposes the time-domain signal into
complex exponentials. A Fourier transform offers a complete
picture of the frequency space, but it does not give any infor-
mation about the time evolution of the signal. This means
that the FFT analysis is mostly used to investigate stationary
signals.

Specifically, the FFT is an optimized algorithm for calcu-
lating the discrete Fourier transform and its inverse, which
are defined as follows:

N-1
i2wkn
X = Zx,,e N, Q
n=0
where xg, x1, ..., xy—1 IS a sequence of complex numbers

andk=0,...,N—1;
LN e @
xl’l_Nk:O ke E)

withn=0,..., N —1.

In order to study the main periodicities imprinted in the Es
layer data, in Sect. 3.3 the FFT analysis is used to compute
the amplitude spectra of the hourly mean values of ftEs and
h’Es for each considered month.

The FFT method proved to be suitable for this study be-
cause the tidal waves continuously affect the Es layers with
diurnal and semidiurnal periodicities (Haldoupis et al., 2004,
2006), and then the phenomenon can be considered as sta-
tionary. In order to reduce data gaps caused by the absence of
the Es layer, the ftEs and h’Es hourly mean values were con-
sidered. In this way, only a few data gaps were left, mostly
in late August and September, and in order to work with a
complete time series they were filled with the correspond-
ing monthly mean values. Moreover, to avoid edge problems
and cut problems that can affect the FFT method, the corre-
sponding mean value was subtracted from the ftEs and the
h’Es hourly mean time series of each month, obtaining as a
consequence two zero mean time series, and zeros at the be-
ginning and at the end of the time series were added up to
reach the nearest multiple of 2 (1024 in our case).

3 Results and discussion

3.1 The Es diurnal and monthly variability

Figures 4 and 5 show respectively the ftEs and h’Es hourly
monthly mean values with the corresponding standard de-
viation, the occurrence frequency of the Es layer, and the
relative frequency of the ftEs and h’Es hourly mean values
for June, July, August and September 2013, for Rome (in

www.ann-geophys.net/32/1427/2014/
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Figure 4. ftEs hourly monthly mean values with the corresponding standard deviation along with the occurrence frequency of the Es layer
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blue) and Gibilmanna (in red). For each interval of 1 MHz,
the relative frequency was calculated as the ratio between the
hourly mean values ranging from f.00 MHz to f.99 MHz
(with f =1, ..., 15) and the total number of hourly mean
values.

In June ftEs (Fig. 4a) presents a daily trend character-
ized by a large maximum around 10:00 UT for both stations,
and a much smaller maximum at 18:00-21:00 UT for Rome
and at 15:00-19:00 UT for Gibilmanna, while h’Es (Fig. 5a)
presents a daily trend characterized by two similar maxima
at 05:00 and 15:00-16:00 UT for both sites. The occurrence
frequency shows a trend characterized by two maxima with
values ranging from 60 to 100 %. In particular, the occur-
rence frequency recorded at Rome is lower than that recorded
at Gibilmanna, confirming the recent findings of Pietrella et
al. (2014). The relative frequency of the hourly mean values
in June presents a similar trend at both sites and has a max-
imum for ftEs between 4 and 5 MHz (Fig. 4b) and for h’Es
between 100 and 105 km (Fig. 5b).

In July (Figs. 4c—d and 5¢c—d) all the trends are by and large
very similar to those recorded in June, with the only excep-
tion of the ftEs relative frequencies that are slightly shifted
to lower values.

In August the trends continue to be similar, but the values
of ftEs are lower than those recorded in June and July. The
maximum of ftEs visible at 10:00 UT is now equal to about
6 MHz (Fig. 4e), and the corresponding relative frequency
presents a maximum between 3 and 4 MHz (Fig. 4f). On the
contrary, h’Es does not exhibit any appreciable difference;
in fact, in spite of a decrease in the Es layer occurrence fre-
quency, the corresponding semidiurnal trend is always well
defined with both the position and the value of the two max-
ima similar to those of the previous months (Fig. 5e—f).

In September, even though the semidiurnal trend is still
clearly visible, the decrease of the ftEs values continues,
more pronouncedly during the daytime, showing a maxi-
mum value lower than 5 MHz (Fig. 4g), and a correspond-
ing maximum of the relative frequency between 3 and 4 MHz
(Fig. 4h), like in August but more pronounced. In this month,
the Es occurrence frequency also decreases significantly, al-
most disappearing in the nighttime. The h’Es trend shows
a daily trend similar to those of the previous months, while
both a decrease in the Es occurrence frequency and a slight
shifting of the relative frequency to lower values are observ-
able.

3.2 The influence of tides on Es dynamics: the HT1 plots

Figures 6, 7, 8, and 9 show four examples of the HTI anal-
ysis, one for each of the considered months, and represen-
tative of the modality by which the Es dynamics manifests
for most of the days of that month. Specifically, for each
day analyzed the following outcomes are shown: (1) the HTI
plots from which, besides studying the Es layer dynamics,
it is possible to deduce how the Es layer intensity changes

Ann. Geophys., 32, 1427-1440, 2014
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for different frequency ranges; (2) the daily trend of the h’Es
values that were manually validated from the ionograms, in
order to prove what is perceivable by the HTI plots. The aim
of this analysis is to investigate the efficiency of the wind-
shear mechanism as the dynamic conditions of the neutral
atmosphere change.

Figure 6a depicts the h’Es trend obtained after manually
analyzing all the ionograms recorded on the 6 June 2013 at
Rome, and shows three distinct descending traces for which
the linear fits were calculated. This analysis was performed
with an awareness that the Es layer forms in the conver-
gence node of the neutral wind profile associated with tides
(Whitehead, 1961; Axford, 1963) and then, between 100
and 130 km, it is dragged to lower altitudes till the unload-
ing altitude is reached at about 100 km, where the descent
stops and the Es layer stands for many hours (Chimonas
and Axford, 1968). Hence, the Es layer descent patterns are
approximately represented by the linear fits represented in
Fig. 6a, the negative angular coefficient of which represents
the Es descent velocity that, according to the wind-shear
theory, is equivalent to the phase velocity of the conver-
gence node characterizing the neutral wind profile associ-
ated with the tides (Christakis et al., 2009). The first trace
appears at about 04:00 UT, at an altitude of 126 km, and
descends with a medium velocity of (—6.440.5)kmh~1
to an altitude of 105km at 08:00 UT; the second trace ap-
pears at about 10:00 UT, at an altitude of 110 km, and de-
scends with a medium velocity of (—1.3+0.1)kmh~1 to
an altitude of 100 km at 17:00 UT; the third trace appears
at about 18:00 UT, at an altitude of 120 km, and descends
with a medium velocity of (—3.640.4)kmh~! to an alti-
tude of 103 km at 21:00 UT. The first and the third traces are
separated in time by 12h and, by also taking into account
the velocity characterizing the descent, this is a signal that
they are strongly connected to the semidiurnal tides (Forbes,
1995); the corresponding estimated wavelengths are respec-
tively (77 & 7) km and (44 + 6) km. The second trace is asso-
ciated with the diurnal tide, characterized by a velocity lower
than the semidiurnal tide, and the estimated wavelength is
in this case equal to (33 £ 4)km. The diurnal trace can be
associated with the diurnal tide mode S(1,1), while the day-
time and nighttime semidiurnal traces can be associated re-
spectively to the semidiurnal tide modes S(2,3) and S(2,5)
(Holton, 1975; Forbes, 1995). Figure 6b—e show the HTI
plots related to the 6 June 2013 from which a well defined
semidiurnal pattern appears for low frequency ranges at alti-
tudes typical of the E region; this pattern then disappears for
higher frequency ranges, when only a trace between 08:00
and 12:00 UT is visible, likely associated with the fusion of
the daytime semidiurnal and diurnal traces that contributes to
the ftEs maximum at about 10:00 UT found for all the inves-
tigated months (see Fig. 44, c, e, f). No clear diurnal pattern
was made clear by the HTI analysis and this can be ascribed,
on the one hand, to the fact that the corresponding layer acts
at lower heights and at times may become too weak to be

www.ann-geophys.net/32/1427/2014/
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day for different frequency ranges: (b) 3-4 MHz, (c) 4-5 MHz, (d) 5-6 MHz, and (e) 3-6 MHz.

detected by the ionosonde, and, on the other hand, to the fact
that the height resolution of the AIS-INGV ionosonde is lim-
ited to 4.5km. (A height resolution of 1.5/2.0 km would be
more appropriate.)

Figure 7a depicts the h’Es trend obtained after manually
analyzing all the ionograms recorded the 2 July 2013 at
Rome, and shows two distinct descending traces for which
linear fits were calculated. The first trace appears at about
04:00-05:00 UT, at an altitude of 130km, and it descends
with a medium velocity of (—5.3+0.5)kmh~! to an al-
titude of 102km at 10:00 UT; the second trace appears at
about 14:00 UT, at an altitude of 120km, and it descends
with a medium velocity of (—2.54+0.2)kmh~! to an al-
titude of 99km at 21:00 UT. The corresponding estimated
wavelengths are respectively (64 +7)km and (30 & 3) km.
The pattern in this case is clearly semidiurnal; the daytime
semidiurnal trace can be associated with a tide mode be-
tween S(2,3) and S(2,4), while the nighttime semidiurnal
trace can be associated with the tide mode S(2,6) (Holton,
1975; Forbes, 1995). Figure 7b—e show the HTI plots re-
lated to the 2 July 2013, which confirm the well defined

Ann. Geophys., 32, 1427-1440, 2014

semidiurnal pattern characterizing the E region altitudes
mostly for low frequency ranges.

Figure 8a, depicting the h’Es trend obtained after man-
ually analyzing all the ionograms recorded the 21 Au-
gust 2013 at Rome, shows two distinct descending traces for
which linear fits were calculated. The first trace appears at
about 04:00 UT, at an altitude of 112 km, it descends with
a medium velocity of (—0.9+£0.1) kmh~1 to an altitude of
102 km at 14:00 UT, and can be associated with the diurnal
trace, apparent from the values of the medium velocity and
the starting altitude of descent; the second trace appears at
about 15:00 UT, at an altitude of 117 km, it descends with
a medium velocity of (—2.4+0.2) kmh~1 to an altitude of
100km at 21:00 UT, and can be associated with the night-
time semidiurnal trace. The corresponding estimated wave-
lengths are respectively (24 + 4) km and (29 & 3) km. Hence,
with respect to the previous two cases, the daytime semidiur-
nal trace is absent, with a consequent reinforcement of the di-
urnal trace. The diurnal trace can be associated with the tide
mode S(1,1), while the nighttime semidiurnal trace can be
associated with the tide mode S(2,6) (Holton, 1975; Forbes,

www.ann-geophys.net/32/1427/2014/
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1995). The lack of the daytime semidiurnal trace is also
proved by the HTI plots shown in Fig. 8b—e from which at al-
titudes typical of the E region, unlike the HTI plots shown in
Figs. 6 and 7, the trace associated with the descent of the day-
time semidiurnal tide is no longer visible. One could think
that the daytime semidiurnal trace is screened by an unusu-
ally intense diurnal trace; however, this hypothesis can be
discarded because the HTI plots of Fig. 8c—d show that be-
tween 09:00 an 14:00 UT, where the main maximum of ftEs
is usually visible for higher frequency ranges, no maximum
is present. On the other hand, this feature can be attributed
to the absence of the daytime semidiurnal tide which, not
giving its ionic contribution in conjunction with the diurnal
trace, causes lower values of ftEs than are usually found. On
the contrary, the nighttime semidiurnal trace, as was previ-
ously found in Figs. 6 and 7, is so intense that it dominates
the HTI plots of Fig. 8c—d.

Figure 9a, depicting the h’Es trend obtained after manu-
ally analyzing all the ionograms recorded on the 3 Septem-
ber 2013 at Rome, shows that the reinforcement of the

www.ann-geophys.net/32/1427/2014/

diurnal trace continues: the semidiurnal traces are in this case
both absent. The diurnal trace appears at about 06:00 UT, at
an altitude of 112 km, it descends with a medium velocity
of (—1.740.1) kmh~! to an altitude of 95km at 18:00 UT,
and it can be associated with the tide mode S(1,1) (Holton,
1975; Forbes, 1995). The corresponding estimated wave-
length is (42 + 3) km. It is worth noting that the unloading
altitude is in this case lower than those characterizing the
previous cases, and this is correct due to the missing action
performed by the semidiurnal tides, which are characterized
by an unloading altitude higher than that of the diurnal tide
(Haldoupis et al., 2006; Christakis et al., 2009). In fact, the
semidiurnal tides influence the Es layer dynamics at altitudes
higher than 110 km, while the diurnal tide influences the Es
layer dynamics at altitude lower than 110 km and, in the ab-
sence of other dynamical inputs, can drag the Es layer down
to altitudes lower than 90 km. The predominance of the di-
urnal trace is also highlighted by the HTI plots shown in
Fig. 9b—e where neither semidiurnal traces is visible.

Ann. Geophys., 32, 1427-1440, 2014
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3.3 The tidal periodicities imprinted in the Es data:
the fast Fourier transform analysis

The HTI analysis described in Sect. 3.2 demonstrated that
the influence of the atmospheric tides presents a seasonal de-
pendence: in June and July the influence of semidiurnal tides
is prevalent, in August from time to time the daytime semid-
iurnal tide is absent and consequently the diurnal tide be-
comes more evident, and in September the diurnal tide tends
to prevail. With regard to this, and in order to have a vision
as comprehensive as possible, Fig. 10 shows the FFTs of the
ftEs and h’Es hourly mean values recorded for each month
at Rome. It is worth noting that the h’Es FFT spectra of
Fig. 10b, d, f, h, besides being characterized by well defined
diurnal and semidiurnal periodicities, also highlight terdiur-
nal (8 h period) and quarter-diurnal (6 h period) periodicities.
The HTI analysis shown in Sect. 3.2, unlike the work of Hal-
doupis et al. (2006), did not succeed in highlighting these
periodicities.

Ann. Geophys., 32, 1427-1440, 2014

Figure 10a—b show respectively the ftEs and h’Es FFT
spectra for June 2013 for the periods between 2 and 36 h
(the dashed line indicates the 95 % level of confidence). Fig-
ure 10a shows two maxima at 12 and 24 h, with the latter
being the largest and corresponding to the main maximum
visible in Fig. 4a at around 10:00 UT. The fact that the max-
imum at 24 h is more intense and extended than that at 12 h
is certainly due to the fact that there are more metallic ions
available during the day than at night, from which the layer
can form and intensify (Haldoupis et al., 2007), but also be-
cause both the diurnal Es layer and the daytime semidiurnal
Es layer contribute to it. Figure 10b shows that for h’Es the
two maxima at 12 and 24 h are comparable, a fact that was
also highlighted by Fig. 6, where the corresponding anal-
ysis showed the presence of semidiurnal traces along with
a weak diurnal trace that is often screened by the daytime
semidiurnal trace. The difference in intensity between ftEs
and h’Es is due to the fact that h’Es is exclusively a spa-
tial characteristic directly connected to the Es dynamics, and
hence directly affected by the semidiurnal and diurnal tides,

www.ann-geophys.net/32/1427/2014/
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Figure 9. (a) h’Es values manually validated for the 3 September 2013, with the corresponding linear fits, and the HTI plots generated for
the same day for different frequency ranges: (b) 2-3 MHz, (c) 3-4 MHz, (d) 4-5MHz, and (e) 2-5 MHz.

while ftEs, in addition to the Es dynamics, is mostly associ-
ated with the ionic content and hence to the accumulation of
the ions caused by the wind-shear mechanism. As a conse-
guence, the FFT periodicities associated with these two pa-
rameters, although they are mainly semidiurnal and diurnal
and associated with tides, can present different intensities and
extensions. Concerning June, it is worth remarking again that
the diurnal periodicity of ftEs is correct, due to the intense
occurrence of semidiurnal tides, as highlighted by the h’Es
spectrum, and not to a predominant diurnal tide; in fact, as
it should be clear by now, the main maximum of ftEs shown
in Fig. 4a, besides being due to more metallic ions available
during the day than at night, is also due to the confluence of
the daytime semidiurnal and diurnal tides and not to the sole
diurnal tide.

The same considerations made for June can also be made
for July (Fig. 10c—d). The h’Es spectrum (Fig. 10d), showing
a 12 h maximum larger than that at 24 h, confirms the find-
ings of the analysis shown in Fig. 7 where the prevalence of
the semidiurnal traces is well defined. Hence, as for June, the

www.ann-geophys.net/32/1427/2014/

definite diurnal periodicity of the ftEs spectrum, which gives
rise to the maximum shown in Fig. 4c, besides being due to
the usual daily cycle, can also be attributed to a mixing of the
diurnal and the semidiurnal layers.

Figure 10e—f show the ftEs and h’Es FFT spectra for Au-
gust 2013, always for the periods between 2 and 36 h. In this
case the ftEs spectrum presents two maxima at 12 and 24 h
that are almost the same, meaning that the daytime semidiur-
nal trace became weaker, which is also perceivable from the
HTI analysis shown in Fig. 8. This feature was also apparent
from the h’Es spectrum shown in Fig. 10f where, unlike the
previous months, the periodicity at 24 h is larger than that at
12h.

Figure 10g-h show the ftEs and h’Es FFT spectra for
September 2013, again for the periods between 2 and 36 h.
The behavior seen in August is confirmed and strengthened
in this month. In fact, like in August, the ftEs spectrum
(Fig. 10g) presents two maxima at 12 and 24 h that are al-
most comparable, and the h’Es spectrum (Fig. 10h) presents

Ann. Geophys., 32, 1427-1440, 2014
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2013.

a well defined diurnal periodicity, as already shown in Fig. 9

by the HTI analysis.

Ann. Geophys., 32, 1427-1440, 2014

4 Conclusions

Using ionograms recorded at Rome and Gibilmanna during
the summertime of 2013, the average properties of the Es
layer were studied and the HTI technique was used to inves-
tigate how tides affect the Es dynamics. The main results of
the study are as follows.
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1. The ftEs characteristic, associated with the ionic content
of the ionospheric E region, presents its maximum val-
ues in June and July, confirming this well known feature
of the mid-latitude Es layer (e.g., Chu et al., 2014). The
Es occurrence frequency also shows a behavior which
is very similar to that of ftEs, with variations that are
significant mostly during nighttime hours for which the
Es layer is almost absent in August and September. In
daytime hours the Es occurrence frequency shows that
the Es layer is a regularly occurring phenomenon also
around the winter equinox, even with values of the crit-
ical frequency lower than those characterizing June and
July. Haldoupis et al. (2007) have recently proposed the
meteoric influx as a justification of this seasonal depen-
dency of the Es.

2. Besides the main maximum shown at about 10:00 UT,
ftEs also presents a secondary maximum characterized
by a more pronounced variability. In fact, the position
of this maximum is highly variable through the months.
However, this should not be a surprise, because the pres-
ence of these maxima is caused by the efficiency of the
wind-shear mechanism in accumulating ions in a thin
ionospheric region, and this mechanism is affected by
the descent of the convergence nodes of atmospheric
tides. Hence, it could be inferred that the main maxi-
mum, mainly related to the greater availability of metal-
lic ions during the day than at night, is also caused by
the confluence of the diurnal and the daytime semidiur-
nal tides that therefore act simultaneously in accumulat-
ing ions. Meanwhile, the secondary maximum is caused
only by the nighttime semidiurnal tide, which would
justify the correspondingly more pronounced variabil-
ity (Haldoupis et al., 2006).

3. Unlike ftEs, h’Es presents similar trends for all the
considered months, with two comparable maxima that
remain more or less unchanged going from June to
September. This fact would be the manifestation of a
certain stability of the mechanism affecting the Es dy-
namics, which is on the other hand strongly influenced
by tides.

4. The HTI analysis (Haldoupis et al., 2006) showed that
a well-defined semidiurnal periodicity characterizes the
Es layer descent and occurrence mostly in June and July,
while in August and September the daytime semidiurnal
periodicity becomes weaker and the role of the diurnal
periodicity is consequently highlighted.

5. The HTI method has proven itself to be a good tool for
analyzing large data sets of ionograms in order to inves-
tigate the neutral wind dynamics at E region altitudes.
In fact, unlike the manual validation of ionograms, an
unquestionable quality of the HT1 method lies in the ra-
pidity by which the E region dynamics is highlighted.
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It is worth noting however that the height resolution char-
acterizing the AIS-INGV ionosonde, which is equal to
4.5km, certainly constrains the study of the Es dynamics,
because the thickness of the Es layer is of the order of few
kilometers, and most of Es movements occur within the
AIS-INGV height resolution. The HTI method was shown
in this case to be a powerful tool that can highlight the
important features of the Es dynamics. Moreover, the HTI
technique can be supplementary to the powerful Incoherent
Scattering Radar (ISR) technique because, even though the
information coming from an ISR measurement is certainly
more comprehensive, an ionosonde has the advantage of
making the long-term measurements which are necessary
for studying tidal and planetary wave effects on ionospheric
plasma.

Topical Editor S. Milan thanks two anonymous referees for their
help in evaluating this paper.
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