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4Consorzio Area di Ricerca in Astrogeofisica, L’Aquila, Italy

Received: 6 November 2009 – Revised: 17 May 2010 – Accepted: 17 May 2010 – Published: 17 June 2010

Abstract. Ionograms from Rome (41.8N, 12.5E) and Sofia
(42.4N, 23.2E) ionospheric stations during earthquake (EQ)
activity with magnitude (M) between 5 and 6 in Central Italy
are analyzed. It is found that several ionospheric distur-
bances occur in the intermediate E-F region before the EQ
shock. In fact, besides sporadic E (Es) layer development
(of type h) of short duration (transients), fmin increase, trace
gaps near the critical frequencies, and E region trace disap-
pearance are also observed within one to three hours before
the EQ shock. Before the EQ shocks we find that the F2 re-
gion parameters are practically undisturbed. The only excep-
tion is the so-called fork trace that appears mostly near the
critical frequency of the F2 region. Acoustic gravity waves
(AGW) are suggested as one of the possible sources of tran-
sients observed in the ionosphere before the EQ shock.

1 Introduction and physical background

The interaction of powerful processes, which take place in
the Earth crust, e.g. earthquakes (EQs), volcanoes, etc., with
neutral and charged components of the atmosphere (iono-
sphere) is one of the most important problems of our en-
vironment. Evidences for ionospheric disturbances emerg-
ing days before the strong EQ shocks are widely considered
in the literature. Data from a number of vertical sound-
ing ionosondes have been analyzed for a thorough study
of the F2 region ionosphere behavior. Ionospheric distur-
bances in the F2 region have been shown to appear gener-
ally 1–7 days before the EQ event (Pulinets and Boyarchuk,
2004; Hayakawa, 1999 and references therein; Hayakawa
and Molchanov, 2002 and references therein). At heights
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of the maximum of the F2 region, the corresponding critical
frequency (foF2) is strongly influenced by EQ preparation
processes. Then the variations from its median values can
exceed twice the standard deviation. Moreover, their local-
ization is found to be centered at, or near the epicenter of the
forthcoming EQ (Liu et al., 2001, 2006). Analysis of GPS
total electron content (TEC) data within the area affected by
the EQ has revealed a systematic ionospheric variability sev-
eral days before the seismic shock as shown for instance by
Liu et al. (2004, 2006) who observed a TEC variation up to
40 TEC units. It is worth noting that for the same set of GPS
receivers this type of variability does not appear during geo-
magnetically disturbed periods.

Disturbances affecting the E and D ionospheric regions
days before strong EQs have also been observed. First ex-
perimental evidences concerning the D region disturbances
during the EQ preparation period are changes of the charac-
teristics of VLF signals received by ground-based receivers
from remote transmitters (Gokhberg et al., 1987, 1989). As
for EQ-related disturbances in the E region there is a row of
cases and statistical studies. The most frequent feature char-
acterizing the E region is the appearance several days before
of strong Es layers over the zone affected by the EQ (On-
doh and Hayakawa, 1999; Liperovsky et al., 2000; Pulinets
et al., 2000; Chuo et al., 2002). The number of spread-Es
observations is reported to increase one to three days before
an EQ (Silina et al., 2001). The spread-Es phenomenon ap-
pears as diffusivity of the traces of Es layers on the iono-
grams of vertical sounding stations (Liperovsky et al., 2005).
The importance of Es layer formation and its modification
during EQ preparation processes is underlined by statistical
studies performed on the available data (Liperovsky et al.,
2000). Recently, Ondoh (2003) has registered an emergence
of strong increase of the critical frequency of the Es layer,
foEs, (up to above 7 MHz) two days before the Hyogo-ken
Nanbu (Kobe) EQ (M=7.2) on 17 January 1995. Chuo et
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al. (2002) have conducted statistical studies of the foEs vari-
ations before Taiwan EQs withM higher than 6. Most sharp
variations of foEs thus have been observed during termina-
tor time (sunrise and sunset at E region heights) within the
interval of 5 days before the seismic shock. Increases of the
Es layer critical frequency at terminator time give rise to an
electron concentration increase in the D region; the effect
of terminator time variations in VLF propagation signals ob-
served by many groups (Gokhberg e al., 1987; Molchanov
and Hayakawa, 1998, Biagi et al., 2001) and foEs variations
are then closely interrelated.

In order to characterize the presence of small-scale plasma
turbulence for thin layers, variations of the Es region semi
transparency coefficientX = (foEs – fbEs)/fbEs (where
fbEs is the blanketing frequency of the Es layer) have been
analyzed for more than 100 EQs withM>4 and depth
h<100 km (Liperovskaya et al., 2003). Liperovskaya et
al. (2003) have shown that the turbulence level decreases by
∼10% during three days before EQs. The turbulence level
however increases by the same value from one to three days
after the shocks. For EQs withM>5 the effect exists at dis-
tances up to 300 km from the epicenter. The effect could
also exist for weak (M∼4) and shallow (depth<50 km) EQs
at a distance smaller than 200 km from the epicenter (Liper-
ovskaya et al., 2003). One may expect that E region plasma
density variations as high as 5–10% will result in correspond-
ing variations of the ionospheric current intensity as the Sq-
system, as well. Having in mind that the ionospheric current
densities are of order of 10−6 A/m2 (Onwumechili, 1992),
the velocity of the current carrier should be of the order of
several 100 m/s. Hence, small-scale plasma density distur-
bances of about 10–100 km would result in time scale of 100
up to 1000 s. Associated ULF variations (up to 5%) in the
current density in the E region heights and in the geomag-
netic field on the ground (prior or after the EQ shocks) can
be also expected.

It is worth noting that among all ionospheric disturbances
and anomalies that appear usually 7–2 days or hours before
strong EQs, only ionospheric disturbances starting hours be-
fore the EQ shocks seem to be related (at least in time) to
the intensity bursts of EQ-related geomagnetic field varia-
tions. An exceptionally high level of activity in the 10–
500 mHz range startingthree hoursbefore the Loma-Pietra
EQ (M=7.1) has been observed by Fraser-Smith et al. (1990).
Again, an increased ULF activity started growing three to
five days before the Spitak EQ (M=6.9) was seen to be ac-
companied by a substantial ULF emission burst startingfour
hoursbefore the EQ shock (Molchanov et al., 1992). These
activities have been identified respectively at distances of
7 km (Loma-Prieta EQ) and of 130 km (Spitak EQ) from the
EQ epicenters.

The first who has observed and identified ionospheric dis-
turbanceshoursbefore strong EQ, as well as their propaga-
tion characteristics is Nestorov (1979, 1986). Nestorov has
observed clearly expressiblequick polarization fading (that

falls in the ULF range) of LF radio signal fluctuations hours
and minutes prior to the Vrancea (Romania)M 7.9 EQ oc-
curred at 19:22 UT on 4 March 1977. This quick fading has
been recorded between 17:35 and 18:10 UT, i.e. it started ap-
proximately 2 h before the EQ shock. Of course, quick polar-
ization fading of radio signals accompanies strong geomag-
netic disturbances and statistically emerges in late evening
and night hours under medium and high magnetic activity.
Fortunately, the geomagnetic field activity around the EQ
day, i.e. on 3–5 March 1977 was extremely low. Absorption
records of other radio wave signals of higher frequency (LF
and MF) diapason transmitted over the Vrancea area within
the same time interval of several hours before the EQ shock
at 19:22 UT have thus been analyzed. In fact, extremely
quick fading of duration from∼10 up to 60 min at several
radio frequencies (164, 182, 209, and 593 kHz) has been ob-
served. The latter are recorded at different distances from the
EQ epicentre. It proved that the observed fading recorded on
different radio traces over the Vrancea EQ area is initiated at
different times revealing in between variable time delay that
increases with (radio trace) distance from the EQ.

This experimental fact has suggested an acoustic wave dis-
turbance source concept testified by Nestorov (1986). He has
compared the delay time and the distance between the LF ra-
dio reflection points (assuming that the disturbances are in
the D and E regions) and the EQ hypocenter. By using er-
ror minimization method the acoustic wave-like disturbances
source has been identified coinciding with the epicentre and
the moment of its initiation has been evaluated to be approx-
imately 2 h prior the main EQ shock.

The Nestorov’s investigation (1986) is a pioneering obser-
vational evidence for EQ-related ionospheric variations prop-
agating at acoustic velocity that precede strong EQ shock.
The proposed explanation consists in generation of acoustic
waves in the EQ hypocenter due to processes of friction that
accompany and probably precede the main rupture moment.

Later, the acoustic gravity wave (AGW) and internal grav-
ity wave (IGW) hypothesis has attracted more attention and
basic mechanisms of AGW/IGW generation before strong
EQ shocks have been suggested (Hegai et al., 1990; Ma-
reev et al., 2002; Molchanov, 2004; Liperovsky et al., 2008).
Recently, quasi 3-min fluctuations of vertical motion in the
ionosphere have been detected 0–2 days prior to strong EQs
(Liu et al., 2008). Hsiao et al. (2008) have examined wave-
like structures and found that AGW can be activated near
the epicenters, propagate into the ionosphere and then trig-
ger traveling ionospheric disturbances (TIDs) few days be-
fore EQs traveling away from the EQ epicenter.

Existing studies and results thus suggest that pre-EQ ef-
fects in the ionosphere have significant signatures, of both
day (1–7 days) andhour duration (minutes up to several
hours) prior to EQ shock, at ionospheric heights typical of
the F2, E, and D regions. Most of the effects are found to be
distributed at large distances over the epicentral area.
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In our study, ionospheric disturbances during EQ activ-
ity in Central Italy in September and October 1997 are ex-
amined. Our attention is focused on ionospheric distur-
bances starting hours or minutes before the EQ shocks. A
thorough examination of this problem can highlight both
the mechanism of the lithosphere-atmosphere-ionosphere
(L-A-I) interaction and the chain(s) of physical processes
originating at the Earth crust and ending at the ionosphere.

2 Earthquake activity in Central Italy during
September–October 1997

A long sequence of EQs, among them six withM between 5
and 6 that struck Central Italy from September and Decem-
ber 1997 is thoroughly examined by Amato et al. (1998). The
EQ series started of 3 September 1997 was followed by two
strong shocks (Mw 5.7 at 00:33 UT, andML 6.4 at 09:40 UT
followed by another secondary EQ shock ofML 5.3 at
09:47 UT) on 26 September (according to NEIC catalogue),
and it continued with four stronger shocks (Mw between 5.3
and 5.7) occurred on 3, 6, 12, and 14 October 1997.ML
denotes the Richter magnitude scale, also known as the lo-
cal magnitude (ML) scale to quantify the amount of seismic
energy released by an earthquake, whileMw characterizes
the earthquake moment which is equal to the rigidity of the
earth times the average amount of slip on the fault times the
amount of fault area that slipped (seehttp://earthquake.usgs.
gov/earthquakes/glossary.php{#}magnitude).

The shock events of 26 September, 3 and 6 October were
located more northwardly than the ones of 12 and 14 Oc-
tober 1997, that occurred closer to Rome about 10–15 km
southeast (Fig. 1). The EQ distribution delineated a NW-SE
trending fault zone, elongated for about 40 km, and extend-
ing for 5–15 km in the perpendicular direction.

The EQ shocks of 26 September 1997 were the strongest
one (the first withMw=5.7 at 00:33 UT and the second with
ML=6.4 at 09:40 UT). We study ionospheric variations on
the EQ days using data recorded at the stations of Rome
and Sofia. There are numerous investigations of the iono-
sphere dynamics at mid-latitudes and they have revealed that
the ionospheric parameters correlate over appreciably greater
distances in East-West than in North-South direction (Stanis-
lawska et al., 1996a, b). The distance between Rome and
Sofia (Rome and Sofia are nearly at the same latitude (of
42◦)) is ∼900 km. Both ionosonde data, in terms of iono-
spheric parameters and ionograms, recorded at Sofia and
Rome stations are thus considered to be compared. As it
was pointed out, if there were EQ related disturbances, these
variations would become most intense at hours just before
the EQ shock.

In this paper we examine not only the ionospheric param-
eters changes, but the ionograms and all features visible on
them. Ionospheric variations both at E and F region heights
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Fig. 1.

Fig. 1. Map of M>5 earthquakes occurred in Central Italy in
September and October 1997.

 21 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 2. Fig. 2. Ionogram recorded on 26 September 1997 at Rome at
09:00 UT where fork traces, caused probably by TIDs, at critical
frequencies of both the ordinary and extraordinary F2 rays are visi-
ble.

are considered. As it is expected, an initial inspection of the
ionograms recorded in September and October 1997 reveals
a similar behavior of the ionospheric plasma.

Ionograms from Rome and Sofia of 26 September 1997 do
not reveal unusual features, they are practically of standard
form (the geomagnetic activity on this day was low, Kp in-
dex was for several days less than 2). We notice that the first
EQ shock on 26 September 1997 occurred at midnight hours
(00:33 UT) and did not produce ionospheric disturbances in
the F2 region (in night time E region is absent). The iono-
grams just before the second EQ shock (at 09:40 UT) are
practically identical with one exception: an appearance in
the Rome ionogram (Fig. 2) of “fork” on both traces corre-
sponding to the ordinary and extraordinary mode of propa-
gation. Figure 2 shows the ionogram recorded at 09:00 UT
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Fig. 3. Occurrence frequency of EQs withM>4 occurred in Octo-
ber 1997 at Central Italy.

(LT=UT+1=10:00). The fork that emerges at the critical fre-
quencies of both F2 traces is closely connected with distur-
bances as TIDs (Hawlitschka, 2006). If the F2 fork is ob-
served simultaneously on both traces as is our case, the TIDs
propagate in north-south direction. Usually the F2 trace fork
appearance is a nighttime phenomenon and hence, this case
represents a peculiarity. Further, we shall see that similar
forks are observed in daytime on another EQ day the 12 Oc-
tober 1997 (at 11:00 UT, i.e. at 12:00 LT).

Interesting disturbances at the E and intermediate E-F re-
gion heights are observed on both 12 and 14 October 1997.
The distance between the Rome station and the EQ epicen-
ters on 12 and 14 October 1997 is 131–138 km and is shorter
compared to EQs occurred on 26 September, 3, and 6 Octo-
ber 1997. Figure 3 illustrates the number of EQs occurred in
October 1997, while Fig. 4 illustrates the EQ activity on 12,
13, and 14 October 1997. Inspecting the Rome ionograms
on 12 October ionospheric disturbances are visible from one
to two hours before the EQ shock. The EQ ofM=5.3 on
12 October occurs at 11:08 UT. At 09:00, 10:00, 11:00, and
12:00 UT a sequence of transients characterizing the E-F re-
gion is observed in the ionograms recorded at Rome. At
09:00 UT a transient appears in the F1 region, where an F0.5
region is formed. Then, the disturbance interpreted as F0.5
region is observed at 10:00 and 11:00 UT. At 12:00 UT these
structures are found at intermediate heights, between E and
F regions (Fig. 5a, b, c, and d).

Similar features (in the intermediate E-F region) just be-
fore the EQ at 09:00, 10:00, and 11:00 UT are also observed
at Sofia, as shown in Fig. 5e, and f.

The following features need to be mentioned:

– the E region parameters, as fmin (the lowest frequency
of reflection recorded in the ionogram), foE (the critical
frequency of the E region), and h’E (the minimum vir-
tual height of the E layer) cannot be interpreted because
of the absence of, or weak E region trace (E region strat-
ification) (Fig. 5a. Both strong “non-deviative” absorp-
tion around the fmin and “deviative” absorption around
foE take place at Rome. The trace disappears when a
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Fig. 4. 
Fig. 4. EQ magnitude distribution on days 12, 13, and 14 Octo-
ber 1997. The strongest EQs occurred on 12 October at 11:08 UT,
(M=5.3) and on 14 October at 15:23 UT (M=5.7).

change of the mechanism of reflection emerges, thus
the normal strong reflected wave is replaced by an ex-
tremely weak reflection from the same height. This hap-
pens when a process of enhanced radio wave signal ab-
sorption emerges. The enhanced absorption effect usu-
ally is caused by an electron density increase in the D re-
gion through which the radio signal propagates. As we
see from Fig. 5c the radio signal absorption extends at
Rome continuously up to 2.9 MHz and represents in this
case the whole E region. The E region is thus not visible
on the ionogram;

– at Rome an Es layer trace of short length, type c is ob-
served. Its critical frequency is 3.1 MHz. At higher fre-
quencies, a gap of 300 KHz is visible. Within this gap
a transientssimilar to high sporadic Es region is found
(Fig. 5c). It might be a disturbance formed in the F
region and descended in the heights of E-F region and
transformed into a sporadic Es layer. There is however
another possibility because the observed disturbances
can be also interpreted as Es layer of type h;

Nat. Hazards Earth Syst. Sci., 10, 1197–1208, 2010 www.nat-hazards-earth-syst-sci.net/10/1197/2010/
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Fig. 5. Fig. 5. Ionograms recorded on 12 October 1997 at Rome at(a) 09:00,(b) 10:00,(c) 11.00, and(d) 12:00 UT, and at Sofia at(e) 09:00,
and(f) 11:00 UT. Grid lines are spaced 100 km vertically and 1 MHz horizontally. At Rome, an F0.5 layer is visible in all the ionograms; at
11:00 UT, weak (practically absent) E region, Es layer of type h, and F2 fork traces are visible. At 12:00 UT (after the EQ shock) the E region
appears with stratification, while high E2 or Es region persists. At Sofia, E region and F0.5 layer traces are well formed without effects of
stratification and non-deviative and deviative absorption. The F2 fork traces observed at Rome are not visible at Sofia.

– theF1 region is without critical frequency (11:00 UT).
It should be between 4.2 and 4.8 MHz. In this range
the deviative absorption is strong, hence the critical fre-
quency of the F1 region, foF1, is not visible (foF1=R).
The same consideration is valid for the corresponding
lowest virtual height (h’F1=R);

– a splitting between E and F1 regions is observed at fre-
quency foF0.5 =3.8 MHz;

– near the maximum frequency of reflection both the O
and the X trace is characterized by a fork (Fig. 5c). This,
as it was previously said, suggests a TID-like transient
that propagates along the north-south direction.

The Rome ionogram recorded the 12 October 1997 at
11:00 UT suggests that the ionosphere over Rome is strongly
influenced by additional force(s) of unknown origin that act
locally. These forces draw the ionosphere out of its normal
large-scale condition. These features are of short time dura-
tion, they disappear after an hour. These transients are ob-
served in the ionosphere over Rome and are not observed in
the ionosphere above Sofia ionosonde station (900 km from
Rome). Indeed E region and F0.5 region traces are well
formed at the two stations. Effects of stratification and non-
deviative and deviative absorptions and F2 trace fork are ob-
served at Rome. At the same time these effects are not visible
at Sofia.

www.nat-hazards-earth-syst-sci.net/10/1197/2010/ Nat. Hazards Earth Syst. Sci., 10, 1197–1208, 2010
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Table 1. Ionospheric parameters on 12 October 1997 at 11:00 UT∗.

fmin foE h’E foEs h’Es fbEs Es foF0.5 foF1 h’F1 foF2 h’F2
MHz MHz km MHz km MHz type MHz MHz km MHz km

Rome 2.2 2.9 108 E2.9 2.9 – 3.8 4.4 175 6.1 U300
G G G R

Sofia 1.7 3.0 110 4.3 115 3.2 c1 3.8 4.3 195 6.2 300

∗ At this time most of the parameters (foF1, foE, etc.) at Rome, as illustrated in Fig. 5, are not visible and consequently they are tentatively
derived.

Table 2. Ionospheric parameters on 14 October 1997 at 07:00, 13:00, 13:45∗, and 15:00 UT.

hours fmin foE h’E foEs h’Es fbEs Es h’F1 h’F2 foF1 foF2
MHz MHz km MHz km MHz type km km MHz MHz

Rome
07:00 1.8 2.4 115 2.6 160 2.6 h1 230 6.4
13:00 2.3 2.95 110 3.2 175 3.2 h1 210 250 4.2L 6.6

L
14:00 2.1 2.85 110 3.1 160 3.1 h1 230 250 4.2L 7.2
15:00 1.6 2.3 110 2.7 160 2.8 h1 245 L L 8.4

Sofia
07:00 1.6 2.3 115 2.5 155 2.5 h1 230 5.8
13:00 1.7 2.95 105 3.0 210 6.9
13:45 1.6 2.85 110 2.8 210 250 4.15 7.1
15:00 1.6 2.0 120 2.6 145 1.9 c1 245 7.4

∗ The 13:45 UT ionogram at Sofia is taken into consideration instead of the 14:00 UT one because the latter is not available.

The main ionospheric parameters on 12 October 1997 are
however coincident in both stations, as illustrated in Table 1.
Let us outline them: i) the critical frequency foF2; ii) deflect-
ing absorption around foF1 (in Sofia less than at Rome); iii)
splitting evidence at the F1 heights (F0.5); iv) development
of Es layer of type c (at Rome it is shorter and with gap), and
v) the heights h’F1 and h’F2.

Similar features at the E-F region heights are also ob-
served on 14 October 1997 during theML 5.7 EQ occurred
at 15:23 UT (see Fig. 6). It is remarkable that high Es layers
of type h emerge at Rome hours before the EQ (see Fig. 6,
panels a, b, c and d). After the EQ, the transients disappear
and the ionosphere restores its normal conditions. Unlike
Rome, at Sofia normal E region trace persists all time (see
Fig. 6e and f) where Sofia ionograms at 13:00 and 14:00 UT
only are depicted) and Es layers of type h do not appear. Ta-
ble 2 summarizes all the E and F parameters measured at
Rome and Sofia at 07:00, 13:00, 14:00, and 15:00 UT. The
last 3 h are the closest to the EQ shock event. Note that white
boxes indicate full coincidence of the values, green boxes
indicate a coincidence within the interpretation errors, red
boxes mark differences of about 20 %, and grey boxes de-
note differences

greater than than±20%. At 07:00 UT all the ionospheric
parameters (except fmin and foF2) at Rome and Sofia are
within the interpretation error. At 13:00 and 14:00 UT there
are considerable differences in fmin (2.3 and 2.1 MHz at
Rome vs. 1.7 and 1.6 MHz at Sofia); moreover at Rome the
high Es layer and foEs are clearly observed and their param-
eters are well determined. At 15:00 UT the fbEs (2.8 MHz)
and the foE (2.3 MHz) recorded at Rome are higher than the
corresponding values (1.9 MHz and 2.0 MHz, respectively)
recorded at Sofia. Estimated semi-transparency coefficient,
X=(foEs-fbEs)/fbEs, is somewhat different, according to dif-
ferent levels of small-scale turbulence characterizing Rome
and Sofia. At 15:00 UT there are also Es layers, at Rome of
type h, at Sofia of type c. At Rome Es layer of type h emerges
earlier, at 13:00, and it continues at 14:00 UT.

The variations of the critical frequency of F2 region,
i.e. foF2 variations have been the most exploited quantity
among the ionospheric parameters examined as EQ precur-
sors (Pulinets et al., 2003, 2004). We examine also the foF2
variations during September and October 1997, i.e. weeks
and days before the main EQ shocks in Central Italy on
26 September, 3, 6, 12, and 14 October 1997 and also after

Nat. Hazards Earth Syst. Sci., 10, 1197–1208, 2010 www.nat-hazards-earth-syst-sci.net/10/1197/2010/
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Fig. 6. Ionograms recorded on 14 October 1997 at Rome at(a) 07:00,(b) 13:00,(c) 14:00, and(d) 15:00 UT, and at Sofia at(e) 13:00, and
(f) 14:00 UT. Grid lines are spaced 100 km vertically and 1 MHz horizontally. At Rome Es layers of type h are visible in all the ionograms,
strengthening at 15:00 UT; E region trace is almost absent at 13:00 UT. Unlike Rome, at Sofia the E region trace is well developed at 13:00 UT,
and no Es layers of type h are visible.

them. Figure 7 displays the foF2 deviations from the corre-
sponding monthly median values for September (Fig. 7a) and
October 1997 (Fig. 7b), respectively. A comparison of foF2
deviations at Rome and Sofia stations reveals remarkable
similar behavior of the foF2 deviations. The foF2 deviations
at the two stations are highly correlative, decreases/increases
of foF2 deviations are practically unidirectional.

There are only two cases of exceptional decrease of the
foF2 parameter. These decreases however occur simultane-
ously at Rome and Sofia on 19 September (Fig. 7a) and on
11 October (Fig. 7b). The foF2 deviation becomes 4.3 MHz
on 11 October 1997. Additionally a cross-correlation anal-
ysis for both ionospheric stations is carried out. The cross-
correlation coefficient is very high throughout and persists
between 0.91 and 0.97 for all 6 days before the strongest EQ
shock on 26 September 1997. The observed decrease of foF2

parameter on 19 September might be related to an enhanced
geomagnetic activity, because, in this case it was preceded by
a short time, but sizeable decrease of the Dst index. A careful
examination shows that the foF2 decrease on 11 October can
be interpreted as a signature of negative ionospheric storm at
mid-latitudes (in our case after a sudden geomagnetic storm
commencement occurred on 10 October 1997, Villante et
al., 2001). It is well known that negative ionospheric storm
phases are frequent phenomena in mid-latitude ionospheric
regions. One should mention that the cross-correlation co-
efficient in October 1997 proves very variable, in a way
that days of high cross-correlation coefficient are followed
by days of decreased values of cross-correlation coefficients
especially in the first half of October. For days before 14
October 1997 (the most strong earthquake shock in Octo-
ber) the cross-correlation coefficient has the following val-
ues: 0.67, 0.23, –0.07, 0.79, 0.32, and 0.58. This fact might
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Fig. 7. The critical frequency (foF2) deviations from the corresponding monthly median values at Rome and Sofia ionospheric stations for
September(a) and October 1997(b) are depicted. Horizontal axis denotes days of month, vertical axis – local time (LT). The foF2 deviations
are colored depending on the sign and magnitude for every day and LT. The white boxes spread indicate an absence of data for the foF2
parameter.

be explained with an enhanced variability of the geomagnetic
activity in the first half of October (two sudden commence-
ments, SCs, occur on 1 and 10 October 1997 where Kp index
increases up to 6). On these SC days the cross-correlation
coefficient reduces to 0.36 and 0.23. The cross-correlation
coefficient during the second part of October 1997 behaves
stable ranging high values mostly within 0.7–0.8.

An obvious absence of EQ-related foF2 parameter signa-
ture in Central Italy in 1997 might be explained in the light of
latest findings, namely that foF2 deviations (either of nega-
tive or positive sign depending on the direction to the epicen-
ter) associated with pre-EQ processes appear repeatedly only
for seismic sources of depths greater than 60 km (Pulinets et
al., 2004). The EQs in Central Italy occurred in 1997 are of
shallow type (their depth is practically less than 10 km).

One can suggest that effects traced by ionograms at Rome
station on 12 and 14 October 1997 only are connected with:
i) an enhanced radio wave dissipation of local origin (both
of non-deviative and deviative type) resulting in considerable
gaps in the ionospheric traces, and ii) generation of transients
like Es layers of type h between E and F regions. On 12 and
14 October the E region traces at Sofia are clearly visible on
ionograms, i.e. the non-deviative absorption above Sofia is
thus not effective. Moreover, there is no Es layer of type h.

Hence, the differences in the ionogram traces recorded at
Rome and Sofia on EQ days, 12 and 14 October 1997, are
mainly localized in the E and E-F regions.

At hours around the considered EQ shocks the geomag-
netic activity was low, practically quiet, the geomagnetic in-
dex Kp varied between 1 and 2+.
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Table 3. Ionospheric transients prior to EQs withM>5. Distances between station and EQ epicenter are less than 200 km (Rome station,
September–October 1997).

Date Time Lat Long D M Es, type high fmin change Non- and/or F2 trace fork
UT km deviative absorption

26 Sep 1997 00:33:12 43.05 12.88 146 5.7 – – – –
09:40:26 43.08 12.81 148 6.4 – – – +
09:47:38 43.16 12.75 155 5.3 – – – +

3 Oct 1997 08:55:21 43.08 12.79 147 5.3 – + – –
6 Oct 1997 23:24:52 43.04 12.84 144 5.5 ? ? ? ?

12 Oct 1997 11:08:36 42.90 12.90 131 5.3 + + + +
14 Oct 1997 15:23:10 42.96 12.89 138 5.7 + + + –

Table 4. Occurrence of sporadic Es layer, type h (Rome station, September–October 1997).

Time h’Es<130 130<h’Es<140 140<h’Es<150 150<h’Es<160 h’Es>160 all
LT km km km km km

07:00 2 4 3 1 10
08:00 5 5 1 4 15
09:00 1 5 1 7
10:00 1 1 2
11:00
12:00
13:00 1 1
14:00 1 1
15:00 2 2 1 2 7
16:00 2 5 3 5 15
17:00 3 6 9

Table 3 summarizes transients observed prior to EQs of
M>5 occurred in Central Italy in 1997. Sign− or sign +
in the cells where they enter correspond to absence or pres-
ence of the relevant event (Es, fmin increase, non-deviative
and/or deviative absorption, F2 trace fork). In Table 3 sym-
bol ‘?’ is used to indicate that ionograms data on this EQ day
(6 October 1997) were not available. From this table, one
concludes that transients like Es layers of type h, fmin in-
crease, non-deviative and deviative absorptions, and F2 trace
fork are frequently observed at Rome. At the same time, the
Sofia ionosphere is close to its normal condition, or reveals
large-scale variations which are simultaneously observable at
Rome.

3 Discussion

The observed transients in the ionosphere demonstrate a dif-
ferent character of the low ionosphere dynamics locally. It is
well known that local changes in the low ionosphere depend
on several factors: meteorological, lithospheric, etc. The ab-
sence of E region traces for some time may imply a local

source and energy release. Disturbances in the E region are
suggestive for transient mechanism(s) working in the lower
thermosphere/ionosphere. Transients as fmin increase and
weak E region trace, or E region stratification (with an en-
hanced trace gap around foE) can be explained with a short
time (less than 15 min) enhanced absorption of the radio
wave sounding signal through the D and E regions. Sources
of Es layers of type h are AGW, particle precipitations, neu-
tral wind shears, etc.

In order to distinguish and discriminate ionospheric dis-
turbances according to their genesis (meteorological, litho-
spheric, etc.), their spatial and temporal characteristics need
to be established. Table 4 illustrates the occurrence fre-
quency of sporadic Es layer (type h) distributed in day hours
(07:00–17:00 LT) for September and October 1997. In the
table the EQ days 12 and 14 October 1997 are excluded.
According to the table, sporadic Es layer (type h) is fre-
quently observed at morning (dawn) and afternoon (dusk)
hours with two peaks of occurrence: at 07:00(08:00) LT and
16:00(17:00) LT and is excluded at 11:00 and 12:00 LT. Pre-
sumably, at given latitude the hours of Es (type h) occurrence
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peaks will move accordingly to sunrise and sunset moments
depending on season. Hence, the sporadic Es layer type h
that emerges at noon hours on 12 October 1997, i.e. at
11:00 UT isan exception. Unfortunately, the sporadic Es
layer observed on 14 October 1997 howevercannot be dis-
criminatedfrom usual sporadic Es layers (type h) frequently
occurred at 15:00–17:00 LT.

Another statistics is drawn about the fork events on
F2 trace. For the two months period (1464 ionograms) there
is only one fork event that occurred on 26 September 1997.

Our examination reveals ionospheric transients in the low
ionosphere (at heights of the E and E-F regions) and provides
additional evidences for i) an increase of fmin, ii) emergence
of Es layer, and iii) trace gaps around foE even E region
trace disappearance that appear hours before the main EQ
shocks. These local effects observed within 1 h even 2 h in-
terval might be associated with pre-EQ related processes.

The main question that arises is: Can such different
changes in the E region be recognizable as precursors of
EQs? One should mention that ionospheric changes and dis-
turbances during geomagnetically disturbed conditions are
of large-scale characteristics as propagation, time and spatial
scales. The latter can be easily monitored by an ionosonde
network. In our study, within the time interval of several
hours before the EQs the geomagnetic index Kp is low, i.e.
the geomagnetic activity was low. This excludes a geomag-
netic activity genesis of the E and E-F region disturbances
observed over Rome only. The observed ionospheric distur-
bances are of local, stillunknownorigin.

On the other hand, experimental observations of AGW and
IGW in the atmosphere and ionosphere before strong EQs are
scarce and not properly documented. With regard to this, the
Nestorov’s finding (1986) of acoustic wave-like disturbances
as a cause of LF wave polarization fading being initiated
two hours before the Vrancea EQ in 1977 has not attracted
the right consideration. It is worth noting that Nestorov has
suggested and testified successfully hypothesis that acoustic
wave-like disturbances are a principal cause of ionospheric
features in the D and E regions that result in short time quick
polarization fading of LF and MF radio wave signals.

AGW/IGW effects on the ionosphere by itself are exten-
sively studied. The well-known effect produced by AGW is
a formation of Es layer when the velocity gradient in height
exceeds a threshold value. Plasma density disturbances (be-
ing indicated by radio wave soundings) are expected to be
developed in regions where the coupling between the neutral
and ionized atmosphere is the strongest one, i.e. in the D and
E regions, i.e. it usually occurs at low ionosphere heights.
Just before the EQ shock on 12 October 1997 a transient
similar to Es layer of type h is generated in the ionosphere
above Rome. Looking at Table 2 Es layers of type h re-
peatedly emerge at hours before the EQ shock on 14 Octo-
ber 1997 in the ionosphere above Rome. In the ionosphere
above Sofia there is only one case of sporadic Es layer (at
15:00 UT) of type c. Propagation of AGW/IGW through the

D, E, and F regions might also explain the other observed ef-
fects: the E region stratification, the fmin increase, the non-
deviative and deviative absorption, as well as the fork trace
on foF2 trace. These evidences would suggest AGW as a
common source of the observed disturbances in the D and
E ionospheric regions thus yielding an additional support of
the AGW/IGW hypothesis of the L-A-I chain of processes
which emerge hours prior to EQ shock. One of the most
questioned mechanisms of the (L-A-I) coupling (Molchanov
et al., 2004) is AGW generation near the Earth surface dur-
ing the period just preceding the EQ and their penetration
into the ionosphere. Each stage of this mechanism – AGW
generation, AGW propagation through the atmosphere and
AGW interaction with the ionospheric plasma – still needs
clear physical explanation. One should hold in mind that
the mechanisms of generation of ionospheric irregularities
at heights between E and F regions and their features are dif-
ferent and thus their intensity and duration depend on the
sources and their characteristics.

4 Conclusions

In this study we examine ionospheric variations during EQ
activity with M between 5 and 6. The ionospheric variations
are recorded at distances between 130 and 170 km away from
the epicenters of EQs occurred in Central Italy. Consecutive
ionograms from the Rome and Sofia ionospheric stations are
compared and analyzed.

The following conclusions can be drawn from our analy-
sis.

First, the ionospheric disturbances which are observedsev-
eral hours beforethe EQ shocks can be classified into: i) an
increase of fmin (non-deviative absorption), ii) a widening of
gaps of “deviative” absorption near the critical frequencies of
the E and F1 regions, and iii) a total or partial disappearance
of E region trace on ionograms. In addition there are effects
connected with the development of Es layers type h. The
observed ionospheric transients last from ten minutes up to
hours and have a different character. In most cases some of
them appear, others do not appear.

Second, in most cases the observed effects (mainly in the
low ionosphere) are of local character, i.e. they are of scales
up to several hundred kilometers. In the absence of geomag-
netic activity, their characteristics suggest a possible connec-
tion with AGW EQ-related genesis among several sources
(e.g. meteorological, geographical, coastal), i.e. they might
be associated with pre-EQ processes if others are excluded.
Their diversity implies cumulative effects of forces acting
simultaneously with the seismic-related one. The possible
ionospheric effects due to different mechanisms thus need to
be quantified properly.

The findings suggest that if EQ-related ionospheric tran-
sients were indeed produced they were surely superimposed
on other ionospheric disturbances of various scales in time
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and size produced by other external forces on the iono-
sphere. This means that using one component of the L-A-I
system, say, the ionosphere only, it is not possible to dis-
criminate clearly seismic-related disturbances and/or signals
even when they are of local character. Thus, simultaneous
measurements/monitoring of all L-A-I components and pro-
cesses (e.g. AGW and/or IGW) are required, e.g. gas and
radon emission from the faults, electric and magnetic fields,
thermal anomaly, air humidity, etc. In this context, the mea-
surements of electric field variations, AGW as a probable
agent of Es layer development and/or enhanced absorption
(by LF and radio wave signal propagation) might be of use.
We need more evidences of this type of disturbances in order
to give a quantitative explanation of their mechanism produc-
tion.
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