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Abstract

The paper aims at giving a few methodological suggestions in deterministic earthquake prediction studies based on combined
ground-based and space observations of earthquake precursors. Up to now what is lacking is the demonstration of a causal
relationship with explained physical processes and looking for a correlation between data gathered simultaneously and
continuously by space observations and ground-based measurements. Coordinated space and ground-based observations imply
available test sites on the Earth surface to correlate ground data, collected by appropriate networks of instruments, with space ones
detected on board of LEO satellites. At this purpose a new result reported in the paper is an original and specific space mission
project (ESPERIA) and two instruments of its payload. The ESPERIA space project has been performed for the Italian Space
Agency and three ESPERIA instruments (ARINA and LAZIO particle detectors, and EGLE search-coil magnetometer) have been
built and tested in space. The EGLE experiment started last April 15, 2005 on board the ISS, within the ENEIDE mission. The
launch of ARINA occurred on June 15, 2006, on board the RESURS DK-1 Russian LEO satellite. As an introduction and
justification to these experiments the paper clarifies some basic concepts and critical methodological aspects concerning deter-
ministic and statistic approaches and their use in earthquake prediction. We also take the liberty of giving the scientific community
a few critical hints based on our personal experience in the field and propose a joint study devoted to earthquake prediction and
warning.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction changes, gas emission, fluid diffusion, electrokinetic,

piezomagnetic and piezoelectric effects. It has also been

It has been shown that in the Earth’s crust, rock micro-
fracturing preceding a seismic rupture may cause local
surface deformation fields, rock dislocations, charged
particle generation and motion, electrical conductivity
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proposed that charge carriers could be activated in dry
rocks mainly by the increasing external stress. These
mechanisms have been considered as the main sources of
the so-called seismo-electromagnetic emissions (SEME)
consisting of broad band (from DC to a few tens of MHz)
electromagnetic (EM) fields observed at the Earth’s
surface and in the near-Earth space (neutral and ionised
atmosphere and magnetosphere). Therefore, earthquake-
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related ground strain deformation events and consequent
EM emissions (EME) can be considered as coupling
elements which affect the Earth-near-Earth Space inter-
action mechanisms. Within this framework, investiga-
tions of SEME-waves and their effects in the near-Earth
space have mainly received an important help from
satellite observations carried out in the privileged zone of
the topside ionosphere. Low-Earth-Orbit (LEO) satellite
observations gave information of ionospheric and mag-
netospheric perturbations caused by pre-seismic EM-
waves and in particular of radiation belt particle precipi-
tations, variations of temperature and density of the ionic
and electronic components of the ionospheric plasma,
electric and magnetic field fluctuations.

The main problem in these studies is to reconcile
near-Earth space perturbations only with the propaga-
tion of SEME-waves through the atmosphere and
magnetosphere, filtering from the data the impact of
atmospheric EME-waves during thunderstorm activity,
and effects of sun and cosmic rays in the geomagnetic
cavity.

Up to now what is lacking is the demonstration of a
causal relationship with explained physical processes
and looking for a correlation between data gathered
simultaneously and continuously by space observations
and ground-based measurements. Coordinated space
and ground-based observations imply available test sites
on the Earth surface to correlate strain and EM data,
collected by appropriate networks of instruments, with
EM, plasma, and particle data detected on board of LEO
satellites.

In this paper we aim at giving a contribution to
earthquake prediction studies. At this purpose ground
and space observations and modeling will be presented
together with specific space projects. We will also take
the liberty of giving the scientific community a few
critical hints and propose a joint study devoted to
earthquake prediction and warning. It is an intentionally
synthetic and not exhaustive analysis of the problem, the
aim being only to stimulate an answer by the scientific
community. In doing this we have also been corrobo-
rated by important initiatives such as those carried out
within the ESA Earth Observation Programme and the
United Nations proclamation of the year 2008 as the
International Year of Planet Earth. Note that the
International Year’s activities will span the three years
2007-2009. This could be the occasion to catalyse
interest of scientific community to a largely shared
specific project devoted to earthquake prediction.

The paper consists of three main parts. In the first,
introductory, part we reconsider and clarify basic con-
cepts (Section 1) and refer to reliable results reported in

literature (Section 2). In the second part are described
the ESPERIA space mission project (Section 3) together
with description and testing of first ESPERIA instru-
ments (EGLE and ARINA) in space (Section 4). In the
third part (Section 5) we propose to the scientific com-
munity a new and common project devoted to the moni-
toring of mechanical and electromagnetic earthquake
precursors in diverse seismic areas of our Planet and in
space. The final goal should be to give a contribution to a
deterministic method of earthquake prediction based on
the physics of earthquake precursors.

1.1. Preparation focal zone and precursor area

As it is well known, earthquakes are a manifestation of
significant ground rock deformation events, that is
episodic deformations of the upper and, more or less,
brittle layers of the Earth’s lithosphere classified as fast
seismic ruptures, slow earthquakes and sub-seismic
events. The most familiar brittle lithospheric deformation
event is defined as ordinary earthquake, that is a
deformation, fracture, structure and phase transformation
phenomenon, which releases suddenly a large amount of
the elastic energy stored in the medium and is accompa-
nied by a substantial fraction of energy radiated as elastic
(seismic) waves. Seismic wave energy is a certain part
(from about 1 to 10%) of total (radiated and not radiated)
energy, and it is usually assumed as an estimate of the total
energy of the earthquake. Moderate and strong earth-
quakes, with magnitudes from 5.0 to 9.0, have energy and
seismic moment (Lay and Wallace, 1995) approximately
in the range 10>~ 10"® Jand 10'"—10** Nm, respectively,
as given by the following well-known relationships (in cgs
units) between energy (E), scalar seismic moment (1),
and surface earthquake magnitude (Ms):

logE = 11.8 + 1.5Ms (1)

logMy = 1.5Ms + 16.1 (2)

But reducing “physics of the earthquake” only to the
creation of fault rupture and consequent seismic wave
radiation is to over-simplify the problem. It has been
repeatedly observed that part of the accumulated pre-
seismic elastic energy is also converted to other kind of
energies (electromagnetic and acoustic ones, heat, etc.)
and these (yet unknown) conversion mechanisms are
probably similar as that of seismic energy. The under-
standing of such pre-seismic processes is fundamental to
plan and design earthquake prediction techniques on
a deterministic basis, that is based on the so-called
seismo-associated phenomena or earthquake precursors.
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The latter are phenomena of different types (seismic and
nonseismic ones) accompanying the characteristic defor-
mation of rocks during earthquake preparation time or
pre-seismic period, and associated with changes in
physical conditions in the so-called preparation focal
zone (volume) as defined by standard dilatancy—diffusion
and crack—avalanche “dilatancy” models (Nur, 1972;
Myachkin et al., 1975; Scholz, 1977).

Until now, no exhaustive physical models have been
proposed and accepted by the scientific community to
be used for a deterministic earthquake prediction
approach. What is known on the topic is that in the
time interval preceding a seismic fracture, stress and
strain energy are accumulated in a fault asperity. Most of
the investigators consider reasonable to assume this
increasing and concentrating stress at depth as a cause of
the anelastic volumetric increase (“dilatancy”) of a
relatively small portion of rock, and consequent rock
dislocation and microfracturing. This volume of cracked
rock at depth (preparation focal zone) is considered as a
primary local source of precursor signals. These signals
propagating in the surrounding medium allow the
earthquake precursors to be observed in a finite region
of the Earth’s surface (precursor area).

Then in principle earthquake precursors can be used
to indicate the impending occurrence of a seismic event.

Characteristic sizes of the preparation focal zone and
of the precursor area have been estimated by Dobro-
volsky et al. (1979, 1989). They found the volume (7) of
soft inclusion (cracked rock) at depth in the lithosphere
versus magnitude (M), as follows:

Voo = 100124M=447) 3 (3)
which for a spherical volume of radius (r) gives:

r = 100.414M7 1 .696kIn (4)

The dimension of the precursor region at the earth
surface is defined by the radius (R) of the Earth’s surface
area where pre-seismic strain changes exceed tidal
strains (= 10%), as follows:

R — 100443Mk1,n (5)

Relationships between pre-seismic strain &, magni-
tude M, and distance R are:

10145M79.18
e= R for M<5.0
6
101.3M—8.]9 ( )
e=—p— for M>5.0

R3

For comparison, we report in Table 1 the character-
istic dimensions of the preparation focal zone at depth
(i.e., the source of earthquake precursors) with those of
the precursor region at the Earth’s surface. Data are
obtained for 4.0 <M<7.0 events, in the simple case of a
preparation focal area modelled by a spherical volume
and in the presence of a homogeneous medium. It can be
seen that, characteristic sizes of preparation focal area at
depth is relatively small (from a few hundreds meters to
a few tens of kilometres) when compared with that of the
precursor region at the Earth’s surface (from a few tens
of kilometres to about one thousand of kilometres).

We stress that this result is only valid for local de-
formation (tilt and strain fields). When other precursor
phenomena than mechanical ones (for instance electric
and magnetic fields) are considered and/or a more
complicated geometry and structure is assumed, a new
specific model must be proposed to calculate dimensions
of these characteristic regions. A model is in preparation,
which first results have been reported in international
meetings (Sgrigna et al., 2001, 2002a; Conti et al.,
2004).

1.2. Earthquake prevention and prediction

At present only two suitable approaches are available
to defend society from destructive effects of earth-
quakes: the prevention and prediction methods.

Earthquake prevention implies to develop methods
for the evaluation of seismic risk, in order to provide for
disaster assessment.

In the prevention approach a great importance lies in
the optimization of methods necessary to determine the
three main factors (vulnerability, value and hazard),
which define seismic risk.

On the contrary, earthquake prediction aims at giving
the possibility to predict time of origin, hypocentral (or
epicentral) location and magnitude of an impending
earthquake. In our opinion, it is necessary to develop
and apply both these two complementary methods, but it
must be taken into account the fact that they are at a very
different level of maturity and applicability.

Table 1
Sizes of earthquake preparation zone (r) and precursor region (R) for
4.0<M=<7.0

M r (km) R (km)
4.0 0.1 52
5.0 2.5 141
6.0 6.0 380
7.0 41.3 1023
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At present, techniques used to estimate seismic risk,
with aim at reducing damages produced by earthquakes
in a certain area of the Earth’s surface, are reliable and
applicability and prevention of damage is perfectly
achievable with existing state of knowledge. On the
contrary, techniques concerning a possible prediction of
a seismic event are below standard.

A solution of the problem to reduce damages in a
given region of known vulnerability and value (of real
and personal properties, lost of people, infrastructures,
etc.) is to design and build with opportune techniques
(seismological engineering), buildings, hospitals,
bridges, dams, museums, etc., which are able to resist
to an earthquake of an assigned magnitude (defined on
the basis of a seismic hazard estimation). In other words,
prevention techniques seems mainly to lie in hands of
administrators, engineers, specialists in applied geo-
physics and seismology, technicians of local and civil
services, and authorities that can take adequate measures
for protection of the population.

On the contrary, the study of physical conditions
which give rise to an earthquake, as well as of the
processes that precede a seismic rupture, constitutes the
basis of the earthquake prediction approach and the
problem of prediction is an open scientific problem,
which first attempts for a solution are at a very pre-
liminary stage.

1.3. Earthquake forecasting

Since a reliable deterministic method of earthquake
prediction, based on physics of earthquake precursors
will presumably be available only in a far future, many
investigators are attracted by a statistical prediction
approach: the so-called earthquake forecasting, which
is the probability of occurrence of an event in a given
geographical location, within assigned values of mag-
nitude and time ranges. But the earthquake forecasting
concept overlaps with seismic hazard concept, one of
the three factors used to estimate seismic risk. Typical
examples of earthquake forecasting methods are those
of the M8 and CN algorithms (e.g. Keilis Borok, 1996;
Keilis Borok and Soloviev, 2003; Peresan et al., 2005).

This could result in a possible ambiguity in the
application of earthquake prediction and earthquake
prevention methods, which could give rise to a kind of
“methodological noise”.

All these statistical scientific approaches make use of
sophisticated analyses of earthquake patterns, which
may precede the earthquakes, and have reached a very
good level of maturity. But, in our opinion more than
within earthquake prediction studies they have to be

addressed to the earthquake prevention field, where they
can display all their importance and practical use.

1.4. Importance and reliability of earthquake
precursors

In general earthquake precursors can be divided in
the two classes of so-called seismic and nonseismic
phenomena. In the class of seismic phenomena are
included seismic gap, decreasing (seismic quiescence)
and increasing background seismicity, and change in the
seismic wave velocity. The list of nonseismic phenom-
ena includes numerous earthquake precursors of very
different types as phenomena directly reconciled with
local deformations (ground elevations and tilts, strains
in rock, water levels in wells, etc.) or of other kind as
electric and magnetic fields, EM emissions, electric
resistivity in rock, acoustic emissions, gas exhalations
(mainly radon and helium), etc.

The time scale of an earthquake prediction attempt is
by convention generally classified as short-term (= hours—
weeks), long-term (= years—decades), intermediate-term
(=weeks—years), according to the expected time interval
to the earthquake (precursor time).

Really, only short-term and intermediate-term time
scales can be considered as true earthquake prediction
deterministic methods, since long-term one, in practice,
can be identified with the seismic assessment of the
seismic hazard of a given zone and, then, associated
with the statistical probability for the occurrence of large
earthquakes.

According to previous considerations, a preliminary
step for deterministic earthquake prediction is to collect,
identify, and study a posteriori earthquake precursors. In
the last decades the study of these phenomena was
expected to give rise in a relatively short period of time to
earthquake prediction. But this task was underestimated
because the physics of earthquakes has demonstrated to
be a very complicated matter and most of precursors
have shown little reliability. Nevertheless, research with
this aim continues with a critical view and with new ideas
and deep investigations. In our opinion, for the reasons
reported above, this activity should have a priority
character with respect to earthquake forecasting.

Recent progress in the topic has been largely due not
only to the increased amount and accuracy of ground field
measurements, careful attention to errors in data, and
improved understanding of earthquake source mechanics
but also, and may be first of all, in a new approach
including observations from space. In fact, seismic
precursors detectable at the Earth’s surface, include not
only local mechanical deformations caused by dilatancy,
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but also many other phenomena associated with this rock
micro-fracturing process and in particular EME signals.
Effects produced by these signals revealed to be not
limited to the surrounding medium, but demonstrated also
to reach large distances, penetrating into the near-Earth
space and producing perturbations in the neutral and
ionised atmosphere, and in the magnetosphere. Concern-
ing earthquake precursors, EME signals being observed
both on the ground and in space act as a “link” (coupling
element) between solid Earth and near-Earth pace.

Therefore, we think that it will be relevant to carry
out systematic and continuous observations of pre-
seismic EME signals at the Earth’s surface and in near-
Earth space, and of ground-based phenomena as local
deformation events. As supported by references and
results reported in Section 2, these two classes of pre-
seismic signals have also demonstrated to be reliable
earthquake precursors. Then we propose to consider
them as earthquake precursors of priority importance for
the study. This aims at being a contribution open to
stimulate a discussion inside the scientific community.
Of course, we hope to share our opinion with many
colleagues, as well as we are also open for constructive
discussions on the topic.

The previous scenario suggests to consider an
carthquake as a coupling element between Earth and
near-Earth space. In this sense, observations a posteriori
of different ground and space seismic precursors and the
development of theoretical models aim at seeing in
perspective the phenomenon ‘“earthquake” within the
framework of a unified theory able to explain the causes
of its genesis, and the dynamics, rheology, and micro-
physics of its preparation, occurrence, post-seismic
relaxation, and inter-seismic phases. The physical
system to be considered includes solid Earth and near-
Earth space with related couplings and perturbations.

2. Observation and modelling of earthquake
precursors

Again it is important to underline that at present,
there is not yet a method that allows medium-term and
short-term earthquake predictions, but there are system-
atic observations of intermediate-term and short-term
earthquake precursors, a few of which have demon-
strated to be suitable for future applications.

2.1. Creep-related ground tilt intermediate-term
precursors

A number of interesting results concerning anoma-
lous surface tilt variations observed during earthquake

preparation has been reported over the years. They
include the observation and modeling of creep-related
tilt perturbations (McHugh and Johnston, 1979; Bella
et al., 1995; Sgrigna and Malvezzi, 2003) as well
as precursory tilts detected before local and teleseis-
mic earthquakes (Bilham, 1981; Bilham et al., 1985),
coseismic and postseismic tilts (Thatcher and Fujita,
1984).

These anomalies are easily detectable by tiltmeters
(Mortensen and Johnston, 1975; Bilham and Beavan,
1979; Nur et al., 1986; Bella et al., 1995; Sgrigna and
Malvezzi, 2003) and considered by many authors (Ida,
1974; Bilham, 1981; Bilham et al., 1985; Bella et al.,
1986a; Pevnev, 1988, 1989; Bella et al., 1993, 1995;
Sgrigna et al., 2002b) as intermediate-term earthquake
precursors.

Continuous hourly ground tilt data collected by the
TELLUS tiltmeter network from 1981 by the present, in
the seismic region of the Central Apennines of Italy,
systematically gave evidence of intermediate term-
earthquake tilt precursors (Sgrigna and Malvezzi,
2003). The main features of tilt signals observed in
this seismic zone are:

1. Raw tilt data detrended by meteorological and
secular tectonic effects revealed intermediate-term
pre-seismic tilts with shape, amplitude, and time
duration similar to those already obtained in the same
area (Bella et al., 1986a, 1993, 1995).

2. Tilts are shifting in time relatively to each other,
indicating a possible propagation of the pre-seismic
strain field from the preparation focal area to the tilt
sites, through the rigid blocks of the region (Salvini,
1993; Bella et al, 1998) separated by inclined
transition zones, filled by fault viscoelastic material
(Ida, 1974; Bilham, 1981; Bella et al., 1986b;
Sgrigna and Malvezzi, 2003).

3. Experimental values for the velocity of propagation
are in agreement with previous results.

4. The intermediate-term pre-seismic tilts have been
interpreted as viscoelastic creep strains in the fault
material, due to the propagation of stress—strain
fields from the dilatant focal area to the observation
sites.

5. 1-D and 2-D numerical models have been proposed
to justify qualitatively the main features (tilt anomaly
shape and onset time delay and decay of anomaly
amplitude with distance from the earthquake prepa-
ration zone) of the pre-seismic ground tilt behavior
(Bella et al., 1990, 1998; Sgrigna et al., 2002a).
Horizontal movements of rigid crustal blocks were
also considered by Gabrielov et al. (1990).
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2.2. Ground and space short-term seismo-associated
EMEFE signals

The first systematic list of electric phenomena
associated to earthquakes was made by Galli (1910)
who reported 148 luminous phenomena that occurred in
Italy: 52 before, 37 during and after the associated
earthquake. The most frequent phenomena reported
are flashes that occurred during the earthquake, the
luminescent clouds and diffuse lights are reported
before, during and after the earthquake.

In recent years, interest has been increasing in the
SEME signals consisting of broad band (from ~DC to a
few tens of MHz) EM fields generated and transmitted
by seismic sources into the near Earth’s space, before,
during, and after an earthquake. SEME characteristics
and detectability have a very interesting and promising
nature as a short-term earthquake predictor. To detail
such an indication we outline in this section the main
observations and models on the subject.

More recently, ground-based measurements revealed
slow electrotelluric and magnetic field variations (John-
ston and Mueller, 1987; Varotsos et al., 1993) as well as
pre-seismic ground potentials. The latter are generated as
streaming potentials when saline water moving through
porous rocks entrains ionic charges (Draganov et al.,
1991; Bernabé, 1998), or through stress applied to rocks
containing or not piezoelectric minerals as quartz (Nitsan,
1977; Bishop, 1981; Varotsos et al., 1997; Freund, 2002).
The transmission of substantial stress over large distances
has been debated (Geller, 1996; Sgrigna et al., 2002a;
Sgrigna and Malvezzi, 2003).

It has been shown (Areshidze et al., 1992; Guo et al.,
1994; Bella et al., 1995; Molchanov and Hayakawa,
1998) that rock microfracturing releases gas (radon,
helium) and causes electrical conductivity changes as a
function of microcrack number and dimension and of
pore fluids redistribution (saline pore fluids motion
may cause the formation of intergranular water film).
Recently, it has been proposed that also dry rocks can
become a source of highly mobile electronic charge
carriers, which increase the electric conductivity and
may propagate through the rock as a charge cloud
(Freund, 2003).

Ground low-frequency (ULF/ELF) EME-signals
have also been documented in connection with relevant
earthquakes (Kopytenko et al., 1993; Fraser-Smith et al.,
1994; Ohta et al., 2001; Ismaguilov et al., 2001) and
preliminary, though not exhaustive, explanations have
been reported on the subject (Park et al., 1993; Merzer
and Klemperer, 1997; Molchanov and Hayakawa, 1998;
Surkov, 1999; Hayakawa et al., 2000).

A possible scenario is to consider these perturbations
as due to SEME-waves generated by pre-seismic sources
and transmitted into the near-Earth space (see, for instance
Dobrovolsky et al., 1989; Guo etal., 1994; Fenoglio et al.,
1995; Molchanov etal., 1995; Teisseyre, 1997; Grimalsky
et al., 1999; Pulinets et al., 2000; Sorokin et al., 2001;
Gershenzon and Bambakidis, 2001; Hayakawa et al.,
2002; Fujinawa et al., 2002; Freund, 2003).

During the propagation from the hypocentral source to
the Earth’s surface, the higher frequency content of the
ULF-HF EME-waves is attenuated and only ULF/ELF
EME-waves are supposed to reach the Earth’s surface and
enter into the near-Earth space, where they cause perturba-
tions (total electron content (TEC) changes, ionospheric
motions, joule heating, etc.) in the atmosphere and
ionosphere (Molchanov et al., 1995; Ohta et al., 2001).
We think that only in the case of very shallow and strong
earthquakes, when the size of preparation focal zone is
greater than the hypocentral depth (see relations (4) and
(5)), ahigher frequency content of this EM radiation could
be transmitted from the Earth’s surface to the near space.

More in general, results of local ground-based SEME
observations have been obtained on a larger (ULF—HF)
frequency band (see, in addition to the above-mentioned
authors, also Warwick et al., 1982; Oike and Ogawa,
1986; Johnston, 1997; Bella et al., 1998; Uyeda et al.,
1999; Eftaxias et al., 2003). Recently, Nardi and Caputo
(2006), reported observations of electric signals,
recorded in the laboratory and in the field experiments.
They showed that these signals are generally of the same
type and particularly in the VLF band.

Another scenario for SEME disturbances is to consider
them as a secondary effect produced by other mechanisms
induced by seismic activity (Molchanov et al., 1993).

Fair weather currents have also been proposed to
justify variations in the atmospheric conductivity pro-
files (Pulinets et al., 2000). Pre-seismic changes of the
tropospheric conductivity profiles have also been asso-
ciated with modifications of the spectral content of ELF—
VLF radio noise during lightning discharges (Hayakawa
et al., 2002).

Research of disturbances in radio-wave propagation
produced by seismic activity has also been carried out
(Hayakawa and Sato, 1994; Morgounov et al., 1994;
Gufeld et al., 1994; Bella et al., 1998). The analysis is
based on the amplitude and phase variations of radio-
signals propagating in the earth-ionosphere wave-guide
and emitted by diverse transmitting stations.

Significant short-term earthquake precursors were
obtained by investigating the propagation of Omega and
Loran VLF radio-waves used for world-wide navigation
(Hayakawa and Sato, 1994; Morgounov et al., 1994;
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Gufeld et al., 1994). Also a short-term attenuation in the
electric field strength of the LF radio-signal emitted by
Radio Monte Carlo (RMC) broadcasting station, was
observed at a receiver of Central Italy prior to local
earthquakes (Bella et al., 1998).

These short-term pre-seismic variations of several days
have been explained by the abnormal ionisation in the
lower ionosphere (Morgounov et al., 1994) and tropo-
spheric radio defocusing mechanisms (Bella et al., 1998).

2.3. Short-term seismo-associated precursors in space

Results of satellite measurements in the near-Earth
space pointed out short-term earthquake precursors con-
stituted by electric and magnetic anomalies and EME
signals, which were accompanied by perturbations of
comparable duration in the temperature and density of
ionospheric plasma and radiation belt high-energy par-
ticle fluxes.

Space observations of ionospheric perturbations over
seismic regions have been reported and discussed on the
occasion of several strong earthquakes (Gokhberg et al.,
1979; Larkina et al., 1989; Parrot and Mogilevsky, 1989;
Bilichenko et al., 1990; Serebryakova et al., 1992; Parrot
et al., 1993; Chmyrev et al., 1997; Rodger et al., 1999;
Lee et al., 2000; Pulinets et al., 2000; Hayakawa et al.,
2002; Aleksandrin et al., 2003; Sgrigna et al., 2005a).

Satellite observations seem to confirm the above-
illustrated scenarios. Indeed, pre-seismic changes of
electric and magnetic fields (Molchanov et al., 1993;
Parrot, 1994; Rodger et al., 1999) and of ionospheric
plasma temperature and density (Parrot and Mogilevsky,
1989; Parrot et al., 1993; Chmyrev et al., 1997) have
been observed from a few minutes to several days prior
to EQs of moderate or strong magnitude (generally
greater than 4.0).

A relatively new result is that pre-seismic EM
disturbances produced in a seismic area with one of the
above-described mechanisms, are thought to reach the
inner Van Allen radiation belt, where they may interact
with trapped particles (Galperin et al., 1992). In
confirmation of this hypothesis, in the last two decades,
a very interesting and new phenomenon has been ob-
served in the ionosphere—magnetosphere transition
region. It consists of anomalous particle fluxes detected
by several space experiments and reconciled with the
earthquakes occurrence (Galper et al., 1989; Voronov
et al.,, 1990; Aleshina et al., 1992; Pustovetov and
Malyshev, 1993). These particle fluxes are characterized
by an anomalous short-term and sharp increase of high-
energy particle counting rates (CRs). In the following,
they are referred to as “‘particle bursts’’ (PBs). Most of

PBs have been collected near the South Atlantic Anom-
aly (SAA) at altitudes generally between about 400 and
1200 km, by several satellites (Pustovetov and Maly-
shev, 1993; Ginzburg et al., 1994; Galper et al., 1995).
Larkina et al. (1989), and more recently, Aleksandrin
et al. (2003) and Sgrigna et al. (2002b,a) also made
attempts to confirm the pre-seismic character of these
PBs, by using PBs—EQs statistical correlations, and
under the hypothesis that pre-seismic ULF/ELF EME
wave-trapped particle interaction may cause the precip-
itation of Van Allen belt electrons and protons.
With this purpose in mind several authors (Aleshina
et al., 1992; Galperin et al., 1992; Galper et al., 1995;
Krechetov, 1996) proposed that in a certain portion of the
ionosphere—magnetosphere transition zone such a low-
frequency content of SEME radiation (from DC to some
hundred Hz) can propagate as Alfven waves along the
geomagnetic field lines. Near the radiation belt bound-
ary, the waves may resonantly interact with trapped
particles (electrons and protons from a few MeV to
several tens of MeV) causing particle precipitation as a
result of pitch angle diffusion. The lower limit of the
above-mentioned portion of the ionosphere—magneto-
sphere transition zone (i.e., the altitude where pre-
seismic EME-waves may be captured in the geomagnetic
field lines and, then, propagate up to the inner radiation
belt) has been estimated from PBs space observations
and resulted to be around 300-500 km (Aleksandrin
et al., 2003; Sgrigna et al., 2005a). A qualitative
representation of this model is presented in Fig. 1.
Lifetime of PBs longitudinal drift is determined by the
particle loss rate during particle interaction with the resid-
ual atmosphere of the Earth, and a lifetime of the order of
several tens of minutes is obtained for electrons and
protons of several tens of MeV (Walt, 1994). During this
time, particles (drifting longitudinally) may move around
the Earth along the L-shell corresponding to the EME
ground source location (Aleshina et al., 1992; Galper
et al., 1995). This is a crucial factor for a possible use of
pre-seismic PBs as an earthquake predictor, since the
longitudinal drift makes the PB detection easier by particle
detectors installed on board of satellites. Another im-
portant factor is the opposite drift direction of positive and
negative charged particles, which in principle could allow
the location of EME wave-particle interaction zone (i.e.,
the PBs space source location) to be identified. Indeed, the
above-reported LEO observations seem to confirm the
possibility to detect these PBs caused by ULF SEME.
Also VLF EM waves were observed from Inter-
cosmos-24 satellite measurements (Molchanov et al.,
1993). Data collected by this mission demonstrated that
ULF emissions of ~0.2 nT can penetrate through the
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Fig. 1. Seismic EME-waves generation in the crust and their
propagation and interaction with ionospheric plasma and magneto-
spheric trapped particles. Trajectories of charged particles trapped by
the geomagnetic field lines are represented in a meridian plane. (1)
Earthquake hypocentral “‘dilatant’’ area, where pre-seismic EME
waves are emitted during the earthquake preparation, (2) EME-waves
propagation from the preparation focal area to the ionosphere, (3)
ionospheric interaction region, (4) geomagnetic field lines, (5)
stationary trajectory of trapped particles, (6) stationary lower boundary
of the radiation belt, (7) mirror points lowering, and (8) particle bursts
precipitation and consequent longitudinal drift.

ionosphere and interact with energetic protons of 0.5—
5 MeV near the magnetic equatorial plane. As a conse-
quence of this cyclotron interaction, the proton distri-
bution function can become unstable for Cherenkov
radiation of VLF waves in the frequency interval 0.1—
20 kHz (Krechetov, 1996).

Nevertheless, there is still an open debate about the
mechanism to be invoked in order to justify the entire
phenomenon under study and, in particular, whether the
very low amplitude ULF/ELF EM waves may reach the
inner Van Allen radiation belt and cause the above-
mentioned coupling phenomena. In fact, the electric and
magnetic components of these EME-waves are estimat-
ed to be of only some fraction of mV/m(Hz)"? and some
fraction of nT/(Hz)'"? or less, respectively (Parrot et al.,
1993).

This science background gives an idea (though not
exhaustive) of the state-of-the-art in the topic.

3. The ESPERIA space project

ESPERIA (Sgrigna, 2001; Sgrigna et al., 2005b) is
an equatorial magnetic, plasma and particle mission
planned with a LEO small satellite and mainly con-
cerned with detecting any tectonic and pre-seismic
related signals. It has been proposed for monitoring

perturbations in the topside ionosphere and for defining
the near-Earth magnetic environment. The project aims
at reconciling these phenomena with seismic related
signals from the Earth’s surface. In particular, electro-
magnetic emissions related to strong earthquakes and
possibly caused by stress changes in the crust, are a main
scientific objective of this mission project.

To identify electromagnetic emissions of seismic
origin, the impact of anthropogenic electromagnetic
radiation in the near-Earth space, atmospheric electro-
magnetic emissions during thunderstorm activity, and
effects of sun and cosmic rays in the geomagnetic cavity
were also taken into account during the Phase A Study,
performed for the Italian Space Agency (ASI).

ESPERIA has the same scientific objectives and a
similar payload as DEMETER mission. ESPERIA
includes a modular multi-instrument science payload
constituted by a Magnetic Field Analyzer (two, flux-
gate and search-coil, vector magnetometers), an Electric
Field Analyzer (a constellation of ten Electric Probes), a
Particle Detector (constituted by 6 silicon telescope),
and an lonospheric Plasma Analyzer (Langmuir Probe
and Retarding Potential Analyzer).

Most of these instruments are of large use in near-
Earth Space investigations, therefore ESPERIA, with
some relatively small changes and/or augmentation of
its payload, can easily be adapted to extend the study to
other applications in the ionosphere—magnetosphere
transition zone. Therefore, ESPERIA can also be seen as
an equatorial coordinated and simultaneous complement
to polar missions like SWARM, or NASA “Living with
a Star” Program.

A description of the ESPERIA space mission concept
is reported in Sgrigna (2001) and Sgrigna et al. (2005b).
We give here only a synthesis of this space project.

3.1. ESPERIA mission concept

The ESPERIA instruments are planned to provide a
cost-effective survey of earthquake forecasting. Instru-
ments and orbital parameters are structured to reach the
final goals on the basis of general and specific
requirements concerning scientific, technical and meth-
odological aspects of the mission.

The fundamental aspects concerning the ESPERIA
mission are synthesized in the following sub-sections.

3.1.1. General requirements

® Coordinated space and ground measurements

e Simultaneous and continuous measurements of the
different parameters with an excellent capability in
detecting particles over a broad energy range, as well



V. Sgrigna et al. / Tectonophysics 431 (2007) 153171 161

as in revealing plasma instabilities and electromag-
netic fluctuations

® Repeatability and maximum density of ground tracks
over selected Earth’s surface regions with high-
accuracy and short revisit time for a continuous
ground monitoring of local and short-term earth-
quake precursor phenomena.

3.1.2. Specific requirements
a. Optimization of orbital parameters

e Continuous monitoring (no need of “survey” and
“burst” modes)

e Efficiency and low costs of the ground segment
operativeness, including optimization in the use of
mass memory by frequent down-link procedures

® High-sensitivity measurements in zones with rela-
tively minimum temporal and spatial field changes

e Maximum density of measurements and a contin-
uous monitoring of EM emissions over seismic
areas

® Necessity to detect particles affected by EM
emission waves of terrestrial origin and generated
by seismotectonic processes: Particle Detector
Analyser must skim L-Shells just beneath the
inner radiation belts with L~ 1.2.

b. Model payload

® Multi-instrument payload to detect ULF-HF
electric and magnetic fields; ionospheric plasma
temperature and density; particle fluxes, pitch
angle, and energy

e High instrumental sensitivity, signal-to-noise ratio,
and dynamic range for all the parameters to be
studied

e Continuous data acquisition

® No interaction and disturbances between different
instruments

® No differential photoemission from the external
surface of platform and payload

® No influence of electric field distortion in EM
emission measurements caused by the satellite
metallic structure and geometry.

c. Ground-based measurements

® Seismic activity, coordinated and continuous pre-
seismic mechanical (tilt and strain) and electro-
magnetic fields in test areas

e Comparison and integration of space observations
with ground-based ones.

Taking into account of the above-mentioned require-
ments, and in particular the necessity to be inside the
ionosphere—magnetosphere transition zone and to carry
out a high-accuracy Earth’s surface monitoring, mission

demands for a geo-synchronous magnetic equatorial orbit
with an altitude between about 600 and 1000 km (topside
ionosphere). To perform a high-accuracy ground moni-
toring is requested a ground track repetition of a fixed
(integer) number of orbits per day, that is by a fixed orbit
altitude. At this purpose a FEEP (Field Electric Emission
propulsion) system is applied to the ESPERIA platform,
so that if necessary, also some changes in the orbit can be
adopted during the mission. For 14 orbit/day the
corresponding altitude will be 813 km, therefore, a LEO
orbit is requested. This orbit altitude corresponds to a field
of view of +£39° with a revisit time of <24 h. Note that
when the orbit has inclination 0°, the revisit time coincides
with the orbit period (110 min). Moreover, the satellite
trajectory oscillates around the magnetic equator up to
geomagnetic latitudes of £23°. This condition guarantees
a good field of view and a short revisit time for a good
ground monitoring of local short-term earthquake pre-
cursor phenomena. The observation geometry implies
nadir pointing.

Summarizing all the above-mentioned requirements
and comments, the following orbit, mission, spacecraft,
and payload instrument characteristics have been
adopted for ESPERIA.

3.2. ESPERIA main features

1. Orbit characteristics
® Ground track repetition with accuracy of 10 km
® Revisit time <24 h; geosynchronous orbit: 14
orbits/day
® Altitude=813 km; inclination=11°.5, eccentrici-
ty=0; Orbit period:110’
® Orbit knowledge and time resolution =~ 100 m and
1 s, respectively
® Field of view: £39°
® Maximum oscillation around the magnetic equa-
tor: £23°.
2. Spacecraft
e Platform MITA with Nadir pointing
® FEEP thrusters applied to the platform (constant
altitude).
3. Mission duration >2 years
4. Payload instrument
a. Electric Field Analyser (EFA)
e frequency range: ~DC—10 MHz
® accuracy: 300 nV/m
® dynamic range: 120 dB.
b. Magnetic Field Analyser (MAFA)
O Flux-gate:
e frequency range: ~DC-10 Hz
® accuracy: a few (6—8) pT; resolution: 24 bit.
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O Search-coil:
e frequency range: ~ 10 Hz—100 kHz
e sensitivity: 1072 pT /(Hz)"* (at 1 kHz).
c. Langmuir Probe (LP) and Retarding Potential
Analyser (RPA)
LP: electron temperature: 300—15,000 K; electron
density:10°~10"cm?
RPA: ionic temperature: 300—10,000 K; ionic
density: 10*°~107cm >.
d. Particle Detector Analyser (PDA)
Energy range: 300 KeV-2 GeV
Pitch angle precision <4° with particle identification
Geometry: 5 silicon strip telescope +1 calorimeter 1
silicon strip telescope +1 calorimeter.

An overview of the ESPERIA satellite illustrating
the location of the different instruments of the scientific
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payload is reported in Fig. 2. As it can be seen, located
at the top of the satellite are PDA, LP, and RPA
instruments. Each MAFA sensor system is at one
different end of the two primary expanding booms (of
~5 m), so that search-coils are separated by about
10 m from flux-gate sensors and each sensor system is
at a distance of about 5 m from the satellite body.
Electric probes with preamplifiers inside are located at
the end of secondary booms (of =2 m), so that each
electric sensor system is about 2 m from the nearest
magnetic sensor system. Instead of magnetic torques,
the attitude control is implemented by 3 reaction
wheels (of known EM spectra). In this way, magnetic
disturbances are less than 2 pT at a distance of 5 m
(deployed booms/magnetic probes accommodation),
that is magnetic disturbances are less than instrumental

sensitivity.

[b]
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Fig. 2. [a] Schematic external view of the ESPERIA satellite with deployed booms and relative systems of antennas for electric (EFA) and magnetic
(MAFA) field measurements. Particle detector (PDA) and Plasma Langmuir probe and Retarding potential analyzer (LP and RPA (yellow)) as well as
solar panels (top) are also shown. [b and c] ESPERIA Spacecraft internal configuration including the multi-instrument payload EFA/MAFA, PDA,
and LP and RPA, FEEP and other platform instruments.(For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)
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For electromagnetic cleanness all probes will be
switched off during the desaturation of reaction wheels
or when (for short periods) FEEP will be active. To
guarantee the equipotentiality of external satellite
surfaces, we also planned a surface plating of spacecraft
and a special solar panels design. This requires uniform
electrical and optical characteristics of the external
surfaces of the satellite and equal to that of areas of
electric EFA probes. The velocity vector of the satellite
is perpendicular to the direction of primary booms.

ESPERIA was planned and designed by an Interna-
tional Consortium led by the Roma Tre University of
Rome (Vittorio Sgrigna, Principal Investigator).

3.3. Relation with other missions and science teams

ESPERIA may be considered as a second generation
of the DEMETER concept and can profit by the infor-
mation from previous missions. The equatorial character
of ESPERIA and some augmentation or changes in its
payload allow to extend the original scientific objectives
of this mission for geo-electric and magnetic field
mapping, for studying sun activity and cosmic rays, and
investigating structure and dynamics of the magneto-
spheric cavity.

First ESPERIA instruments (EGLE and ARINA) have
been launched in space. ARINA (Sub-section 4.2) and
DEMETER (Parrot, 2002) are two simultaneous polar
missions which allow comparisons of particle data within
the DEMETER Guest Investigation Programme (Sgrigna,
2005).

4. The EGLE and ARINA space experiments

Two ESPERIA instruments (particle detector
ARINA and search-coil magnetometer EGLE) have
been built and have been tested in space (Sgrigna, 2004,
2005; Conti et al., 2005).

EGLE has been installed on board the International
Space Station (ISS) last April 2005, within the LAZIO-
SiRad experiment of the ENEIDE mission, which has
been coordinated by the European Space Agency (ESA)
and received contributions from the Italian National Insti-
tute of Nuclear Physics (INFN) and Regione Lazio (Italy).

At this purpose, ARINA particle data and EGLE
magnetic data, together with fault creep events from the
TELLUS ground tilt network of central Italy and mag-
netic and EM data from ground-based networks located
in other Countries, should be available. All these data
may be studied together with those obtained from
DEMETER instruments, through the Demeter Guest
Investigation Programme.

4.1. The EGLE magnetic experiment on board the
International Space Station

The monitoring of electromagnetic environment
on board the International Space Station (ISS) needs
both of an appropriate observation methodology and
of the corresponding experimental equipment design.
The continuous monitoring of EM environment on
board the ISS by an advanced magnetic experiment in
the ULF-HF band is important in the following
areas:

a. Geophysical research of plasma-wave processes
connected to solar—magnetosphere—ionosphere—at-
mosphere—lithosphere interactions.

b. Investigation of space weather phenomena in equa-
torial, middle-latitude and sub-auroral ionosphere.

c. Investigation of the possible relationships between
seismic activity and ULF—VLF phenomena that may
be related to earthquakes.

d. Continuous monitoring of ULF-ELF—VLF activity in
the near-Earth space including ELF—VLF pollution.

e. Monitoring of natural and man-made variations of
the plasmasphere caused by whistlers.

f. Investigation of the effects of the large ISS structure
on the propagating wave-front.

LAZIO-SiRad-EGLE experiment aims at performing
measurements involving:

1. the radiation environment at the ISS altitude;
2. the magnetic environment inside the ISS.

The experiment includes magnetometer EGLE (Espe-
ria’s Geo-magnetometer for a Low-frequency wave
Experiment).

EGLE is used to measure the intensity and variations
of the magnetic field within the ISS, and to correlate
these measurements with those of particle fluxes. The
study of these effects is important to detect electromag-
netic field variations and particle pitch angle distribution
of the precipitating particles.

EGLE experiment is also the first test in space of a data
acquisition system based on the 1-Wire® technology.

The EGLE magnetometer is constituted by:

® a single axis search coil probe, the EGLE Magne-
tometer Head (MH), which has been developed in
collaboration with Valery Korepanov (Lviv Centre of
Space Research),

® an electronic interface with amplifiers, filtering and
data acquisition unit (EGLE MB box),
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® a2 m long cable to connect LAZIO MEB and EGLE
MB,

® a 1-Wire® to RS232 serial adapter on the LAZIO pc
tower.

EGLE has been built for automatic measurements of
the low-frequency magnetic field component. The
instrument performs high accuracy measurements. The
advantages in using such a device are:

e small dimensions and mass;
® low power consumption;
e data acquisition via 1-Wire® technology.

A schematic representation of EGLE magnetometer and
characteristic frequency response are reported in Fig. 3. An
example of data recorded on board ISS is shown in Fig. 4.

4.2. The ARINA particle experiment on board a LEO
satellite

The ARINA experiment consists of a proton—electron
telescope to be installed on board the polar LEO Russian

satellite RESURS-DK 1, which launch occurred on June
15, 2006 within the PAMELA mission. The orbit is
elliptic with 959 altitude ranging from 300 km to 600 km
and inclination of 70.4°. The duration of the mission will
be >3 years. The scientific objective of the experiment
is to detect fluxes of high-energy charged particles (3—
100 MeV), from the inner radiation belt and correlate
them with seismic activity.

Main features of the ARINA instrument are reported in
Fig. 5. As it can be seen, the instrument consists of a set of
scintillation detectors C1-C12 made on the basis of
polystyrene, which are viewed by photomultipliers
(PMTs), the event recording system, the data acquisition
and processing system (DAPS), the power supply system
(PSS), and the command unit (CU). Detectors C1-C12
are functionally combined into three systems: the
hodoscopic trigger system HTS (detectors C1-C3), the
scintillation calorimeter SC (detectors C4—C9), and the
anticoincidence system ACS (detectors C10-C12).
Each of the detectors C1 and C2 consists of four strips
directed perpendicularly and positioned just one under
another. Detector C3 is situated below detectors Cl
and C2 and has a mosaic structure (6 elements). Each
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Fig. 3. EGLE sensor characteristics.
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Fig. 4. An example of magnetic data in the frequency band (20—-40) kHz, recorded by the EGLE instrument on board the ISS. Superimposed to the

signal is shown the latitude variation of the ISS.

mosaic element is viewed by its own PMT. Such
detector’s assembly allows to determine the angle of
incident particle. The geometry and dimensions of
detectors C1—-C3 define the instrument aperture and
the geometric factor. The scintillation calorimeter can
comprise the detector C3 in addition to a set of detectors
C4-C9. It provides the separation of the protons and
electrons and allows to measure the particle energy by
the number of detectors, passed by the particle up to its
stop. That is, it used the range of the particle in stack of
detectors. The ACS consists of the detector C10 and
lateral detectors C11 and C12, and it is needed to

cio /

C1-C3:
C4-C10:

Scintillation calorimeter

exclude from recording the particles moving in the
opposite direction “from the bottom upward” as well as
all directions beyond the aperture.

5. Combined ground and space experiments: a
proposal to the scientific community for a joint
study devoted to earthquake prediction and warning

According to the considerations and results of pre-
vious Sections 1 and 2 and to the projects designed and/
or made (Sections 3 and 4), we propose to the scientific
community a joint research project devoted to study

Trigger coincidence scintillation telescope

C11-C12: Scintillation anticoincidence detectors

Fig. 5. ARINA space instrument layout.
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the earthquake prediction problem on a deterministic
basis.

The strategy is based on concepts largely accepted by
investigators. In particular, we propose:

1. to define a physical model of earthquake precursors
on a deterministic basis,

2. to propose a method for future applications and
services of early warning on the basis of this model;

3. to validate such a model, and consequent method,
through coordinated and continuous ground-based
and space observations of the more reliable earth-
quake precursor phenomena. The more promising
current ground-based detection methods and their
output must be also identified in the light of data
fusion with space-borne sensors.

On the basis of the previous items the study should
also outline a global mission scenario with options and
related trade-off’s on the following items:

— Science return

— Early warning and coverage

— Technical feasibility and readiness
— Resources needed.

In the joint study we propose to the scientific com-
munity, we should like to demonstrate consistently a
causal relationship with explained physical processes and
look for a correlation between data gathered simulta-
neously and continuously by space observations and
ground-based measurements. From an objective stand-
point, once these relationship and correlation should be
demonstrated, we will be confident that the combination
of data from both Earth and near-Earth space, with their
inherent analysis, could provide the scientific basis to
establish a coherent interpretation of the assumed earth-
quake forerunners and, consequently, to enable and pave
the way to future applications and services on a sound
scientific basis.

But we also like to stress a few critical issues, and in
particular:

1. The intrinsic difficulty of having repeatable observations

2. The different geological and seismic characteristics
of the observed sites

3. The different nature and location of the observed EM
phenomena (ULF, ELF, VHF etc.)

4. The lack of a well-defined inherent physical model

5. The non-sufficiently applied multidisciplinary ap-
proach as requested by the problem. In several cases
teams of researchers investigate the phenomenon

studying the effects produced on one single param-
eter or field and in most cases with different methods
of analysis. Also partial and different frequency
bands are often considered for the same parameter
(for instance ULF or VLF-HF SEME signals).

Consequences of these issues are that in some cases
pre-seismic anomalies are detected with different sen-
sors, at different times in different places and analyzed
with different methods. So, it is evident that on this basis
is not always possible to correlate the collected data in a
consistent way.

The approach we propose is to combine together
information from:

® [ocal ground deformation intermediate-term precur-
sors, as those reported in Section 2

® EM shorter-term signals by ground and satellite
observations

and to use a common method of analysis.
All the above measurements aim at:

® checking the causality (or the non-causality) of the
electromagnetic/plasma effects resulting from seis-
mic events

e and/or validating the postulated energy transport
mechanisms from the earth surface to space, with the
relevant scientific justification

® making attempts of a space localization of the forth-
coming earthquake.

Concerning reliability of ground-based earthquake
precursors, data collected up to now (Section 2) suggest
that the most significant ones are:

1. local deformations. Creep strain episodes seem to be
particularly informative and reliable;

2. EM emissions in the broad ULF-VHF frequency
band.

A few contacts occurred with teams that manage the
following networks and that we invite to participate to
our proposal. In this way four ground-based different
networks of instruments for local strain and EM mea-
surements will be available for the beginning. They are:

— the SEGMA magnetometer array of four wave
magnetic stations (headed by Prof. Villante of the
L’ Aquila University of Italy in collaboration with the
Institut fuer Weltraumforschung (Graz, Austria));
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— the ULF magnetic network at Panagyurishte (headed
by Prof. Villante in collaboration with the Geophysical
Institute of the Bulgarian Academy of Science (Sofia,
Bulgaria));

— the VLF-VHF EM network of twelve stations in
Greece (headed by Prof. Eftaxias of the University of
Athens (Greece);

— the ULF wave stations working in Antarctica, one
at Terra Nova Bay (headed by Prof. Villante) and
another at the Ukrainian Akademik Vernadsy (headed
by Prof. Korepanov of the Lviv Centre of Space
Research (Ukrainian Space Agency, Lviv, Ukraina);

— the TELLUS tilt network of four stations (headed by
Prof. Sgrigna, University of Rome, Roma Tre) opera-
tional in the seismic central Apennines area of
Central Italy.

In space (topside ionosphere) the best earthquake
precursors have shown to be:

1. EM emissions in the ULF—HF frequency band

2. Temperature and density of the ionospheric plasma
(both in its electronic and ionic components)

3. High-energy particle fluxes precipitating from the
inner Van Allen radiation belt (from about a few tens
to a few hundreds of MeV).

Note that EM emissions may be detected both on the
ground and in space, of course with different techniques
and receiving complementary information. So, they are
a common and very important element for the study. The
importance of these phenomena lies not only on their
reliability as earthquake precursors but also on the
different precursor time duration, which (Sub-section
5.1) could help in solving the problem of timing.
Another important factor is the presence of fault creep
signals and their relative onset time-shifts, which may
help in determining space and magnitude of an
impending earthquake, as synthesised in the following.

5.1. Magnitude evaluation, space localization and
timing problem

We suggest to perform in ground-based networks,
simultaneous and continuous measurements of local
deformation (tilt and strain) events and of EME signals,
at least in the ULF-HF frequency band. Coordinated
space observations of EME signals in the same
frequency band, and of temperature and density of the
ionospheric plasma, as well as fluxes of high-energy
radiation belt particle, are also suggested to be carried
out in the topside ionosphere.

On the basis of data collected in this way, a first,
rough, and overpreliminary attempt to determine mag-
nitude, space, and time of an impending earthquake
could be performed.

An estimation of the relevant order of magnitude of
interest for time and space scale of the phenomena under
investigation could be attempted as follows.

When in an enough large monitoring network zone
an earthquake is in preparation, only a certain number of
instruments (tiltmeters and strainmeters) installed in the
zone to monitor local deformations are expected to be
activated by the phenomenon, and begin to record
anomalous signals (as creep strains described in Sub-
section 2.1). The space location of these instruments will
allow to recognize the portion of the zone affected by the
pre-seismic deformation field (i.e. the precursor area).
On the basis of relationships (5) and (6) of Section 1, a
rough estimate of the dimension of this area will allow to
determine the magnitude of the impending earthquake.

Moreover, by the time-shift in the onset times of the
precursor signals detected by tiltmeters or strainmeters,
and on the basis of simple space—time (velocity)
calculations, we should attempt a localization of the
epicentral area of the forthcoming seismic event.

Also space measurements could in principle be used,
and compared with that from ground observations, for a
rough estimate of the precursor area of an impending
earthquake. In fact, LEO satellites with a payload similar to
that designed for ESPERIA could give additional and
complementary information by its position when record-
ing over the precursor area anomalous variation of EM
signals, temperature and density of the ionospheric plasma,
or fluxes of radiation belt particles. Moreover, as reported
in the previous Sub-section 2.3, the opposite longitudinal
drift of anomalous burst of positive and negative charged
particles in principle could be used to determine the
location of EME wave—particle interaction zone (i.c., the
PBs space source location). In this way, using particle
measurements, it would be possible to detect earthquake
precursors also when satellite is not over seismic regions.
Of course it should be verified that wave—particle
interaction zone reconstructed by the data is located, or
not, over the precursor area of the impending earthquake.

In the same monitoring network zone, the first onset
times in earthquake precursor ground-based deformation
signals (tilts, creep strains) may be considered and
assumed as a warning for an impending earthquake in the
zone. Since this type of precursors are of intermediate-
term characters (up to several months), this information
could be used as a first early warning.

From this moment we must wait for a variable period
of time (which depends upon the earthquake magnitude)
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the afterwards onset times of short-term pre-seismic EM
emission signals detected in the same instrumental net-
work. When these EM emissions will begin we could
attempt a rough information of the time occurrence of
the impending seismic event. The uncertainty in this
estimate being of hours—days, which is the characteristic
precursor time associated with EM short-term precursor
phenomena.

Reliable information from these ground-based inter-
mediate- and short-term precursors, recorded together in
the same test area, could be used for a second warning.
Space-based evidences of EM emissions in the same
frequency band of those recorded in the ground, tem-
perature and density of the ionospheric plasma, and
high-energy radiation belt particle fluxes, obtained on
board of a LEO satellite flying over the same ground
monitoring network, could corroborate the validity of
the second warning. In the case that space observations
will confirm recent results reported in literature on their
shorter-term character of a few hours, they could be used
as a third (and last) warning, just before the occurrence
of the seismic event.

Note that by a time-shift analysis, all the onset times
of'tilt and strain signals should be compared relatively to
each other and results used not only for a rough estimate
of the location of the forthcoming earthquake but also
for the time occurrence of this event. The latter estimate
can be attempted by calculating the slow-propagation of
the pre-seismic strain field.

Also note that a great importance of space monitoring
lies in the possibility to compare ground-based data with
space ones, and this can be used as a kind of calibration for
the physical model we aim to define, as well as to compare
relatively to each other results from different monitoring
networks, operational in diverse seismic areas of the Earth.

This proposal is mainly addressed to investigators
involved in earthquake precursor studies who already
manage and use existing ground-based networks of
instruments and/or are involved in near-Earth space
experiments, or in laboratory and theoretical studies in
the field. Also other investigators who are interested and
are going to be involved in the field are welcome.

6. Conclusions and outlook

Natural disasters are of serious concern to mankind
and the earthquake is one of the most dangerous of
them. Therefore any plausible approach suitable to
reduce the impact of these disasters deserves great
attention. In the paper we focus our attention to seismic
activity. Of course, in this frame earthquake prediction
becomes the most important goal.

Hence, our proposal to the scientific community aims
at giving a contribution in the light of an earthquake
prediction method to be constructed on a deterministic
basis. Of course, it is not meant to achieve in the next
future an explicit solution to the problem, that is of an
immense complexity. In fact, some attempts to build a
theory of earthquake prediction are far from being
defined and generally accepted. But numerous earth-
quake related phenomena, the so-called earthquake
precursors of mechanical and/or EM origin, have been
observed prior to catastrophic earthquakes.

Signals associated with seismic events have been
observed from both ground-based and space measure-
ments and have indicated some degree of positive
statistic correlation with the earthquake preparation and
occurrence.

The study we propose for a deterministic approach
in the field is based on the detection of the most sig-
nificant earthquake precursors and related physical
explanation. Both near-Earth space and ground-based
continuous observations of the most significant pre-
seismic changes are proposed to be carried out in the
so-called topside ionosphere and in different seismic
areas of the Earth within a “unified” physical model of
earthquake precursors.

This “unified” model will:

® describe the preparation phase of an earthquake (pre-
seismic accumulation of elastic strain energy) and
involved physical mechanisms (dilatancy and con-
sequent precursor phenomena);

® justify the genesis and characteristics of the selected
pre-seismic and co-seismic EM and mechanical
anomalies giving their relative and absolute reliabil-
ity as earthquake precursors;

e perform a preliminary quantitative estimation of the
possible SEME signals based on credible assump-
tions of the parameters involved,;

® allow a better understanding of the physics of the
lithosphere—atmosphere—ionosphere—magnetosphere
coupling mechanisms, which result in EM and plasma
effects in the ionosphere or other seismo-induced
phenomena that can be better studied in space;

® identify credible energy transport mechanisms from
the Earth surface to space that could explain the
alteration of plasma and EM parameters at satellite
altitudes, to assess the applicability of space-based
assets;

® devise a set of space-based sensors capable of giving
added value to the current understanding of the
detected seismic precursors;

® allow to define a method for earthquake prediction.
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Results, observations and modelling should be used
to validate a method for possible future applications in
earthquake prediction.

At this purpose a method has been proposed to the
scientific community for a joint collaboration between
groups of investigators involved in earthquake predic-
tion studies and working in diverse seismic areas of the
Earth. The purpose is to put these investigators together
around a table for defining a common line of conduct
and a concrete collaboration in the field. The United
Nations 2008 International Year of Planet Earth could be
a good occasion to begin.
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