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Abstract
complex nonlinear system with dissipation where earthquake preparation could be regarded as a self-organizing

The system of geophysical shells (lithosphere, atmosphere, ionosphere) is considered as an open

process leading to the critical state of the system. The processes in atmosphere and ionosphere are considered from
the point of view of non-equilibrium thermodynamics. The intensive ionization of boundary layer of atmosphere
(probably provided by radon in occasion of earthquake preparation) gives start to the synergetic sequence of
coupling processes where the ionosphere and even magnetosphere are the last links in the chain of interactions.
Every anomaly observed in different geophysical fields (surface temperature, latent heat flux, electromagnetic
emissions, variations in ionosphere, particle precipitation, etc.) is not considered as an individual process but the
part of the self-organizing process, the final goal of which is the reaching of the point of the maximum entropy.
Radon anomaly before the Kobe earthquake is considered as a perfect example to satisfy the formal seismological
determination of the earthquake precursor. What is genetically connected with radon through the ionization
process can also be regarded as a precursor. The problem of co-seismic variations of the discussed parameters of

atmosphere and ionosphere is considered as well.
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1 Introduction

The problem of short-term earthquake prediction
counts many years of history, but still the relation to this
problem is more negative (especially among seismolo-
gists, Geller et al., 1997) and all attempts to present the
results indicating the connection of observed geophys-
ical anomalies with the approaching earthquake meet
negative attitude in seismological community. But or-
thodox position of Geller is not fully accepted by seis-
mologists as a whole. I would like to cite Max Wyss
(1997a) from Geophysical Institute, University of Alas-
ka: “At the time of Columbus, most experts asserted
that one could not reach India by sailing from Europe
to the west and that funds should not be wasted on such
a folly. Geller et al. make a similar mistake ...” Nega-
tivism directed to the precursory science is not only due
to conservatism of seismology but also because of many
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speculative publications appeared during last decades,
and inability to demonstrate that observed anoma-
lies conform to the formal determination of precursor
(Wyss, 1997b). Majority of anomalies pretending to
be nominated as precursors demonstrate the ability to
“predict” only one or two from three main earthquake
parameters (time, place, magnitude), and do not usu-
ally demonstrate clear indication of approaching to the
critical state, and very often miss the co-seismic signal
which is considered very important signature of relation
of the observed anomaly with the approaching seismic
shock.

From the other side the counterarguments could be
put forward. One can observe very slow progress in de-
velopment of the physics of earthquake preparation, in-
ability of seismology to describe in the physical language
the processes happening in the Earth’s crust during the
seismic cycle (from previous to the next earthquake at
the same focal area), what might give to scientists possi-
bility to explain the observed anomalies, named earlier
the physical precursors of earthquakes (Scholz et al.,
1973). We should agree with Dobrovolsky (2009) that
earthquake prediction is the reversed problem of the
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physical mechanism of earthquake preparation.

This paper attempts to find a reliable compro-
mise between different points of view using both the
formal seismological approach to precursors and their
physical nature, which is connected with the devel-
opment of critical state of the complex system dur-
ing earthquake preparation. The recent developments
of lithosphere-atmosphere-ionosphere coupling (LAIC)
model (Pulinets and Ouzounov, 2011) have demonstrat-
ed that the observed anomalies within the time interval
few days before the seismic shock are not the set of inde-
pendent variations of different geophysical parameters
just like it is considered in different publications (Ci-
cerone et al., 2009) but demonstrate some synergy in
their behavior, space and time synchronism, nonlineari-
ty. Existence of different thresholds leading to the qual-
itative change in the system states, presence of differ-
ent phases of the same substance (water) participating
in interaction, multi-scale dynamics led to conclusion of
synergetic character of the observed phenomena. Recent
publications (De Santis et al., 2011) give understand-
ing of the direction of the process development based
on the maximum entropy approach, and more chances
to include the pre-seismic anomalies into the family of
earthquake precursors.

Taking into account that radon plays the crucial
role in the LAIC mechanism, essential part of the paper
is devoted to the substantiation of precursory nature of
radon variations before earthquakes. The consequences
of radon action on atmosphere, which is ionization of
boundary layer, can also be regarded as precursor using
their physical nature and genetic coupling with radon.

2 Exoneration of radon as earth-
quake precursor

According to Wyss (1997b) the earthquake precur-
sors should satisfy the well-determined formal criteria:

Validation criteria. Proposed precursors should
satisfy the following criteria: (1) The observed anomaly
should have a relation to stress, strain, or some mech-
anism leading to earthquakes. Evidence of a relation-
ship between the observed anomaly and the mainshock
should be presented; (2) The anomaly should be simul-
taneously observed on more than one instrument, or at
more than one site; (3) The amplitude of the observed
anomaly should bear a relation to the distance from the
eventual mainshock. If negative observations exist closer
to the mainshock hypocenter than to the positive obser-
vations, some independent evidence of the sensitivity of

the observation sites should be provided. For instance,
if the anomaly is observed at a site that appears par-
ticularly sensitive to precursory strain, it should also be
more sensitive to tidal and other strains; (4) The ratio
of the size (in time and space) of the dangerous zone to
the total region monitored shall be discussed to evaluate
the usefulness of the method.

We leave out the scope of this paper the questions
of data quality, anomaly detection, and association with
subsequent earthquakes. Our main concern would be
the Validation criteria. We will also keep the physical
principle that if the relationship is established, it will be
fulfilled for other cases because of universal character of
the physical laws. The Kobe earthquake case (Japan, 17
Jan. 1995, Mw6.9, 05:47 JST, strike-slip focal mecha-
nism) is selected for consideration as the most carefully
analyzed (Yasuoka et al., 2010).

Actually, the radon-stress connection was consid-
ered in many papers, starting from Roelofs (1998) where
radon and strain data for the M7 Izu-Oshima earth-
quake of 14 January 1978 show changes preceding the
earthquake and synchronous sharp changes with ap-
proaching the main shock. Regardless the earthquakes,
the radon variations associated with the Earth’s crust
deformation were reported in Triqué et al. (1999) for
the case of deformation produced by reservoir water lev-
el, in Aumento (2002) for the high correlation of solar
tides and radon variations. Sebela et al. (2010) analyzed
the 3D deformations in cave and their direct correlation
with radon variations.

But the most interesting for our consideration is
the results presented in Yasuoka et al. (2006) where
atmospheric radon variations and the close proximity
to the Kobe earthquake epicenter are considered using
the critical point conception. Figure 1 demonstrates the
best fit of the residual of air radon variations with a
log-periodic power law as typically used for the cumula-
tive Benioff strain (Sornette and Sammis, 1995). Main
conclusion of the paper is that the power-law of the
Benioff strain (Ben-Zion and Lyakhovsky, 2002), and
the log-periodic oscillation model (Sornette and Sam-
mis, 1995), are applicable to not only Benioff strain,
but also to atmospheric 222Rn change. This result im-
mediately brings us to conclusion that radon variations
before Kobe earthquake perfectly satisfy the item (1) of
Validation criteria.

From collection of papers regarding the radon vari-
ation analysis before the Kobe earthquake (Yasuoka et
al., 2010) it is possible to find that the radon measure-
ments were carried out by two different techniques
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Figure 1 Variations of the analytical smoothed residual
222Rn concentration (closed circles) and the log-periodic
best fit curve of the critical exponent (Sornette and Sam-
mis, 1995) for the fixed t.=1995.045 (¢ is the time when
the system reaches the critical point). An arrow indicates

the critical point. After Yasuoka et al. (2006).

giving data of air radon variations and radon concentra-
tion in water (Yasuoka et al., 2009). Both show the vari-
ations with relation to strain and sharp increase while
approaching the critical point. We can conclude that
radon variations before Kobe earthquake also satisfy the
item (2) of Validation criteria.

Considering the item (3) we should turn to the
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Figure 2

statistical data, best presentation of which concerning
radon variations are given in Toutain and Baubron
(1998). This comprehensive review shows that radon
follows the logarithmic distribution in relation to dis-
tance from epicenter versus magnitude, first formulated
by Dobrovolsky et al. (1979) (see Figure 2). From Figure
2a one can see magnitude-distance relations for different
levels of elastic deformation. By different symbols are
marked different anomalies (crust conductivity, magnet-
ic, gravimetric, seismic velocity, etc.) registered at the
maximal distance from the epicenter of earthquake of
given magnitude. It is clearly seen that they are concen-
trated near the line corresponding to the 10~ deforma-
tion level. Figure 2b (Toutain and Baubron, 1998) shows
the similar distribution only for radon. It demonstrates
that majority of the points are situated under the line
also corresponding to the deformation 1078, The au-
thors used not only the maximum distance from the epi-
center, but all points, that is why they are spread in the
space below the line of 10~8. Dobrovolsky in his recent
publication (Dobrovolsky, 2009) interpreted the limit
10~® as a level which tide deformations can reach, so
everything that is higher than 10~® would be connect-
ed with stronger deformations associated with tectonic
activity. But this relation has more profound meaning
connected with the reaching the system of critical state
(Bowman et al., 1998). In the discussion they proposed,
“that the critical region is controlled by the size of the
regional fault network, rather than by the transfer of
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(a) Determination of the size of earthquake preparation zone in relation to magnitude

according to Dobrovolsky et al. (1979). (b) Radon and geochemical precursors of earthquake distribu-
tion versus magnitude according to Toutain and Baubron (1998). The single bold line characterizes the
empirical relationship of Fleischer (1981) who calibrated the maximum distance of a radon anomaly
for a given magnitude on the basis of a shear dislocation of an earthquake. Dashed line L characterizes

typical rupture length of active faults as a function of magnitude by using the empirical law of Aki
and Richards (1980). Modified from Pulinets et al. (2004).
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elastic energy to the fault plane”. They considered the
proportionality between the size of the largest member
in the fault system L and the radius of the critical zone
R, and concluded that in practice, R can be ten times
larger than L or more. Using results of Kanamori and
Anderson (1975) they obtain

logR ~ 1/2M. (1)

But the best fit gives the value of slope 0.44 which is
almost the same as 0.43 of Dobrovolsky et al. (1979),
R=10%*3M S0 we can interpret the relation shown in
Figure 2 as determination of the critical zone size which
is equivalent to the earthquake preparation zone.

It should be noted that formulation of item (3)
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of Validation criteria is a little bit straightforward
and primitive if taking into account the complexity and
heterogeneity of earthquake preparation region. Direc-
t amplitude versus distance relationship for precursor
appearance could be observed only for ideal elastically
deforming media. There is also not a direct coincidence
of the point of the maximum strain and focal zone.
Earthquake happens in the weakest point of the critical
area, which is not necessarily the point of the maximum
strain. It is clearly seen from Figure 3 (Ouzounov et al.,
2005) where the thermal anomalies are stronger over
active tectonic faults than in the vicinity of epicenter
(shown in figure by asterisk).

Figure 3

(a) Tectonic map of India. (b) Thermal anomalies observed six days before the Gujarat earthquake

M?7.9 on 26 January 2001. After Ouzounov et al. (2005).

The item (4) of Validation criteria has practi-
cal sense only for small earthquakes because for earth-
quakes with M>7 the “dangerous zone” or by oth-
er definition, earthquake preparation zone may cross
the state borders. Here two extreme cases could be
mentioned. For Sumatra-Andaman earthquake of 26
December 2004, the earthquake preparation zone was
7 000 km, and it is worth speaking about the global
network of earthquake precursors monitoring. It should
also be mentioned that for this earthquake the anoma-
lous radon variations were registered at West Bengal
province of India (Das et al., 2005). From the other
point the only one country in the world where radon
monitoring is organized using uniform grid of observa-
tions based on unified technology is Turkey where cri-
terion (4) could be satisfied in terms that earthquake

preparation area would be smaller than the whole ob-
servation network.

Concluding the paragraph, we can state that the
dignity to be named “earthquake precursor” could be
returned to radon, which means that its regular obser-
vations should be re-established in the seismically active
zones of our planet, which really happens. The num-
ber of publications on radon anomalies before earth-
quakes has been growing exponentially during the last
few years, confirming its validity to be used in the earth-
quake prediction problem (inan et al., 2008; Sebela et
al., 2010). It would be logical (from the physical point
of view) to consider all other processes in atmosphere,
which are the consequence of anomalous radon fluxes
action onto atmosphere also as earthquake precursors.
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3 LAIC model as a complex sys-
tem

The lithosphere-atmosphere-ionosphere coupling
model started its development in 1998 (Pulinets et al.,
1998), and through several modifications (Pulinets et
al., 2000, 2002, 2006; Kim et al., 2002; Pulinets and Bo-
yarchuk, 2004) it reached its completeness quite recently
(Pulinets and Ouzounov, 2011). What this model differs
from many others lies in its multidisciplinary character
involving seismology, geochemistry, atmospheric chem-
istry, meteorology, thermodynamics, atmospheric elec-
tricity, plasma physics, space plasma electrodynamics,
etc. The processes described by the model are devel-
oped in different geophysical shells starting from the
Earth’s crust, through atmosphere, ionosphere, up to
magnetosphere. To track the development of anoma-
lies with approaching the earthquake moment we have
to measure (or to model) many different parameters
of different geophysical media which put forward the
idea of multiparametric approach in earthquake precur-
sors monitoring. The model demonstrates its essentially
nonlinear character having different thresholds in pro-
cesses development and characteristic branch points.
And what is most important, the processes develop-
ment has some kind of directionality, intrinsic to the
complex chaotic processes leading to the critical state
of the system. This property is inherent for the most
of natural irreversible processes (especially in biology),
and is named as “time’s arrow” (Eddington, 1928). In
thermodynamics (which has essential contribution to
our model) the directionality of processes is described
by the velocity of entropy growth (Kondepudi and Pri-
gogine, 1998). As concerns the seismology, the similar
approach was proposed recently for interpretation of b-
value of Gutenberg-Richter law in terms of entropy max-
imum (De Santis et al., 2011). In these terms the 2009
L’Aquila earthquake was determined as chaotic process
(De Santis et al., 2010).

To not rehearse the model description from Pu-
linets and Ouzounov (2011), we will make accent here
only on features, which demonstrate the synergy of dif-
ferent processes — interaction of subsystems leading to
simultaneous entropy growth and self-organization. We
can separate the precursors generation system by sev-
eral subsystems, namely: (1) radon migration in crust
and exhalation into atmosphere (we will name it RN);
(2) boundary layer ionization by radon and ion clusters
formation through the process of ion induced nucleation

(IIN); (3) latent heat release due to water vapor con-
densation on ions (LH); (4) changes in atmospheric elec-
tricity through conductivity changes due to ion clusters
formation and interaction with aerosols (AE); (5) ther-
modynamic processes leading to formation of anoma-
lous fluxes of latent heat and spots of OLR — outgoing
longwave radiation (THD); (6) changes in atmospher-
ic parameters such as surface air temperature, relative
humidity, air pressure, earthquake clouds formation, jet
streams (MET); (7) ionospheric effects (anomalous vari-
ations of plasma concentration and temperature), ion
composition changes, optical emissions, ELF-VLF nois-
es, coupling with magnetosphere and particle precipita-
tion (IMC); (8) radio wave propagation effects — VLF,
HF, VHF frequency bands through the changes of atmo-
sphere and ionosphere parameters (RWP); (9) genera-
tion of electromagnetic emissions in different frequency
bands — ELF, VLF, VHF (EME).

Instead of flow chart diagram of LAIC presented in
Figure 10 of Pulinets and Ouzounov (2011), we propose
here the multisystem conception in geophysics (Geosys-
temics), which is developing fast now (De Santis, 2009),
and model verification and validation approach (Thack-
er et al., 2004), which uses the multisystem for the mod-
el’s verification and validation. Using this, the LAIC can
be presented as a complex graph (Figure 4) with divi-
sion by subsystems mentioned above, every of which is
split into the components, where every of components
consists of several unit problems. It should be noted
that components of subsystems may belong to several
subsystems partly or completely, and this provides the
complex interaction between the subsystems. As an ex-
ample of such component the formation of large (aerosol
size) ion clusters can be brought. It plays an important
role in at least seven subsystems: (1) it is final product
of the IIN subsystem; (2) formation of large ion clusters
leads to latent heat release (LH) due to vapor condensa-
tion on ions; (3) large ion clusters decrease the boundary
layer conductivity, changing the local parameters of the
global electric circuit in the subsystem (AE); (4) large
ion clusters change radiative parameters of boundary
layer, modifying its thermodynamic properties (THD);
(5) large ion clusters could serve as nucleus for the EQ
clouds formation (MET); (6) large ion clusters through
the air conductivity changes modify the conditions for
subionospheric propagation of VLF signals, creating the
VLF propagation anomalies; simultaneously these clus-
ters can form the aerosol layers which serve as reflective
screen for VHF signals overhorizon propagation (RWP);
(7) aerosol layers through their electrification can
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generate the electric discharges which are registered as
pulsed emission at wide frequency band (for example
P-H pulses), the rotational oscillations of the complex

Complete system
P v LAIC

RN 1IN LH AE

THD/ \MET,

ions can emit the continuous VHF emission also regis-
tered before earthquakes (EME).

Subsystems

IMC/ \RWP/ \EME

Components

Unit problems

Figure 4 LAIC as a complex system (modified from Thacker et al., 2004).

As examples of unit problems we can bring cal-
culation of ion concentration as a result of ionization
by radon and its progenies, or calculations of air con-
ductivity changes, or estimation of latent heat released,
etc.

It should be mentioned that subsystems interact
through their components creating the positive and neg-
ative feedbacks. For example, the high air relative hu-
midity facilitates the formation of large ion clusters in
IIN process, but intensive condensation of water vapor
on ions will decrease the relative humidity. And these
feedbacks automatically lead to the existence of differ-
ent thresholds in the system, which may bring the am-
bivalent results. The size and stability of ion clusters,
which are formed under IIN process, depend mainly on
ion concentration and relative humidity (Pulinets et al.,
2006). The initial phases of IIN are described in Yu and
Turco (2001) while considering the troposphere ioniza-
tion by galactic cosmic rays. One can find different ver-
sions of IIN models (Laakso et al., 2002). In Pulinets et
al. (2006) was shown that in phase transitions of water
vapor the latent heat for the water molecule is equal to
its chemical potential or work function to separate the
molecule from the water drop. In the multicomponent
media with external impact, relative humidity H can be
expressed as

0.032AUcos?t

) ©)

exp(—
where U(t)=Uy+AU-cos*t, AU is the averaged by the
volume chemical potential correction as a result of ex-
ternal impact. The daily variations of the solar radia-
tion were taken into account as cosine quadrate. It is
also taken into account that Uy was calculated for the
boiling temperature. The AU is the integrated factor re-
flecting the process of ion clusters formation. The larger
AU the larger the bond energy of water molecules, the
more stable are ion clusters (longer living time before
recombination), the larger size they can reach. The spec-
trum of ion size in the Earth’s atmosphere is now ex-
tensively studied (Horrak et al., 1998; Hirsikko, 2011).
Experimental measurements show the wide variety of
sizes of atmospheric ions. It is also demonstrated that
ions accelerate the water vapor condensation and are
very good centers for condensation (Laakso et al., 2003;
Svensmark et al., 2007). At the same time it was demon-
strated in experiments with coronal discharge under at-
mospheric pressure that size of the formed ion clusters
almost linearly depends on the relative humidity (Seki-
moto and Takayama, 2007).

It is well established also that ion cluster size is
important for the boundary layer electric conductivi-
ty because of different mobility of ions with different
size (Horrak, 2001). According to this publication the
mobility for different ions varies in normal conditions
from 3.14 cm?V~'.s™! for small ions to 4.1x107%
cm?-V~1.s71 for large ions. The small and medium-size
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ions increase the boundary layer’s electric conductivi-
ty while the large ones, if their concentration is high
enough, will essentially decrease it. So one can imag-
ine the chain of processes in the form of flow-chart
diagram presented in Figure 5. Concentration of ions
depends on the ionization rate, but also on the losses
connected with weather condition and recombination.
The size of growing ions due to nucleation process de-
pends on ion concentration, relative humidity as factors
of formation, and weather conditions, turbulent diffu-
sion and electric field, which can remove ions from the

Ton concentration
relative humidity

l

Chemical reactions
ion induced
nucleation

Radon exhalation
increase

Tonization,
production of ions

—>

T

Weather conditions
turbulent diffusion
electric field

area of formation and growth. All these external con-
ditions are taken into account by the introduction of
chemical potential correction value AU. Looking at di-
agram in Figure 5, we can conclude that AU condition
is a branch point. Starting from specific critical value
it changes the state of atmospheric electricity and vari-
ations in ionosphere by 180° (increased/decreased air
conductivity, and positive/negative plasma concentra-
tion variation in ionosphere). It was explained earlier in
Pulinets (2009), and confirmed experimentally in Pu-
linets and Ouzounov (2011).

EF vertical gradient
| decrease
Tonosphere potential
decrease

Light ions prevail
increased air
conductivity

EF vertical gradient
I increase
Tonosphere potential
increase

Heavy ions prevail
decreased air
conductivity

Figure 5 Flow chart of subsystems interaction with the branching point (oval).

According to Boyarchuk et al. (2010) the AU can
be expressed in terms of usual meteorological parame-
ters: ground air temperature T, and relative humidity
H:

AU (eV) = 5.8 x 1071920 T, + 5 463)%In(100/H). (3)

Statistical data processing for several major earth-
quakes during the recent five years (Boyarchuk et al.,
2010) did not reveal the absolute value of the critical
meaning for AU: it is different for different locations
and probably is strongly dependent on meteorological
and orography conditions. But dependence of AU on
the distance to epicenter was revealed, which permits
to determine the epicenter position with accuracy of
few tens of km (depending on density of meteorological
stations). Such dependence for Wenchuan earthquake is
demonstrated in Figure 6.

Next example of the subsystems interaction is
demonstration of the nonlinear multi-scale processes in
formation of the thermal anomalies. As it was demon-
strated in Pulinets and Ouzounov (2011), due to more
intensive radon release over active tectonic faults the
land surface temperature (LST) increases mostly over
the faults what gives opportunity to monitor the fault
structure from satellites. This effect is registered regu-
larly practically for all strong earthquakes with M >6.
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Figure 6 Chemical potential correction value AU de-
pendence on the distance from the epicenter of Wenchuan
earthquake (after Boyarchuk et al., 2010).

Examples of LST distribution before the Wenchuan
earthquake for 1 and 5 of May 2008 are shown in Fig-
ure 7 (Huang et al., 2008). The temperature difference
(within the range 2-5 °C) between the heated air over
the fault and air between the faults creates the advec-
tion air movement. Simultaneously heated air creates
the vertical convection flux. Both horizontal and verti-
cal movements in the presence of Coriolis force produce
condition for the formation of helical structures like it
happens during formation of typhoons. Small vortices
forming near ground surface are merging into larger
structure like it is shown in Figure 8 (Meunier et al.,
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2005). Possibility of vortices emerging, persistence, and
merging were considered in McWilliams (1984). This
behavior is also found in the temporal evolution of
spherical harmonics of the geomagnetic field (De San-
tis et al., 2003). Such process is called reverse cascade

ERRRO00ODEN

turbulence. It leads to the negative turbulent diffu-
sivity and viscosity and merging of small-scale helical
structures close to the ground level into the large-scale
thermal spot at the top of the cloud level (Levina et
al., 2000).
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Figure 7 Land surface temperature (LST) map registered by MODIS/Terra on May 1, 2008 (a) and

on May 5, 2008 (b).

vib,
f=

(a)
Lo}
0.5]
—0.5
71‘ 0_
= 5 0 05 10

1.0 —o. 0
x/b,
(@

by T xlby
(e)

M

Figure 8 Examples of computer modeling of the merging vortices. (a—c) Cross-cut experimental dye visu-
alizations of two laminar co-rotating vortices, and (d-f) vorticity fields obtained by two-dimensional direct
numerical simulations. The snapshots are taken before (a, d), during (b, €) and after (c, f) merging. After

Meunier et al. (2005).
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The similar two and three vortices structure we can
observe at higher levels (in the middle atmosphere) in
the images of the surface latent heat (Li et al., 2011),
see Figure 9. And the final stage is formation of the

Latent heat on May 6, 2008

10° N
38°
36°
34°
32°
30°
28°
26°

95°E 100° 105°

110°

large spot at the top of atmosphere in the form of long-
wave (8-14 p) radiation (OLR). OLR registered before
Wenchuan earthquake is shown in Figure 10 (Ouzounov
and Pulinets, 2010).

Latent heat on May 7, 2008
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38

95°E 100 105 110°

Figure 9 Latent heat flux spatial distribution registered on May 6, 2008 (a) and May 7, 2008 (b) before

the Wenchuan earthquake (After Li et al., 2011).
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Figure 10 OLR spot registered by AVHRR/NOAA-16
satellite on May 6, 2008 (After Ouzounov and Pulinets,
2010).

The last example of the inter-geospheres interac-
tion shows that the complete cycle of precursory infor-
mation passes from atmosphere up to the ionosphere
and magnetosphere, finally ends by energetic particle
precipitation down to atmosphere. This chain of pro-

cesses is presented in the form of ring diagram (Figure
11), and is described in Pulinets et al. (2002) and Kim
et al. (2002). The anomalies of atmospheric electricity
(mainly through the modification of air conductivity)
create the large-scale irregularities in ionosphere. Be-
cause of high conductivity of geomagnetic field lines,
the magnetospheric tube leaned onto the modified re-
gion of the ionosphere becomes to be modified through
formation of field aligned electron density irregularities
(this feature is a cause of magnetically conjugated ef-
fects observed in ionospheric precursors of earthquakes
records, especially for low-latitude earthquakes). The
VLF noises due to existence of plasma irregularities are
scattered into the modified magnetospheric tube (Shkl-
yar and Nagano, 1998), which creates the increased level
of VLF emissions within the modified tube (Larkina et
al., 1983). Natural incoherent wideband VLF radiation
trapped in a magnetospheric duct should lead to chaot-
ic variations in the pitch angles of energetic electrons.
Mathematically, such a pitch-angle scattering can be de-
scribed as diffusion in the pitch-angle space (Roberts,
1969). Interaction of electrons of radiation belt with
VLF emission in the case of earthquakes is similar to
interaction of lightning-induced whistler VLF emission
with electrons (Strangeways, 1999) but has its own fea-
tures (Anagnostopoulos et al., 2011). Not only precip-
itating electrons are observed but also the protons. This
mechanism was considered by Shklyar (1986). The
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Figure 11 Ring-type action of LAIC: atmospheric

effects from below and from above.

relaxation of energetic particles after precipitation
leads to increased ionization of the lower ionosphere
(D-region) and upper atmosphere (Paulikas, 1975), clos-
ing the ring of interactions.

The purpose of this paragraph was to demonstrate
that the set of geophysical anomalies observed at differ-
ent levels from the ground surface up to magnetosphere
is not a set of individual independent processes, but it
is a complex system of processes, which could be sub-
divided by subsystems interacting with each other. It is
a nonlinear system with multi-variant results of inter-
action having different level thresholds determining the
further development. Every subsystem takes part in sev-
eral interactions simultaneously, and precursor develop-
ment has direction of system state development and dis-
turbance propagation from the bottom to upper layers
of atmosphere and ionosphere: every previous precursor
supports development of the next one —it is a kind of
“cooperation” which was named by Herman Haken as
synergetics (Haken, 2004).

4 LAIC model as an open system

Theoretical estimations and experimental data for
more than hundred of recent strong earthquakes hap-
pened during the last decade have demonstrated that
enormous amounts of thermal energy are released be-
fore earthquakes (Kafatos et al., 2007; Ouzounov et
al., 2007; Li et al., 2011). Before Sumatra /9.3 earth-

quake latent heat anomalies of ~100 W-m~2 persisting
for 10 days, over nine, 200 kmx200 km grids released
3.1x10" J which is almost an order of magnitude larger
than mechanical energy released during the main rup-
ture (4.3x10'® J) (Kafatos et al., 2007). Also reported
is the surface air temperature increase over the area
of hundreds thousand square kilometers (Mil’kis, 1986;
Dunajecka and Pulinets, 2005). The anomalies of out-
going longwave radiation (OLR) are reported with en-
ergy fluxes from 10 to 200 W-m? (Ouzonov et al., 2006,
2007; Li et al., 2011). The question appears: are rel-
atively weak radon fluxes (even over large territory)
able to produce such a huge amount of energy? And
here we come to the most important point of the LA-
IC kernel: radon does not produce energy, it produces
the ions — centers for water vapor condensation, and
condensation itself is the source of the thermal energy.
Actually, we can say that radon produces the heteroge-
neous catalysis reaction, changing the relation between
two phases of the water state with release of the latent
heat, because our reaction (condensation) proceeds with
the energy release. How strong is change of phase state
relation? Laakso et al. (2003) have demonstrated that
condensation enhancement take place due to Coulomb
interaction between the ions and water molecules, and
this enhancement is near 5-fold. Svensmark et al. (2007)
demonstrated in laboratory experiments that nucleation
rate is proportional to the ion density.

And still the question remains: where is the source
of energy? The answer is very simple: it is Sun. Ther-
mal energy in the form of latent heat is in the water
vapor which was created earlier in the normal daily cy-
cle of latent heat transformation. So, our system dips
out the energy from environment, and in this point we
can determine it as pure open system.

5 Critical point/instant or critical
time interval?

The last point in the discussion on the LAIC prop-
erties is the question, when does the system reach the
critical point? In the first paragraph (see Figure 1) the
critical point moment was determined by the best fit-
ting to the power-law time-to-failure equation, and fi-
nally the value 1995.045 (17 January) day of earthquake
was obtained (Yasuoka et al., 2009). But with different
selection of initial parameters this value varied from
1995.034 (13 January) to 1995.073 (27 January), which
gives some interval of uncertainty.

The entropy concept was developed by De San-
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tis et al. (2011) to demonstrate the system approach
towards the critical point with two examples of earth-
quakes in ITtaly. According to their analysis the critical
point (entropy maximum) is reached 5 hours after the
main shock, and the main shock belongs to an ensemble
of earthquakes that occur some time before it and ends
a short time after (Figure 12) where entropy develop-
ment was estimated by two methods: 200-event adjacent
nonoverlaping windows (Figure 12a), and entropy esti-
mated over 200-event moving windows (Figure 12b).
Analysis revealed the threshold in entropy value
H;=0.1 which can be interpreted as the point of no
reverse when the system moves one-way to the main
fault rupture. In case of L’Aquila earthquake this val-
ues was reached on 30 of March with the largest fore-
shock (Mr,4.1). We can interpret the interval between
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Figure 12

Entropy H (moving windows)

the 30 of March and moment when entropy maximum
was reached as period of short-term precursors because
the system entered the way with no return.

We should underline the striking coincidence of the
period determined by De Santis et al. (2011) with period
of different anomalies registered before L’Aquila earth-
quake and reported in different publications (Rozhnoi
et al., 2009; Ouzounov et al., 2011). In Figure 13 the
anomaly of VLF signal amplitude for sub-ionospheric
propagation over the earthquake epicenter is present-
ed. One can clearly see that anomaly started on 31 of
March after crossing the system of the critical level.
The same situation is observed for ground temperature,
OLR and ionospheric anomalies reported in Ouzounov
et al. (2011).

0.6¢
(b)
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Entropy dynamics for L’Aquila earthquake of 6 April 2009. (a) Calculation for nonadjacent

windows; (b) Calculation for moving windows (after De Santis et al., 2011).
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Figure 13 Solid curve presents the night-time residual amplitude of the VLF signal for the pass NRK-Bari
passing over epicenter of L’Aquila earthquake. Shadowed area means signal crossing the 20 level. Dotted and
dashed lines present signal for passes NRK-GRZ and NRK-MOS which not pass over epicenter area (after

Rozhnoi et al., 2009).

This example let us to claim once more that
anomalies stimulated by radon exhalation before earth-
quakes and described in LAIC are the real short-term
earthquake precursors.

The only question remains, which seismologists
consider very important and which was not answered

in the present paper discussing the physical precursors
is: where is the co-seismic signal? The answer again is
not very complex. Atmospheric and ionospheric precur-
sors are generated not directly by crust deformations,
but by radon release. Through their temporal dynam-
ics they carry information on earthquake preparation
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transmitted by radon, and their development is deter-
mined by the time constants of plasma chemical reac-
tions, and delayed reaction of meteorological parame-
ters. The majority of atmospheric processes do not re-
act immediately, nevertheless their development before
earthquakes also has character of critical process, and
their spatial and temporal distributions are determined
by the earthquake preparation zone (earthquake mag-
nitude) and radon variation dynamics described by the
power law indicating time-to-failure.

Recently the ionospheric anomaly was detected
which probably has direct connection with the rupture
process and could be regarded as co-seismic. It is GPS
TEC enhancement, which lasts near 1 hour and centered
at the main shock time. But it is observed only for the
mega-earthquakes with magnitude close to 9 and one
of the possible mechanisms is the triboelectricity when
the pre-rupture slipping process starts (Heki, 2011). At
present moment we can state that it is just discovered
phenomena, and its physical mechanism study is before
us.

6 Conclusions

This paper was devoted to discussion of LAIC
model not in the sense of its description (what is done
elsewhere: Pulinets and Ouzounov, 2011) but to deep-
er understanding its qualities from the point of view
of complexity and synergy of precursors described by
model. It was demonstrated that radon still remains
the earthquake precursor both from point of view formal
seismological definition and from physical point of view.
It also attempts to demonstrate that the LAIC as a com-
plex system being a derivative from intensive radon ac-
tivity before earthquakes starts to demonstrate anoma-
lies in atmosphere, ionosphere and magnetosphere only
when the system approaches the critical state which in
turn can be determined by the threshold value of the
system entropy. This conception opens the way to merge
seismological and physical approaches to determination
of short-term earthquake precursors.
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