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ON THE SPACE-TIME LOCALIZATION OF INCIPIENT EARTHQUAKES
BY DIAGNOSTICS OF DISTURBANCES IN THE IONOSPHERIC PLASMA
USING A SPACE PROBE

This paper reports the results of in-situ probe diagnostics of local disturbances in the ionospheric plasma. The results are presented as
the space—time distributions of the charged particle temperatures and densities measured by the electric probes onboard the DEME-
TER (France) and the distributions of the electron and neutral particle temperatures and densities measured by the Langmuir probe
and the two-channel pressure probe onboard the Sich-2 (Ukraine). By the example of interpreting the output signals of the electric
probes onboard the DEMETER (France), the Sich-2 (Ukraine), and the CSES (China), it is found that maxima in the electron and
neutral particle temperature and density distributions along the spacecraft orbit in the ionospheric plasma correspond to the location of
the epicenters of earthquakes incipient on the ground track. An additional parameter that improves the epicenter localization accuracy
is the electron energy gain rate in the ionospheric plasma. It is shown that the relaxation times of maxima in the electron and neutral
particle temperatures in the ionospheric plasma determine the time to the first shock of an earthquake incipient on the ground track.
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On the space-time localization of incipient earthquakes by diagnostics of disturbances in the ionospheric plasma using a space probe

1. INTRODUCTION

The worldwide network of ground seismic stations
and observatories allows one to detect earthquakes
nearly at any point on the Earth’s surface and in the
oceans; however, they cannot detect incipient earth-
quakes. A substantial complement to the ground
network of seismic stations may be a space segment:
seismic activity monitoring with diagnostic instru-
mentation onboard spacecraft.

The ionospheric plasma is a sensitive indicator of
the processes accompanying earthquake incipience.
Based on the results of numerous observations of
variations in the ionospheric plasma parameters, the
basic ionospheric plasma disturbances induced by
seismic activity were identified.

Disturbances in the charged particle parameters —
the electron and ion temperature and density —
were found to be earthquake precursors [1, 8, 9, 14,
16, 23].

The ionospheric plasma is a weakly ionized gas. At
altitudes <1,000 km, the neural particle density is far
(more than an order of magnitude) greater than the
ion and the electron density. The state of the iono-
spheric plasma is largely governed by the processes
of collisions and energy exchange between electrons,
ions, and neutral particles. Information on collisions
and energy exchange between charged and neutral
particles may be used to analyze the ionospheric
plasma response to inputs from below and increase
the accuracy of data on seismic activity.

Satellite monitoring of variations in the iono-
spheric plasma parameters in the spacecraft orbit
gives information on processes on the ground track.
Measurements using onboard diagnostic instruments
give space-time distributions of local values of the
ionospheric plasma parameters along the spacecraft
orbit.

In most cases, incipient earthquakes are identified
by the total electron content (GPS signals received
by ground stations) and by the electron density cor-
responding to the critical ionospheric frequency
f,F2 (measurements by ground vertical sounding
stations). This gives information on the electron den-
sity averaged over the sounding path. Onboard probe
systems give information on local disturbances in the
ionospheric plasma parameters.

Electric probes have long been successfully used
onboard spacecraft to diagnose the rarefied iono-
spheric plasma [2, 3,7, 8, 9, 11, 20, 22]. The current-
voltage characteristics of single Langmuir probes and
multielectrode retarding-potential analyzers give lo-
cal values of the electron and ion temperature and
density in the ionospheric plasma. For example, in
[8, 9, 18, 20], the maxima in the space-time distribu-
tions of the electron and ion temperature and density
along the spacecraft orbit were used to localize the
epicenters of earthquakes incipient on the ground
track. As to the neutral particle parameters, little use
has been made of them in localizing incipient earth-
quake epicenters.

The goal of this work is to show that the use of
space-time distributions of the electron and neutral
particle temperature and density along the spacecraft
orbit measured with specially designed probes (a cy-
lindrical Langmuir probe and a two-channel electric
pressure probe) allows one to localize the epicenter
of an earthquake incipient on the ground track and
predict the time to its first shock.

2. ELECTRIC PROBES ONBOARD
THE DEMETER AND THE SICH-2

2.1. DEMETER satellite (France). The DEMETER
satellite (125 kg) was launched on June 29, 2004, to
study ionospheric disturbances associated with earth-
quakes. The DEMETER orbit: a perigee of 685 km,
an apogee of 712 km, and an inclination of 98.2°. In
December 2005, the orbit lowered to 660 km. The
satellite was operable for about six years. To diagnose
and monitor the ionospheric plasma, three probe
systems were used: two identical cylindrical Lang-
muir probes (ISL, Instrument Sonde de Langmuir, a
measuring electrode of radius r,= 0.15 cm and length
lp = 5.0 cm with a guard electrode of length ~2.5 cm);
a segmented Langmuir probe (SLP, a sphere of di-
ameter 4.0 cm made up of six measuring electrodes);
and a multielectrode thermal plasma ion analyzer
(IAP, Instrument d’Analise du Plasma). The electron
density N, and temperature 7, were calculated from
the ISL current-voltage characteristics. The ion den-
sity N, and temperature T, were determined from
the IAP output signals. The neutral component of
the ionospheric plasma was not diagnosed onboard
the DEMETER [8].
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2.2. Sich-2 satellite (Ukraine). The Sich-2 satel-
lite (145 kg) was put into a heliosynchronous circular
orbit of altitude ~700 km and inclination ~98.1° on
August 17, 2011. The satellite was equipped with two
probe systems: a charged particle detector (DE, a cy-
lindrical Langmuir probe of radius r, = 0.05 cm and
length [ ) = 12.0 cm with a guard electrode of radius
r, = 0.2 cm and length lg = 12.5 cm) and a neutral
particle detector (DN, a two-channel electric pres-
sure probe).

The probes were developed by the authors and
made at the Institute of Technical Mechanics, Na-
tional Academy of Sciences of Ukraine. The Lang-
muir probe serves to determine the electron density
N, and temperature T, from its current-voltage
characteristic.

The electric pressure probe serves to determine the
neutral particle density N, and temperature T ina
partially ionized rarefied plasma flow from its out-
put signals (the measuring channel currents). The
outer diameter of the case D, = 70 mm, the height
h, = 100 mm, the measuring channel inlet diameter
d, = 8.5 mm, and the tube length I, = 50 mm. The
measuring channels of the probe are orthogonal. The
normal n; to the inlet aperture of channel 1 is paral-
lel to the neutral particle velocity U, (n, || U,), i. e.,
to the spacecraft velocity U_ in the ionosphere. The
normal n, to the inlet aperture of channel 2 is per-
pendicular to the neutral particle velocity (n; L U,).

Before installing the DE and DN probes on the
Sich-2, comprehensive studies were conducted to sim-
ulate their interaction with rarefied hypersonic plasma
flows on the I'TM plasmaelectrodynamic setup: physi-
cal and numerical simulation (the solution of the Vla-
sov — Poisson equations) [19, 21, 22]. The probes
were tested in an atomic-molecular nitrogen plasma
at ion velocities 8.3...10.5 km/s, electron densities
N, = 10°..10' ¢cm~3, electron temperatures T, =
=0.8...2.5 eV, ion dissociation degree &, =0.7...0.79,
plasma ionization degree g, = 0.001...0.1, and ion-
to-electron temperature ratio T, /T, = 0.2...0.4. The
measurement accuracy provided by the DE and DN
probes was determined by comparing the plasma pa-
rameter values measured with them with those reg-
istered using the ITM setup diagnostic system: cy-
lindrical, spherical, and plane Langmuir probes, a
Faraday cup, and a multielectrode retarding-potential
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analyzer. The dissociation degree was measured with
an MKh 7303 mass-spectrometer. In addition to the
probe diagnostics system, the electron density was
measured using 3 to 9.8 GHz interferometers.

The error in plasma probe diagnostics is governed
by two components: the probe current measurement
error and the error of analytical and approximate
mathematical relationships that describe the collec-
tion of plasma particles by a probe.

The Sich-2’s scientific information acquisition
system developed and made at the Lviv Center of the
Institute for Space Research of the National Aca-
demy of Sciences of Ukraine and the State Space
Agency of Ukraine measured the currents to the
working electrodes of the DE and DN probes with an
error less than 1.0 % in the range from 10~ to 10~ A.
The physical and numerical simulation of the inter-
action of the DE and DN probes with a hypersonic
flow of the ionospheric plasma made it possible to
get analytical and approximate relationships for the
current to the DE cylindrical probe and the pressure
(the output signal of the DN probe). The accuracy
of those relationships for the ionospheric conditions
was checked by comparing the measured values of
the probe output signals with the calculated ones; for
the DE probe, use was made of the current-voltage
characteristics measured with the cylindrical probes
onboard the Intercosmos-10 [11], DEMETER [8],
and Explorer-17 [2].

It was found that the calculated current-voltage
characteristics of the DF cylindrical probe in the
electron saturation current mode approximated the
measured ones with an error less than 2 %. The to-
tal error for the DE probe does not exceed 3 % [21].
In estimating the error introduced by the computed
current-voltage characteristics of the DE probe, the
reference data were the angular pressure cyclograms
measured by the magnetron-type probe and the
cold-anode probe onboard the Explorer-32 [13]. It
was found that the calculated output signals of the
DN pressure probe agreed with the measured values
in the angle 6 range from —90° to +90° with an error
not greater than 5 % where 0 is the angle between the
spacecraft velocity and the normal to the inlet open-
ing plane of the probe’s measuring channel. The total
error in measuring the DN probe output signal does
not exceed 6...7 % [13, 19, 22].
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The neutral particle temperature in a plasma flow
is proportional to the squared ratio of the currents in
the two mutually orthogonal probe channels: 7, o
(12/11)2. The neutral particle density is proportional
to the output signal (current) of channel 2: N, o I,.

The symmetry axis of the Langmuir probe on-
board the Sich-2 was parallel to the Earth’s surface
and orthogonal to the spacecraft’s velocity and the
Earth’s magnetic field. The electron current satura-
tion portion of the current-voltage characteristic was
measured and processed at a probe potential from 0
to +6.95 V [21]. The combined use of the cylindrical
Langmuir probe and the pressure probe allows one
to determine not only the electron density N, and
temperature T, but also the neutral particle density
N, and temperature T, in the ionospheric plasma.
The ion component of the ionospheric plasma was
not diagnosed onboard the Sich-2.

The output signals from the two-channel pressure
probe are measured within a time of At, < 0.1 s,
which corresponds to a distance of Az, ~750 m on the
ground track. The electron saturation current is mea-
sured within a time of At, <0.3 s, which corresponds
to a distance of Az, ~ 2,300 m on the ground track.

3. ELECTRON ENERGY BALANCE
IN THE IONOSPHERIC PLASMA

According to the concept of a global electric circuit
and the penetration of a vertical electric field into
the ionosphere over a seismic activity zone [14, 15],
it is Joule heating that increases the temperatures
and particle densities in the plasma. In a steady
state, the energy imparted by Joule heating to a unit
volume of the electron gas in a unit time is equal to
the energy it loses due to electron-ion and electron-
neutral collisions, and this energy balance may be
represented as [4, 5, 10]

Qe:ikT;Ne 1_L Senven_l— 1_1 6eivei 2
2 T, T,

[W/m?], (1)
where Q, is the electron energy gain rate, k is the
Boltzmann constant, §,,, 8, are the fractions of the
electron energy loss by electron-neutral and elec-
tron-ion collisions, and v,,, v, are the electron-
neutral and electron-ion collision rates. For Joule
heating Q, =J,-E, =o,E; /(1+B?) [10]
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where J, is the electron current density, E = is
the electric field; o, is the plasma conductivity,
B.=®, [V, Vi =V, +V,,,and o, is the electron
cyclotron frequency.

The magnetic field does not affect the electron ve-
locity component parallel to B_ ; it only affects the
electron motion in a direction perpendicularto B .
The transfer coefficients along the magnetic filed
lines are equal to those in the absence of a magnetic
field (B_ =0) [5].

The electric field component parallel to B_ is

T T
E,=2.92x10"° {k—Kl ——"JSMVM +
e T

4

1/2
+(1_%j86ivei}(vm + vei)} [V/m] . @

For electrons of the ionospheric plasma at altitudes
of 200...700 km, inelastic collisions with neutral par-
ticles are predominant. The electron energy loss factor
o . in collisions with atomic oxygen (AO) is [5]

6.6x107°
0 T 'T1/2 ’ 3)
where T and T, are ineV.

With consideration of the data from [5], fore — O
inelastic collisions, it follows

8.0 Ve0 =2x10"" NO/Tn ) “4)
where T, isineV,and N, is the AO density (in cm~3).

The ion temperature T, appearing in Egs. (1) and
(2) is determined from the equation

eO

14

148, v,,/8,v,;

in " in

)

i n
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where 6, is the fraction of the ion energy loss
by ion-electron (o = e) and ion-neutral (a = n)
collisions, and v, is the ion-electron and ion-
neutral collision rate, yVe =3.64x10°N,InA / T,

A= 124><107(T /N) N,=N,, N,, incm" and
T, in K [10].

The O* and He™ ion temperature T, is found
from Eq. (5) using iterative procedures because the
ion-neutral collision rate for the resonant charge ex-
change O"+0 —>0+0" and He"+He — He+He"
dependson T,

Vin ™ Vorio

V. ~V
n He" +He

~1.8x10°(T, +T,)"* N,
~3.3x10°(T,+T,)"” N,

and the resonant charge exchange cross-section is a
functionof T, and T, .

As a first approximation, in Egs. (1), (2), and (5)
the equality T, =T, is used for altitudes h=200...
700 km at night and 200...500 km in the daytime, and
T, = (Te +T, ) / 2 is used for altitudes of 600...700 km.
For the AO charge exchange reaction, it is adopted
8, =8,..,=1/2 [5].

For elastic collisions

(8.0Vi0),, /BioVio # TV°T, <<1
in Egs (2), (4), and (5) the factor o,,v,, for the “e —
O” system is put equal to &V, . For “e — He”
collisions at T, = 0.1...0.3 eV, it follows that

8, *0,, 2.8x107*
and
8eHeveHe ~ 1‘4 x 1011 I\]HeT’el/2
where N, isincm™ 3and T, isineV.

4. RELAXATION TIME OF THE PLASMA ELECTRON
AND NEUTRAL PARTICLE TEMPERATURES

A shock relieves the stresses accumulated in the
Earth’s crust and the electric field that heats the
ionospheric plasma. The disturbed plasma parameters
relax to their undisturbed values by particle collisions,
diffusion, and recombination. At first, the electron
temperature relaxes by electron-neutral collisions [4,
17], and the relaxation times may be represented as

2.8x107 n T, - T,
n Senven Tvemax Tmax
andif 6,, and v, depend on the temperatures, then
at §,v ocT” and T, >T, , the time dependence of
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» [hl, (6)

the electron temperature Te(t) in the ionospheric
plasma for O, He, and H may be determined as

5. 6x107* [ i 05 }
T —11,lh 7
. (/1) [l ()
where ¢t is the temperature relaxation time by

Egs. (6) and (7), respectively.

5. SPACE-TIME LOCALIZATION OF EARTHQUAKES
ON THE GROUND TRACK

5.1. DEMETER. Figure 1 shows the space-time dis-
tributions of the ionospheric plasma parameters cal-
culated from the output signals of the DEMETER
electric probes [8]. The maxima in the space-time
distributions of the electron and ion density and
temperature were detected at satellite flyover time
UT, = 15:50:37, and they correspond to the intersec-
tion of the magnetic equator and the ground track.
The measurements were made at night (local time
LT =~ 22.30 h). The most probable source of the lo-
cal disturbances in the ionospheric plasma param-
eters over Sumatra at night was an M 8.6 earthquake
at a depth of h,~14 km. The earthquake struck at
UT, ~ 16:09:36, i. e., AUT = UT, — UT, = +18 min
after the DEMETER flew over the epicenter [8]. The
DEMETER electric probes detected the local distur-
bance in the ionospheric plasma parameters AUT ~
~ 0.3 hin advance of the shock. Thus, the effect of an
earthquake as a source of ionospheric plasma distur-
bances manifests itself as maxima in the space-time
distributions of N,, T, , and T, along the spacecraft
orbit detected over the earthquake epicenter on the
ground track.

Figure 2 shows the space-time distributions of
the electron density N, and temperature T, found
from the output signals of the DEMETER cylin-
drical Langmuir probe (ISL) in the daytime before
and after the Haiti earthquake [18], which struck on
January 12, 2010 at LT, = 16:53 (UT, = 21:53) at
the point Lat = 18.44°N, Long = 72.57°W (Leogan,
Haiti) on the ground track (Fig. 2, a). The maxima
T™ and N were detected on January 11, 2010
over the epicenter in the daytime (LT = 10:00) and at
night (LT = 21:00) in geomagnetically quiet condi-
tions: 3-hour planetary index of geomagnetic activ-
ity Kp ~ 1 and equivalent planetary amplitude index
Ap =9..4,i.e., nearly 24 hours before the M 7.0 first
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Figure 1. Space-time localization of the Sumatra earthquake (DEMETER, March 28, 2005): a — earthquake localization
(dashed curve — ground track, solid curve — magnetic equator, triangle — epicenter), b—d — distribution of the electron density
N, , electron temperature, T, and ion temperature T, along the orbit

i

shock. The disturbed parameter values N / N,, , January 2010 was the beginning of a new solar
™ /TOe ,and Q"™ / Q,, areshowninTable 1: )™ = | activity cycle, a minimum-to-mid activity transi-
= 4,400 K (day), and T, is the electron temperature | tion. For “transitional” solar activity (between min
averaged over =40 days before and after the first shock: | and mid), the AO temperature and density at the
T, =T;"id = 2,300 K. The electron density is adopted | DEMETER orbit altitude ~660 km [18] are ad-

as N™ =1.6x10*cm—>2and N,, = N" =10*cm=3. | optedas T,, ~ 1,000 K, T™ = 1,300 K, and N, =
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Figure 2. Electron parameter disturbance, induced by the Hait
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4

i earthquake (DEMETER, January 1, 2010): a — spatial localiza-

tion of the earthquake epicenter, b — disturbance in the electron density N, before and after the earthquake, ¢ — time history

of the electron temperature T, before and after the earthquak

=4x10°cm3accordingto 6, 12]. Forthese parameter
valuesand the DEMETER flyovertime LT, = 10:00 h,
the following particle temperature relaxation time
is obtained using Eq. (7): ¢, ~ 18:36. As a result, for
t. and the January 12, 2010 first shock time LT, =
16:53 h the time advance is ALT, =LT, - (LT, +t, ]~
+11:17. The relaxation time was estimated using

42

e (At — time reckoned from the first shock January 12, 2010)

the neutral particle parameters by the International
Reference lonosphere — 2012 (IRI-2012) and the
NRLMSIS-00 model [6, 12].

On August 21, 2018, the Langmuir probe (LAP)
and the retarding potential analyzer (RPA) onboard
the CSES (China) detected peaks in the AO ion den-
sity NO+ and the electron density N, over the epi-
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center of an M 7.3 earthquake, which was incipient
at the CSES flyover time and struck in the coastal
waters CarUpano, Venezuela, at Lat = 10.74°N, Long
= 62.98°'W at UT, = 21:31. The sharp peaks in N,.
and N, are shown in Fig. 5 of [9]. The CSES was
launched on February 2, 2018 into an orbit with an
altitude of ~507 km and an inclination of ~97.4°.

Table 1 shows the relative values 8F = F™ / E. .,
FM™ =T", NI™, Q'™ , and EO‘;“ (o =e, i, n for
T, and o = e for N and Q) measured with the probes
onboard the DEMETER and the Sich-2 and cal-
culated in geomagnetically quiet conditions (the
F, ’s are the undisturbed plasma parameters). Values
greater than one (OF, > 1) are characteristic not only
of 8N, , 8T,, and 8T, but of 8Q, and E_* as well.

5.2. Sich-2. Figure 3 shows the earthquake epi-
centers localized by the output signals of the elec-
tric probes onboard the DEMETER (1 and 2) and
the Sich-2 (3—6). The Sich-2 ground track and the
magnetic equator are shown as a dashed and a solid
curve, respectively.

In the Northern Hemisphere on May 24, 2012,
when the Sich-2 flew over the area with the coordi-
nates Lat = 73.0°N, Long = 5.7°E at UT, = 19.8 h,
its probes detected local disturbances in the neutral
and charged components of the ionospheric plasma:
™ ~ 3,100 Kand T™ ~ 1,300 K. The space-time
distributionsof N, T,, T ,and N, calculated from
the output signals of the Sich-2 probes are shown in
Figure 4.

Table 1. Relative values of the ionospheric plasma parameters

180°W 120°W 60°W 0° 60°E 120°E 180°E
90° N I EE '
750 N [ 2

RS
60° N |

30°N [
00
30°S

60°S [
75°S [ a
90° S

Figure 3. Earthquake epicenter localization by the output
signals of the electric probes onboard the DEMETER (/—
March 28, 2005, Sumatra, 2 — January 12, 2012, Haiti) and
the Sich-2 (3 — May 24, 2012, 4 — November 11, 2011, 5 —
September 14, 2011, 6 — October 2, 2011). Dashed curves —
ground track, solid curve — magnetic equator

The earthquakes on the ground track:
* May 24, 2012:

UT,, =22.05h, Lat = 72.96°N,

Long = 5.68°E, h, ~ 10 km; and M 6.1;
* May 25, 2012:

UT,, ~0.05 h, Lat = 72.94°N,

Long = 5.52°E, h, =~ 10 km; and M 5.0;
* May 25, 2012:

UT,;=4.05h, Lat = 72.90°N,

Long = 5.54°E, h, ~ 10 km; and M 4.9.

Spacecraft flight over the epicenter
Relative plasma
parameter values DEMETER DEMETER Sich-2 Sich-2
SF = FmaX/p March 28, 2005 January 12, 2010 May 24, 2012 November 23, 2011
oo % Sumatra Haiti Norwegian Sea Mediterranean Sea
N™ /N, 1.25 1.60 1.54 2.67
" [T, 1.12 1.91 111 1.73
™ /T, 1.38 — — —
™ [T, — — 1.23 1.42
Q™ /Q, 1.74 8.68 3.21 4.62
E;I;ax/anP _ — 1.44 1.68
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Figure 4. Space-time distributions of the ionospheric plasma parameters, measured by the Sich-2 probes on May 24, 2012:
a — electron density N, b — electron temperature T, , ¢ — neutral particle temperature T , d — neutral particle density N,

The shock nearest to the Sich-2 flying over the | are shown in Table 1 (Q™ = 1.06x10"!! W/m? and
May 24, 2012 earthquake epicenter (UT; = 19.8 h) | E™ =2.91x10~7 V/m). The relaxation times ¢, of
struck at UT,, = 22.05 h: the local parameter distur- the temperatures T and T"* by Egs. (6) and )
bances were detected AUT ~ UT,; — UT, = +2.25h | are t, ~1.8hand ¢, ~3.1h. Therefore the estimat-
in advance of the first shock. The disturbances were | ed tlme of the ﬁrst ‘shock after the Sich-2 flyover is
detected at night in geomagnetically quiet condi- UT =UT, + t, ~21.64 hand UT =UT, + t, =
tions: from May 22 to May 26, 2012, the geomag- | ~ 22 50 h. The variation of the actual ﬁrst shock tlme
netic activity indices Kp and Ap varied from 3 to UT21from1tsest1matedva1uelsAUT =UT,,— UT ~
0 and from 15 to 12, respectively, at sunspot number | ~ +0.41 hand AUT, = UT UT ~-0.45h for
R, ~69. The May 24, 2012 values of 8F, = F;‘“/FO“ t. ~1.8handfort, ~3.1h, respectlvely
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Figure 5. lonospheric plasma parameter distribution along the Sich-2 orbit, measured by the onboard electric probes on
November 23, 2011: a — electron density N_, b — electron temperature T, , ¢ — neutral particle temperature T , d — neutral

particle density N,

When on the night of November 23, 2011 at UT, =
= 21.5 h the Sich-2 flew over the point Lat = 34.3°N,
Long = 25.1°E, its probes detected the following
maxima: N™ = 1.6x10° cm=3, T™ = 2,900 K;
™ = 1,350 K; Q™ = 1.45x10~"" W/m?; and
Eﬁ;“ = 3.83x10~7 V/m. The November 23, 2011
space-time distributions of the ionospheric plas-
ma parameters along the Sich-2 orbit are shown in
Figure 5 (UT, ~ 21.5 h). The measurements were
made at night in geomagnetically quiet conditions at
Kp=1,-2, Ap =6-7,and R, =81.
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According to the USGS (United States Geologi-
cal Survey; https://earthquake.usgs.gov) data, two
shocks were detected at the point Lat = 34.3°N,
Long = 25.1°E on the ground track on November
23, 2011 before the Sich-2 flyover: UT,, = 12.53 h,
h, = 10 km, and M 5.5; UT,, = 13.53 h, h, =
= 10 km, and M 4.8, and an earthquake was detec-
ted on November 24, 2011 after the Sich-2 flyover:
UT,;=17.53h, h; =5km, and M 4.0.

From November 19 to November 26, 2011, the
geomagnetic activity indices Kp and Ap varied
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from 1 to 2 and from 3 to 7, respectively. Thus, the
most probable sources of the local disturbances in the
ionospheric plasma parameters were the shocks that
struck on the ground track at AUT, =UT, -UT, =
~—9.0 hand AUT,,=UT,, —UT, ~ —8.0 h before or
AUT,,=UT,, - UT, ~+20.0 h after the Sich-2 flyover.

The relaxation time of the electron temperature
T"*and the neutral particle temperature T," to
their unperturbed values in the ionospheric plasma is
estimated by Egs. (6) and (7) as ¢, = 19.3 h and t,
~ 20.9 h. For these values of ¢ the estimated time
UT =UT, +¢, of the first shock after the Sich-2 fly-
over 1s about UT ~16.8 hfor t, ~19.3 h and about
UT =UT, +¢t, =~ 18 4hfort = 20 9 h. The variation
of the actual ﬁrst shock time from estimated values is
AUT,,=UT,,—UT,, ~ +0.73 h and UT23 ~ —0.87 h
for £, ~19. 3 h and t, = 20.9 h, respectively.

5. 3 Equatorial ionization anomaly. The identifi-
cation of sources of local disturbances in the iono-
spheric plasma parameters is complicated in the
case of the combined effect of several sources, for
example, an earthquake in the zone of the magnetic
equator and the equatorial ionization anomaly (EIA)
in the daytime. The EIA effect manifests itself in the
daytime as maxima in the space-time distributions of
the electron and ion density N, and N, and minima
in the distributions of the electron and ion tempera-
ture T, and T, over the intersection of the magnetic
equator and the ground track.

On September 1, 2011 at UT = 01.1 h (LT =
=10.7 h) over the point Lat ~ 6.9°N, Long ~ 141°E at
the intersection of the ground track and the magnetic
equator, the Sich-2 electric probes detected a maxi-
mum in the distribution of N, and a minimum in
the distribution of T, (Figure 6). The measurements
were made in geomagnetically quiet conditions at
Kp =1,, Ap =5,and R_= 78 (British Geological
Survey https://geomag.dgs.ac.uk/data service/data/
magnetic indices/apindex.html).

Figure 6 shows the space-time distributions of
the ionospheric plasma parameters measured by
the Sich-2 probes on September 1, 2011: Fig. 6, a
shows the ground track and the magnetic equator
as a dashed and a solid curve, respectively; Figs. 6,
b and ¢ show the measured values of the plasma pa-
rameters N,, T,, and T, (curves /) and the values
of the electron density N, , the electron temperature

46

T, , the ion temperature T,, and the neutral particle
temperature T calculated according to the IRI-2012
and the NRLMSIS-00 model [6, 12].

5.4. Earthquakes + EIA. Figure 7 shows the values
of N,, T ,and T, measured onboard the Sich-2 on
September 14, 2011. The measurements were made
in geomagnetically quiet conditions at medium solar
activity: Kp =1,...1, Ap =5..4,and R, =78. The
maxima in the distributionsof N, T,, and T, at the
intersection of the ground track and the magnetic
equator (UT, ~ 1.7 h) may be indicative of iono-
spheric plasma disturbances caused by seismic ac-
tivity. According to the USGS data, no earthquakes
of magnitude M > 5 and depth h;, < 50 km were
detected on the Sich-2 ground track on September
14, 2011, but the following events occurred there on
September 13 and 15, 2011:

September 13, 2011: UT,; = 09:10:21; Lat = 35°N,
Long = 141°E, h, ~ 35 km; and M 4.8;

September 15, 2011: UT,, ~ 08:00:09; Lat = 36°N,
Long = 141°E; h, =~ 28 km; and M 6.1;

September 15,2011: UT,;=10:46:31, Lat=3.3°N,
Long = 126.7°E; h, ~ 44 km; and M 4.9.

It is seismic activity on the ground track that is re-
sponsible for the maxima N, T™ , and T," in
the distributions of ionospheric plasma parameters
found from the probe output signals measured on
September 14, 2011. The disturbances N, T™,
and T™ caused by seismic activity occurred against
the background of the EIA effect at UT, ~ 1.7 h
(LT, = 10.5h).

The most probable source of the ionospheric dis-
turbances detected by the Sich-2as N™, T™, and
T™ at UT, = 1.7 h (Figure 7) was the M 4.9 and
h, = 44 km earthquake detected by the USGS on
September 15, 2011 at UT,; = 10:46:31, which was
incipient at the Sich-2 flyover time. The difference
in time between the ionospheric plasma disturbance
detection by the Sich-2 at UT; = 1.7 h and the shock
time UT,; is AUT = UT,; — UT, = +33 h. The plas-
ma electron energy gain rate due to the earthquake is
QF =5.4x10~!" W/m?3, and that one due to the EIA
effectis Q™ =9.1x10~12W/m>.

The ratios of the plasma parameters disturbed by
the earthquake to those disturbed by EIA are shown
in Table 2. The relaxation time values of T and
T™ to the values T,.* and T,* (Table 2) by Egs.
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Figure 6. EIA-induced disturbances in the ionospheric plasma parameters, detected by the Sich-2 probes on September 1, 2011:
a — localization (dashed curve — ground track, solid curve — magnetic equator), b — distribution of the electron density N
(1 — measurements, 2 — calculations), ¢ — distribution of the electron, ion, and the neutral particle temperature T, , T, and T:
(I — measurements, 2 — calculations)
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3.0 F ! Table 2. Relative values of the disturbed
September 14, 2011 parameters of the ionospheric plasma
7 i
g 20k i Tonospheric plasma Measurement date
=) E parameters (Sich-2 September | October 2,
- H measurements) 14.2011 2011
= ;
Lor ; Q 5.93 6.05
. ! NI NG 1.38 112
a T [T 2.12 2.06
1.31 1.39

<

Figure 7. lonospheric plasma parameter dis-
turbances along the Sich-2 orbit, detected on

1.6

September 14, 2011 (probe measurements): a —

1 12 14 1.8 20 22 24 UTh electron density N, b — electron temperature
223 214 120 108 104 96 0.5 229 LTh T, , ¢ — neutral particle temperature T (T, —
21 64 69 27 —-17 —60 —74 32 Lat,deg undisturbed values)
c
(6) and (7) are t_ ~ 25.38 h and t, ~27.81h, re- The location of N, T, and T™* (earth-

spectively. Accordmg to the USGS data in the vi-
cinity of the intersection of the magnetic equator
and the Sich-2 ground track, the first shock after
the Sich-2 flyover struck on September 15, 2011 at
UT,, = 10:46:31. The estimated first shock time
UT =UT, +t, is about 03.08 h and about UT
~05 51 hfor t ~2538hand t, =27.81h, respec—
tlvely The variation of the actual shock time UT,,

= 10:46:31 from the estimated time is AUT
~+07.69 h and AUT ~+05.26 hfor ¢t and ¢ |, re—
spectively. l '

The effect of an earthquake in the presence of EIA
was detected by the Sich-2 electric probes on Oc-
tober 2, 2011. The space-time distributions of N,
T, ,and T, are shown in Figure 8. The measure-
ments were made in geomagnetically quiet condi-
tions near the magnetic equator (shown in Figure 3
as a solid curve; the ground track is shown as a dashed
curve)at Kp =2, -3 , Ap =5...12,and R, =81.
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quake plus EIA) corresponds to the intersection of
the ground track and the magnetic equator (Lat =
=12.9°N, Long = 95.85°E, and UT, = 04.0 h). Be-
fore the Sich-2 flew over that point, on October 1,
2011, the USGS detected seven shocks of magnitude
M4.1..5.2 at depth h, =14..46 km from UT, =
=01.47 hto UT,, = 17.47 h. On October 3, 2001, a
shock was detected at the point with the coordinates
Lat = 13.1°N, Long = 95.8°E after the Sich-2 flyover
(UT, =04.53h, h, =42km, and M 4.8). From Oc-
tober 1 to October 4, 2011, the geomagnetic activity
indices Kp and Ap varied from 2,...3to 1, and from
9...12 to 5, respectively. According to the plasma pa-
rameter values measured onboard the Sich-2, the
electron energy gain rate was Q" =8.1x10"? W/m?
for the EIA effect alone and QZ 49%10™" W/m3
for the combined effect of seismic activity and EIA.
The maximum relative values of the disturbed
ionospheric plasma parameters calculated from
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Figure 8. lonospheric plasma parameter distributions along the Sich-2 orbit, measured on October 2, 2011 (ground track portion

6 in Fig. 3): @ — electron density N, b —
density N

the probe signals measured on October 2, 2011 are
shown in Table 2. If the October 2, 2011 undisturbed
values of the ionospheric plasma parameters are tak-
en to be equal to those calculated by the IRI-2012
model at the point Lat = 12.9°N, Long = 95.85°E at
UT, ~04.0 hfor EIA, then it can be assumed that the
local disturbances in the ionospheric plasma param-
eters were caused by the October 3, 2011 earthquake,
which was incipient on the ground track at the Sich-2
flyover time UT, = 04.0 h. The impact of the earth-
quake on ionospheric plasma was detected by the
Sich-2 probes AUT, = +24.53 h before the shock.
The relaxation time of 7™ and T,™ for the
earthquake incipient at the Sich-2 flyover time
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electron temperature Te , ¢ — neutral particle temperature Tn , d — neutral particle

is t, =24.1 h and ¢, =23.63 h; correspondingly,
UT, = 04.10 h and UT, = 03.63 h. The variation
of the actual shock time from estimated values is
AUT, = +0.43 hand AUT, = +0.90 h.

The vertical dashed lines in Figures 3, 4, 7, and 8
connect N, T™ , and T™ to the location of the
earthquake epicenters on the abscissa axis.

The data presented in this section demonstrate that
the set of the charged and neutral particle parameters
determined from the output signals of a spacecraft’s
electric probes, namely, 8T,, 6T,, ON,, and 8Q,,
and the relaxation time of the temperatures T
and T™ to their unperturbed values T;, and T,, al-
low one to identify ionospheric plasma disturbance
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sources, in particular, to localize in space and time
the epicenter and the first shock of an earthquake in-
cipient on the ground track.

6. CONCLUSIONS

It is shown that the output signals of the electric
probes onboard the Sich-2 (a cylindrical Langmuir
probe and a two-channel pressure probe) allow one
to determine local values of the electron and neutral
particle temperatures and densities in the nonequi-
librium rarefied ionospheric plasma.

It is found that local disturbances in the charged
and neutral particle temperatures and densities along
the spacecraft orbit may serve as earthquake precur-
sors. Maxima in the space-time distributions of the
charged and neutral particle temperatures and den-
sities along the spacecraft orbit make it possible to
localize the epicenter of an incipient earthquake.

The relaxation times of maxima in the electron
and neutral particle temperatures to their undis-
turbed values give an estimate of the time to the first
shock of an incipient earthquake.
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MMPO IAEHTU®IKALIIIO [TIPOCTOPOBO-YACOBOI JOKATI3ALIIT 3APOJIXKYBAHUX
3EMJIETPYCIB 3A 30HAOBUMUW BUMIPIOBAHHSIMUW TAPAMETPIB 35YPEHOI
IOHOC®EPHOI IJIABMU HA KOCMIYHUX ATIAPATAX

HaBeneHo pe3ysibTaTH 30HI0BOI AiarHOCTUKM JIOKAJIbHUX 30ypeHb B i0HOC(EepHiii 11a3Mi in-situ. Pe3ynbratu npeacTaBieHO
Y BUIJISIII TPOCTOPOBO-YACOBUX PO3IOALUTIB TEMMEpaTypH i IIIJTBHOCTI 3apsI)KEHUX YaCTMHOK, BUMIPSIHUX €JICKTPUYHUMU
3oHmamu Ha 60pty DEMETER (®paHiiist), a TaKoX po3IMOIiIiB TeMITepaTypH i IIITbHOCTI €JIeKTPOHIB i HEUTpaTbHUX YacTH-
HOK, BUMipSIHUX 30HA0M JIeHrMIopa i IBOKaHAJIbHUM 30HI0M TUCKY Ha 60pTy «Ciu-2» (YkpaiHa). Ha npuknani intrepripeTauii
BUXITHUX CUTHAJIB eJeKTpuaHuX 30HIiB Ha 60opty DEMETER (®panuis), «Ciu-2» (Ykpaina) i CSES (Kwurait) BctaHOB-
JIEHO, 110 MaKCUMYMH B PO3MOJijaxX TeMIIepaTypH i IIJIBHOCTI eJIEKTPOHIB i HEUTpaJIbHUX YaCTUHOK B3MOBX opbitn KA B
ioHOC(EepHiii T1a3Mi BiAIOBIIAIOTh PO3TALLYBAHHIO CITILIEHTPIB 3eMJIETPYCIB, 110 3apOXKYIOThCSI Ha IMiACYYTHUKOBI Tpaci.
JlonaTkoBMM MapaMeTpoM, SIKMI MiABUIIYE TOUHICTb JJOKaJli3allil eMileHTpPiB, € LIBUAKICTb 3pOCTAHHS €HEPTii eJIeKTPOHIB y
ioHocdepHiit masmi. [TokazaHo, 1110 yac pesakcailii MaKCUMYMiB TeMIepaTypu eJIEKTPOHIB i HEUTpaTbHUX YACTUHOK B i0HO-
cdepHiii 1a3Mi BU3HAYa€ Yac 10 MEPILIOro MOMITOBXY 3eMJIETPYCY, LII0 3apOIXKYEThCS Ha MiJACYTyTHUKOBIH Tpaci.

Karouoei caosa: 3eminetpyc, ioHochepHa Iaa3Ma, Ha3eMHUM TPeK, eeKTPUYHUM 30HI, Yac TeMIIepaTypHOI peslakcalrii.
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