
ISSN 0016�7932, Geomagnetism and Aeronomy, 2013, Vol. 53, No. 2, pp. 227–233. © Pleiades Publishing, Ltd., 2013.
Original Russian Text © L.P. Korsunova, V.V. Khegai, Yu.M. Mikhailov, S.E. Smirnov, 2013, published in Geomagnetizm i Aeronomiya, 2013, Vol. 53, No. 2, pp. 239–246.

227

1. INTRODUCTION

Many earthquake precursors have been found by
now; these precursors are seen as significant variations
in parameters of different geophysical fields within the
lithosphere, lower atmosphere, and ionosphere of the
Earth (Zubkov and Migunov, 1975; Sidorin, 1979,
1992; Zubkov, 1983, 1987; Liperovskly et al., 1992;
Gufel’d and Gusev, 1998; Korsunova and Khegai,
2006; Ismagilov et al., 2006; Kopylova and Serafi�
mova, 2010). The world data on earthquake precursors
in different near�surface geophysical fields analyzed
has allowed researchers to conclude that almost all of
these precursors reveal long� (from years to tens of
years for М ≥ 6), medium� (from weeks to months),
and short�term (from hours to days) anomalous varia�
tions that reflect different rubies of seismic event prep�
aration (Zubkov, 1987). It has also been shown that the
prediction time of earthquake moments by long� and
medium�term precursors in the epicentral zone is
strongly correlated with the earthquake magnitude
and grows with increasing magnitude. However, as the
distance to an epicenter increases, the prediction
period of the appearance of precursors depends on
both the energy of the upcoming event and the dis�
tance between the observation point and the future
event’s epicenter. For example, it was found in

(Sidorin, 1979) that, when considering the distance
between an observation point and an earthquake epi�
center, all precursors can be subdivided into two large
groups: long� and short�term. It was revealed that
some precursors that appear immediately prior to an
earthquake are in fact long�term ones, but they mani�
fest themselves at a significant distance from the epi�
center of the respective upcoming event. These groups
are characterized by certain different dependences
written as log(ΔT × R) = aM + b, where М is the
earthquake magnitude; R is the distance between the
epicenter and an observation point; and ΔT is the time
period elapsed since the appearance of a precursor
until the earthquake occurrence (prediction time).
There are other dependences of this kind (Gufel’d and
Gusev, 1998), but most of them are derived from
ground�based observations. Substantial advances in
studying the regularities in the appearance of earth�
quake precursors in the lower (including the near�sur�
face layer) and upper atmosphere have been made in
the last decade (Hao et al., 2000; Korsunova and Khe�
gai, 2005, 2010; Liu et al., 2006; Korsunova et al.,
2010b). In these publications, empirical dependences
of both prediction times of earthquake precursors and
precursor detection probabilities on the magnitudes of
the upcoming earthquakes and distances between their
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epicenters and observation points were obtained.
Dependences of the precursor appearance time on the
magnitude and epicentral distance were obtained from
both ionospheric measurements and observations of
atmospheric electric fields (Korsunova et al., 2010b).
Based on literature data, the prediction time of a pre�
cursor appearance is also dependent on the hypo�
center depth of a preparing earthquake (Mikhailov,
2007; Bakhmutov et al., 2007; Xia et al., 2011).

An analysis of multiannual ionospheric observa�
tions in seismoactive zones has allowed us to distin�
guish the anomalies in ionospheric parameters, corre�
sponding to different stages of earthquake preparation
and being identified as long� and medium�term earth�
quake precursors (Korsunova and Khegai, 2006; Per�
rone et al., 2010; Korsunova et al., 2010b). It has been
found that regularities in manifestations of anomalies
in the ionosphere correspond to the results of ground�
based observations. Undoubtedly, empirical depen�
dences that link the prediction time of the appearance
of an earthquake precursor with the event’s magnitude
and epicentral distance to the observation point are of
great interest, but all of them were obtained in epigno�
sis. It is natural to question whether earthquake pre�
cursors are followed by earthquakes in real time.
Indeed, in some cases, this is not true (Smirnov, 2005;
Perrone et al., 2010). Therefore, it is important to dis�
tinguish real precursors that are followed by earth�
quakes from false ones (i.e., illogical anomalies that do
not indicate upcoming earthquakes). We have earlier
brought a few examples that, if measurements were
carried out in the same point and precursors appeared
in the atmospheric quasistatic electric field and in the
ionosphere, they were usually followed by earthquakes
(Korsunova et al., 2010b). If this conclusion is verified
for other earthquakes, then real precursors can be dis�
tinguished from simultaneous measurements of iono�
spheric parameters and the Еz component of the near�
surface quasistatic electric field at one point.

For this purpose, we considered the measurement
results of the Еz component of the near�surface atmo�
spheric quasistatic electric field, obtained by one of
the authors, and of ionospheric parameters in the set�
tlement of Papatunka, Kamchatka oblast, in the
period 1998–2002. Hourly data of ionospheric obser�
vations for the studied period were taken from the
NOAA National Geophysical Data Center (NGDC),
United States.

2. STUDY METHOD AND DATA ANALYSIS

In (Smirnov, 2005), there were 103 negative bays in
the Еz component of the near�surface atmospheric
quasistatic electric field, which had been distinguished
from observations of the gradient of electric field
potential under “good weather” conditions and which
were usually referred to earthquake precursors. How�
ever, only 37% of these bays were followed by earth�
quakes of K = 11–15 (М = 4.7–6.7) in energy class at

epicentral distances R = 100–1000 km within the fol�
lowing 24�h period. These cases likely refer to short�
term earthquake precursors. A certain part of the
remaining negative anomalies of the Ez component
might belong to medium� and long�term precursors,
as it was revealed in China (Hao et al., 2000). If this
suggestion is true, then, according to (Korsunova
et al., 2010b), in addition to precursors in the Еz layer,
there may be ionospheric precursors (in particular, in
the sporadic Es layer) on the same days. In order to
verify this, we processed the data of hourly ionospheric
observations made at the same point for the same years
and months when earthquake precursors were
observed in the near�surface electric fields (Smirnov,
2005).

Due to the fact that specific ionospheric anomalies
that are exclusively related to earthquake preparation
(not to other geophysical phenomena, such as mag�
netic storms) have not been found yet, it is believed
that statistically significant variations in any iono�
spheric parameter (critical frequency of the F2 regular
layer (foF2), limited frequency of reflection from spo�
radic layer Е (fEs), screening frequency (fbEs), and
others) can be a precursor (Liperovskly et al., 1992;
Gufel’d and Gusev, 1998; Ondoh, 2003; Pulinets and
Boyarchuk, 2004; Hobara and Parrot, 2005; Liu et al.,
2006; Oyama et al., 2011). In the previous publications
(Korsunova and Khegai, 2006, 2008), we suggested a
method to distinguish an earthquake’s ionospheric
precursor based on a certain set of morphologic signs
revealed from long�term observations of the iono�
sphere prior to earthquakes of different energy classes
in various seismoactive regions instead of relying on
only one parameter. According to this method, there
are the following typical features of ionospheric pre�
cursors of earthquakes:

—appearance of anomalously high sporadic layer
Е (Es) that exceeds the background values of virtual
height (h'Es) under quiet geophysical conditions for a
concrete time of the day by at least 10 km during a
period of 1–3 h;

—an increase in Es frequencies by at least 20%
accompanied by growth in foF2 during the same
period within a day (±12 h) relative to the moment of
the appearance of anomalously high Es.

This method was tested for crustal earthquakes
(hypocenter depth of no more than 60 km) with the
use of data of vertical ionospheric sounding in seismo�
active regions, such as Japan, Kamchatka, Cis�Baika�
lia, and Italy (Korsunova and Khegai, 2008; Kor�
sunova et al., 2010a, 2010b; Perrone et al., 2010), and
earthquake precursors of different prediction time
(ΔT) were revealed. At this point, we should note that
the application field of the suggested method is natu�
rally confined to latitudes where midlatitude sporadic
layer Е, which follows well�known day and seasonal
regularities, is observed (Chavdarov et al., 1975). Since
anomalous changes in Es parameters are the basis of
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our method, a comparative analysis of supposed earth�
quake precursors observed in Es and Ez parameters is
only possible for months when the probability of the
sporadic Е layer appearance is at least 50%. For Petro�
pavlovsk–Kamchatsk (the coordinates of the iono�
spheric probe are ϕ = 53.02° N and λ = 158.65° E),
these are mainly summer months. Thus, we processed
the data of ionospheric observations for August 1998,
June–August 1999, July 2000, May–June and
August–September 2001, and April–May 2002. To
find ionospheric precursors, we performed the follow�
ing routine tasks:

—calculated the deviations of the current values of
the effective Еs height (Δh'Es), screening frequencies
(ΔfbEs), and the critical frequencies of the F2 layer
(ΔfoF2) from the average values of these parameters
based on geomagnetically quiet days (Ар ≤ 10–15 nT);

—determined the days when the deviations of all
three parameters corresponded to the criteria for
choosing an ionospheric precursor, i.e., Δh'Es ≥ 10 km,
ΔfbEs/(fbEs)av ≥ 20%, and ΔfoF2/(foF2)av ≥ 10% for
the time period τ = 1–3 h.

For all above�mentioned periods, anomalies in Еs,
corresponding to the choice criteria of an ionospheric
earthquake precursor, were detected in 19 cases. In
13 cases, the distinguished precursors were followed by
earthquakes of M = 5.0–6.0 which occurred with differ�
ent delays (ΔТ) and at different distances (100–400 km)
from the observation point.

In six cases, the Es anomalies observed under quiet
heliogeomagnetic conditions were not followed by
earthquakes of the mentioned magnitude, hence
“false alarms” constituted 32%. All real ionospheric
precursors followed by earthquakes are given in Table 1,
which also contains the distances (R) between epicen�
ters and the observation point, calculated by the big
circle arc, taking into account the Es altitude. Note
that ionospheric information is gathered with a probe
from a relatively large domain of at least 50 km in size,
but, for more certainty in further calculations, we use
these computed distances. In 7 out of the 13 revealed
precursors in Es, precursors in the electric field were
detected on the same days (in Table 1, these cases are
marked with asterisks). The absence of precursors in
Ez in the rest of the cases can be related to the impos�
sibility of its reliable identification based on weather
conditions.

In the same months, anomalous negative bays were
revealed in the Еz component of the electric field, and
they were not accompanied by either Еs anomalies or
earthquakes (36%). They were observed both on the
days of magnetic storms and on quiet days but belong
to “false precursors,” because they cannot be corre�
lated with any earthquakes. Thus, the number of “false
alarms” in observations of Еz anomalies is nearly the
same as for ionospheric observations. However, all Еz
precursors were followed by earthquakes and Еs pre�
cursors were manifested for these events as well.

Therefore, under “good weather” conditions, real
precursors in Еz can be distinguished from false ones
only if data from simultaneous ionospheric measure�
ments are available. Real precursors in Еs and Еz mani�
fest themselves on the same days, so they have equal pre�
diction times for respective earthquakes (see Table 1).

For all distinguished ionospheric precursors of
earthquakes, one can see that the prediction time of an
earthquake by a precursor depends on the magnitude of
that earthquake (М) and the epicentral distance to the
observation point (R). The larger the M value, the earlier
a precursor appears for earthquakes with equal R; i.e.,
prediction time ΔТ is longer (see Table 1, nos. 5, 6). As R
increases for equal М, the prediction time of a precur�
sor decreases (see Table 1, nos. 2, 4, 9, 10). Such
behavior is typical of medium� and long�term precur�
sors and indicates the propagation of a disturbance
from an epicenter to the boundaries of the earthquake
preparation zone (Gufel’d and Gusev, 1998).

In the equinox months and winter, the sporadic Е
layer rarely appears at a latitude of Petropavlovsk–
Kamchatsk, so reliable information on precursors in
Еs cannot be acquired for these periods; real precur�
sors in Еz for these months were distinguished from
the found anomalies based on the above�mentioned
dependence of the precursor appearance time on the
magnitude and epicentral distance. Eleven probable
precursors in Еz, followed by М ≥ 5.0 earthquakes sev�
eral days or weeks later, were distinguished (Table 1,
nos. 14–16, 18–20, 23, 25–27, 30).

DISCUSSION

The figure presents the changes in the prediction
time for earthquakes by all distinguished real precur�
sors in Es (diamonds) and Еz (points), depending on
the magnitude of the following earthquakes. Horizon�
tal arrows indicate precursors of the same events
obtained through simultaneous measurements of Еs
and Еz parameters. For two groups of precursors in Еs
and Еz, the linear regression lines (solid line is Еs,
pointed line is Еz), obtained by the least squares
method

log(ΔT × R)Es = 0.85M – 1.23, (1)

log(ΔT × R)Ez = 0.9M – 1.5 (2)

are given with the respective standard deviations
(dashed line). The correlation factors for a 5% signifi�
cance level by Student’s test for the chosen cases are
ρEs = 0.98 with the confidence interval (0.96; 0.99)
and ρEz = 0.97 with the confidence interval (0.96;
0.99). The figure also illustrates the dependence of the
prediction time by a long�term precursor on magni�
tude (dash–dot line), obtained in (Sidorin, 1992) for
different ground�based observations carried out in the
same seismoactive region but in different years (geo�
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detic measurements, electrotelluric fields, ground
water level, and the Earth’s surface tilts):

log(ΔT × R)Sidorin = 0.82M – 1.26. (3)

All characteristics of the presented dependences
log(ΔT × R) = aM – b are given in Table 2.

It can be seen that, despite a limited number of
chosen cases, the computed correlation factors indi�
cate quite a high accuracy of the obtained depen�
dences of the prediction time on magnitude at certain
epicentral distances.

It follows from the figure that the dependences for
earthquake precursors in electric fields and in the ion�
osphere nearly coincide. The different coefficients in
formulas (1) and (2) are likely related to a certain vari�
ety of earthquakes and not only to different numbers of
earthquakes used for Еs and Еz. The regression line
plotted from ground�based observational data
(Sidorin, 1992) lies below these dependences. This
may mean that precursors in the near�surface and
upper atmosphere (ionosphere) appear earlier than on
the ground level for the same М and R values.

Table 1. Characteristics of earthquakes and their probable long�term precursors

No. Earthquake date M R, km Precursor date ΔT, days

Anomalies in the sporadic E layer (Es)

1* 30.08.1998 5.6 260 16.08.1998 14.5

2* 13.07.1999 5.0 180 08.07.1999  5.8

3* 06.08.1999 5.9 370 21.07.1999 15.2

4* 06.09.1999 5.0 120 28.08.1999  9.3

5* 18.09.1999 6.0 200 10.08.1999 39.9

6 12.05.2000 5.2 210 07.05.2000  5.5

7 03.06.2000 5.5 130 10.05.2000 24.0

8 08.06.2000 5.1 130 29.05.2000  9.8

9 01.09.2001 5.3 140 14.08.2001 17.0

10* 08.10.2001 5.3 160 26.09.2001 11.6

11* 10.10.2001 5.4 170 24.09.2001 15.6

12 08.05.2002 5.9 200 06.04.2002 32.0

13 29.05.2002 5.1 210 22.05.2002  7.0

Anomalies in the vertical component of the near�surface electric field (Ez)

14 09.02.1997 5.9 350 19.01.1997 21.1

15 06.12.1997 6.1 270 02.11.1997 34.0

16 07.12.1997 6.2 360 27.10.1997 40.4

17* 30.08.1998 5.6 250 16.08.1998 14.5

18 11.01.1999 5.6 130 08.12.1998 33.8

19 08.03.1999 5.8 120 02.01.1999 64.0

20 07.07.1999 6.1 460 23.06.1999 14.5

21* 13.07.1999 5.0 180 08.07.1999  5.8

22* 06.08.1999 5.9 360 21.07.1999 15.2

23* 06.09.1999 5.0 110 28.08.1999  9.3

24* 18.09.1999 6.0 200 10.08.1999 39.9

25 31.12.1999 5.0 120 22.12.1999  9.3

26 27.08.2000 5.1 40 24.07.2000 33.7

27 17.09.2001 5.3 100 31.08.2001 17.0

28* 08.10.2001 5.3 150 26.09.2001 11.6

29* 10.10.2001 5.4 170 24.09.2001 15.6

30 28.01.2002 6.1 440 01.01.2002 27.5

31 08.05.2002 5.5 150 22.04.2002 15.4
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The numerical coefficients in the given formulas,
especially in (1) and (3), are close to each other, indi�
cating a higher accuracy of identification for iono�
spheric precursors of earthquakes based on the sug�
gested method. Dependence (3) was obtained in
(Sidorin, 1992) exactly for long�term precursors;
therefore, precursors distinguished in Еz and Еs can be
referred to the group of long�term ones in the near�
surface and upper atmosphere, respectively. Moreover,
formulas (1)–(3) have a clearly defined physical sense.
Firstly, they show the direction of seismic disturbance
propagation. Indeed, every point on the regression line
satisfies the coordinates {М, log(ΔT × R)}. For a con�
crete magnitude, log(ΔT × R) = const if one neglects

the error in the M coordinate determination (S =
0.06–0.08), as is illustrated by the figure.

This means the following: for two different epicentral
distances, the correlation log(ΔT1 × R1) = log(ΔT2 × R2)
is satisfied; hence ΔT1 × R1 = ΔT2 × R2 and ΔT1/ΔT2 =
R2/R1. At R2 > R1, a precursor will appear earlier at a
station located closer to the epicenter (ΔT1) and the
time (R2) will be proportionate in comparison to the
distance to the second station (R1). This peculiarity
indicates the propagation of a seismic disturbance
from an epicenter to the boundaries of the earthquake
preparation zone.

4.2

2.6
6.44.8 6.05.65.2

4.0

3.8

3.6

3.4

3.2

3.0

2.8

log(ΔT × R)

M

Empirical dependences of the prediction time of earthquakes (ΔT) on the magnitude (M) and the epicentral distance (R) to an
observation point for anomalies in Es (diamonds, solid regression line) and Ez (points, dashed regression line) and based on the
data from different ground�based observations generalized in (Sidorin, 1992) (dash–dot line). The respective standard deviations
of the regression lines are shown with dashed lines. Horizontal arrows denote precursors of the same events obtained through
simultaneous observations of the Es and Ez parameters. 

Table 2. Characteristics of linear regression for different earthquake precursors

Parameters of a b Sa Sb S ρ n

Ez 0.90 1.5 0.05 0.3 0.08 0.98 18

Es 0.85 1.23 0.05 0.26 0.06 0.98 13

[Sidorin, 1992] 0.82 1.26 0.05 0.32 0.42 0.93 43

Note: Sa and Sb are the standard deviations of the a and b regression coefficients, S is the standard deviation error, ρ is the correlation
factor of the M and log(ΔT × R) values, and n is the number of considered cases.
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Second, dependences (1)–(3) for long�term pre�
cursors allow one to determine the prediction time for
an earthquake on the boundary of the preparation zone,
the radius of which is found from the Dobrovolsky for�
mula (Dobrovolsk et al., 1980): log(r) = 0.43 M (in kilo�
meters). In this case, R = r; log(ΔT × r) = aM + b; and

log(ΔT) = (a – 0.43)M + b. (4)

Since atmospheric precursors detect the boundary
of an earthquake zone, one can determine the predic�
tion time (ΔT) for an earthquake from different pre�
cursors on the basis of Eqs. (1)–(3), taking into
account the standard deviations of the a and b coeffi�
cients (Table 2). Calculations show that, for М = 5.0
and r = 150 km, the prediction time on the boundary
of an earthquake preparation zone will be 7.25–7.6
(ΔT precursors) and 6.9–7.25 (Еs precursors) days,
while 4–5.5 days will be required for precursors on the
ground level. In the case of М = 6.0 and r = 380 km,
the prediction times will be ΔTEs = 18–21 days, ΔTEz =
19–23 days, and ΔTSidorin = 11.5–12.5 days. This
means the following:

—in Еs and Еz, precursors for the same earth�
quakes appear nearly simultaneously for М ≤ 6;

—on the boundary of an earthquake preparation
zone, precursors appear depending on the magnitude
(the larger the magnitude, the earlier a precursor man�
ifests itself);

—in the near�surface and upper atmosphere (ion�
osphere), the prediction time of a precursor is longer
than on the ground level, independently of the magni�
tude.

The above�given calculations are made under the
assumption that the boundaries of earthquake prepa�
ration zones for both ground�level and atmospheric
precursors coincide and are determined by the Dobro�
volsky formula (Dobrovolsky et al., 1980). However,
some publications reported that ionospheric precur�
sors were recorded at distances exceeding the size of
the earthquake preparation zone, calculated by the
Dobrovolsky formula, by ~100–150 km even for М = 4
(Silina et al., 2010). Additionally, precursors of differ�
ent physical nature manifest themselves at the ground
level at different times (Sidorin, 1992). In (Kopylova
and Serafimova, 2010), this point was explained by
different scales of the stress�strain state of the upper
crustal layer. For example, based on measurements of
the deformation characteristics of the Earth’s crust,
the extent of the earthquake preparation zone, deter�
mined for 43 precursors, is described by the depen�
dence log(Lr) = 0.48М (Sidorin, 1992). For М = 5.0,
Lr = 250 km which exceeds the estimate by the Dobro�
volsky formula by 100 km but fits the manifestation
zone of ionospheric precursors from (Silina et al.,
2010).

Using logarithmic dependence (3), one can calcu�
late the propagation rate of the seismic velocity in the
near�surface crustal layer from a certain point with

epicentral distance R to the boundary of earthquake
preparation zone r by the simple formula V = (r –
R)/(ΔTR – ΔTr). For these two considered distances,
we have log(ΔTR × R) = log(ΔTr × r) = 0.82М – 1.26 =
log(C). Hence, ΔTR = C/R and ΔTr = C/r. For М = 6.0,
the radius of the earthquake preparation zone r = 380 km;
a propagating seismic disturbance from an observation
point with R = 100 km to the boundary of an earthquake
preparation zone produces VM = 6.0 ≈ 0.35 km/h. Thus,
the obtained logarithmic dependences characterize
the average expansion rate of an earthquake prepara�
tion zone, depending on the earthquake energy (mag�
nitude).

4. CONCLUSIONS

The conducted study of the effects in the iono�
sphere and near�surface quasistatic electric field, pre�
ceding strong (5.0 ≤ M ≤ 6.2) earthquakes, based on
measurements in Kamchatka allows us to make the
following conclusions:

1. Real earthquake precursors are observed nearly
simultaneously in the sporadic Е layer and in the ver�
tical component of the near�surface electric field
when measurements are conducted at the same point.

2. The logarithmic dependences that link the earth�
quake magnitude, prediction time of an earthquake,
and the distance between the observation point and
epicenter for both the ionosphere and near�surface
quasistatic electric field correspond to analogous
dependences for long�term earthquake precursors
obtained from measurements of different geophysical
parameters in the same seismoactive zone.

3. Atmospheric earthquake precursors in the Kam�
chatka seismoactive zone are the earliest prediction of
a probable seismic hazard.
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