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We present the quasi-optimum algorithm of localization of a source of coseismic ionospheric perturbation
based on GPS receivers’ network data processing. The initial data of the algorithm are the series of variations
of ionospheric total electron content (TEC), reconstructed using the measurements of the phase delays of GPS
signals. In order to select the TEC increments caused by ionospheric perturbation due to the earthquake, the
TEC series are filtered using a special procedure. The algorithm realizes coherent summation of all TEC series
of GPS array reasoning from the maximization of the energy of the total signal of the ionospheric response to
earthquake. The quasi-optimum algorithm allows determination of the perturbation propagation velocity as well
as of the coordinates, height and “switch-on” time of a source of coseismic ionospheric disturbance without
prior information about the perturbation form and the site and time of the main shock of earthquake. We used
the algorithm for measuring the parameters of ionospheric perturbations which accompanied the earthquake in
the vicinity of Hokkaido Island on September 25, 2003 and the earthquake near the south coast of Honshu
Island on September 5, 2004. The results of these experiments show the high accuracy of the perturbation
source coordinates estimation (33 km and 27 km respectively with reference of the earthquakes epicenters).
The estimations of perturbations propagation velocity (820 4 60 m/s and 460 + 40 m/s), heights (340 &+ 80 km
and 370 £ 130 km) and “switch-on” delay (346 s and 507 s) of a source of the perturbation obtained in both
experiments are in agreement with a theory according to which coseismic atmospheric disturbance propagates
within a narrow cone of zenith angles up to ionospheric heights and then diverges in the form of a spherical wave
with the radial velocity close to the speed of sound at these heights. It is also in agreement with the results of

earlier researches.
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1. Introduction

The method of Global Positioning System (GPS) mon-
itoring of the ionosphere is currently widely used for de-
tecting and studying ionospheric disturbances of anthro-
pogenic and natural origins. Anthropogenic sources include
nuclear events, explosions, rocket launching and powerful
radio emission, while natural sources are solar flares, earth-
quakes, volcanoes, heavy thunderstorms and auroral heat-
ing. The development of regional and international net-
works of densely spaced and continuously recording GPS
stations together with high accuracy of phase measurements
in the GPS system provides an opportunity to investigate
such ionospheric perturbations with high spatial and tem-
poral resolution. Using GPS receivers, Calais and Min-
ster (1995) 10-30 min after the earthquake in California on
17 January 1994, observed in the time series of total elec-
tron content (TEC) anomalous signal in the period range
3-10 min. The frequency and propagation phase velocity
(300-600 m/s) agreed with the results of numerical simu-
lation for atmospheric gravity waves (AGW) caused by a
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rapid uplift of subsidence of the Earth’ surface during the
earthquake. The velocity value was determined as a ratio of
the sub-ionospheric point (SIP) distance from the epicenter
to the time delay of perturbation arrival to the correspond-
ing SIP.

Calais and Minster (1996) detected ionospheric perturba-
tion following the STS-58 Space Shuttle launch that lasted
for 35 min, with periods of less 10 min. They interpreted
this perturbation as a direct propagation of the front of the
shock-acoustic wave (SAW) caused by the launch. Five
GPS receivers were installed while conducting three power-
ful explosions in eastern Wyoming (USA) in July and Au-
gust 1996 (Calais et al., 1998). Ionospheric disturbances
appeared 10—15 min after the explosion and lasted about
30 min, propagated with a horizontal velocity 1200 m/s.
The velocity value was determined to be the ratio of differ-
ence of receivers’ distances from the explosion epicenter to
the difference of arrival time of the ionospheric perturbation
registered by these receivers. Fitzgerald (1997), 565 s after
the surface explosion in New Mexico, detected the iono-
spheric TEC disturbance with an amplitude of 0.14 TECU
(total electron content unit, 1 TECU = 10'® m~2) and du-
ration of 80 s. The acoustic disturbance needed to produce
such ionospheric perturbation was well modeled as an N-
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shape wave with the spatial dimensions and relative ampli-
tude of 35 km and 12%, respectively, propagating with a
radial velocity 700 m/s.

Afraimovich et al. (2001a) proposed the interferometric
method for determining the parameters (including angular
characteristics of the wave vector and phase velocity) of
SAW generated during rocket launching. The authors used
GPS-arrays of three sites, the distance between which did
not exceed about one-half the wavelength of the perturba-
tion. This method provided an estimation of SAW parame-
ters without a priori information about the site and time of
a rocket launching. They found SAW period 270-360 s and
elevation angle of SAW wave vector 30°-60°. The obtained
value of SAW phase velocity (900-1200 m/s) approached
the sound velocity at the ionospheric heights. The method
(Afraimovich et al., 2001a) was also used for investigating
SAW caused by earthquakes (Afraimovich et al., 2001b).

Afraimovich (2000) was the first to suggest the concept
of a new technology for the detection of ionospheric distur-
bances using GPS arrays. According this concept the TEC
measurements along the GPS line-of-sight (LOS) were con-
sidered to be elements of nonequidistant phased antenna
arrays of the acoustic detectors located at the ionospheric
heights. The TEC measurements were subjected to pro-
cessing using spatiotemporal analysis algorithms. On the
basis of this concept the optimum method of spatiotempo-
ral processing of TEC series was developed (Afraimovich
et al., 2001c). The method enabled the phase velocity and
arrival direction of ionospheric perturbation to be deter-
mined (on the assumption that wave front of a disturbance
is plane). The proposed method was used for studying the
ionospheric perturbations caused by SAW generated during
rockets launching.

Afraimovich et al. (2002) proposed that the method be
used for determining the spatial-temporal characteristics of
ionospheric perturbation recorded in the near-field region
of the earthquake epicenter. The method was based on
the optimum spatiotemporal processing of TEC series and
provided an estimation of the phase velocity and source
location of ionospheric disturbance in the spherical wave-
front approximation. The efficiency of the proposed method
was estimated by analyzing the TEC variations observed
during the June 4, 2000, South Sumatra earthquake.

In order to investigate the properties of ionospheric per-
turbation recorded by the Southern California Integrated
GPS Network (SCIGN) Calais et al. (2003) applied array
processing techniques derived from seismic data analysis.
The authors assumed that the perturbations propagate as
plane-waves. They varied the perturbation velocity and az-
imuth values. For each velocity and azimuth pair, they cal-
culated the maximum amplitude of coherent sum of all TEC
series of the GPS array. The largest maximum amplitude
corresponded to the best-fit propagation velocity and direc-
tion. The authors found perturbation propagation velocities
500 m/s, 600 m/s, and 650 m/s and propagation azimuth
N45E, N70W, and N100E, respectively.

Heki and Ping (2005) investigated coseismic ionospheric
perturbation using data of the dense GPS array GEONET
(GPS Earth Observation Network). In order to determine
the propagation velocity they plotted the “travel time dia-
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gram”. These authors determined the propagation velocity
value as the slope of the best-fit line of the first peak arrival
times. To visualize the perturbation propagation directiv-
ity, Heki and Ping plotted on the map snapshots of wavelet-
transformed TEC values. For the Tokachi earthquake, the
obtained values of perturbation propagation velocity and az-
imuth were 1250 m/s and 230°-280°, respectively.

The method (Afraimovich et al., 2002) was subsequently
refined (Afraimovich et al., 2005, 2006). After updating,
the methods provided an estimation of the phase velocity
and source location of ionospheric disturbance as well as
the height and “switch-on” time of the perturbation source.
These methods (Afraimovich et al., 2005, 2006) were ap-
plied for investigating the ionospheric response to large
earthquakes. It was found that ionospheric disturbances
have a form of a spherical wave propagating with a veloc-
ity of approximately 1000 m/s from the “secondary” source
localized over the epicenter on the ionospheric heights.

Optimum algorithms (Afraimovich er al., 2001c, 2002,
2005, 2006) realized the coherent summation of the TEC
series accounting for spatial-temporal parameters of distur-
bance. In order to determine the parameters of ionospheric
perturbation the parameter values were varied. For each
combination of the estimated parameter values, the maxi-
mum amplitude of cross-correlation integral for the coher-
ent sum of all TEC series and the reference signal were cal-
culated. The largest maximum value of cross-correlation in-
tegral corresponded to the best-fit perturbation parameters.
For realizing the optimum algorithms it was considered,
that the form of the ionospheric disturbance was known,
represents a characteristic N-shape SAW and remains con-
stant within the limits of the localization area. It is allowed
to simulate a “copy” of the “signal” generated by the source
and to use the “copy” as a reference signal in optimum al-
gorithms for estimation the disturbance parameters.

However, in many cases the form of the initial signal gen-
erated by a source of disturbance is known only approxi-
mately (on the basis of early research of similar perturba-
tions). In addition, the ionospheric perturbation itself repre-
sents a dispersive signal and leads to changes in the form of
the ionospheric perturbation observed by separate elements
of a GPS array. In that case the simulating the reference
signal is impossible.

The quasi-optimum algorithm proposed in this paper
should provide a method to determine the parameters of
ionospheric perturbation (propagation phase velocity, lo-
cation, height and “switch-on” time of the perturbation
source) recorded in the near-zone of earthquake epicenter
without prior information about the perturbation form and
the site and time of the main shock of earthquake. We used
this algorithm for localizing the source of ionospheric dis-
turbances caused by the strong earthquake in the vicinity
of Hokkaido Island which occurred on 25 September 2003,
and the earthquake near the south coast of Honshu Island
on September 5, 2004.

2. The Definition of a Problem of Spatiotemporal
Processing of TEC Measurements

A majority of the models on the generation of iono-

spheric perturbations caused by an earthquake are derived
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from two main hypotheses. According to the first hypothe-
sis the source located in the epicenter of an earthquake is the
cause of coseismic ionospheric perturbations. The second
hypothesis supposes that the coseismic ionospheric pertur-
bations are generated by the secondary point source which
is located at the height of maximum ionization of the iono-
sphere above the epicenter of an earthquake. Therefore, in
this paper we have considered a general case when the cause
of seismic ionospheric perturbation is the point source lo-
cated at a certain height. It is necessary to determine the
height of the point source of the ionospheric perturbation
along with other unknown parameters (such as coordinates
and switch-on time of the source and perturbation propaga-
tion velocity). This will provide not only the localization of
the source of ionospheric perturbation but also the identi-
fication of the mechanism of the generation of ionospheric
disturbance during an earthquake.

The measurements were carried out in the time interval
from ¢#; to ¢, along M LOS formed by the GPS satellites and
two-frequency multichannel GPS receivers in the region
which includes a point source of ionospheric disturbance.
The propagated ionospheric perturbation caused by a earth-
quake are manifested in the GPS phase measurements as ad-
ditional phase delays of the navigation signal. On the basis
of the algorithms (Calais and Minster, 1995; Afraimovich
et al., 2001a) we calculated the series /;(¢) of vertical val-
ues of TEC and the corresponding series of azimuth «; and
elevation angle 6; for each LOS, wherei = 1,2,..., M—
is the LOS number. Here we have cited the final formula of
TEC value measuring:

L

= Lk — Lo) t+nL] (1
40.308f'12—f22[( 1A1 — LaAs) +const+nL] (1)

where LA and L,A; are additional paths of the radio sig-
nal caused by the phase delay in the ionosphere, (m); L
and L, represent the number of phase rotations at the fre-
quencies f) and f>; A and A, stand for the corresponding
wavelengths, (m); const is unknown initial phase path; nL
are errors in determining the phase path. TEC [ is measured
in m~2; const 40.308 has the dimension [m?/s?].

For the elimination of spatial uncertainty at the localiza-
tion of the observed ionospheric disturbance caused by the
integrated character of TEC measurements, we considered
that the TEC value was formed in one ionospheric point
(IP)—a point of intersection of LOS with a plane on the
height of a maximum ionization of ionospheric F-layer (as
this area makes the basic contribution to the TEC forma-
tion) (Fig. 1). Using known geographical coordinates of
GPS receivers, we transformed the series of azimuth «; and
elevation angle 6; for the each LOS to the series x; (¢), y; (¢),
z; (t) of geocentric coordinates of corresponding IP. Then,
for M LOS we have obtained the GPS array consisting of
M elements.

Each TEC series /;(¢) are realizations of a random pro-
cess and represent the additive combination of the following
components:

L)y =1r,;(t) + Al (t,V, Do, A, He) + AL i (1) (2)

where I7;(t) represents the low-frequency TEC variations
(trend) caused by regular changes (daily and seasonal)
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Fig. 1. The illustration of the model of spheric perturbation propagating
from a point source in all directions with constant radial velocity. The
geometry of GPS TEC measurements in vertical plane is shown. ¢y and
t; ;. are the moments of the perturbation arrival to the central and to the
i-th ionospheric points (IP). Ap; x is a difference of the distances pp and
pi.k passed by the front of the model perturbation from the point source
up to the central and up to the i-th elements of GPS array. (x., ye, Z¢)
and (., A,, H,) are the geocentric and geographical coordinates of the
source of model disturbance, respectively. (xo, yo, zo) and (x; x, ik,
z; 1) are the coordinates of the central and the i-th ionospheric points.

of electronic concentration; Alg;(t,V, ®., A., H,) is the
characteristic TEC perturbation (“useful signal”) caused by
earthquake; V is the radial velocity of ionospheric perturba-
tion propagating from the point source (i.e., a velocity along
the straight line between the point source and IP of the GPS
array); ®., A,, H, are geographical coordinates and the
height of the source of ionospheric disturbance; A1, ;(¢) is
the noise high-frequency TEC fluctuations due to various
sort of small-scale variations of electronic concentration.
As the duration of the ionospheric perturbation due to
earthquake is known a priori, we filtered the TEC series
I; (¢) by removing the trend with a corresponding time win-
dow for selecting the characteristic ionospheric disturbance:

Ali(t) = AIS,i(ta V, ®,, A, He) + Aln,i(t) (3)

On the basis of the analysis of these series of TEC in-
crements and corresponding series of coordinates x;(t),
yi(t), z;(¢), it is necessary to give an estimation of the
spatial-temporal characteristics of the ionospheric perturba-
tion caused by earthquake. Namely, it is necessary to de-
termine the perturbation propagation velocity, coordinates,
height, and switch-on time of the source of ionospheric dis-
turbance.

Further, we shall operate with a series of TEC incre-
ments, for the sake of convenience, we shall name the series
Al (t) as TEC series.
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3. The Auasi-Optimum Algorithm of Spatiotem-
poral Processing of TEC Measurements

This algorithm includes two stages: the experimental
stage and the modeling stage. The experimental stage real-
izes coherent summation of all TEC series of the GPS array
in order to obtain the accumulated TEC series for which the
energy of total signal of the ionospheric response is max-
imum. For realization of the modeling stage we used a
simplified mathematical model of the spheric perturbation
propagating in all directions with constant radial velocity
from a point source. The initial parameters of the model
are the coordinates and height of the source and also the
perturbation propagation velocity.

During the processing we varied values of the initial pa-
rameters of the model. For each combination we calcu-
lated times of arrival of the model perturbation to each iono-
spheric point of the GPS-array. We then determined the re-
spective delays for the TEC series to be shifted in the sum-
mation and to obtain the modeled accumulated TEC series.

For each combination we computed the energy of the
modeled accumulated TEC series. We considered that only
certain combinations of the initial model parameters will
reflect the spatial-temporal evolution of the experimentally
observed perturbation in a optimal fashion. In this case
the energy of the modeled accumulated TEC series will be
close to the energy value of the accumulated series obtained
on the experimental stage of processing. It was a criterion
of conformity of model perturbation and the experimentally
observed disturbance. We considered the respective values
of the initial parameters of the model to be estimations of
the spatio-temporal parameters of the experimentally ob-
served perturbation.

3.1 Experimental stage of processing

We supposed that the high-frequency TEC fluctuations
Al ;(t) are distributed according to the Gauss law with a
zero expected value.

To estimate parameters of “useful signal”, received on
the background of gauss noise with spectral density N,,, it
is enough to analyze the cross-correlation integral of the
received realization of a signal and noise and the reference
signal. For determining the spatial-temporal characteristics
of the ionospheric perturbation observed by GPS array, this
algorithm is reduced to a calculation of the cross-correlation
integral ¢ of the coherent sum for all TEC series of GPS
array and a reference signal Ry(¢) (under condition of a
constancy of spectral density of noise N, in all TEC series)
(Afraimovich et al., 2001c):

1

q =

IZM
| D AL@OBi @Ry (1)

i=1

“4)

where B;(t;) is the multiplier of TEC series phasing.

Generally, for the nonharmonic signal, the multiplier
B;(t;) provides a shift in time of the i-th series Al;(¢) by
7.

This algorithm is optimum under conditions that the
“useful signal” is fully known (except for the parameters
for which it is necessary to estimate), i.e., there is the exact
copy Ry(¢) of the signal generated by the source of iono-
spheric disturbance.
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However, in many cases, the form of the initial signal
generated by a source of disturbance is known only approx-
imately and, consequently, simulating the reference signal
is impossible. It will then be more expedient to use the
quasi-optimum algorithm which does not require prior in-
formation about the perturbation form.

For realization of the quasi-optimum algorithm we have
written the expression (4) in the form of:

M
q= qu‘
i=1

I
q4i = 7
"N,

&)

Alys i (t, Ti)Ro(t)dt (6)
where g; is a cross-correlation integral on the i-th iterations
of summation, and Ay ;- is stacked series on the i-th iter-
ations of summation.

At the unknown form of an initial signal we used the
stacked series as R(¢) in expression (6) for ¢; and have
written down the cross-correlation integral in the form of:

1o
%=F/[Nm@mwf )
n t

1

In that case, expression (7) for g; represents the relation
of energy of the stacked TEC series on the i-th iteration
of summation to spectral density of noise. We determined
the evaluation value 7; of the time delay on which it is
necessary to shift the i-th TEC series at the summation from
the maximum of ¢; value:

dq;

=0
d‘l,',' fi=1;

®)

For the determination of conditions of the ¢; maximiza-
tion we have written the expression for the stacked series on
the i-th iteration of summation as:

Als (1) = Alz ;1 (1) + AL (t — ;) 9
where Alx ;_ is the stacked series on the (i —1)-th iteration
of summation.

Taking into account the expression (9) and (7), we can
write for g;:

1 15 15}
q,-:N—[/ Alé’l;l(t)dt+2/ Als i ()AL ()dt
n Jn

t

+/2Ali2(t)dt] (10)

n

In expression (10) the first summand represents full en-
ergy of the stacked series on the (i — 1)-th iteration of sum-
mation. The third summand of expression (10) represents
energy of the i-th TEC series. These quantities do not de-
pend on the value of delay 7;. The second summand rep-
resents the cross-correlation function of the stacked series
on the (i — 1)-th iteration of summation and the i-th TEC
series:

i :fz Alz,i_l(l‘)AI,'([)dl‘ (11
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Fig. 2. The illustration of the concept of the time delay estimation of TEC
series during the coherent accumulation of series at the experimental
stage of processing. Aly ;_1(t) is the stacked series on the (i — 1)-th
iteration of summation. The i-th TEC series is marked as AZ; (¢). r(t;)
is the cross-correlation function of the Alx ;_1(¢) and A/; (¢) series. T;
is a current value of delay of the i-th TEC series. The evaluation value
of time delay of the i-th TEC series corresponding to the maximum of
r(z;) is denoted by 7;.

Then, for the ¢; maximization it is enough to maximize
the second summand of expression (10):

dr,-

=0
de f,':f,‘

(12)

For this purpose we searched all possible values of 7; in
limits 4=(#, — #1). For each t; we determined the value of 7;.

We considered the 7; value for which the maximum of r;
was reached to be the estimation of delay of i-th TEC series
at summation. At the end, we shifted the i-th TEC series
exactly by this delay to obtain the stacked series on the i -th
iteration of summation:

Alsi(t) = Als () + ALi(t — ©) (13)

The concept of the delay estimation is illustrated on the
graphs shown in Fig. 2.

In general, the expression for the stacked series, obtained
as a result of summation of i TEC series may be written
down in the form of:

Als i(t) = Alo(t) + Y ALt — )
j=1

(14)

where j = 1,2, ..., -is the TEC series number, Aly(t) is
some central series to which all other series are summed.
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Accordingly, the expression for the accumulated series,
obtained as a result of summation of all M TEC series of
the GPS array, may be written down in the form of:

M
Als(t) = Alo(t) + Y ALt — %)

i=1

5)

It is necessary to pay special attention to a choice of cen-
tral series as the one chosen should reflect in the best way
possible the unknown form of the ionospheric perturbation.
Therefore, as the central series we selected the one the most
similar to all other series A/;(¢). For this purpose, we cal-
culated the average factor of correlation of each series with
all other TEC series:

1 iw:
Ki=—)> ki (16)
M =1
where [ = 1,2,..., M - is the TEC series number, k;; is

the maximal value of function of correlation of the A (¢)
and the AI;(t) series. The series for which the K; value was
maximal we selected as the central one.

The value ¢ = @max, Obtained according to the algo-
rithm (5)—(16), is the greatest possible value of ¢, which
may be reached at accumulation of the TEC series AZ;(¢).
As a result we obtained the accumulated series Alx(t) =
Alg 5 (t) + AL (t), which include the total “useful signal”
Al x (t) and the averaged noise fluctuations A7, (¢).

Only signal variations regularly repeating in all TEC se-
ries make the basic contribution to the formation of total
“useful signal”, Algy, at summation. Random outliers,
changes of the signal form, and noise fluctuations of the
separate series are canceled out each other. Only in this
case will the task of maximization of energy of accumu-
lated series be solved. The total “useful signal” represents
an average shape of the ionospheric responses, observed by
a separate LOS of GPS array.

We selected the moment ¢, of observation of maximal
value of the total “useful signal” as a characteristic point
of the complete stacked series Alx. At the summation, all
TEC series were summed to the central one Aly; therefore,
we considered the coordinates (xg, Yo, zo) of the IP corre-
sponding to the central series as the spatial position of per-
turbation, observed by the central element of GPS array at
to instant of time.

3.2 The modeling stage

We used the simplified mathematical model of the
spheric perturbation propagating in all directions with con-
stant radial velocity from a point source (Fig. 1). The initial
parameters of model are the geographical coordinates &,
A., and height H, of the source and also the perturbation
propagation velocity, V.

We found the evaluation values of the spatial-temporal
parameters of the observed disturbance by a numerical
method. For this purpose, within the assigned area of uncer-
tainty with the assigned step we selected all possible values
of the initial parameters of the model. For each combination
we calculated times #; ; of arrival of the model perturbation
to each i-th ionospheric point of the GPS-array. We chose
the modeled times ¢; ; as the time instant of the k-th sample
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of the i-th TEC series Al; reasoning from the minimization
of expression:

Ap; i )
= min

(tix — to) — (17)
where Ap;r = pix — po is a difference of the distances
passed by the front of the model perturbation from the point
source up to central (at the instant #;) and up to the i-th (at
the instant #; ;) elements of GPS array.

Then, the expressions for these distances can be written
down as:

pik = ik = %) + ik — ¥ + Gig — 27 (18)

00 =0 —x)2+ o —y)? + (2o — 2.2 (19)

where (x., Y., z.) are the geocentric coordinates of the
source of model disturbance which are obtained by the stan-
dard transformations of the current value of geographical
coordinates (®,, A., H,) of model source; (x;, Vi, Zik)
are the coordinates of the i-th element of the GPS array at
the ¢#; ; instant of time.

The presented algorithm (17)—(19) of a choice of the nec-
essary sample of the TEC series is iterative. It excludes the
necessity of the additional mathematical account of move-
ment of GPS satellite as the algorithm operates with the al-
ready known coordinates and temporal parameters of the
GPS array elements (IP trajectories). The choice of the nec-
essary sample was carried out by testing each IP position at
each time instant reasoning from a minimization of expres-
sion (17).

We determined the respective modeled delays 7" on
which it was necessary to shift the i-th TEC series at sum-
mation for obtaining the accumulated TEC series. We de-
termined the modeled time delays as the difference in time
between the instant #; ; and the instant #; of observation of
the perturbation by the central element of the GPS-array:

‘L’,-m =tir— 1l (20)

Taking into account the obtained modeled delays 7" of
the TEC series, we formed the modeled accumulated series
by analogy to (15):

M
AIZ(t) = Alo(t) + Y ALi(t — 1) Q1)

i=1

For each combination of the initial parameters we com-
puted the energy of the modeled accumulated TEC series:

qm(vs <D£’9 A67 He)

1 &
= Z/ [AIE(t, 1" (V, e, Ao, H) PPt (22)
noj=1 YN

where
AIE; (1) = Mo@) + ) ALt = 1] (V, @, Ac, Ho))
j=1
(23)
represents the modeled stacked series on the i-th iteration
of summation.
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We considered that only for a certain combination of val-
ues of the initial parameters will the dynamics of model
perturbation reflect the spatial-temporal evolution of the ex-
perimentally observed perturbation in an optimal fashion.
At that combination, the energy ¢” of the modeled accu-
mulated TEC series will close to energy value gp,x of the
accumulated series obtained on the experimental stage of
processing.

By analogy to the method COPHASE (Montes and Pos-
mentier, 1971) developed for the analysis of seismic wave
packages, we used the relation of energy values of the calcu-
lated and experimental stacked series as a criterion of con-
formity of model perturbation and the experimentally ob-
served disturbance:

C(V, ., A, H,)
_q"(V.®,, A H,)

qmax

S SPIALL (T (V, @, A, H))Pdt

i=1Jp i

S [P ALz (e, )P

(24)

The respective values of the initial parameters of model,
for which the maximum of criterion C was reached, were
considered to be estimations \7 dse, 1(@, ﬁg of the spatio-
temporal parameters of the experimentally observed iono-
spheric perturbation.

The criterion C represents the normalized multivariate
function of uncertainty changing in limits from O up to 1.
Application of such a criterion excludes the necessity of
measurement of spectral density of noise fluctuations N, as
this quantity is canceled out at a calculating of the relation
C.

We also determined the “switch-on” time 7, of a source
of the ionospheric perturbation within the framework of the
accepted mathematical model on the basis of the obtained
estimations of perturbation source coordinates and height,
propagation velocity of the perturbation and also the known
coordinates (xo, yo, Zo) and the instant ¢, of the disturbance
observation by the central element of a GPS-array:

V&0 = 27+ (o — 9% + (20 — 2.)?
v

t, =1ty — (25)
where (., y., Z.) are evaluation values of geocentric coor-
dinates of the source of ionospheric perturbation which are

obtained by standard transformations of estimations (CiDe,
A., H,).

4. Experimental Check of the Algorithm

For experimental checking of the proposed algorithm we
processed the ionospheric GPS-measurements carried out
by Japanese stations of IGS network during two strong
earthquakes: the earthquake in the vicinity of Hokkaido
Island on September 25, 2003 (Hokkaido earthquake) and
the earthquake near the south coast of Honshu Island on
September 5, 2004 (Honshu earthquake).

The experiment geometry during the Hokkaido earth-
quake is presented in Fig. 3. The earthquake epicenter
(41.8°N, 143.85°E) was at the depth of 27-33 km underwa-
ter between the Kuril and Japanese Trenches (it is shown in
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Fig. 3. Experimental geometry of GPS measurements during the

Hokkaido earthquake on September 25, 2003. GPS stations positions
are marked by dots, the names of the sites are written nearby. An aster-
isk shows the epicenter’s location. The movement of trajectories of the
subionospheric points are shown by continuous thick lines. The calcu-
lated location of the source of ionospheric perturbation is marked by a
thick dagger.

the figure by an asterisk). Ten fore-shocks with magnitude
M = 3.9-5.7 were registered in the area of the earthquake
epicenter. The earthquake was accompanied by tsunami
along all coast of the Japanese islands. In the 5 days follow-
ing the main earthquake, more than 100 after-shocks with a
magnitude M = 3.8-7.4 were registered (http://www.neic.
Cr.USgs.gov).

In the second experiment, the earthquake took place
near the south coast of Japanese Island Honshu (33.19N,
137.06E) at the depth 10 km underwater. The main shock
of the earthquake with magnitude M = 7.4 took place at
14:57:18 (14.955) UT. Figure 4 shows the corresponding
geometry of this experiment. By analogy to Fig. 3, in Fig. 4,
an asterisk shows the earthquake epicenter position.

In both cases the level of geomagnetic disturbances was
quite moderate: during the Hokkaido earthquake the Dy,
variations were within —21/11 nT and the K, index var-
ied from 1 to 4; during the Honshu earthquake the corre-
sponding parameters were Dy, = —38/4 nT and K, = 1-
3. The data on the geomagnetic indices D,, and K, were
taken from the WDC site (http://www.wdc.rl.ac.uk/cgi-
bin/wdccl/secure/wdcdata).

The data of GPS-measurements used in our research are
presented for free use on a site (http://sopac.ucsd.edu/cgi-
bin/dbDataByDate.cgi) in standard format RINEX.

In our experiments, the measurements were carried out
by GPS-stations USUD, MIZU, TSKB, KGNI, KSMV.
Dots on Figs. 3 and 4 show the GPS stations position. The
movements of trajectories of the projections of the IP on the
Earth’s surface (subionospheric points) are shown in Figs. 3
and 4 by continuous thick lines.

For the Hokkaido earthquake shown in Fig. 5, four series
of TEC increments reconstructed from GPS-measurements
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Fig. 4. Geometry of GPS measurements during the Honshu earthquake on
September 5, 2004. The designations are same as in Fig. 3.

along the LOS KGNI - PRN13 (panel a), KGNI - PRN24
(panel b), TSKB - PRN13 (panel ¢), KSMV - PRN24 (panel
d) are presented. One can see that the amplitude of TEC
responses to the earthquake does not exceed 0.1 TECU, and
the value of perturbation period lies within the range of 10—
15 minutes. The form of ionospheric responses observed
along the separate LOS is variable but, nevertheless, it is
possible to select a regular TEC variations repeating in each
ionospheric response.

The analysis of average correlation factors of everyone
series Al (t) with all other series has shown that the series
Aly(t) obtained along the LOS KSMV - PRN24 (Fig. 5(d))
is the most similar to all other TEC series. For this series
the value of the average factor of correlation is the largest
and amounts to K = 0.828. Therefore, during the spa-
tiotemporal processing we used the LOS KSMV - PRN24
as a central element and the corresponding TEC series as a
central series of the GPS array.

The continuous line in Fig. 5(e) shows the accumulated
series Alx(t), obtained on the experimental stage of pro-
cessing according to algorithm (5)—(16). The graph of the
modeled accumulated series A/ (¢) for which the maxi-
mum of criterion parameter C was reached is marked on
Fig. 5(e) by a dash line. The values of initial parameters of
model at which the maximum C,,, = 0.9804 of criterion
C was reached were considered to be the estimations of
spatio-temporal parameters V,d,, A,, H, of perturbation
experimentally observed during the Hokkaido earthquake.
At that the correlation factor of the series Alx (t) with the
series AI{ () make up kx = 0.9845.

By analogy to Fig. 5 the TEC measurements carried out
along the LOS USUD - PRNO7 (panel a), KSMV -PRN(07
(panel b), MIZU - PRNO7 (panel ¢), KSMV - PRN31 (panel
d) during the Honshu earthquake are presented in Fig. 6. In
Fig. 6 one can see that the amplitude of the TEC responses
to the Honshu earthquake is less of a corresponding param-
eter of Hokkaido earthquake responses and does not exceed
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Fig. 5. The series of TEC increments A/ (t) reconstructed from
GPS-measurements along the LOS KGNI-PRN13 (a), KGNI-PRN24
(b), TSKB-PRN13 (c¢), KSMV-PRN24 (d) for the Hokkaido earthquake.
The series Aly(t) for LOS KSMV-PRN24 is a central series of GPS ar-
ray. On the panel e the continuous line shows the accumulated TEC
series Aly(t), obtained on the experimental stage of processing. The
dashed line on the panel (e) marks the modeled accumulated TEC series
AI{ (t) for which the maximum of criterion parameter C was reached.
The moment of the main shock of Hokkaido earthquake is marked by
shaded triangle.

0.04 TECU. The ionospheric responses observed along the
separate LOS are very different in form. However, we used
the series KSMV - PRN31 as the central series of GPS-
array during the processing. The value of the average cor-
relation factors of this series with all other series make up
K = 0.6577. In this experiment the maximum of criterion
parameter C has reached value C,ox = 0.8371. The cor-
responding accumulated series Alx () and the modeled ac-
cumulated series A/{'(¢) are marked in Fig. 6(e) by a con-
tinuous line and dashed line respectively. The correlation
factor of these series make up kyx = 0.9523.

It is necessary to note that, in both cases, the total “useful
signal” in amplitude is 5- to 20-fold higher than the iono-
spheric responses to the earthquake observed along the sep-
arate LOS.

One can see from Fig. 5(e) that the shape of a total “use-
ful signal”, which represents an average shape of separate
ionospheric responses, obtained for Hokkaido earthquake
is close to the characteristic N-shape wave. For the Hon-
shu earthquake, the shape of a total “useful signal” is more
complex (Fig. 6(e)). This is due to the fact that the shape of
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Fig. 6. The series of TEC increments A (¢t) reconstructed from

GPS-measurements along the LOS USUD-PRNO7 (a), KSMV-PRNO7
(b), MIZU-PRNO7 (c), KSMV-PRN31 (d) during the Honshu earth-
quake. The series Alp(t) for LOS KSMV-PRN31 is a central series of
GPS array. On the panel e the designations of the accumulated TEC se-
ries Alx () and the modeled accumulated TEC series AI{ (t) are same
as in Fig. 5.

the ionospheric perturbation is distorted strongly during its
propagation. The form of ionospheric responses, observed
along the separate LOS, illustrate this fact in Fig. 6.

The analysis of graphs from Fig. 5(e) and the results of
Cmax and ks allow us to draw the conclusion that these
is a degree of conformity between the ionospheric distur-
bance, experimentally observed during the Hokkaido earth-
quake, and the model of the spherical perturbation propa-
gating with constant velocity V from a point source with
coordinates dADe, f\e, ﬁe is very high.

The obtained evaluation values of coordinates of the
source of the ionospheric disturbance d, = 41.7° £ 0.1°N
and A, = 144.2° & 0.1°E (the source is marked in Fig. 3
by a bold dagger) are in agreement with the position of the
Hokkaido earthquake epicenter (41.8°N, 143.85°E). The
accuracy of the determination of the source coordinates is
33 km.

The estimation of the height of the perturbation source
(340 £ 80 km) confirms a conception of generation
of the coseismic ionospheric perturbations from a “sec-
ondary” source localized over the epicenter at the iono-
spheric heights (Francis, 1975; Hocke and Schlegel, 1996;
Afraimovich et al., 2001b; Rudenko and Uralov, 1995)
and is in agreement with results (Afraimovich et al., 2005,
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Fig. 7. The criterion parameter dependence on the geographic coordi-

nates of the source of the ionospheric perturbation C (®,, A,) for the
Hokkaido earthquake. The graph is constructed at a primary uncertainty
of the search of the source coordinates (36°—46°N and 138°-148°E) and
the value of the search step 1°. A thick dagger shows the point 42°N,
144°E in vicinity of which the maximal values of parameter C are con-
centrated. An asterisk shows the epicenter’s location.

2006) obtained earlier using the optimum algorithm. This
theory is also verified by the fact that the delay between
“switch-on” time of the “secondary” source (19.9312 UT)
and the time of main shock of the earthquake (19.8352 UT)
is 346 s.

The obtained evaluation value of perturbation propaga-
tion velocity V =820 + 60 m/s is close to the sound speed
at the ionospheric heights that confirms the mechanism of
transformation of initial energy of the main shock of earth-
quake by means of acoustic waves.

For the Honshu earthquake the accuracy of determination
of coordinates of ionospheric perturbation source (33.0° &
0.1°N, 137.0° £ 0.1°E) is not worse than the corresponding
accuracy of the Hokkaido experiment and is 27 km relative
to earthquake epicenter. The obtained value of the height of
the perturbation source is 370+ 130 km. The delay between
“switch-on” time of the source of ionospheric perturbation
(15.0959 UT) and the time of main shock of the earthquake
(14.955 UT) is 507 s. It is also confirms a conception of
generation of the coseismic ionospheric perturbations from
a “secondary” source. The evaluation value of the pertur-
bation propagation velocity (460 £ 40 m/s) is less than the
result obtained in first experiment, but it is also within the
range of sound speed at the ionospheric heights. The param-
eters Cpax and kyx show that the degree of conformity of the
model of the spherical perturbation propagating with con-
stant velocity from a point source and the ionospheric dis-
turbance experimentally observed during the Honshu earth-
quake is lower than in the Hokkaido experiment.

In order to illustrate convergence of the process of the
search and the solution uniqueness we show on Fig. 7 the
graph C(®,, A,) (at V = V and H, = H,) in the form
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parameter is marked by a dagger. An asterisk shows the epicenter’s
location.

36
o o
NG
354
Q;? 0.8
] A
o
ol AL 0.8371
o f
> ‘
g 1
2 331 © e @ g o
= S @ Q
9 o
A
o
32
314
©
4 Q.
30 : . : T : : . : : T .
134 135 136 137 138 139 140
Longitude, E

Fig.9. Same as in Fig. 7, but for the Honshu earthquake. The graph is con-
structed at a primary uncertainty of the search of the source coordinates
(30°-36°N and 134°-140°E) and the value of the search step 0.1°. The
maximal value of criterion parameter C is reached at the point 33.0°N,
137.0°E.

of an equal level lines for Hokkaido earthquake. The graph
was constructed at a primary uncertainty of the search of
the coordinates of the source of perturbation (36°—46°N and
138°-148°E) and the value of the search step 1°. One can
see that the maximal values of C (®,, A,) are concentrated
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Fig. 10. The graph of the criterion parameter dependence on the propa-
gation velocity of the ionospheric perturbation C (V') for the Hokkaido
earthquake . The low-frequency “signal” component Cg (V') obtained
by polynomial approximation of the initial function C (V') is marked by
a bold curve. The velocity value V = 820 m/s at which the maximum
of the functions C (V') was reached is an estimation of parameter V. A
line parallel to the axis V on the level ey = 0.02 below the maximum
of the “signal” function is used to determine the confidential interval
of the estimation. The €y is an amplitude of the “noise” component
C, (V) of initial dependence C (V). The bounds of confidential interval
Ay = £60 m/s also evaluation value V are marked by a dashed lines.

in a vicinity of the point 42°N, 144°E (it is designated by
a bold dagger) where the parameter C has reached value
0.9622.

To determine more exactly the obtained solution, we re-
peated the processing of initial data at a smaller search un-
certainty (41°—43°N and 143°-145°E) and a more exact
search step 0.1°. The corresponding graph C(®,, A,) is
shown on Fig. 8. The greatest value of the criterion param-
eter has made up Cp,ax = 0.9804 at the point &)e = 41.7°N,
A, = 144.2°E (it is shown by a dagger). The coordinates of
this point we have accepted as the estimations of the coor-
dinates of the ionospheric perturbation observed during the
Hokkaido earthquake.

For the Honshu earthquake, the graph C (®,, A,) (atV =
V and H, = I;h,), constructed at a primary uncertainty
of the search (30°-36°N and 134°-140°E), and the value
of the search step 0.1° are shown in Fig. 9. The position
of the source of ionospheric perturbation correspond to the
point &De = 33.0°N, [\e = 137.0°E of the maximum of the
criterion parameter Cp,x = 0.8371. By analogy to Fig. 8
this point is also marked by a dagger in Fig. 9. An asterisk
shows the earthquake epicenter position.

To illustrate convergence of the search process of an es-
timation of parameters H, and V' for the first experiment
we show the graphs of the functions C (V) (at o, = d>(,,
A, = Ae, H, = H,)and C(H,) (at ®, = ®,, A, = A,,
V =V)in Figs. 10 and 11, respectively. One can see from
Fig. 10 that the function C (V') represents a combination of
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Fig. 11.  The graph of the criterion parameter dependence on the
height of the source of the ionospheric perturbation C(H,) for the
Hokkaido earthquake. A bold curve shows the low-frequency “signal”
component Cs(H,) obtained by polynomial approximation of C (H,).
I-?e = 340 km is estimation of parameter H, at which the maximum of
the functions Cs(H,) was reached. ey = 0.02 is an amplitude of the
“noise” component C, (H,) of dependence C (H,). The bounds of con-
fidential interval of the estimation Ay = £80 km also evaluation value
H, are marked by a dashed lines.

a low-frequency “signal” component C;(V') (it is marked
by a bold curve) and a high-frequency “noise” component
C,(V). The “signal” component was obtained by polyno-
mial approximation of the initial function C (V). The pres-
ence of the “noise” component C,, (V') is the cause of an er-
ror occurrence at the estimation of parameter V with using
a method of maximum credibility. Therefore, as the estima-
tion of parameter V we considered such value at which the
maximum of “signal” component C; (V') was reached.

In the experiment for Hokkaido earthquake, the maxi-
mum of the function C;(V') had reached at V = 820 mps.
An estimation accuracy depends on curvature of “signal”
function in the evaluation point and an amplitude of the
“noise” component. To determine the confidence interval
of the obtained estimation, we have drawn a line parallel
to the axis V on the level €y = 0.02 below the maximum
of the “signal” function C;(V'), where €y is an amplitude
of the “noise” component C, (V). The points of crossing
the drawn line and the C,(V') graph define the bounds of
the estimation confidence interval. In the first experiment
the confidence interval of an estimation of the perturbation
propagation velocity reached Ay = £60 m/s.

Similar reasoning and operations were carried out for
the estimation of a height of the source I-L (Fig. 11). The
maximal value of the “signal” component C(H,) reached
I-L = 340 km. The value of the confidence interval of an
estimation of the height was Ay = 80 km at an amplitude
of the “noise” component € = 0.02. In Figs. 10 and 11 the
bounds of the confidence intervals Ay and :I:A H as, well
as the evaluation values of the parameters H, and V are
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Fig. 12. Same as in Fig. 10, but for the Honshu earthquake. The velocity
value V = 460 m/s is estimation of parameter V. Ay = 40 m/s is a
confidential interval of estimation.

marked by dashed lines.

For the Honshu earthquake, we show the corresponding
graphs C(V) (at &, = &De, A, = [\e, H, = 1179 ) and
C(H,) (at &, = ®,, A, = A,, V = V) in Figs. 12
and 13, respectively. One can see from Fig. 12 that the
maximal value of the “signal” component C;(V') has been
reached at V = 460 m/s. At that value, the accuracy of
estimation of the perturbation propagation velocity reached
Ay = %40 m/s. The analysis of Fig. 13 shows that the
evaluation value of the height of ionospheric perturbation
source H, = 370 km corresponds to the height of maximum
of ionospheric ionization but that the confidence interval
of the height estimation is considerably larger than corre-
sponding parameter for Hokkaido earthquake and reached
Ay = =£130 km. However, for all that, the amplitude of
the “noise” component is less than in the first experiment
and has reached €5 = 0.005.

5. Conclusion

In this paper we present the quasi-optimum algorithm of
spatiotemporal processing of TEC measurements of GPS
array. The quasi-optimum algorithm allows the propagation
velocity of coseismic ionospheric perturbation to be deter-
mined as well as the coordinates, height, and “switch-on”
time of a source of perturbation without prior information
about the disturbance form and site and time of the main
shock of earthquake. The quasi-optimum algorithm real-
izes a coherent summation of TEC series reasoning from the
maximization of energy of total signal of the ionospheric re-
sponse.

We used the quasi-optimum algorithm for determining
the parameters of the ionospheric perturbations which ac-
companied the earthquake in the vicinity of Hokkaido Is-
land on September 25, 2003 and the earthquake near the
south coast of Honshu Island on September 5, 2004. The
results of these experiments show the high accuracy of
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Fig. 13. Same as in Fig. 11, but for the Honshu earthquake. The velocity
value H, = 370 km is estimation of parameter H,. Ay = £130 km is
a confidential interval of estimation.

the perturbation source coordinates estimation (33 km and
27 km, respectively, with reference of the earthquakes epi-
centers).

The estimations of the perturbations propagation velocity
(820 £ 60 m/s and 460 =40 m/s), heights (340 &= 80 km and
370+£130 km), and “switch-on” delay (346 s and 507 s) of a
source of the perturbation obtained in both experiments are
in agreement with a theory according to which coseismic
atmospheric disturbance propagates within a narrow cone
of zenith angles up to ionospheric heights and then diverges
in the form of a spherical wave with the radial velocity close
to the speed of sound at these heights (Francis, 1975; Hocke
and Schlegel, 1996; Afraimovich et al., 2001b; Rudenko
and Uralov, 1995).

In both cases the shape of a front of the experimen-
tally observed disturbances caused by the earthquakes is ap-
proximated to spherical wave with high conformity degree
(0.9804 and 0.8371 respectively).

The parameter values which we have obtained for
Hokkaido earthquake with the quasi-optimum algorithm
of spatiotemporal processing of TEC measurements of
GPS array agree with the results of earlier researches
of ionospheric perturbation caused by this earthquakes
(Afraimovich et al., 2005, 2006; Heki and Ping, 2005).

The difference in velocity values obtained in these ex-
periments may be explained by the different conditions of
perturbation propagation in each experiment, caused by dif-
ferent local time (06 LT for Hokkaido earthquake and 00 LT
for Honhsu earthquake) and, consequently, by different val-
ues of the electrons temperature (Roble, 1975).
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