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Abstract—Shock—acoustic waves generated during rocket launches and earthquakes are investigated by a
method developed earlier for processing data from a global network of receivers of the GPS navigation system.
Disturbances of the total electron content in the ionosphere accompanying the launches of the Proton, Soyuz,
and Space Shuttle space vehicles from the Baikonur cosmodrome and Kennedy Space Center launch site in
1998-2000, as well asthe earthquakesin Turkey on August 17 and November 12, 1999, were analyzed. It was
shown that, regardless of the source type, the impulsive disturbance has the character of an N-wave with a
period of 200-360 s and an amplitude exceeding background fluctuations under moderate geomagnetic condi-
tions by afactor of 2-5 as a minimum. The elevation angle of the disturbance wave vector varies from 25° to
65°, and the phase velocity (900—1200 m/s) approaches the speed of sound at heights of the ionospheric F-
region maximum. The source location corresponds to a segment of the booster trgjectories at a distance of no
less than 500-1000 km from the start position and to a flight altitude of no less than 100 km. In the case of
earthquakes the source location approximately coincides with the epicenter.

INTRODUCTION

A large number of publications [1-4] have been
devoted to study of the ionospheric response to shock
waves produced during rocket launches and earth-
guakes. Scientific interest in this problem is due to the
fact that such cases can be considered as active experi-
ments in the Earth’s atmosphere, and they can be used
in solving a wide variety of problems in ionospheric
physics, radio wave propagation in the ionosphere,
physics of atmospheric waves, etc. Theseinvestigations
are also of practical importance since they help to vali-
datereliable signal indications of both natural and tech-
nogenic effects (rocket launches, illegal explosions and
underground nuclear tests, earthquakes). It is necessary
to construct an effective global radiophysical system
for the detection and localization of these effects.
Essentially, existing globa systems designed for this
purpose use different processing techniques for infra-
sound and seismic signals. However, in connection
with the expansion of geography and types of techno-
genic impact on the environment and due to its unpre-
dictability, the problems of improving the sensitivity of
detection and thereliability of the measured parameters
of the sources of impacts, in particular, by involving
independent measurements of the entire spectrum of
signals generated during such effects, are still very
urgent. Moreover, these investigations can prove to be
useful for estimating possible consequences of the
impact of rocket-and-space technology on the environ-
ment [5].

To solve these problems, one needs reliable infor-
mation on basic parameters of the ionospheric response
to a shock wave, such as its amplitude and form, the

period, the phase and group velocity of the wave
packet, and the angular characteristics of the wave vec-
tor. Note that terms allowing different physical inter-
pretations are used in the literature for the ionospheric
response to the shock wave. The term shock—acoustic
wave (SAW) is one of them [6]. For notation conve-
nience, we usethistermin our paper, though it does not
reflect the physical nature of the phenomenon com-
pletely.

It was often noted in the literature that the SAWs
detected by the ionospheric soundings had a surprising
similarity when generated during rocket launches,
industrial explosions, and earthquakes. However, there
isalarge scatter of the data on the basic SAW parame-
ters for all these events. The oscillation period of the
ionospheric response to the SAW varied from 30to 300 s,
the velocity of propagation ranged from 700 to 1200 m/s
[6-10].

The lack of comprehensive and reliable data on the
SAW parameters is primarily due to limitations of the
available experimental methods and detection facilities.
Most data were obtained by measuring the Doppler fre-
guency shift during vertical and tilt ionospheric sound-
ingsinthe HF wave range 6, 9, 11]. In some cases, the
sensitivity of this method is sufficient to detect the
SAWSs reliably; however, some difficulties arise with
localization of the region of SAW generation, because
of the multihop character of propagation of the HF
wave signal.

Much of the experimental data on the SAW param-
eters were obtained from the methods of transiono-
spheric sounding by measuring the Faraday rotation of
the plane of signal polarization proportional to the total
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Fig. 1. The geometry of experiments during launches of the Proton launch vehicles from the Baikonur cosmodrome. The dashed
line roughly corresponds to the horizontal projection of the rocket flight trgjectory with an orbital inclination of 51.6°. The solid

linesarefor thetrajectories of the subionospheric pointsfor each GPS satellite at the altitude hy,4

=400 km. The symbols (1) denote

the position of the subionospheric points at the moment t,, of maximal TEC deviation. The symbols (2) show the source location at
an altitude of 100 km as determined from the data of GIgSarrays The numbers near the asterisks demonstrate the corresponding
day number and the delay of the source “activation” with respect to the launch time. The straight dotted lines connecting the
assumed source location and the subionospheric point represent the horizontal projection of the wave vector K. Heavy dots and
uppercase letters mark the position and the names of the GPS stations, while lowercase letters along the trajectories refer to the

station names and PRN numbers of the GPS satellites.

electron content (TEC) along the line connecting the
satellite-borne transmitter with the receiver [12-14].
Ultra HF wave radio signals from geosynchronous sat-
ellites were applied in this case.

When the above-mentioned methods are used to
define the SAW phase velocity, they suffer from one
common drawback. It is necessary to know the time of
theevent inview, beit anindustrial explosion, an earth-
quake, or a rocket launch, since this velocity is calcu-
lated from the SAW delay with respect to the time of
the event under the assumption of constant velocity
along the propagation path. This assumption does not
correspond to reality.

To determine the above-indicated set of the SAW
parameters, which is more or less complete, the appro-
priate spatial and temporal resolution is needed. How-
ever, the existing very sparse networks of ionosondes,
tilt sounding radio paths, and incoherent scatter radars
cannot provide such aresolution.

A new erain remote diagnostics of the ionosphere
started after the development of the Global Positioning
System (GPS) and the subsequent creation of widely

branched networks of GPS stations on its basis. By
February 2001, these networks contained more than
800 sites and their data were available viathe Internet.
This network will be considerably expanded in the near
future due to its integration with the GLONASS navi-
gation system [15]. Recently, scientists have started an
intense development of methods of the GPS detection
of the ionospheric response to strong earthquakes [1],
rocket launches [16], and surface industrial explosions
[7, 8]. The SAW phase velocity was defined in these
studies by the “crossing” method, by estimating the
delay of the SAW arrival at subionospheric points,
which correspond to different GPS satellites observed
at that moment. However, the accuracy of this method
israther low because the altitude at which the subiono-
spheric points are specified is determined approxi-
mately.

In[17, 18], amethod was devel oped for determining
SAW parameters (including the phase vel ocity, angular
characteristics of the SAW wave vector, the direction
towards the source, and the source location) with the
use of GPS-arrays, the elements of which could be cho-
sen from alarge set of GPS stations of the global GPS
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Fig. 2. The geometry of experiments during launches of the Soyuz launch vehicles from the Baikonur cosmodrome. The notationis

the same asfor Fig. 1.

network. Unlike the well-known radiophysical meth-
ods, this one provides an estimate of the SAW parame-
ters without a priori information about the location and
time of the event (rocket launches, explosions, earth-
quakes).

The goal of this paper is to investigate the shock—
acoustic waves generated during rocket launches and
earthquakes. Section 2 presents the geometry of the
experiments. A brief description of the method applied
[17, 18] is given in Section 3. Measurements of the
SAW parameters for different GPS-arrays during
rocket launches and earthquakes are presented in Sec-
tion 4. The experimental results are discussed in Sec-
tion 5.

2. GEOMETRY OF THE EXPERIMENTS

The basic parameters are determined and presented
inthis paper for the SAWsfollowing the launches of the
Proton and Soyuz boosters from the Baikonur cosmo-
drome (45.6°N, 63.3°E) and the launches of the Space
Shuttle launch vehicles (LVs) from the Kennedy
Space Center (KSC, 28.5°N, 279.3°E0) in 1998-2000
(11 launchesin all). In addition, similar investigations
were performed for two earthquakes in Turkey, on
August 17 and November 12, 1999.
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Though the number of GPS stations is large, one
encounters some difficulties in selecting GPS-arrays
for the detection of SAWSs generated during rocket
launches as for both cosmodromes the LV flight paths
lie either over the Atlantic Ocean (for the Space Shuttle
LV) or over underpopul ated regions of Kazakhstan (for
the Proton and Soyuz LVs). A low density of GPS sta-
tions is also typical of Turkey. Nevertheless, we man-
aged to use enough GPS stations so that their number
was sufficient to implement the method suggested.

The geometry of experiments performed during the
Proton and Soyuz LV s launches from the Baikonur cos-
modrome is sketched in Figs. 1 and 2. The dashed line
roughly corresponds to the horizontal projection of the
rocket flight trajectory with an orbital inclination g =
51.6° (http://www.ilslaunch.com). The station coordi-
nates are not given here because of space limitations;
they can be found a the Internet site
http://lox.ucsd.edu. The coordinate axes are scaled so
that the linear dimensions along latitude and longitude
are approximately the same.

The geometry of the experiments during the launch
of aSpace Shuttle fromthe KSCispresentedinFig. 3.
The Space Shuttle Columbia lifted off on mission
STS-95 from the KSC launch site on October 29, 1998
(Day 302).
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Fig. 3. The geometry of experiments during launches of the Space Shuttle (STS-95) launch vehiclesfrom the Kennedy Space Center.

The following information about rocket launches
from the Baikonur cosmodrome and the KSC is
extracted from the Internet sites http://www.flato-
day.com and http://www.spacelaunchnews.com. Gen-
era information on these launches is summarized in
Table 1 (including the launch time t,, in the universal
time UT; the number of the day in a year; the orbital

Table 1. General information about rocket launches

Type Date to, UT |, deg|Dg, NT

Proton | November 20,1998 06:40 | 51.6 -9
(DAY 324)

Proton | May 20, 1999 (DAY 140) | 22:30 | 51.6 -3

Proton |July 5, 1999 (DAY 186) |13:32| 51.6 | +11

Proton | October 27, 1999 16:16 | 51.6 | —-80
(DAY 300)

Proton | February 12, 1999 09:10 | 51.6 |-108
(DAY 74)

Soyuz |March 15,1999 (DAY 74) | 03:06 | 51.6 | —16

Soyuz | April 15, 1999 00:46 | 51.6 -3
(DAY 105)

Soyuz | September 22, 1999 14:33| 516 | +22
(DAY 265)

Soyuz | November 22, 1999 16:20| 516 | -25
(DAY 326)

Shuttle |April 17, 1998 (DAY 107) | 18:19 | 39 =37

Shuttle | October 29, 1998 19:19| 285 | -15
(DAY 302)

inclination; and the level of geomagnetic disturbance
from the data on Dy variations). It was found that the
deviation of Dy was quite moderate for the selected
days; thus, the SAWSs could be identified reliably.

The experimental geometry during the earthquakes
in Turkey on August 17 and November 12, 1999, is
sketched in Fig. 4. The information given below on the
earthquakes was acquired viathe Internet from the site
http://earthquake.usgs.gov. General information about
these earthquakesis presented in Table 2 (including the
time of the main shock t,, in the universal time UT; the
position of the earthquake epicenter; its depth and mag-
nitude, as well as the level of geomagnetic disturbance
obtained from the data on D4 variations). It turned out
that, as in the case of rocket launches, the deviation of
Dy variations was quite moderate for the days of inter-
est; thus, the SAWSs could be identified reliably.

3. DETERMINATION
OF THE CHARACTERISTICS
OF SHOCK-ACOUSTIC WAVES

The standard GPS technology provides a means for
detection of wave disturbancesin the ionosphere on the
basis of phase measurements of the total electron con-
tent (TEC) I [1, 7, 16, 19]:

1 fifs
- mfz_fz[(Ll}\l—Ll)\zHconst+nL], (D
' 1— 12

where LA, and L,A, are the increments of the phase
path of the radio signal due to the phase delay in the
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ionosphere (m); L,, L, are the number of phase rota-
tions; and A, A, are the wavelengths (m) for the fre-
guencies f, and f,; const is an unknown initial phase
path (m); and nL isthe error in the phase path determi-
nation (m).

Phase measurementsin the GPS are performed with
a high accuracy corresponding to the errors of TEC
determination of lessthan 10'* m for 30-sintervals of
averaging, though the initia value of the TEC is
unknown [19]. This allows ionization irregularities and
wave processes to be detected in the ionosphere over a
wide range of amplitudes (up to 10~ of the diurnal TEC
variation) and periods (from 24 hto 5 min). Henceforth,
we use the unit of TEC generally accepted in literature,
TECU, whichisequal to 10 m2,

In some cases, the calculation of Doppler frequency
shifts F from the TEC series obtained by formula (1) is
the most convenient way of detecting the ionospheric
response to a shock wave and determining its delay.
Such an approach is also useful when we compare the
characteristics of TEC response obtained from the GPS
data to those obtained by analyzing ultra HF wave sig-
nals from geosynchronous satellites, as well as by
detecting the shock wave in the HF wave range. To an
approximation sufficient for the purpose of our investi-
gation, the corresponding relationship was obtained
[20]:

F = 135x 10°1/1, 2)

where |, stands for the time derivative of the TEC. The

relevant results derived from analyzing the F(t) varia
tions calcul ated for the“reduced” frequency of 136 MHz
arediscussed in Section 4.

An agreement between space-and-time phase char-
acteristics obtained by transionospheric soundings in
the plane of the antenna system and local characteris-
tics of ionospheric disturbances has been considered in
detail in avariety of publications [9, 21-23] and is not
analyzed in our study. The most important conclusion
made in the above-cited papers is that, as in an exten-
sively used model of a “plane phase screen,” the TEC
disturbances Al(x, y, t) detected by the transiono-
spheric soundings are perfectly similar to the horizontal
part of the corresponding local disturbance of the elec-
tron density AN(X, Y, z, t) and can be used in experi-
ments on measuring the azimuth of propagation of the
wave disturbances of the TEC.

Table 2. General information about the earthquakes in Turkey
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Fig. 4. Experimental geometry during the earthquakes in
Turkey on August 17 and November 12, 1999. (1) The posi-
tions of the earthquake epicenters; (2) the source location at
the ground level as determined from the GPS-array data.

However, the amplitude of the TEC response expe-
riences a strong aspect-angle dependence caused by the
integral character of the transionospheric sounding.
The maximal response is associated with the wave dis-
turbances whose wave vector K is perpendicular to the
direction r towards the GPS satellite. The condition for
the elevation 6 and azimuth a angles of an arbitrary
wave vector K, normal to the direction r hasthe follow-
ing form:

0 = arctan(—cos(o,—a)/tanB,), (€))

where 6, and o, are the elevation angle and azimuth of
the vector r. We use formula (3) to determine the eleva-
tion angle 6 of the wave disturbance vector K, from the
known azimuth a.

We determine the velocity and the direction of dis-

placement of the phase front within the framework of
some model describing these phenomena. An adequate

Epicenter Date to, UT Depth, km Mt?ghgllgllﬁsv Dg, NT
40.70°N, 29.99°E August 17, 1999 (DAY 229) 00:00:39 17 637874 -14
40.79°N, 31.11°E November 12, 1999 (DAY 316) 16:57:20 10 657571 —44

COSMIC RESEARCH  Vol. 40 No. 3 2002
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choice of the model iscrucial. Inthe ssmplest form, the
space-and-time TEC variations at each given moment t
can be presented in the form of a solitary plane travel-
ing wave [24]:

Al(t, x,y) = dsin(Qt — K, x-K,y—¢,), 4)

where 9, K,, K,, Q are the amplitude, x- and y-compo-
nents of the wave vector K, and the angular frequency
of the disturbance, respectively; T = 217Q and A =
217|K| are its period and wavelength, respectively; and
¢, istheinitial phase of the disturbance. The vector K
isthe horizontal projection of the total vector K.

Here we assume that the influence of second deriv-
atives can be neglected if the space-and-time incre-
ments are small (the distances between the sites in the
GPS-array are less than the typical spatia scale of the
TEC variations, and thetime interval between countsis
less than the corresponding time scale). All of the fol-
lowing choices of GPS-arrays meet these requirements.

Let us briefly present the sequence of data process-
ing procedures. Three sites (A, B, and C) are selected
out of alarge number of GPS stations so that the dis-
tances between them do not exceed about half of the
expected wavelength A of the disturbance. Site B is
taken as the center of atopocentric frame of reference
with the x axis directed eastward and the y axis directed
northward. In this frame of reference the receivers have
the coordinates S(x,, Ya), b(0, 0), and C(X, Yc). This
configuration of the GPS receivers represents a GPS-
array with aminimal required number of elements. In
the regions with a dense network of GPS sites, we can
obtain a series of GPS-arrays with different configura-
tions. This provides for the possibility to test the reli-
ability of the data obtained; we use this possibility in
the present paper.

The input data include series of the “oblique” TEC
values I (1), 1g(t), I<(t) and the corresponding series of
elevation angles B4(t) and azimuths a(t) of the beam to
the satellite calculated with the help of the CONVTEC
code, which we developed to convert the RINEX-files,
standard for the GPS system, obtained via the Internet.
To determine the SAW characteristics we selected con-
tinuous series of measurements of 1,(t), Iz(t), and 1(t)
with lengths greater than one hour including the time of
the event.

To eliminate variations of the regular ionosphere, as
well asthe trends introduced by the orbital motion of a
satellite, we applied a procedure of trend removal
involving preliminary smoothing of the initial series
with a selected time window. This procedure is better
suited to discrimination of such a signal as a single
pulse (N-wave) than the frequently used bandpass filter
[1, 7, 8, 14, 16]. The limitations of the bandpass filter
are adelay and an oscillatory character of the response,
which does not allow one to reconstruct the form of the
N-wave accurately.

The series of eevation angles 64t) and azimuths
o(t) of the beam to a satellite are used to determine the
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coordinates of the subionospheric point and to calculate
the elevation angle 6 of the wave vector K, of the dis-
turbance from the known azimuth o (formula (3)).

The determined SAW parameters are most reliable
at high values of elevation angles 64t) of the beam to
the satellite, because sphericity effects become reason-
ably small in this case. In addition, there is no need to
convert the“ oblique” value of TEC I(t) to the “vertical”
one. All results of this study were obtained for the ele-
vation angles 64t) larger than 30°.

Since the distance between the elements of the GPS-
array (from several hundred to afew thousand kilome-
ters) is much smaller than that to the GPS satellite
(morethan 20 000 km), the array geometry at the height
of the subionospheric point h,,,, (about 400 km) isiden-
tical to that at the Earth’s surface.

Figure 5 shows typical time dependences of the
“oblique” TEC I(t) at one of three sites of the GPS-
array near the Baikonur cosmodrome for the launch
days (thick line), one day before and after the launches
(thin lines), for the missions of Proton on July 5, 1999
(panel a), and Soyuz on April 15, 1999 (panel d). Panels
b and e show TEC variations Al(t) for the same days but
with the removed linear trend and smoothed with a
5-min time window. Panels c and f present variationsin
the Doppler shift of frequency F(t) “reduced” to the
sounding frequency of 136 MHz for three sites of the
array for the launch days. The day numbers, names of
GPS stations, and PRN numbers of GPS satellites are
included in al panels. The arrows at the x axis indicate
the launch time t,.

It isevident from Fig. 5b that fast N-shaped oscilla-
tions with atypical period T of about 300 s, which are
induced by the SAW propagation, are clearly distin-
guished among slow TEC variations. The oscillation
amplitude (about 0.5 TECU) is much greater than the
intensity of TEC fluctuations on “background” days.
Variations in the Doppler shift of frequency F(t) (Fig. 5¢)
for spatialy separated sites (SELE, CHUM, SHAS) are
well correlated.

Taking into account agood signal/noise ratio (better
than 1), the horizontal projection of the phase velocity
V,, for the given coordinates of the array sites A, B, and
C is determined from the relative temporal shifts t,, of
the time of maximal TEC deviation. Preliminarily mea-
sured shifts are subjected to a linear transformation in
order to calculate shifts for the sites spaced northward
V, and eastward V, relative to the centra site. This is
followed by calculation of the E- and N-components of
V, and V,, as well as the direction a in the range of
angles 0°-360° and the magnitude V,, of the horizontal
component of the SAW phase vel ocity:

a = arctan(V,/V,),

i} (5)
Vi = VLV (V24 VD™
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Fig. 5. Time dependences of the “oblique” TEC I(t).

where V, and V, are the vel ocities with which the phase
front crosses the axes x and y. The orientation a of the
wave vector K, which is coincident with the propaga-
tion azimuth of the SAW phase front, is calculated
unambiguoudly in the range 0°-360°, subject to the
condition that (arctan(V,/V,) is calculated with regard
to the sign of the numerator and denominator.

The above method for determining the SAW phase
velocity neglects a correction for the orbital motion of
the satellite, because the estimates of V,, obtained bel ow
exceed the velocity of the subionospheric point at the
No.3 2002
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height h,,,, and elevation angles 6, > 30° [24] by an
order of magnitude, as a minimum.

In order to compare our estimates of the SAW phase
velocity with those obtained by the method generally
used to measure this quantity, we also calculated the
SAW mean velocity V, from the delay At = t, - t, and
the known path length between the launch site and the
subionospheric point.

It was shown in [22] that for the Gaussian model of
ionization distribution, the amplitude M of the TEC dis-
turbance is determined by the aspect angle y between
the vectors K; and r and by the ratio of the wavelength
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of the disturbance A to the half-thickness of the ioniza-
tion maximum hy:

O
MU expEF——7F—0. (6)
0 Acos 6,0
In our case (see below), for the phase velocity of
about 1 km/s and for the period of about 200 s, the
wavelength A proves to be comparable with the half-
thickness of the ionization maximum hy. At the eleva-
tion angles 6, equal to 30°, 45°, and 60° a half-power
“beamwidth” M(y) is25°,22°, and 15°, respectively. If
hy istwice as large as the wavelength A, then the beam-
width tapersto 14°, 10°, and 8°, respectively.

The beamwidth is sufficiently small; thus, the aspect
condition (3) restricts the number of beam trajectories
tothe satellite for which areliable detection of the SAW
response is possible in the presence of the background
noise (for angles of about y = 90°).0On the other hand,
formula (3) can be used to determine the elevation
angle 6 of the wave vector K, of the shock wave for a
given value of the azimuth a [24]. Then, the magnitude
of the phase velacity V, can be determined as

V, = V,cos(8). (7

The above values of the width M(y) determine the
error of calculating the elevation angles 6 (on the order
of 20° for the indicated conditions) and, as a conse-
guence, of the coordinates of the assumed source (see
below).

The ionospheric region that is responsible for the
main contribution to TEC variations lies near the max-
imum of the ionospheric F-region, thus defining the
height F of the subionospheric point. When selecting
h,..x, it should be taken into account that above themain
maximum of the F2-layer the electron density
decreases with height much more slowly than below
this maximum. Since the vertical density distributionis
essentially a “weight function” of the TEC response to
a wave disturbance [22], the value exceeding the true

height of the layer maximum he by about 100 km is

reasonably used as h,,,,. The value of he variesin a

wide range (250-350 km) depending on the time of day
and on some geophysical factors, which, when neces-
sary, can be taken into account if the corresponding
additional experimental data and state-of-the-art iono-
spheric models are applied. Hereafter, we assumed
h,.. =400 kmin all calculations.

To afirst approximation, it can be assumed that an
imaginary detector, which records the ionospheric
SAW response in TEC variations, is located just at this
dtitude. “The horizontal extent” of the detection
region, which can be estimated from the vel ocity of dis-
placement of the subionospheric point due to the GPS
satellite motion (on the order of 70-150 m/s) and from
the SAW period (of about 200 s; see Section 4), does
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not exceed 20—40 km, being essentially smaller thanits
“vertical extent”.

From GPS datawe can determine the coordinates X,
and Y, of the subionospheric point in the horizontal
plane XOY of the topocentric frame of reference cen-
tered at the site B(0, 0) at the time of maxima TEC
deviation caused by the SAW arrival at this point. Since
we know the angular coordinates 6 and a of the wave
vector K, we can find the coordinates of the point at
which this vector intersects the horizontal plane X'0Y'
at the height h,,of the assumed source. Assuming arec-
tilinear propagation of the SAW from the source to the
subionospheric point and neglecting the Earth’s sphe-
ricity, the coordinates X,, and Y,, of the source in the
topocentric frame of reference can be defined as

cosbsin®

Xoo = Xp_(hmax_hw) sng (8)
_ cosOcoso
Yoo - Yp_(hmax_hw) snd (9)

The coordinates X, and Y,, obtained in this way can
be easily converted to the values of latitude and longi-
tude (@, and A ) of the source.

For SAWs generated during earthquakes, industrial
explosions, and underground tests of nuclear devices,
h,, is taken equal to O (the source is at ground level).
When we record the SAWSs produced by launches of
powerful rockets, the region of SAW generation can lie
at heights h,, of about 100 km or higher [14, 25].

In this approximation we neglect a possible refrac-
tion arising during the SAW propagation from the
source to the height h,,,.. In some papers [8] this prob-
lem is solved by performing trgjectory calculations
with the use of standard “ray tracing” procedures and
models of the neutral atmosphere. In this case, the ray
trajectories are calculated starting from the source. We
also can perform such cal cul ations starting not from the
source but from the subionospheric point (a backtraced
trajectory).

Given the coordinates of the subionospheric point
and those of the disturbance source, the mean value of
the SAW propagation velocity along the path from the
source to the subionospheric point, and the time of the
SAW arriva at this point, the delay At,, of “activation”
of the assumed SAW source with respect to the time of
the event can easily be estimated under the assumption
of rectilinear propagation. The estimates of At,, given
below assume that the propagation velocity is 700 m/s
[7, 14]. Notethat by the time of the source “ activation,”
we mean the moment of the maximal disturbance of the
background state of the medium during the SAW gen-
eration.
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Table 3. Proton and Soyuz launches from the Baikonur cosmodrome
T,s |A,TECU| Ag Hz 0, deg o,dg | Vi,mis | V,mis | Vy,mis | A, deg | ¢, deg | At s
Proton, November 20, 1998
300 | 0.09 | 0.022 | 52.8 | 163 1338 809 890 | 48.3 | 67.7 | 308
Proton, May 20, 1999
340 | 0.05 | 0.01 | 35.4 | 166 1556 1261 | 740 | 48.4 | 705 | 216
Proton, July 5, 1999
305 | 0.5 | 0.13 | 57.3 | 157 1882 1005 | 966 | 48.0 | 66.4 | 249
Proton, October 27, 1999
285 | 0.08 | 0.02 | 47.8 | 158 1673 1125 | 791 | 47.2 | 67.0 | 328
Proton, February 12, 2000
260 | 0.034 | 0.012 | 65.0 | 158 1461 616 | 616 | 49.3 | 65.0 | 548
Soyuz, March 15, 1999
306 | 0.2 | 0.04 | 415 | 160 1733 1251 | 1017 | 47.8 | 67.4 | 205
Soyuz, April 15, 1999
295 | 0.2 | 0.043 | 41.7 | 166 | 1627 1200 | 818 | 47.6 | 67.1 | 206
Soyuz, September 22, 1999
275 | 0.05 | 0.01 | 28.6 | 150 1078 945 | 880 | 47.7 | 68.2 | 207
Soyuz, November 22, 1999
276 | 0.03 | 0.008 | 38.3 | 140 | 1240 | 972 | 966 | 47.0 | 69.1 | 242

4. MEASUREMENT RESULTS

Thus, applying the transformations described in
Section 3, we derived from TEC variations the follow-
ing parameters, which characterize the SAWSs: t,,, the
time of maximal TEC deviation; At, the delay of t, with
respect tot,; T, the SAW period; A, the amplitude of the
TEC disturbance; A, the amplitude of the maximum
Doppler frequency shift at the “reduced” frequency of
136 MHz; a and 6, the azimuth and elevation angles of
the wave vector K;; V,, and V,, the horizontal compo-
nent and magnitude of the phase velocity; V,, the aver-
age wave velocity as calculated from the delay At and
the known path length between the epicenter of an
earthquake or the launch site and the subionospheric
point; ¢, and A, the latitude and longitude of the
source at ground level for earthquakes and at an altitude
of 100 km for rocket launches; and At,, the delay of the
“activation” of the assumed SAW source with respect
to the time of the event.

It should be noted that the estimates of A, and A:
were obtained from the filtered series of the “oblique”
TEC values. Therefore, the equivalent estimates for the
“vertical” TEC are smaller by a factor varying from 1
to 2 with the elevation angle 6 of the beam to the satel-
lite.

To verify the reliability of the determined basic
parameters of the SAW form and dynamics for the
events considered, we chose different combinations of
three sites from available sets of GPS stations and pro-
cessed these data with identical processing parameters.
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The corresponding mean values of these variables are
givenin Tables 3 and 4 and in Figs. 14 (the location of
the SAW source).

Solid curves in Figs. 1-4 show the trajectories of
subionospheric points for each GPS satellite at the
height h,,,, = 400 km. Dark diamonds along the tragjec-
tories mark the coordinates of subionospheric points at
the moments t, of maximal TEC deviations. Asterisks
designate the location of the SAW sources as deter-
mined from the GPS-array data. Numbers at the aster-
isks refer to the corresponding day numbers. Dotted
straight lines connecting the assumed source with the
subionospheric point show the horizontal projections of
the corresponding wave vectors K.

Let us consider the results of analyzing the iono-
spheric effect of SAWs during the Proton launch on
July 5, 1999, obtained at the array (SELE, CHUM,
SHAS) for PRN14 (on the left of Fig. 5).

In this case, the delay of the SAW response with
respect to the launch time is 12 min. The SAW has the
form of an N-wave with a period T of about 300 s and
an amplitude A, = 0.5 TECU, whichisan order of mag-
nitude larger than TEC fluctuations on background
days. The considered timeinterval is characterized by a
very low level of geomagnetic activity (11 nT).

The amplitude of maximal Doppler shift of frequency
A at the “reduced” frequency of 136 MHz wasfound to
be0.12 Hz. Inview of thefact that the shift F isinversely
proportional to the squared sounding frequency [20], this
correspondsto aDoppler shift of about A- = 12 Hz at the
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Table 4. Shuttle launches and the earthquakes in Turkey

AFRAIMOVICH et al.

T,s |A,TECU| Ag Hz 0, deg o,dg | Vi,mis | V,mis | Vy,mis | A, deg | ¢, deg | At s
Shuttle, April 17, 1998

263 | 0.57 | 0.16 | 30.5 | 140 3590 3094 1255 | 36.9 | 284 | -
Shuttle, October 29, 1999

218 | 0.27 | 0.05 | 34.4 | 214 1529 1263 | 734 | 28.6 | 284 | 203
Turkey, August 17, 1999

354 | 0.14 | 0.04 | 24.1 | 156 1286 1173 | 870 | 39.9 | 26.2 | 12
Turkey, November 12, 1999

195 | 0.079 | 0.023 | 37.6 | 186 | 1478 | 1157 | 812 | 40.5 | 29.2 | 85

working frequency of 13.6 MHz for the equivaent tilt
sounding path.

The azimuth a and elevation angle 8 of the wave
vector K, whose horizontal projection is shown in Fig. 1
by the dotted line marked by K, are 153° and 59°,
respectively. The horizontal component and the magni-
tude of the phase velocity turned out to be V;, = 1808 m/s
and V; = 931 m/s. The source coordinates at an altitude
of 100 km were determined as @, = 48° and A, = 66°.
The delay of “activation” of the SAW source At,, with
respect to the launch time was 264 s.

Similar results were also obtained at the array
(CHUM, POL2, SHAS) and PRN27 for the launch of
Soyuz LV on April 15, 1999. They correspond to the
projection of the vector K, in Fig. 2 and to the time
dependencesin Fig. 5.

A comparison of datafor other standard launches of
the Proton and Soyuz LV's (Table 3, average values are
presented) demonstrated that the SAW parameters
agreewell, regardless of therocket type, the level of geo-
magnetic disturbance, the season, and thelocal time. The
small scatter of coordinates of the SAW sources as deter-
mined inthisstudy (see Table 3; Figs. 1, 2) isalso signif-
icant. It should be noted that the wave vector K proved
to be nearly perpendicular to the direction of the hori-
zontal projection of the LV trajectories for al LV
launches from the Baikonur cosmodrome.

Let us consider the results of analyzing the iono-
spheric effect of SAWSs during the Space Shuttle launch
on October 29, 1998 (Table 4), obtained at the array
(AOML, KYW1, EKY 1) for PRNO1 (Fig. 6).

Asin the case of the Proton LV launches, the delay
of the SAW response with respect to the launch timeis
12 min. The SAW hastheform of an N-wavewith aperiod
T of about 210 sand an amplitude A, = 0.3 TECU, which
is an order of magnitude larger than the TEC fluctua-
tions on background days. The amplitude of the maxi-
mal Doppler frequency shift Az at the “reduced” fre-
guency of 136 MHz was found to be 0.07 Hz.

The azimuth a and elevation angle 8 of the wave vec-
tor K; whose horizontal projection is shown in Fig. 3 by
the dotted line marked by K, are 214° and 34.6°, respec-

tively. The horizontal component and the magnitude of
the phase velocity turned out to be V,, = 1502 m/s and
V, = 1235 m/s. These values are close to those for the
Proton and Soyuz LV's. The source coordinates at an alti-
tude of 100 km were determined as @, =27.4° and A, =
283°. The delay of “activation” of the SAW source At
with respect to the launch timewas 200 s.

Similar results were also obtained at the array
(CCV1, KYW2,AOML) and PRN15 for the launch on
April 17,1998 (Table 4). It can only be mentioned that
the SAW amplitude was a factor of 3 greater than that
for the launch on October 29, 1998.

Let us consider the results derived while analyzing
the ionospheric effect of SAWSs during the earthquake
on August 17, 1999, and obtained at the array (GILB,
BSHM, KATZ) for PRN 06 (Fig. 6). The average val-
ues are presented in Table 4.

In this case, the delay of the SAW response with
respect to the earthquake time is 20 min. The SAW has
the form of an N-wave with a period T of about 360 s
and an amplitude A, = 0.12 TECU, which is an order of
magnitude larger than the TEC fluctuations on back-
ground days. However, it should be noted that the time
interval considered is also characterized by a very low
level of geomagnetic activity (—14 nT).

The amplitude of the maximal Doppler frequency
shift A- at the “reduced” frequency of 136 MHz was
found to be 0.04 Hz. This corresponds to a Doppler
shift of about A = 4 Hz at the working frequency of
13.6 MHz for the equivalent tilt sounding path.

The azimuth a and elevation angle 6 of the wave
vector K; whose the horizontal projection is shown in
Fig. 4 by the dotted line marked by K, are 154° and 26°,
respectively. The horizontal component and the magni-
tude of the phase velocity turned out to be V,, = 1307 m/s
and V, = 1174 m/s. The source coordinates at an atitude
of 0 km were determined as @, = 39.1° and A, = 25.9°.
The delay of “activation” of the SAW source At,, with
respect to the beginning of the earthquake was 12 s.

Similar results were also obtained for the earth-
guake on November 12, 1999. They correspond to the
projection of the vector K, in Fig. 4 and to the average
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Earthquakes in Turkey
August 17, 1999
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Space Shuttle
October 29, 1998

I(7), 101 m? Al(r), 1019 m2
40 (a) 0.6
BSHM; PRN 16 BSHM; PRN 6
DAY 229
DAY 229
20 0
DAY 228 DAY 228
DAY 230
DAY 230
A 1 1 1 1 -0.6 1 1 1 |
0 02 04 06 038 0.1 0.2 03 04 05
F(f), Hz 1(1), 10'°m?
0.05- (c) 30F d
PRN 6 AOML; PRN 1
201
DAY 302
KATZ 10f
GILB DAY 301
DAY 303
BSHM
_0.05 | | i 1 | 0 A | |
0.1 0.2 0.3 0.4 0.5 18 20 22
AlL(f), 1010 m2 F(t), Hz
04- (e 01r (f)
PRN 1
DAY 302
0 0
EKY 1
DAY 301 KYW 1
DAY 303 AOML; PRN 1 AOML
-04 1 1 1 ~-0.1 1 1 1
19.4 19.5 19.6 19.7 19.4 19.5 19.6 19.7
UT, hours
Fig. 6
data presented in Table 4. It can only be mentioned that 5. DISCUSSION

the SAW amplitude was dlightly less than that for the
earthquake on August 17, 1999. With an increased level
of geomagnetic activity (44 nT), this led to a smaller
“signal/noise” ratio, as compared to the earthquake on
August 17, 1999. However, it does not prevent us from
reliable estimation of the SAW parameters.

A comparison of the datafor both earthquakes dem-
onstrated that the SAW parameters agree well, regard-
lessof thelevel of geomagnetic disturbance, the season,
and the locdl time.

COSMIC RESEARCH  Vol. 40 No. 3 2002

Now let us discuss briefly the main results and com-
pare them to the data of other authors. As we do not
have information on the dynamics and energetics of the
Proton, Soyuz, and Space Shuttle launches nor a model
of SAW emission during earthquakes, in this study we
deliberately refrain from physical interpretation of the
results obtained. Our goal is to get more reliable and
trustworthy data implementing new possibilities pro-
vided by the global GPS monitoring.

A similarity in the SAWSs detected by ionospheric
soundings that are generated during rocket launches
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and earthquakes should be particularly noted. It turned
out that, though the characteristics and dynamics of the
impact of rocket launches and earthquakes on the iono-
sphere are different, as are the local time, the season,
and the level of geomagnetic disturbance, for all events
the ionospheric response has the character of an
N-wave. The SAW period T is equal to 270-360 s, and
itsamplitude exceeds the rmsval ue of background fluc-
tuations under quiet and moderate geomagnetic condi-
tions by afactor of 2-5 as aminimum.

Our measurements of the period and amplitude of
the SAW response agree well with the results of mea-
suring the Doppler shifts of frequency in the HF wave
range during the launches of the Space Shuttle LV on
February 28, 1990, and April 28, 1991 [11], aswell as
with the corresponding estimates of the maximal shift
F obtained [25, 26] for the tilt radio soundings during
the launches from the Baikonur cosmodrome. They are
also closeto the estimates[14] obtained by radio occul-
tation methods through sounding the ionosphere with
the ultra HF wave signal from the geosynchronous sat-
ellite MARECS-B2 during the launches of the Space
Shuttle LV on October 18, 1993 (STS-58), and Febru-
ary 3, 1994 (STS-60).

Two series of TEC oscillations were detected [16]
during the launch of the Space Shuttle LV (STS-58) on
October 18, 1993. The first one has an N-wave form
with a maximal amplitude of 0.25 TECU. This also
agrees with our data.

It was noted in the literature that SAWs with asim-
ilar form and a close amplitude were detected during
powerful industrial explosions [7-10, 25, 27].

Aswas aready mentioned in the Introduction, some
researchers give considerably different values for the
velocities of SAW propagation, up to thousands of m/s,
which is beyond the limits of the speed of sound at the
heights of SAW propagation in the atmosphere.
According to the data presented in review [28], the
velocity of propagation of the SAW ionospheric
response varied from 600 to 1670 m/s as recorded dur-
ing the Apollo rocket missions.

It was hypothesized in [29] that the shock wave
associated with arocket flight separates at an altitude of
about 160 km in the ionosphere into an ion-acoustic
mode (with a velocity of up to 1.3 km/s) and a hormal
acoustic mode (with avelocity as high as500 m/s). The
difference in propagation velocities of the first and sec-
ond disturbances was observed during the Apollo 14
and Apollo 15 launches at one and the same distance of
1440 km from the launch site. Differences in atmo-
spheric conditions and trgjectories of wave propagation
due to seasonal ionospheric variations can be responsi-
ble for this.

The observations of long-period waves [30] over the
incoherent scatter radar at Arecibo were described for
the period of the Space Shuttle (STS-4) launch on June
27, 1982. The group velacity of the wave propagation
was found to be 600-700 m/s at alarge distance (as far
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as 1000 km) from the path. According to GPS measure-
ments [16], the phase velocity of the SAWSs is on the
order of 1000-1300 m/s at ionospheric heights.

A common drawback of the well-known methods
used for determination of the SAW phase velocity is
their need for a predetermined time of the rocket
launch. This follows from the fact that the velocity is
calculated from the SAW delay with respect to the
launch time under the assumption of constant velocity
along the propagation path, and this assumption is far
from reality. Moreover, essentialy, only the horizontal
component of the phase velocity V,, was determined in
these studies. At different elevation angles of the wave
vector K, the velocity V,, is associated with consider-
ably different values of the magnitude of the phase
velocity V,.

With the method proposed in this study, one has the
possibility to determine the angular characteristics of
the wave vector K, and, correspondingly, estimates of
V;. According to our data (Tables 3, 4), the elevation
angle of the SAW wave vector ranges from 30° to 60°
and the SAW phase vel ocity varies from 900 to 1200 nv/s.
We determine the phase velocity of propagation of the
line of equal TECs at the height of the ionospheric F-
region maximum. This region contributes most to vari-
ations of the total electron content between the receiver
and the GPS satellite, and the sensitivity of the method
ismaximal there. AsV, is close to the speed of sound at
these altitudes [7, 14], this alows one to identify the
sound nature of the TEC disturbance.

The location of SAW sources as cal culated without
refraction correction corresponds to a path segment at a
distance of no less than 700-900 km from the launch
site for the Proton or Soyuz LVs (Figs. 1, 2) and no less
than 200-500 km for the Space Shuttle LV (Fig. 3).
This agrees with the delay At,, of the source “activa-
tion”, which is 195-300 sfor the Proton and Soyuz LV's
and 195-230 s for the Space Shuttle LV. It can be seen
from our data that the calculated location of the SAW
source during rocket launches does not coincide with
the position of the launch site. At the same time, the
coordinates of the source are in rather good agreement
with those of the horizontal projections of the LV tra-
jectories (Figs. 1-3).

The data from infrasound measuring arrays on the
northeastern coast of the United States were analyzed
in[31]. Strong acoustic signals were observed from the
launch and reentry areas of the Saturn 5 LV. The
authors recognize three types of signals. The first type
was associated with early signals, whose arrival time
corresponded to supersonic values of their velocity,
equal to 500-1000 m/s. The second type represented
normal signals with the group velocity approximately
equal to the normal speed of sound in the air. The last
typeincluded late signal swith subsonic vel acities rang-
ing from 190 to 240 m/s. It was suggested in [31] that
the so-called “early” signals during rocket launches are
caused by the SAWs generated during the reentry of the
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first stage at distances of more than 500 km from the
launch site.

However, our data, which were obtained from com-
paring the estimates of the velocities V,, V,, and V,, as
well as of the azimuth o of the SAW wave vector K, are
in better agreement with a mechanism asserted in [6,
14, 16, 26]. The authors of these studies believe that the
SAWSs are generated when a rocket moves nearly hori-
zontally along the accel eration segment of its trgjectory
in the lower atmosphere at heights of 100-130 km with
the operating engine. The rocket passes this segment
with a supersonic velocity at the 100th—300th s of its
flight at adistance of more than 500 km from the launch
site. As soon as the rocket ascends to an altitude of
about 100 km, the SAW sourceis “activated.”

The location of the SAW source cal culated without
refraction correction approximately corresponds to the
earthquake epicenter. Our data agree with the existing
ideas that the shock—acoustic waves are generated due
to forcer-like motions of the Earth’s surface in the epi-
central zone of earthquakes[3, 32].

CONCLUSIONS

The authors hope that this study will contribute to a
better understanding of the physical processes that
occur in the Earth's atmosphere during rocket flights
along the initial segment of the traectory, as well as
during earthquakes. Moreover, it will help to find more
reliable signal indications of technogenic effects, which
are necessary for constructing an effective global radio-
physical system for detection and localization of these
effects on the basis of processing the data from the
international network of two-frequency receivers of the
GPS-GLONASS navigation systems.
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