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In this paper we investigate the form and dynamics of shock acoustic waves (SAW) generated during the rocket
ProTON launching from the Baikonur cosmodrome in 1998 and 1999. |n spite of the difference of geophysical
conditions, the ionospheric response for all launchings has a period of about 300 s and the amplitude exceeding
background fluctuations under quiet and moderate geomagnetic conditions by factors of 2 to 5 asaminimum. The
angle of elevation of the SAW wave vector varies from 45° to 60°, and the SAW phase velocity (900-1200 m/s)
approaches the sound velocity at heights of the ionospheric F region maximum. The position of the SAW source,
inferred by neglecting refraction corrections, corresponds to the segment of the rockets path at a distance no less
than 700-900 km from the launch pad, which is consistent with the estimated delay time of SAW source triggering

(250-3009).

1. Introduction

A large number of publications (Arendt, 1971; Karlov et
al., 1980; Mendillo, 1981, 1982; Noble, 1990, etc.) are de-
voted to the study of the ionospheric response of the shock
wave produced during launchings of powerful rockets. Sci-
entific interest in this problem is due to the fact that such
launchings can be regarded as active experiments in the
Earth’s atmosphere, and they can be used in solving awide
variety of problems in the physics of the ionosphere and
radio wave propagation. These investigations have also im-
portant practical implications since they furnish a means of
substantiating reliable signal indications of technogenic ef-
fects (among them, unauthorized), which isnecessary for the
construction of an effective global radiophysical subsystem
for detection and localization of these effects.

Published data on fundamental parameters of the shock
acoustic waves (SAW) differ greatly. According to areview
by Karlov et al. (1980), the oscillation period of the iono-
spheric response of the SAW, recorded during launchings
of the ApoLLO mission rockets, varied from 6 to 90 min,
and the propagation velocity was in the range from 600 to
1670 m/s. Thereis an even greater uncertainty in the local-
ization of the region of SAW generation, which is necessary
both for an understanding of the physical mechanisms of the
phenomenon, and for a scientific justification of the solution
of applied problems. Published data are discussed in more
detail in Section 5, by comparison with our results.

Thelack of comprehensive, reliable dataon SAW parame-
tersisdue primarily to the limitations of existing experimen-
tal methods and detection facilities. The main body of data
was obtained by measuring the frequency Doppler shift at
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vertical and oblique-incidence ionospheric soundings in the
HF range (Jacobson and Carlos, 1994). In some instances
the sensitivity of this method is sufficient to detect the SAW
reliably; however, difficulties emerge when localizing the
region where the detected signal is generated. These prob-
lems are caused by the multiple-hop character of HF signal
propagation.

Currently some authors have embarked on an intense de-
velopment of methods for the use of GPS data in detect-
ing the ionospheric response of strong earthquakes (Calais
and Minster, 1995), rocket launchings (Calais and Minster,
1996), and industrial surface explosions (Fitzgerald, 1997;
Calaiset al., 1998). In the cited references the SAW phase
vel ocity wasdetermined by the* crossing’ method by estimat-
ing the time delay of SAW arrival at subionospheric points
corresponding to different GPS satellites observed at agiven
time. However, the accuracy of such amethod is rather low
because the atitude at which the subionospheric points are
specified, is determined in a crude way.

Thegoa of thispaper isto devel op amethod for determin-
ing SAW parameters (including the phase velocity, angular
characteristics of the SAW wavevector, thedirection towards
the source, and the source location) using GPS arrays whose
elements can be chosen out of alarge set of GPS stations of
aglobal GPS network (Klobuchar, 1997). Contrary to exist-
ing radio techniques, this method estimates SAW parameters
without a priori information about the location and time of a
rocket launching.

2. TheGeometry and General Characterization of
Experiments
This paper presents the results derived from determining
the key SAW parameters during ascents of the PROTON
rockets from cosmodromes Baikonur (45.6°N, 63.3°E) in
1998 and 1999 (a total of three launchings). Figure 1 por-
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Table 1. Parameters of rocket launch-induced SAWSs.
Sites tp At T A Ar o ) Vi Vi v, o A AL,
(UT) (sec) (sec) (TECU) (Hz)  (9) () (ms) (my (ms) () () (sec)
July 5, 1999; t, = 13:32 UT; PRN 14; DAY 186; Dst = 11 nT
SELE 13:44:44 764 300 0.46 0.12 589 1528 1808 931 1070 48 66 264
CHUM
SHAS
SUMK  13:42:44 644 300 0.75 0.17 58 157 1639 874 976 479 66 259
POL2
SELE
KUMT  13:45:54 834 360 0.36 0.08 59 152 2473 1271 1094 477 66.7 265
SHAS
SELE
POL2 13:44:32 752 300 0.39 0.11 58.7 154 2458 1278 894 478 66 262
SELE
KUMT
CHUM  13:44:09 729 300 0.49 0.13 588 1536 1741 901 926 48 66 263
SELE
SUMK
> 305 0.48 0.12 58.7 1539 2024 1051 992 479 66.1 263
October 27, 1999; to = 16:16 UT; PRN 9; DAY 300; Dst=—80 nT
CHUM  16:30:58 899 300 0.098 0.02 465 161 1679 1156 823 475 6717 308
POL2
SHAS
SUMK  16:29:31 811 270 0.12 0.038 463 162 1666 1151 827 474 684 325
POL2
SHAS
SHAS 16:31:31 931 300 0.053 0016 459 163 1659 1155 844 475 684 302
CHUM
SUMK
POL2 16:31:18 918 270 0.067 0.017 468 161 1666 1151 811 474 677 312
CHUM
SUMK
> 285 0.08 0.02 464 162 1668 1153 826 475 68 312
November 20, 1998; to = 06:40 UT; PRN 16; DAY 324; Dst=—9 nT
CHUM 6:53:42 822 300 0.11 0028 528 1629 1338 809 890 483 677 308
SELE 6:54:06 846 300 0.09 0.02
POL2 6:54:06 846 300 0.08 0.017
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Launch: Nov. 20 1998 06:40 UT (DAY 324)
Launch: Jul. 51999 13:32 UT (DAY 186)
Launch: Oct. 27 1999 16:16 UT (DAY 300)
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Fig. 1. Experimental geometry during PROTON launches from Baikonur
Cosmodrome. Solid lines show trajectories of subionospheric points for
each GPS satellite at the height hmax = 400 km. Dark diamonds along
thetrajectories show the position of subionospheric pointsat thetimet, of
amaximum deviation of the frequency Doppler shift F. Asterisks show
the source position at 100 km atitude determined using the datafrom the
GPS-arrays. Numbers at the asterisks correspond to day numbers and to
the ‘switch-on’ delay of the source with respect to the start time. Dashed
straight lines connecting the anticipated source with the subionospheric
point designatethehorizontal projection of thewavevector K. Heavy dots
and upper-case letters mark the position and names of the GPS stations,
while lower-case |etters along the trajectories refer to station names and
PRN numbers of the GPS satellites.

trays the geometry of experiments. The dashed line roughly
corresponds to the horizontal projection of the rocket flight
trajectory with orbital inclination ¢+ = 51.6°. The symbol ¢
marks the pad site.

Below is a summary of results derived from detecting
one standard launching (on November 20, 1998) and two
abortive launchings (July 5 and October 27, 1999) of the
ProTON. Information about rocket launchings from the
Baikonur Cosmodrome can be extracted from the Internet
sites: http//ww. flat oday. cont http:// ww. ksc.
nasa. gov; htt p: // ww. spacel aunchnews. coni
andhttp://ww.isllaunch.com

General information regarding these launches are summa-
rized in Table 1 (including the start time tp of UT and the
level of geomagnetic disturbance according to geomagnetic
index Dst). It was found that the deviation of Dst for the
selected days was quite moderate thus enabling the SAW to
be identified.

3. Methods of Determining Shock Acoustic Wave
CharacteristicsUsing GPS Arrays

The standard GPS technology provides a means for wave
disturbances detecion based on phase measurements of to-
tal electron content (TEC) at each of spaced two-frequency
GPS receivers. A method of reconstructing TEC variations
I from measurements of the ionosphere-induced additional
increment of the group and phase delay of the satellite ra-
dio signal was detailed and validated in a series of publi-
cations (Calais and Minster, 1995, 1996; Fitzgerald, 1997;
Afraimovich et al., 1998).

GPS phase measurements can be made with ahigh degree
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of accuracy corresponding to the error of TEC determination
of at least 10'* m~2 when averaged on a 30-second time
interval, with some uncertainty of the initial value of TEC,
however (Hofmann-Wellenhof et al., 1992). This makesthe
detection of ionization irregularities and wave processes in
the ionosphere possible over awide range of amplitudes (up
to 10~ of the diurnal TEC variation) and periods (up to 1—
5 min). The unit of TEC (TECU), which is equal to 10
m~2 and is commonly accepted in the literature, will be used
in the following.

In some instances a convenient way of detecting and de-
termining the ionospheric response delay of the shock wave
involves inferring the frequency Doppler shift F from TEC
series | . Relevant results derived from analyzing the F(t)-
variationscalculated for the‘ reduced’ frequency of 136 MHz
are discussed in Section 4.

The correspondence of space-time phase characteristics,
obtained through transionospheric soundings, with local
characteristics of disturbancesin theionosphere was consid-
ered in detail in awide variety of publications (Bertel et al.,
1976; Afraimovichetal., 1992; Mercier and Jacobson, 1997)
and is not analyzed at length in this study. The most impor-
tant conclusion of the cited referencesis the fact that, as for
theextensively exploited model of a‘ plane phase screen’ dis-
turbances Al (X, y, t) of TEC faithfully copy the horizontal
part of the corresponding disturbance of local concentration,
independently of the angular position of the source, and can
be used in experiments on measuring the wave disturbances
of TEC.

However, the TEC response amplitude experiences a
strong azimuthal dependence caused by the integral charac-
ter of atransionospheric sounding. Asafirst approximation,
the transionospheric sounding method is responsive only to
the wave disturbances with the wave vector K; perpendicular
tothedirectionr. A corresponding condition for elevation 6
and azimuth « of an arbitrary wave vector K; normal to the
directionr, has the form

0 = arctan(— cos(as — )/ tanbs) (0]

where as—the azimuthal angle, counted off from the north-
ward in aclockwise direction; and 6s—the angle of elevation
between the direction r and the terrestrial surface at the re-
ception site.

We used formula (1) in determining the elevation 6 of K
from the known mean value of azimuth « (see below). « and
6 are reckoned from the northward direction and from the
ground, respectively.

Wenow summarize briefly the sequence of dataprocessing
procedures. Out of a large number of GPS stations, three
sites (A, B, C) are selected, the distances between which do
not exceed about one-half the expected wavelength of the
perturbation. Site B istaken to be the center of atopocentric
reference frame whose axis X is directed eastward, and the
axisy isdirected northward. Such aconfiguration of the GPS
receivers represents the GPS array with a minimum number
of the required elements. In regions with a dense network
of GPS sites, we can obtain a large variety of GPS arrays
of adifferent configuration enabling the acquired data to be
checked for reliability; in this paper we have exploited such
apossibility.
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Theinput datainclude seriesof the‘ oblique’ valueof TEC
Ia(t), Ig(t), I (t), aswell as corresponding series of values
of the elevation 65(t) and the azimuth as(t) of the beam to
the satellite calculated, using our developed CONVTEC soft-
ware which converts the RI NEX files, standard for the GPS,
fromtheINTERNET. For determining SAW characteristics,
continuous series of measurements of 14 (1), Ig(t), Ic(t) are
selected with a length of at least a one-hour interval which
includes the start time.

To eliminate variations of the regular ionosphere, as well
astrends introduced by orbital motion of the satellite, a pro-
cedure is used to remove the linear trend involving a prelim-
inary smoothing of the initial series with the selected time
window.

Series of the values of the elevation 65(t) and azimuth
as(t) of the beam to the satellite are used to determine the
location of the subionospheric point, as well as to calculate
the elevation 9 of the wave vector K; disturbance from the
known azimuth « (see formula (2)).

Figure 2 showstypical time dependenciesof theTEC at the
GPS array CHUM station near the Baikonur Cosmodrome.

It is evident from Fig. 2 that fast oscillations with a typi-
cal period T of about 300 s. are clearly distinguished among
slow TEC variations. The oscillation amplitude A (up to
0.5 TECU) is far in excess of the TEC fluctuation intensity
during ‘background’ days. Variationsin frequency Doppler
shift F(t) for spatialy separated sites (SELE, CHUM,
SHAYS) are well correlated but are shifted relative to each
other by an amount well below the period, which permitsthe
SAW propagation vel ocity to be unambiguously determined.

With proper account of a good signal/noise ratio (larger
than 1), we determine the horizontal projection of the phase
velocity Vi, with the known coordinates of array sitesA, B, C
fromtimet,, shifts of amaximum deviation of the TEC. Pre-
liminarily measured shifts are subjected to alinear transfor-
mation with the purpose of calculating shifts for sites spaced
relativeto the central sitenorthward N and eastward E. This
isfollowed by a calculation of the E- and N-components of
Vy and Vy, as well as the direction « in the range of angles
0°-360° and the modulus V;, of the horizontal component of
the SAW phase velocity.

From the delay At = t, — tp and the known path length
between the launch pad and the subionospheric point we cal-
culated also the SAW mean velocity V, in order to compare
our obtained estimates of the SAW phase velocity with the
usually used method of measuring this quantity.

The aspect condition (1) restricts the number of beam tra-
jectories to the satellite, for which it is possible to detect
reliably the SAW response in the presence of noise. On the
other hand, formula(1) can beused to determinetheelevation
6 of thewave vector K; of the shock wave at the known value
of the azimuth o (Afraimovich et al., 1998, 1999). Hence
the phase velocity modulus V; can be defined as

Vi = Vh sec(d). @)

The ionospheric region that is responsible for the main
contribution to TEC variations lies in the neighborhood of
the maximum of the ionospheric F region, which does de-
termine the height hya Of the subionospheric point. To a
first approximation, it can be assumed that it is at this alti-
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Fig. 2. Time dependencies of ‘oblique’ TEC | (t) at one of the three sites
of the GPS-array in the area of Baikonur Cosmodrome on the days of
ProToN launch (heavy curve), and one day before and one day after
the start (thin curves) on July 5, 1999—a, and on October 27, 1999—d;
b, e—for the same days but the TEC variations Al (t) with the linear
trend removed and with a smoothing with a time window of 5 min; c,
f—uvariations of the frequency Doppler shift F(t) ‘reduced’ to the sound-
ing signal frequency of 136 MHz, for three sites of the arrays, start days.
All panels show day numbers, GPS station names, and PRN numbers of
the GPS satellites. The small arrows at the abscissaaxisindicate the start
time to.

tude where the imaginary detector is located, which records
the ionospheric SAW response in TEC variations. When
selecting hma it should be taken into consideration that the
decreasein electron density with height above the main max-
imum of the F2 layer proceeds much more slowly than isthe
case below themaximum. Sincethedensity distributionwith
height isessentially a‘weight function’ of the TEC response
to a wave disturbance (Afraimovich et al., 1992), it is ap-
propriate to use, as hma the value exceeding the true height
of the layer hg, maximum by about 100 km. The hg, varies
over a reasonably wide range (250-350 km) depending on
thetime of day and on some geophysical factorswhich, when
necessary, can be taken into account if corresponding addi-
tional experimental data and current ionospheric models are
used. Inall calculations that follow, hypax = 400 km is used.

From the GPS data we can determine the coordinates Xs
and Ys of the subionospheric point in the horizontal plane
XOY of atopocentric frame of reference centered on the
point B(0, 0) at thetime of amaximum TEC deviation caused
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by the arrival of the SAW at this point. Since we know
the angular coordinates 0 and « of the wave vector K, it is
possible to determine the location of the point at which this
vector intersectsthe horizontal plane X’OY’ at the height h,,
of the assumed source. Assuming a rectilinear propagation
of the SAW from the source to the subionospheric point and
neglecting the sphericity the coordinate Xy, Yy, and hpyg Of
the sourcein atopocentric frame of reference can be defined
as

cosé sina

Xw = Xp - (hmax - hw) W (3)
C0S6 cosa

Yw = Yp - (hmax - hw) W (4)

The coordinates X,, and Yy, thus obtained, can readily be
recalculated to the values of the latitude and longitude (¢w
and \,,) of the source. When recording SAW produced by
launchings of powerful rockets, the region of SAW genera-
tion canlieat heightsh, of order 100 km or higher (Li etal.,
1994; Nagorsky, 1999).

Given the coordinates of the subionospheric point and of
the disturbance source, the mean value of the SAW propa
gation velocity between the source and the subionospheric
point, and the arrival time of the SAW at this point, then
within the approximation of a rectilinear propagation it is
easy to determine the ‘switch-on’ delay At,, of the antic-
ipated SAW source with respect to the start. This would
make it possible to obtain additional information about the
SAW source which is needed to understand the mechanism
of SAW generation. The estimates of At, made below as-
sume that the propagation velocity is taken equal to 700 m/s
(see Li et al., 1994). Note that by the ‘switch-on’ time of
the source is meant here the time of a maximum disturbance
of the background state of the medium when the SAW is
generated.

Corresponding values of the SAW parameters, and also
site names of the GPS array and GPS satellite PRN numbers
are presented in Table 1.

4. Resultsof Measurements

Solid curvesin Fig. 1 show trajectories of subionospheric
points for each of the GPS satellites at the height hpax =
400 km. Dark diamonds along the trajectories correspond
to the coordinates of subionospheric points at the time t, of
a maximum deviation of the TEC. Asterisks designate the
source location at 100 km altitude inferred from the GPS ar-
ray data. Numbers at the asterisksrefer to the corresponding
day numbers and to the ‘ switch-on’ delay of the source with
respect to the start time. Dashed straight lines connecting
the anticipated source with the subionospheric point show
the horizontal projection of the wave vector K;.

Let us consider the results derived from anayzing the
ionospheric effect of SAW during failed PrRoTON launch
on July 5, 1999 obtained at the array (SELE, CHUM,SHAYS)
for PRN14 (at the left of Fig. 2, and in Table 1).

In this case the delay of the SAW response with respect to
the start time is 12 min. The SAW has a period T of about
300 s. and an amplitude A; = 0.5 TECU, which isan order
of magnitude larger than TEC fluctuations for background
days. It should be noted, however, that thistime interval was
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characterized by a very low level of geomagnetic activity
(Dst = 11 nT).

The amplitude of amaximum frequency Doppler shift Ag
at the ‘reduced’ frequency of 136 MHz was found to be
0.12 Hz. Inview of the fact that the shift F isinversely pro-
portional to the sounding frequency squared (Davies, 1969),
this corresponds to a Doppler shift at the working frequency
of 13.6 MHz and the equivalent oblique-incidence sounding
path of about A = 12 Hz.

The azimuth and elevation « and 9 of the wave vector K;
whose horizontal projection is shown in Fig. 1 by a dashed
lineandismarked by K, are 153° and 59°, respectively. The
horizontal component and the modulus of the phase velocity
were found to be V,, = 1808 m/s and V; = 931 m/s. The
source coordinates at 100 km altitude were determined as
¢y = 48° and A, = 66°.

The*switch-on’ delay of the SAW source At,, with respect
tothestart timewas 264 s. Therefore, it comesasno surprise
that the mean velocity of about V,; = 1500 m/s, determined
in a usual manner from the response delay with respect to
the start, was far greater than the phase velocity V;. Initially,
the rocket moved with a supersonic velocity to areasonably
large distance from the launch pad (to 800 km in the case
under consideration), and the SAW source‘ switchedon’ only
thereafter.

Similar results for the array (POL2, CHUM, SHAS) and
PRNO9 were also obtained for failed launch of October 27,
1999. They correspond to the projection of the vector K in
Fig. 1, and to the Table 1. One can only note that the SAW
amplitude was by afactor of 4-5 smaller than that for launch
of July 5, 1999. At an increased level of magnetic activity
(Dst = —80 nT) this led to a smaller (compared to July 5,
1999) signal/noise ratio, which, however, did not interfere
with obtaining reliable estimates of SAW parameters.

The comparison of the data for standard launch (Novem-
ber 20, 1998) and failed launches showed that SAW param-
eters were reasonably similar, irrespective of the level of
geomagnetic disturbance, the season, and the local time.

To convince ourselves that the determination of the main
parameters of the SAW form and dynamicsisreliablefor the
launches analyzed here, in the area of the Baikonur Cosmod-
rome we selected different combinations of three sites out of
the sets of GPS stations available to us, and these data were
processed with the same processing parameters. Relevant re-
sults for Baikonur (including the average results for the sets
%), presentedin Table 1 and in Fig. 1 (SAW source position),
show that the values of SAW parameters are similar, which
indicates agood stability of the data obtained, irrespective of
the GPS array configuration.

5. Discussion

In spite of the difference of the season, and the level of
geomagnetic disturbance, the ionospheric response for al
launcheshasaperiod T is 270-360 s, and the amplitude ex-
ceedsthe standard deviation of background TEC fluctuations
in this range of periods under quiet and moderate geomag-
netic conditions, by afactor of 2-5 as a minimum.

Our measurementsof the period and amplitude of the SAW
response are in good agreement with frequency Doppler
shifts measured in the HF range during SPACE SHUTTLE
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launches on February 28, 1990 and April 28, 1991 (Jacobson
and Carlos, 1994), as well as with corresponding estimates
of a maximum shift F reported by Nagorsky (1999) for
oblique HF radio path during rocket launches from Baikonur
Cosmodrome. They are also similar to the estimates ob-
tained by Li et al. (1994) using the transionospheric VHF ra-
dio signal from geostationary satellite MARECS-B2 during
SPACE SHUTTLE launches on October 18, 1993 (STS-58)
and February 3, 1994 (STS-60).

Aspointed out in the Introduction, some researchersreport
markedly different values of the SAW propagation vel ocity—
up to several thousand m/s, which exceedsthe sound vel ocity
at SAW propagation heightsin the atmosphere. The horizon-
tal component of the phase velocity Vy, was in essence de-
termined in such studies. At different values of elevation of
the wave vector K, the velocity Vj, corresponds to markedly
different values of the modules of the phase vel ocity V;.

Theuse of themethod proposed inthispaper makesthede-
termination of the angular characteristics of the wave vector
K possible and, accordingly, the estimation of V;. Accord-
ing to our data (Table 1), the elevation of the SAW wave
vector varied from 45°-60°, and the SAW phase velocity V;
was in the range of from 900 to 1200 m/s. We determine
the phase velocity of the line of equal TEC at the height of
the ionospheric F region maximum which makes the main
contribution to variations in TEC between the receiver and
the GPS satellite and corresponds to the region of maximum
sensitivity of the method. Since V; approachesthe sound ve-
locity at thesealtitudes(Li etal., 1994), thismakesit possible
to identify the sound nature of a TEC perturbation.

The position of the SAW source, calculated by neglect-
ing refraction corrections, corresponds to the segment of the
ProTON trajectory (Fig. 1) within distances of at least 700—
900 km from the launch pad. This is consistent with the
‘switch-on’ delay At,, of the source which is 250-300 s for
the PROTON. Asit isevident from our data, the calculated
position of the SAW source for rocket launches does not co-
incide with the position of the launch pad. At the sametime
the sourcelocation isin reasonably good agreement with that
of horizontal projections of rocket trgjectories (Fig. 1).

Our dataare in better agreement with the mechanism sub-
stantiated by Li et al. (1994), Calaisand Minster (1996), and
Nagorsky (1999). They believe that the generation of SAW
occurs during a nearly horizontal travel of the rocket with
the operating engine along the acceleration segment of the
trajectory, at the lower atmospheric heights of 100-130 km.
The rocket travels this segment with supersonic velocity at
100-300 s of itsflight at a distance of at |east 500 km from
the launch pad. Assoon asit ascendsto an atitude of about
100 km, the SAW sourceis ‘switched on’.
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