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Abstract—Possibilities of using the GPS and Transit satellite radionavigational systems (SRNS) for determin-
ing parameters of shock acoustic waves (SAW) generated during carrier rocket launches have been investigated.
It has been indicated that the ionospheric response to SAW has a character of wave disturbances with periods
of 250300 s. Registration of these disturbances with awidely branched system of GPS receivers and their pro-
cessing using the methods devel oped by us have made it possible to determine the main SAW characteristics:
the wavevector azimuth and elevation angles, the horizontal components and magnitude of the phase velocity,
and coordinates of a SAW source and thetime of its activation. The above parameters cal culated for 18 launches
of the Proton and Soyuz carrier rockets from the Baikonur cosmodrome in 1998-2000 are presented. Model
calculations have shown that data of Transit SRNS do not allow one to reliably detect a SAW response and to

determine its parameters.

1. INTRODUCTION

Studying ionospheric disturbances that originate
during launches of powerful vehicles, including space-
craft launch vehicles (LV) is of scientific interest, since
we can consider such launches as active experimentsin
the Earth’s atmosphere and use them to solve a number
of problems of ionospheric physics and radiowave
propagation. These studies are also of applied signifi-
cance, sincethey allow usto substantiate reliable signal
indications of technogenic effects (including unautho-
rized), necessary for constructing an effective global
radiophysical system for detecting and localizing these
effects.

By the present, a few types of disturbances caused
by an active flight have been described [Karlov et al.,
1980]. The first type of the disturbance is generated
during the interaction between an oncoming air flow
and arocket plume. This disturbance may have a space
scale of about 10 km and directly joins a rocket air-
frame. The second type of the disturbance is character-
ized by a significant drop of the electron density N, at
altitudes of the F, layer, caused by the violation of the
photochemical equilibrium of ionized particles due to
the gection of rocket exhausts into the ionosphere. The
third type of the disturbance is related to SAW gener-
ated during a rocket launch. SAW generate in the
Earth’s atmosphere awide spectrum of acoustic gravity
waves (AGW) propagating over large distances and
involving (viacollisions) the charged component of the
ionosphere into the wave motion.

Variationsin electron density caused by aLV launch
arerecorded by different radiophysical methods. Tradi-
tional methods for detecting ionospheric disturbance
include vertical and obligue incidence radiosounding of

the ionosphere (ionosondes), measurements of a Dop-
pler frequency shift during the vertica and oblique
incidence radiosounding in the SW range, measure-
ments of a Faraday rotation of the polarization plane of
geostationary satellite signals, and incoherent scatter
radars. The main drawback of the above methods dur-
ing diagnosing short-time technogenic effects, includ-
ing carrier rocket launches, is low resolution in time
and space. The sensitivity of these methods allows usto
detect and study |large-scal e effects, such asan expected
drop of N, in the F, layer, and, in anumber of cases, to
rather reliably detect wave ionospheric disturbances
(WID) generated by a shock wave. Substantial difficul-
ties arise, however, in determining the maor WID
parameters, the amplitude, phase, period, phase and
group velocities, angular characteristics of a wavevec-
tor, and the region of formation. This explains the lack
of complete and trustworthy data on WID characteris-
tics despite the long-term investigationsin this field.

Presently, the substantial progressis observed in the
development of methods for monitoring processes in
the Earth’s atmosphere based on using SRNS. Using
two-frequency receivers of such systems, one can real-
ize high-accuracy measurements of the line of sight
phase delay between a ground-based receiver and satel -
lite transmitters simultaneously at two coherently cou-
pled frequencies virtualy at any time and at any point
of the globe. Presently, these data, recalculated into a
total electron content (TEC), are widely used for study-
ing the regular ionosphere and natural and technogenic
disturbances.

As a rule, the time resolution of measurements is
very high for navigational systems. It varies from 1 s
(Transit SRNS) to not more than 30 s (SRNS GPS) and
allows one to study ionospheric disturbances in the
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Fig. 1. Geometry of the experiments during launches of the
Proton carrier rockets from the Baikonur cosmodrome in
2000. The sign < (rhomb) indicates location of the launch
site. Thick line approximately corresponds to the horizontal
projection of the rocket flight trgjectory. Points and large
print indicate the location and names of GPS stations. T1
and T2 linesare model trajectories of the Transit satellite (at
SELE). Thin line (GPS PRN18) showsthetrgjectory of sub-
ionospheric points of intersection of the ionosphere and the
CHUM-PRN18 ray path at an altitude of 400 km. Filled
sguares on the trajectories indicate positions of subiono-
spheric points when TEC disturbances observed at receiv-
ing points had maxima amplitudes. Locations of an
assumed source of SAW at 100 km altitude are marked by
Crosses.

wide range of periods. The formation of the extensive
network of SRNS receivers, whose data are supplied to
the Internet, is also of importance. Thus, the network of
GPS receivers network of global navigational system
GPS included not less than 900 points in June 2001.

In thiswork an attempt has been madeto analyze the
ionospheric response to SAW, generated during rocket
launches, using SRNS GPS, as well as to model TEC
observations at Transit SRNS. We considered the
launches of the Proton and Soyuz carrier rockets per-
formed in 1998-2000 from the Baikonur cosmodrome
(44° N, 58°E). Information about launches was
obtained from the Internet (http://www.flatoday.com,
http://www.spacelaunchesnews.com, and http://www.
ilslaunch.com).

Figure 1 shows the experiment geometry during the
launches of the Proton carrier rockets from the
Baikonur cosmodrome. The symbol <> (rhomb) denotes
the launch site position. The thick line approximately
corresponds to the horizontal projection of the rocket
trajectory with an orbital inclination of = 51.6°
(http://www.ilslaunch.com). Locations and names of
GPS dtations are marked by points and capitalized
names.
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2. REGISTRATION OF A SAW RESPONSE
WITH THE HELP OF GPS

In the recent years methods for detecting iono-
spheric disturbances have been intensely developed
based on wide usage of the extensive network of GPS
receivers, data from which are accessible viathe Inter-
net. We [Afraimovich et al., 1998] have developed the
method for determining parameters of wave-like distur-
bances in the ionosphere (including phase velocity,
angular characteristics of a wavevector, direction
toward a source, and its position) using phase measure-
ments of TEC I(t) at several spaced two-frequency GPS
receivers.

GPS measurements are performed with a high
degree of accuracy. Therefore, although theinitial mag-
nitude of TEC isunknown, the error in determining rel-
ative variationsin TEC values averaged over 30 s does
not exceed 10'* m~2 [Hofmann-Wellenhof et al., 1992].
This makes it possible to detect ionization inhomoge-
neities and wave processes in the ionosphere in the
wide range of amplitudes (up to 10~ of the diurnal TEC
variation) and periods (from several days to 5 min).
Below we will usea TEC unit (TECU) equd to 10 mr2,
generally accepted in the literature.

To determine characteristics of waves generated in
the ionosphere by a carrier rocket, we select three sta-
tions (A, B, and C), the distances between which do not
exceed the half of the expected wavelength A of adis-
turbance. Point B is considered as the center of the
topocentric frame of reference with the x and y axes
pointed to east and north, respectively. Such a configu-
ration of receivers represents the GPS array.

Theinitial datafor calculationsinclude the series of
TEC values for three selected points 1,(t), Ig(t), and
I<(t) and the corresponding series of the elevation
angle, B4t), and azimuth, a«t), of the beam to the sat-
ellite. In this case we select the continuous series of
measurements | (1), Ig(t), and I(t) with a duration of
not less than one hour including the time of the rocket
launch. To exclude variationsin the regular ionosphere,
as well as trends caused by the motion of the satellite,
we use the procedure of trend removal with a selected
time window.

Since the signal-to-noise ratio in our experiments
exceeds unity, the horizontal projection of the SAW
phase vel ocity may be determined (at given coordinates
of pointsA, B, and C) from relative time shifts between
instantst, corresponding to the maximal TEC deviation
at these points. The magnitude V,, and azimuth a of the
SAW wavevector K, in the angle range 0°-360° may be
calculated using the linear transformation described by
Afraimovich et al., [1998].

A few (not less than four) GPS satellites are visible
simultaneoudly at each receiving station. Accordingly,
several TEC values may be obtained simultaneously for
different lines of sight to satellitesr. If 68 and a are the
elevation angle and azimuth of the K, vector, then the
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angle y between the direction of propagation of awave
disturbance K, and the line of sight ray r is defined by

cos(y)

= cos(0g)cos(8)cos(ag—a) + sin(Bs)sin(0). M

The maximum amplitude of a TEC disturbance will
be observed for those SAW, the wavevector (K,) of
which is perpendicular to the direction of r, i.e., when
the condition cos(y) = 0 is satisfied. Or

tan(B) = 2

The aspect condition (2) limits the number of ray
paths to a satellite, for which the reliable detection of
the SAW response is possible against a noise back-
ground. On the other hand, Eq. (2) makesit possibleto
determine the elevation angle of the shock wavevector
K, and the magnitude of the phase velocity V; = V,,cos®6.

Panels (a) and (d) in Fig. 2 show typical time varia-
tions in TEC, I(t), for four GPS satellites (PRN16,
PRN18, PRN19, and PRN22) at CHUM station of the
GPS array in the region of the Baikonur cosmodrome
during the launch of the Proton carrier rocket at 2106 UT
on April 17, 2000. The TEC time variations, di(t), for
the same satellites after the trend remova with the
5-min time window are shown in panels (b) and (€).

Itisclear from Fig. 2b that, in the case of the PRN18
satellite, the rapid N-form variations with acharacteris-
tic period of T~ 300 s, caused by the SAW propagation,
may be easily identified against a background of slow
TEC variations. The amplitude of fluctuations (on the
order of 0.15 TECU) essentially exceeds the intensity
of TEC “background” fluctuations. The delay of the
SAW response relative to the launch timeis 12 min. In
the case of the PRN19 satellite, the oscillations do not
display any pronounced structure, and their amplitude
is significantly less (not more than 0.06 TECU). The
TEC disturbances on trajectories of PRN16 and PRN22
ray paths (Fig. 2€) are almost indistinguishable among
random noise variations of TEC. The standard devia
tion of the TEC fluctuations constitutes 0.02 TECU for
PRN16 and 0.01 TECU for PRN22, and the amplitude
of disturbances near the launch time t, does not exceed
0.05 TECU.

The aspect dependence of the TEC amplitude was
investigated in detail by Afraimovich et al., [1992;
1998]. It was shown [Afraimovich et al., 1992] that, for
theionization distribution close to Gaussian, the ampli-
tude of TEC disturbances depends on the angle y and
the ratio of a disturbance wavelengths A to the half-
width of the ionization maximum hy

_(mhycos(y))®
(Acos(89)” |

—cos(ag—a)/tan(Bg) .

M(y) O exp{ 3)

To compare the character of the aspect dependence
of TEC disturbances recorded during the launch with
the theoretical calculations, we modeled wave-like dis-
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Fig. 2. (a, d) Timevariationsin TEC, I(t), and (b, €) thedI(t)
variations without a trend for four GPS satellites (PRN16,
PRN18, PRN19, and PRN22) for CHUM station in the
Baikonur cosmodrome region during the launch of the Pro-
ton carrier rocket on April 17, 2000. Thick and thin lines
show experimental and model data, respectively. Arrows at
the abscissaaxisindicate the rocket launch instant (t). Pan-

els (c) and (f) show the calculated time variations in the
angle y between the propagation direction of the wave dis-
turbance and the line of sight to the satellites (thick lines),
as well as the theoretical variations in the TEC response
amplitude, M(y), (thin lines).

turbances of the electron density for the observational
conditions on April 17, 2000.

The model of TEC measurements with the help of
the GPS interferometer, developed by us [Afraimovich
et al., 1998], makes it possible to calculate the spatial
and temporal distribution of the electron density N, in
the ionosphere close to real distribution and then, using
coordinates of receiving stations and satellites, to inte-
grate N, along the receiver—satellite ray path with a
given time step. As a result, we obtain the TEC time
series similar to the input experimental datal A(t), 1g(t),

2002



758

and | ~(t), which may be processed by the same methods
aswere used for processing the experimental series.

The ionization model takes into account the height
distribution of N, diurnal and seasonal el ectron density
variations controlled by the solar zenith angle, as well
astheirregular N, disturbanceswith smaller amplitudes
in the form of adiscrete superposition of planar travel-
ing waves. In thiswork wetook disturbancein theform
of a unit wave packet in order to reach the maximal
approximation to real conditions for the carrier rocket
launch:

Ng(t, 1)
= Awexp[ = ma’%}cosD?valt—g—TEcos(y)E

Here Ay, Ty, and L, are the amplitude, period and
wavelengths of the disturbance wave; t,,,, isthe time of
the disturbance maximum; ty is the halfwidth of the
wave packet; and r isthe magnitude of the radius-vector
of a point on the ray path to the satellite. The distur-
bance parameterswere sel ected to be closeto the values
obtained from the PRN 18 experimental data with tech-
nigue described here (Fig. 2b): Ly = 421 km, T,y =
6 min, ty;=4min, t,,, =21.3UT, 8 =56° anda = 166°.
The wave amplitude constituted 2% of the N, magni-
tude in the ionization maximum.

Some results of modeling are given in Figs. 2a, 2b,
and 2e (thin lines). Panel (a) shows temporal variations
inI(t) for PRN18. One can see someincreasein thedis-
crepancy between the experimental and model values
of I(t) with increasing elevation angle of the satellite,
i.e.,, with decreasing distance from the satellite. The
model TEC values are overestimated. This is probably
related to the roughness of the model, which was not
aimed at precise describing spatiotemporal variations
in the electron content magnitude. This will not affect
subsequent calculations, since the trend is removed
from the series and only relative variations di(t) are
considered.

The model TEC variations with the removed trend
are shown by thin lines in Fig. 2b for PRN18 and in
Fig. 2efor PRN16. The trend was removed from model
and experimental data with the 5-min time window.
Figure 2 shows that, in case of PRN18, the period,
amplitude, and form of the TEC response to the wave
disturbance propagation in the ionosphere, defined by
Eqg. (4), amost coincide with the TEC variations
observed in the SAW propagation during the launch on
April 17, 2000. For PRN19, PRN16, and PRN22 only
amplitudes of the calculated and observed TEC varia-
tions are close.

Using Egs. (1) and (3) and setting 6 = 56° and a =
166°, we have calculated the theoretical dependence
M(y) for four considered satellites during the launch
period onApril 17, 2000 (Figs. 2c, 2f, thin lines). Thick
linesin the same panelsindicate variations in the angle
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y between the direction of the wave disturbance propa-
gation and theray path to the satellites. It is evident that
the PRN 18 conditions are the most favorable for detect-
ing SAW: y varies from 98° to 89°, and M(y) isequal to
unity during the whole observation period. For PRN19.
y does not exceed 70°, asaresult of which, the observed
TEC response does not, probably, display such a pro-
nounced N-form variation as in the case of PRN18, in
spite of thefact that M(y) reaches 0.9, but the amplitude
of the TEC disturbance is still rather high. For PRN22,
the conditions for detecting a response are the worst
(Fig. 2f). In this case SAW propagates almost along the
line of sight (y~ 15°-30° and M(y) ~ 0.1); therefore, the
amplitude of the TEC responsein Fig. 2eiscomparable
with the noise level.

The distributions of the main SAW parameters
obtained in processing the TEC variations during the
launches of the Proton and Soyuz rockets from the
Baikonur cosmodrome using the method of Afraimov-
ich et al. [1998] are shown in Fig. 3. A tota of 18
launches for the 1998-2000 period have been pro-
cessed. To calculate the SAW parameters, we selected
such receiver—satellite ray pathsfor which the recorded
amplitude of the TEC response was maximal. It was
assumed that for such rays that the aspect relation (2)
was satisfied. The amplitude of disturbances and the
SAW period (Fig. 3, panels a, b) were determined for
each such ray at all GPS stations available in the region
of the Baikonur cosmodrome. In calculating character-
istics of the velocity and SAW source position (Fig. 3,
panels c—h), we composed different GPS arrays of the
selected rays. A data correlation for different launches
and raysto satellites has shown a sufficient closeness of
the calculated SAW parameters regardless of the geo-
magnetic disturbance level, season, local time, and con-
figuration of the GPS array.

The amplitude of the TEC response (Fig. 3a) varies
in the range 0.01-0.5 TECU, which accounts for 0.03—
2% of the diurna TEC variations. The amplitude of
more than ahalf of the recorded responses are less than
0.1 TECU. Such oscillations exceed random noise vari-
ations in TEC (the standard deviation of these oscilla-
tions for quiet background daysis, asarule, 0.01-0.02
TECU), which makes it possible to reliably determine
the horizontal component and azimuth of the SAW
propagation velocity. At the same time, the low ampli-
tude of the TEC oscillations indicates that, in these
cases, the aspect condition is, nevertheless, insuffi-
ciently satisfied and, when calculating the elevation
angle and SAW velocity magnitude, we can only
roughly estimate these parameters.

The scatter in the period of the recorded TEC varia-
tions is negligible (Fig. 3b). The most frequently
observed oscillations have characteristic periods of 240
and 300 s. Our measurements of periods and amplitude
of the SAW response agree well with results of radio
probing the ionosphere by UHF signa from the
MARECS B2 geostationary satellite during the
Vol. 42
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launches of the Space Shuittle carrier rockets on Octo-
ber 18, 1993, and on February 3, 1994 [Li et al., 1994].
They are also close to estimates made during the mea-
surements of the Doppler frequency shift in the HF
range during the launches of Space Shuttle launches on
February 28, 1990, and on April 28, 1991 [Jacobson
and Carlos, 1994], as well as to similar estimates
obtained by Nagorsky [1998] on oblique HF radio
paths during the launches of the carrier rocketsfrom the
Baikonur cosmodrome.

An analysis of the azimuthal distribution (Fig. 3d)
shows a clearly defined southeastward motion of SAW
(160° + 20°). This direction ailmost coincides with the
azimuth of the normal o, to the projection of the rocket
motion at the initial leg of its trgectory on the Earth’s
surface (thinlinein Fig. 3d). If a variesfrom 0° to 360°,
the accuracy of the azimuth determination is 5.5%.

As one would expect, the elevation angle of the
SAW wavevector varies in a wider range: from 30° to
75° (Fig. 3c). The mean value of the elevation angleis
49°, and the standard deviation is about 15°, which is
equal to the accuracy of its determination (17%) at ©
varying from 0° to 90°. The accuracy is not high but is
quite acceptable for geophysical measurements. It
should aso be noted that the suggested method is one
of severa methods that make it possible to allowing
determine the elevation angle and, knowing it, the total
vector of the SAW velocity.

According to our data (Fig. 3e), the average magni-
tude of the horizontal velocity of the SAW propagation
varies between 900 and 1800 m/s (the most probable
value is 1600 m/s). The phase velocity (V,) magnitude
at the dtitude of the ionospheric F, region maximum,
which makes the main contribution to the TEC varia-
tions, is600-1200 m/s (Fig. 3f). Thevalue of V;isclose
to the sound velocity at these altitudes[Li et al., 1994],
which indicates that TEC disturbance is of the sonic
origin.

According to published data, the SAW propagation
velocity varies in the range 600-1700 m/s [Arendt,
1971; Calais and Minster, 1996; Karlov et al., 1980;
Noble, 1990]. This is the velocity horizontal compo-
nent, and it is determined from the ionospheric
response delay relative to the launch time and known
distance between the launch site and subionospheric
point. For comparison, we have made similar calcula-
tions and obtained an average velocity (V,) of about
700 m/s (Fig. 3f, solid line), which is substantially
lower than the most probable value of the horizontal
component of the SAW velocity determined by the
method of Afraimovich et al., [1998]. We relate such
discrepancy to the delay At, of the SAW source
“switch-on” relative to the launch instant.

If the angular characteristics (6 and a) of the SAW
wavevector (K,) are known, we can estimate the SAW
source coordinates as coordinates of the point at which
K, crosses the horizontal plane at some altitude hy,
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Fig. 3. Distributions of the main parameters of SAW gener-
ated during the launches of the Proton and Soyuz rockets
from the Baikonur cosmodrome: (a) amplitude of the TEC
disturbance; (b) period of SAW; (c, d) the elevation angle 6
and azimuth a of the K; wavevector, respectively; (e, f) the
horizontal component (V},) and magnitude (V;) of the SAW
phase vel ocity, respectively; (g) thelatitude (¢y) and longi-
tude (Ay) of an assumed SAW source at 100 km altitude; (h)
the time delay of the “switch-on” of the SAW source rela-
tive to the launch instant. The panel (f) shows also the dis-
tribution of the mean wave velocity (V,) computed from the
response delay and from the known distance between the
launch site and the subionospheric point. Thevertical linein
the (d) panel indicates the azimuth o of the normal to the
initial part of the projection of the rocket trajectory onto the
Earth's surface.
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Such estimates have been made under the assumption
of the rectilinear SAW propagation and neglecting the
sphericity. The altitude of the SAW generation hy, was
taken equal to 100 km in accordance with [Li et al.,
1994; Nagorsky, 1998]. Figures 3g and 3h show results
of calculating SAW source coordinates (latitude ¢, and
longitude Ay) and delay Aty of the assumed SAW
source “switch-on” relative to the carrier rocket launch.
In addition, the calculated positions of the source are
shown by crossesin Fig. 1. Asis seen from this figure,
the calculated position of the SAW source during the
rocket launches does not coincide with the location of
the launch site. At the same time, source coordinates
agree rather well with those of the horizontal projection
of rocket trajectories. The position of the SAW source
corresponds to the trgjectory portions at a distance of
700-900 km from the rocket launch site (Fig. 1). The
time of the source “switch-on” of the source lags
behind the rocket launch time by 200250 s.

Data obtained agree well with the mechanism sub-
stantiated by Calais and Minster [1996], Li et al.
[1994], and Nagorsky [1998]. These researchers
believe that the SAW generation occurs during an
almost horizontal activeflight at aninitial leg of itstra-
jectory at atitudes of the lower atmosphere (100-
130 km). A rocket passes along this leg at a supersonic
velocity during 100-300 s of flight at a distance of not
less than 500 km from a launch site. The SAW source
“is switched-on” when a rocket reaches an altitude of
about 100 km maintaining its supersonic velocity.
Therefore, it is not surprising that the “average” veloc-
ity (V,), usua derived from the response delay relative
to the rocket launch, is substantially lower than the
phase velacity (V).

3. MODELING THE SAW RESPONSE
WITH HELP OF TRANSIT SRNS

An attempt has been made to use methods for study-
ing SAW parameters (devel oped by usfor the GPS sys-
tem [Afraimovich et al., 1998]) to analyze the iono-
spheric response to the Proton carrier rocket launched
on April 17, 2000, based on data of modeling the TEC
observations onboard Transit SRNS. Two conditional
trajectories (T1 and T2) of the Transit satellite (Fig. 1)
were selected for modeling. During calculations we
assumed that the satellite movesin acircular near-polar
orbit with aradius of Rg= Rz + 1000 km.

Asinthe case of GPS, the disturbance was specified
in the form of a unit wavepacket (4). The values of 64
and ag for vector r were computed using geographic
coordinates of the Transit satellite for given trajectories
T1 and T2. Other initial parameters of a disturbance
were selected the same as for GPS: Ly, = 421 km, T, =
6min, ty=4min, t,,, =2135UT, 6=56°,and a = 166°.
The wave amplitude constitutes 2% of the N, magni-
tude at the ionization maximum. However, the calcula-
tions indicated that the disturbance with such an ampli-
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tude have amost no effect on the TEC model variations
for Transit satellites. We were forced to increase the
wave amplitude up to 10%.

Thedistance D from the satellite (Fig. 4c) was com-
puted by the following formula

D” = (RsCOS$sCOSAs— ReCOS ,COSA ,)°
+ (RsCOS$sSNAg— ReCOSH SN )’ 5
+ (Resings—Resing,)’,

where Rz = 6371 km is the Earth’s radius, Rs= Rz +
1000 km is the radius of the Transit satellite orbit, ¢g
and Ag are the satellite geographic latitude and longi-
tude, and ¢, and A, are the geographic latitude and lon-
gitude of the point of observation.

Thel(t) serieswere processed with by the technique
used to process similar data for GPS satellites. To
exclude variations in the regular ionosphere and trends
due to the satellite motion, we removed trends with a
time window of 66 s.

The results of modeling I(t) for trgjectory T1 are
shown in Fig. 4a (line T1). The TEC model variations
di(t) with removed trend are given in Fig. 4b (line T1).
Figures 4a and 4b indicate that an insignificant wave
disturbance of the electron density is observed in the
di(t) series near the specified maximum of the wave
amplitude at t,,,, = 2135 UT. The amplitude of thisdis-
turbance is so small (less than 0.05 TECU) that the
wave with given parameters should not perceptibly
affect the TEC variations along the considered trajec-
tory of the Transit satellite. This conclusionisalso con-
firmed by an analysis of the aspect conditionsfor trajec-
tory T1. Figure 4d shows variations in the angle y
between the direction of the wave disturbance propaga
tion and the ray path to the Transit satellite (thick line
T1), aswell asthe aspect dependence of the TEC ampli-
tude M(y) computed by Eqg. (3) (thinline T1).

It is clear that, from 2125 to 214 UT, y does not
exceed 60° and M(y) is rather low (0.6-0.2). Thus, the
conditions for detecting SAW, caused by the launch of
the Proton carrier rocket on the Transit satellite, are
very unfavorable. Inthe case of the GPS system, similar
conditions are observed for the PRN16 satellite
(Fig. 2f). Accordingly, the amplitude of the TEC
response onboard the PRN16 satellite (Fig. 2€) is aso
comparable with the noise level, which agrees with the
model calculations for the GPS system and the Transit
SRNS.

Using a mathematical model of visible satellite
motion, we can choose such a Transit trgjectory that its
radius vector would be perpendicular to the SAW
wavevector (T2 trgjectory in Fig. 1). Thereby, the aspect
condition (2) will be satisfied and the amplitude of the
SAW response will be maximal. We have used such an
opportunity. The satellite motion parameters were cho-
senin such away that, from 2125 to 2140 UT, theangle
between the direction of the wave disturbance propaga
Vol. 42
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Fig. 4. TEC variationsfor the T1 and T2 model trajectories of the Transit satellite computed for SELE during the launch of the Pro-
ton rocket on April 17, 2000: (a) time variationsin TEC, I(t); (b) dI(t) variations without the trend; (c) the time variations in the
distance (D) from the Transit satellite; (d) the time variations in the angle (y) between the direction of the wave disturbance propa-
gation and the sight of view to the satellites (thick lines), and the theoretical variations in the TEC response amplitude (M(y), thin

lines).

tion and the ray path to the satellite would be 90° (thick
line T2 in Fig. 4d). Figure 4d indicates (thin line T2)
that the value of the M(y) function is also closeto unity
during this period. This indicates that the amplitude of
the TEC response to the passage of the wave with given
parameters should be maximal.

The time variations I(t) obtained for the satellite
model trajectory are shown in Fig. 4a by line T2. In
Fig. 4bthe samecurveillustratesdi(t) variationswhose
trend was removed with atime window of 66 s. Indeed,
the wave disturbance in the TEC variationsis more pro-
nounced. It has the form of an isolated haf-wave
(wavepacket) with a maximum at 2130 UT and a half-
width of about 4 min, i.e., with parameters close to the
specified ones. It isinteresting to note that the “carrier”
component (the wave with a period of 6 min) specified
inthe wave model is not observed inthe TEC variations
on the Transit trajectory, athough it is evident in the
model variations for GPS satellites (thin lines in
Figs. 2b, 2e). The amplitude of the di(t) disturbanceis
~0.1 TECU. The oscillations with the same amplitude
are also observed also at the GPS system on PRN18
(Fig. 2b), where the conditions for the SAW detection
are similar. At the same time, the magnitude and form
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of the obtained TEC disturbance is in bad agreement
with the input parameters of the model.

Thus, data obtained from the model for receiving the
signals from the Transit SRNS do not allow us to reli-
ably correlate the recorded wave disturbances in the
TEC with SAW caused by rocket launches.

4. CONCLUSIONS

Thisinvestigation have revealed a high efficiency of
using SRNS GPS for detecting ionospheric responses
to SAW generated during launches of carrier rockets. It
has been shown that the ionospheric SAW response has
theform of wave disturbances with periods of 250-300s.
The methods developed by us have made it possible to
calculate not only the azimuth and the horizontal com-
ponent of the velocity of these WID, but also the eleva-
tion angle of the wavevector, magnitude of the phase
vel ocity, and coordinates and time of “ switch-on” of the
SAW source. A gtatistical analysis of data, obtained for
18 the Proton and Soyuz carrier rockets launched from
the Baikonur cosmodrome in 1998-2000, has revealed
the clearly defined south—east direction of the SAW
motion (160° + 20°) coinciding with the azimuth of the
normal to the projection of the rocket motion trajectory
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on the Earth’s surface. The elevation angle of the SAW
wavevector varied from 30° to 75°. The phase velocity
magnitudes at the height of the ionospheric F, region
maximum are 600-1200 m/s, which is close to the
sound velocity at these atitudes. The calculated posi-
tion of the SAW source does not coincide with the loca-
tion of the launch site and is on the horizontal projec-
tion of the carrier rocket trgjectories. The time of the
source “switch-on” lags behind the launch time by
200-250 s. Results obtained agree well with results
obtained by other researchers and with the recent
knowledge of the mechanisms of SAW generation dur-
ing launches of heavy-lift vehicles.

The Transit SRNS makes it impossible to reliably
detect and determine parameters of short-period wave
disturbances of the TEC caused by the SAW by virtue
of ahigh relative velocity of its satellites.
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