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Quasi-periodic perturbations have been detected in the electron density in both the D and F regions on May 15,
1997, the day of Space Shuttle Atlantis launch. The electron density varied quasi-periodically with periods of tens
of minutes during an interval of 1 to 2 hours, An attempt is made to associate the phenomena observed with pos-
sible global-scale processes in the mesosphere and lower thermosphere which accompany the launch at the begin-

ning of the main phase of the geomagnetic storm.

Introduction

Investigations of possible effects from rocket burns
on the near-earth space environment are of interest
for at least three reasons. First, the release of rocket
vapor trail, the transfer of momentum to the air, and
the generation of acoustic and other types of waves in
the gas and the plasma, as well as in the geomagnetic
field and the global-scale electric field distribution,
are a complex active experiment in itself. Second,

_these perturbations can have significant effects on the
propagation of radio waves of different frequency
ranges. Third, the.induced disturbances and the re-
lease of matter could be of interest to ecologists.

The phenomena accompanying rocket launches
are noted for their variety, spatial and temporal fea-
tures, energetics, and other characteristics [1]. The
energetics of these phenomena is lower only than that
of the processes induced by nuclear explosions. Their
classification can be conveniently made in terms of
spatial scales. We call the perturbations characterized
by the scale sizes L1 < 100 km, L2~ 100 to 1000 km,
and L3 ~ 1000 to 10 000 km localized, large-scale, and
global-scale, respectively. The localized perturbations
arise as a turbulent eddy flow that occurs downstream
from the body of a rocket, their properties being de-
pendent on the rocket velocity v and the thrust F. The
rocket leaves these perturbations in its wake along the
rocket trajectory. The magnitude of Li can be esti-

mated using the relation Li= {2F / p, v where vox v,

vo and po are the velocity and the mass density of in-
coming undisturbed air flow, respectively. As po de-
creases approximately exponentially with the scale
heights of ~10+50 km and vo gradually increases from
0 to 7.9 km/s with increasing altitude z within the z~0
to 300 km altitude region, the scale Li mainly in-

creases from 10+102 m at the ground to 10100 km in
the ionospheric F region. Note that the derivation of
the relation for L; is based on the fluid description
that is applicable only to altitudes of less than
150+200 km. The localized perturbations were ob-
served by many researchers as far back as during the
first rocket launches (end of the 1940s and beginning
of the 1950s). The snow-plow effect also pertains to
them [1].

For the first time, the large-scale perturbations were
observed by Booker [2] during the launch of the Van-
guard-II rocket from Cape Canaveral, Florida, U. S. A.
at 11:00 EST on February 17, 1959. The release of"
hundreds of tons of water vapor H,O and molecular
hydrogen H> results in the exhaust-induced fast recom-
bination of O* ions at a rate of k=(2-3)-1074 m3/s.
These phenomena are known as ionospheric holes. At
altitudes near the F layer peak, their horizontal di-
mensions are of the order of ~1000 km, the vertical
dimension is ~200 km (altitudes from 300 km to
500 km), and at their deepest point at z~400 km, holes
represent ~95% depletion of electrons from the ambi-
ent level. The latter occurs for a period of a few min-
utes after the initial hole formation. It is important
that the effects can persist for several hours [1]. The
horizontal dimensions of ionospheric depletions in-
crease with altitude and equal to ~10 to 1000 km at
z~100 to 300 km, respectively.

Since that time such holes have been observed by
many researchers (see, for instance, [3,4]). It should be
added that the depletions in the ionosphere are ac-
companied by the generation of waves in the ionized
gas with apparent velocities of ¥~0.1 to 1 km/s and
periods of 7~10 to 100 min.

Reviews of such disturbances have been presented
by Karlov et al., [5], Mendillo [6], Bernhardt [7], and
Mendillo [1].
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Apparently for the first time the global-scale per-
turbations in the ionosphere were observed by our
research group after the launch of the Soyuz 19
spacecraft, while we participated in the Apollo-Soyuz
Test Project on July 15, 1975. Then we used incoher-
ent scatter radars at distances of about 1000 km from
the launch site and ionosonde networks (see, for in-
stance, [8]). During the launches of the U.S. Space
Shuttle orbiters from the John Kennedy Space Cen-
ter, Cape Canaveral, Florida, U. S. A., in particular,
we have observed variations of plasma parameters in
the D region, increases in the low-frequency cutoff
Jmin on the ionograms from 0.2 to 0.4 MHz
(sometimes up to 1 MHz) and in the penetration fre-
quencies f, .F, from 0.2 to 0.3 MHz, and their quasi-

periodic oscillations [9].

Back in the 1970s, Rozumenko et al. [8] proposed
a hypothesis that the geomagnetic micropulsations
accompanying launches of rockets should cause the
precipitation of energetic particles from the Van Allen
radiation belts. Later, we have tried to confirm this
assumption [8-11].

Since then our research group has observed per-
turbations from rocket launches in many clustered-
instrument campaigns [10,11]. Until now, however,
the mechanisms of perturbation transfer from rockets
to the ionospheric regions at global-scale distances
and characteristic features of its propagation in the
ionosphere and magnetosphere are not completely
clear. The purpose of this paper is to illustrate the
observational capabilities of our equipment to inves-
tigate possible global-scale perturbations in the iono-
spheric D and F regions caused by a launch of the
Space Shuttle orbiter. As an example, we consider the
launch. of the Space Shuttle orbiter Atlantis on May
15, 1997. A characteristic feature of these observa-
tions is that they were made at the beginning of the
main phase of a geomagnetic storm. There is a reason
to assume that the ionosphere-magnetosphere system
becomes unstable during disturbances caused by natu-
ral processes, and, as a consequence, an anthropo-
genic source of energy of a relatively low power may
become the cause of a sufficiently large perturbation.
In other words, release of energy stored in the system
can be triggered.

Equipment and Experimental Techniques

The lift-off of the Space Shuttle orbiter "Atlantis"
took place from Cape Canaveral, Florida, U. S. A., at
08:07:062 UT on May 15, 1997. The total mass of the
Shuttle system at lift-off is approximately
2000 000 kg, the three Space Shuttle engines and the
two solid-fuel rocket boosters generate 28 600 000 N
of thrust at lift-off, a power of 2 ~ 10!! W. Two solid
rocket boosters have a thrust of 24,000,000 N at
launch, burn for approximately 2 min, and separate
from the external tank at ~ 50-km altitude; the three
main propulsion rocket engines shut down at ap-
proximately 8 min 30 s mission elapsed time. The to-
tal energy release of all the engines is £ ~ 10'4 J. For
the first time, the orbital maneuvering system (OMS)
engines (F ~ 6:104 N, P~5.108 W, E ~ 4-10'0 J) ignite
at about 10.5 min mission elapsed time for about
1.5 min. The inclination of the orbit is 51.6°. The sec-
ond burn of the OMS engines takes place at 44 min
mission elapsed time for about 80 s at the ~300-km
apogee point when the orbiter is over the eastern part
of the Indian Ocean.

The diagnostic instruments are located at the Ra-
diophysical Observatory of Kharkiv State University
[11] in Eastern Ukraine at about 10000 km from
Cape Canaveral. The coordinates of the Radiophysi-
cal Observatory are shown in Table 1. The layout of
the Observatory is presented in Fig. 1 where the elec-
tronics and antenna arrays are respectively designated
by E and A: (1) Cicada-M receivers, (2) HF Doppler
radar, (3) three-component magnetometer (M is a
sensor), (4) partial reflection and spaced antenna ra-
dar (A4/1 is an /= 1.5+4.5 MHz antenna, and A4/2 is
an f = 4.5+15 MHz antenna), (5) ionosonde, (6)
transmitter and broadside two-row array of 15x30 m?
of the bistatic HF radar for diagnostics of induced
field-aligned irregularities in ionospheric heating ex-
periments near N. Novgorod, Russia, (7) incoherent
scatter radar; H is a hostel, C is a canteen, and G is a
garage.

Table 1. Coordinates of Kharkiy State University Radiophysical Observatory

Geographic Geomagnetic Inclination Declination, L
w
Elevation, | Latitude, | Longitude, Latitude, | Longitude,
m N E N E
156 49°38' 36°20' 45.37° g 66°36.8' 6°19.6' 2.0
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Table 2. Geophysical Conditions

10.7cm SESC X-ray Estimated
Date Radio Sunspot Flares Planetary
Flux Number CI{M| X | Ar Kp-indices
12 May 97 72 12 1 010 3 1 0 1 1 1 2 1 1
13 May 97 74 15 Ogti=0- P70 3 0 o) d0::270:4) <0 1 213212 1
14 May 97 74 17 0310150 6 1 00 1 20)] Ligrayied tfog
15 May 97 73 15 01 0 | 0 [7v531 had (i3 Sh0et OB sgai] P50 30| &

ANTENNA ELEMENTS

=== TRANSMITTER
ez RECEIVER
e |ONOSONDE
e BISTATICHERADAR . ...

Fig. 1. Layout of Radiophysical Observatory

The Radiophysical Observatory is unique in
Ukraine allowing the remote observations of iono-
spheric features and response over the altitude range
from ~60 km to 1000 km simultaneously with magne-
tometer measurements.

In this study, we use measurements from the MF-
HF partial reflection and HF Doppler radars. The
ionosonde is used for monitoring the vertical struc-
ture of the ionosphere.

The partial reflection radar consists of a 150 kW
1.5+15-MHz pulse transmitter, a vertically directed
circularly polarized receiving array of two crossed dou-
ble terminated rhombic antennas, a vertically directed
16-element linearly polarized transmitting antenna ar-
ray of 300x300-m? aperture in the f=1.5+4.5 MHz
frequency band and of 60x60-m2 aperture in the
f=4.5+15 MHz frequency band providing a gain of
G~1+10 over an isotropic radiator. The © = 25100 ps
pulse lengths and the F,=1+10 per second pulse repeti-
tion rate are used; usually t=25ps, providing ap-
proximately 3-km range resolution.

The receiver with an 86-dB dynamic range has an
intermediate-frequency half-power bandwidth of
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60 kHz, and a sensitivity of ~1 pV. To increase the
signal-to-noise ratio, two to six samples of noise
measurements are taken for each sounding pulse.

The two-channel wide bandwidth transmitter is of
the master-oscillator, power-amplifier type with the
modulator common to both channels. The digital syn-
thesizer is used as a master oscillator. There is a pos-
sibility of the remote control of £, t, and F,.

The data acquisition, control, display, and storage
functions are performed by a computer system. This
equipment makes it possible to operate the radar in a
"raw data mode", in which the raw receiver voltage
samples of the amplitudes 4, and A4, of the ordinary
and extraordinary, respectively, components of the
wave partially reflected within the 45-105 km altitude
range with a ~3-km altitude resolution are recorded
on magnetic tape (dynamic range of 46 dB) for later
processing and further analysis.

The HF Doppler radar used for this research is a
two-channel system with the common master oscilla-
tor of 10-!! stability resulting in an additional signal
processing gain from coherent Doppler integration.
The Doppler measurement errors are ~0.01 Hz within
the f,=+5 Hz maximum Doppler frequency shift. The
radar consists of a P=1 kW, 1=0.5 ms, pulse transmit-
ter covering the f=1.5+30 MHz frequency range at
0.01 Hz intervals at the F, = 100+200 per second pulse
repetition rate. The transmitting and receiving termi-
nated rhombic antennas provide a gain of Gx1+10
over an isotropic radiator. The radar is usually oper-
ated in a mode of vertical incidence measurements,
but sometimes it is used in a mode of receiving signals
from oblique broadcast propagation paths.

Observations and Results

The observations were made from 06:00 UT to
15:00 UT on May 15, 1997. Observations made on
other days of May of the same year are used as refer-
ence ones. The state of the ionosphere was character-
ized as quiet, and after 10:00 UT as weakly disturbed.
The penetration frequency varied from 4.2 MHz to
5.1 MHz, and the low-frequency cutoff f,,, on the
ionograms varied from 1.2 MHz to 1.4 MHz.

According to solar event lists prepared by the U.S.
Department of Commerce, NOAA, Space Environ-
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ment Center, no solar events were observed during the
interval of our observations on May 15, 1997; the
10.7 cm solar radio flux was 73 (in 10722 W/m?2 Hz),
and the sunspot number was 15. But geomagnetic
activity was characterized as disturbed (see Table 2).
The Shuttle was launched at the beginning of the
main phase of the geomagnetic storm. The Kp index
was increasing from 3 prior to the launch to 6 during
the 3-hour interval (06:00 UT to 09:00 UT) which
included the lift-off time (08:07:48.062 UT) and to 7
during the following two 3-hour intervals (09:00 UT
to 15:00 UT).

Partial Reflections. The measurements of the am-
plitudes 4, and A, of the ordinary and extraordinary
components of the partially reflected wave and of
noise 4,, and 4,,, respectively, have been made at a
frequency of 2.3 MHz, A sample of the universal time
dependence of <d4?,,> and <42,,,.> is shown in Fig-
ures 2(a) and 2(b) from 84 km and 81 km altitude,
respectively, and that of noise is in Figures 2(c). The
brackets < > designate the averaging over the data in
segments of | minute in length at 1-min intervals. The
root mean square errors of the estimates are of the
order of 15%. Solid line is for the ordinary mode,
dashed line is for the extraordinary mode. Here and in
other Figures, the time of the lift-off (08:07 UT) is
designated by the thin vertical line. Figures 2, a and 2,
b show a significant increase (factor ~7) in <42,.> in
the interval following ~08:00 UT and between 09:00
UT and 10:00 UT. The same is true for <42,,..> (see
Fig. 2, ¢).

The <42> data in segments of Az, = 32 min in
length, centered on the time indicated in Fig. 2, d, and
taken at Az1=5 min intervals have been subjected to a
spectral analysis, and the spectral components have
been normalized to the root-mean-square <42>
variations estimated on the same segments. The re-
sults show that the 5.3-min component variations
from 84 km altitude (see Fig. 2, d) exhibit the greatest
increase (factor 2 - 3).

For the first time, we observed approximately the
same periods by the partial reflection technique back
in the 1980s, and almost the same periods have been
observed by many other researchers; one of the recent
such studies has been made by Pan et al. [12] in the
polar mesosphere. Apparently, these features may be
ascribed to internal gravity wave dissipation, momen-
tum deposition, and turbulence generation. Notice
that the T'= 5 min period is approximately equal to
the characteristic period of oscillations in the meso-
sphere. Under adiabatic conditions, in an isothermal
atmosphere, the buoyancy period is given by (see, for
instance, [13])

wobie

y~1

T=2 E
4

where g is the gravitational acceleration, H is the scale
height, y is the ratio of the specific heats at constant
pressure and constant volume.

<A*>

4

<)

08:00 09:00 10:00

Universal Time

07:00

Fig. 2. Universal time dependence of signal ( a-b), noise (c),
and 5.3-min period spectral component (d) (everything in
relative units)

The dependence

SAi>-<dp>
SH{HiTG ol &,
<A3>_<A:c>

is the basis for obtaining N(z) profiles by the tech-
nique of differential absorption. The amplitudes are
being averaged over 5+10 min intervals,

The theory of partial reflection yields the follow-
ing relation between the R(z) profile estimated from
the measurements and the N(z) electron number den-
sity profile which should be determined:

R(2) =

1"1%2)) L _[ K(z' v()N(z)dz 1

where K(z') is the kernel of the integral equation,
Ro(z) is the function known from the theory of the
partial reflection technique, zo is the altitude of the
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lower edge of the ionosphere, v is the electron colli-
sion frequency.

Formerly, N(z) profiles were derived by differenti-
ating (1) with respect to z, yielding

~

'R A=
Ne=K'@)o, ~ R=m=l. @)

The quality of the profiles obtained depends on
random errors in <42,,> and <42,,,.> estimates, as
well as on the stability of an algorithm of numerical
differentiation caused by measurement errors in R(z).

Since the inversion problem of the partial reflec-
tion technique is ill-posed, the Tikhonov regulariza-
tion solution obtained in [14] has been used in this
study. The collision frequency profile is assumed to be
that of Gurevich [15]. The essence of the algorithm is
as follows.

Instead of using (2), the algorithm of regulariza-
tion have been designed to determine N(z) by mini-
mizing the functional:

2

®[V,R,d]= [K(z')N(z')dz'—fz(z) +&Q[N](3)
Z

where @ is the parameter of regularization, Q is the
stabilizer.

In this work, the stabilizer is chosen to have the
form:

2

>

& (V= “(N/ N = 1Y 19)"

=k

q'=q, '*q,", gme=max{g()}.

Here, g, ,=<42,,>/<4?,,> is the signal-to-noise ratio
for o- and x-waves, respectively, N(z) is the initial
approximation to N(z).

Note that the dependence of the stabilizer Q on
N(z) is not very strong and weakens the effects of the
data obtained from the altitudes where g,,, are small.
The application of this regularization algorithm re-
sults in the reduction (factor 3 — 5) of the effects of
measurement errors on the restoration of N(z) from
E(z) and in the extension of the altitude range by
approximately 10 km. Errors in the estimates of
<A?,.> rise significantly with decreasing of the
smoothing interval AT on the one hand, and the

variations in N are difficult to follow with increasing
of the AT on the other hand. As a result, the optimi-

zation of estimating the <42, > is achieved on AT
intervals of order 5+10 min.

Errors in the N(z) profiles derived on the basis of
algorithm (3) decrease from 50 % to 30 % when the

integration time increases from 5 to 10 min, respec-
tively. We have obtained N profiles in the altitude
range of z~75+85 km; at higher and lower altitudes,
the signal-to-noise ratios are too small (g, ,<1). Figure
3 shows universal time dependence of the electron
number density (solid line for May 15, 1997; dashed
line for May 24, 1997): (a) at 84 km altitude; (b) at 81
km altitude; (c) at 78 km altitude; (d) at 75 km alti-
tude. It can be seen that until 08:50 UT on May 15,
1997, N remains almost unchanged. At about 08:50
UT, quasi-periodic 30 % to 70 % variations in N with
the period of 7=30 min ensued at ~75 to 85 km and
persisted for 72 hours. The root mean square errors
of the estimates are of the order of 30%. If these
variations were caused by the launch of the rocket,
then the time delays between the onset of the pertur-
bations at different altitudes and the launch time
should be approximately 45 to 55 min. It is worth
noting that such quasi-periodic perturbations did not
appear on a reference day (dashed lines in Fig. 3).

N, 10°m?

20 ;
10}
0

(= S R

NS

2

08;00 09:00  10:00 11:00

Universal Time

07:00

Fig. 3. Universal time dependence of the electron number
density

Doppler Shift. The measurements have been made at
4.1 MHz and at vertical incidence. The available data
in segments of Az1=51.2 s in length were subjected to a
spectral analysis, and the Doppler spectra were esti-
mated with approximate 0.02-Hz frequency resolu-
tion. Sample Doppler spectra are presented in Figure
4: (a) before the lift-off and during the first minutes
after it; (b) the appearance of an additional compo-
nent and quasi-periodic variations in fj; (c) quasi-
periodic variations in the fj, spectrum and the destruc-
tion of the spectra. The horizontal bars at the right-
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Fig. 4. Sample Doppler spectra (A in relative units)
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Fig. 5. Universal time dependence of (a) the principal
component in the fp, spectrum and its harmonics (b-d)

hand side of each spectrum signify magnitude of the
signal relative amplitude. The analysis of the data
shows that the echo signal contains components with

different Doppler shifts. The examination of the spec-
tra in Fig. 4(a) reveals that the main component has
approximately 0.1 to 0.2 Hz half-power spectral width
before ~ 08:07 UT; at 08:54 UT, two peaks appear
with a difference in the Doppler shifts of approxi-
mately 0.4 Hz and exist for about ~10 min (Fig. 4(b).
Next time, two peaks exist in the spectrum from
09:18 UT to 09:27 UT. For the rest of the time inter-
val, the Doppler shift widens up to 0.4 Hz (Figures
4(b) and 4(c)). Figure 5 shows universal time depend-
ence of () the principal component in the Jfp spectrum
and its harmonics with the period of (b) 7~12.8 min,
(©) T=32 min, and (d) T=64 min. The analysis was
carried out on the data in segments of 64 min in
length, centered on the time indicated. From the de-
pendence in Fig. 5(a), it follows that from 06:00 UT
to 08:00 UT the magnitude of variations does not
exceed Afp~+0.2 Hz with an average of about

/5 %-0.1 Hz. During the 08:00:8:40 UT period,

/1 =0.1 Hz, and Af, ~ 0.1 Hz, after 08:50 UT, f |

smoothly decreases to —0.7 Hz during a 70-min inter-
val. Quasi-periodic perturbations with quasi-periods
of tens of minutes are superimposed on this /,(7) de-
pendence. A spectral analysis method applied to the
Atz = 64 min data segments at 15 min intervals has
revealed the major increase in a wave process with the
T=13 min period on the F-region heights of
z~250+300 km at about 08:50 UT (Fig. 5(b)). Thus,
before 08:00+-08:10 UT the amplitude of this compo-
nent is approximately 0.1 Hz, and in 40 to 100 min
after it, this component is found to be 0.2+0.3 Hz.
The amplitudes of the components with 7=32 min
and 7=64 min increase by tens per cent. Quasi-
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periodic perturbations persist for not less than 1 hour.
It is interesting to note that the time delays of the per-
turbations are approximately 45+50 min, i. e. they are
about the same as in the lower ionosphere.

Discussion

First, consider the processes acting in the lower iono-
sphere. Here, quasi-periodic perturbations in N ob-
served at z ~ 75+85 km approximately from 09:00 UT
to 11:00 UT exhibit 7=30 min and AN/No = 3070 %.
It is unlikely that such sufficiently large perturbations
are caused by the propagation of waves in the lower
ionosphere. It is more probable that they are caused
by pulsating fluxes of energetic particles precipitating
from the magnetosphere. If it is so, consider the esti-
mates of their parameters.

The power flux of precipitating particles is equal
to [16]

II=¢ep=2¢ Az Ag, )

where p is the flux of the primary particles responsible
for ionization, Ag; is the change in the production rate
per unit volume of positive ions resulting from the
ionization of neutral atmospheric constituents,
Az~ 10 km is the thickness of the region where the
precipitating particles are absorbed, ¢ is the energy of
the primary particles, g, ~ 5:10718 J is the mean energy
loss per ion pair formed.
First, let us calculate Ag;. The steady-state solution is

Qg = OLNOZ, g;= aN?

where o is the effective ion-electron recombination
rate coefficient for the positive ions, No is the undis-
turbed electron number density, N is the disturbed
electron number density, gp is the undisturbed total
production rate per unit volume of positive ions re-
sulting from the ionization of neutral atmospheric
constituents, g, is the disturbed total production rate
per unit volume of positive ions resulting from the

ionization of neutral atmospheric constituents.
Then

NZ
A= g~ gy = a(N'- Ng) = a N [7—1]‘ ©)
0

Table 3. Parameters of the ionosphere and precipitating particles.

At z <75 km, let the predominant type of recombina-
tion be a cluster-ion recombination with o~ 107! m3s7,
and above 100 km, let it be a molecular ion recombina-
tion with o = 2:1073 m3 5!, Between these regions, o
gradually decreases from 107! to 2-1073 m3 s™'. From
(4) and (5) it follows that

2| N2 N?

H*—-ZE,AZ(ZONO -—2—] '—'ZS,AZq,o —-?—l . (6)
Nj Ny

Our estimates of € and p for electrons (denoted by the
subscript '¢'), IT and other parameters obtained from
relations (4), (5), and (6) are presented in Table 3. The
results show that the quasi-periodic oscillation of the
electron number density N observed in the lower iono-
sphere can be caused by the fluxes of 102 to 10-keV
electrons pulsating from ~ 106 m2s™ to 4-107 m2s71. It
should be added that such values of p, are not great for
the middle latitude ionosphere. At high latitudes, p, is a
few orders of magnitude greater (see, for instance, [16]).
Let us estimate the power P, and energy E, of the fluxes
of electrons precipitating presumably over an area of
§,=10" m? for Az, = 5-10% s. Introducing this assump-
tion,
P,=118,, E,=P,At,.
Then for IT ~ 10%:4 -10® J/m?, we have
P (1+4)-10W, Ex 5-109+2:10'0 J. If precipitating
particles are protons with g, ~1-5 MeV, then
Do m2 s,

For E, = 5:109+2:10'9 J and E ~ 4-10'° J, we have
n=E,/ E~0.1+0.5.

Next consider the processes acting in the iono-
spheric F region and make an estimate of the ampli-
tudes of quasi-periodic perturbations in N.

For vertical incidence at the ionosphere, the Dop-
pler shift is given by (see, for instance, [17]):

do 28

= [ntt,2)az o)

“o

where c is the free space speed of light, # is the plasma
refractive index, z, is the reflection altitude.

2, o, NO, N, Aqi! n’ €, Des
km mis™! m3 m3 m3g! m3g! Jm27! keV m27!
75 10 3-108 4.108 9-10% 7-105 1.4:10°8 102 1.4-106
78 510712 3.108 4.108 4.5-105 3.5:10% 7-107° 50 1.4-10¢
81 2:10712 5108 6-108 5-10% 2.2:105 4.4.107 20 2.2:106
84 10712 109 1.7.10° 2-106 4.10°8 10 4.107
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Provided the effects of magnetic field and particle
collisions can be neglected,

f2
n2=1-f—‘2’. ®)

Here £, is the electron plasma frequency.

To model the N(z) profile of the ionospheric F re-
gion, we use a parabola with the maximum of N = N,
and the half-thickness of /. The propagation of a
quasi-periodic perturbation with a period of 7 and a
frequency of Q = 2n/T results in the modulation of N
observed in the F region. To simplify the following
estimates, we suppose that AN/N does not depend on
altitude. Then,

N(,2) =N, [l‘(¥y}(l+ ;N

m

ff,(t,z) = fi,,,[l —(%)2} (1 + ;Vﬂmsinm)

where f,,, is the plasma frequency at the N(z) profile
peak altitude z,,.
Defining the phase path in relation (7) as

sin Qt),

©

= jndz (10)

and substituting (8) and (9) in (10) yields

5= 270)

where:

f,,m(

e

I

From (7) and (11), we have

AN ¥
1+ Tsin Qt) A

2ds, d /
’;—"=—;d—g£=—;y'(a)a'. (12)

'_@_fpm( AN
&gl 2f

-2
1+ Wstz) N—Q cos Q.

m

Since in the F region AN/N,, << 1, it follows that
B~ Bo =£,,/f. Then

)"(ﬁ)z}"(ﬁo)’
B’ z%ﬁo %:—cosnt =%ﬁo ;V—A:cosﬂt.

From (12) it follows that

| AN
j}—D ) TN y’(Bo)Bo cos Q1.

For the amplitude of Jp, We have

Jpo=m T;%N;,)"(ﬂo}ifpm,

from which it follows that

AN 1 f Do cT)| 2 =1
Nm _TI fpm l y( 0)! (13)
For the May 15, 1997, experiment, S 5 MHz,
/=200 km, /5, ~ 0.25 Hz, T~ 800 s, V'(By) = 0.85. Then
from (13), AN/N,, ~ 2%.

Thus, the quasi-periodic perturbation appearing in
the F region has a significantly smaller (factor 15 —
35) relative amplitude than that observed in the D
region, although this perturbation begins actually
simultaneously with the quasi-periodic perturbation
in the lower ionosphere.

Note that such waves originate at high latitudes
during geomagnetic storms and propagate from high
to low latitudes at a velocity of about 1 km/s [18].
Provided the wave had passed the distance of
R=3000+4 000 km, it should be originated at high
latitudes ~ 50 to 70 min before the detection of the
quasi-periodic perturbations at about 08:50 UT to
08:55 UT. That is the very moment of beginning of
the main phase of geomagnetic storm.

At the same time, it should be noted [18] that the
quasi-periodic processes in the ionosphere with 7~10
to 100 min originate from (or, more precisely, are en-
hanced by) earthquakes, explosions, and other distur-
bances.

It is unlikely that the observed quasi-periodic per-
turbations are caused by the main engine burn be-
cause it takes place mainly in the near-earth atmos-
phere, and the part of energy transformed into the

188 Pamuodusrka u paguoacrtporomus, 1998, T. 3, Ne2



Perturbations in Ionosphere Following U. S. Powerful Space Vehicle Launching

ionospheric perturbations is negligibly small. With a
delay of approximately 50 min, their apparent veloc-
ity would be ¥~3 km/s. But the perturbations could
in principle be caused by the second Shuttle OMS
engine burn which took place at 44 min mission
elapsed time at the ~300-km apogee point. If this is
true, then the time delay obtained from fj(f) data is
7+2 min, and for R=~12,000km we have
V'~30£10 km/s. Although the Shuttle OMS engine
power has a value a factor of hundreds lower, and
their energy release has a value a factor of thousands
lower than that of the main engines, the perturbations
in the ionosphere from the Shuttle OMS engine burn
might be significant. This is caused by the fact that
the energy release takes place at ~300-km altitude in
the ionosphere rather than in the near-earth atmos-
phere.

To which extent are the velocities of
V=20+40 km/s reasonable? These magnitudes are
considerably greater than the speed of sound
(0.3+0.7 km/s) and the velocities of slow MHD waves
(~1+3 km/s) (see [18]). At the same time, these values
of V are significantly less than the velocities of MHD
waves in the magnetosphere (~1 000 km/s) and the
free space speed of light. However, one should have in
mind that ¥ is an apparent velocity. It approaches to
the observed magnitude if the temporal evolution of
the process associated with the precipitation of ener-
getic particles or other processes acting in the iono-
sphere are much slower than the process of propaga-
tion of the quasi-periodic perturbations. Nevertheless,
our estimates of ¥ are completely in agreement with
Sorokin’s estimates [19]. Exactly the same velocities of
the order of tens kilometers per second are observed
during rocket launches, powerful explosions, earth-
quakes, magnetospheric disturbances, etc. Such proc-
esses are accompanied by wave-driven perturbations
in the magnetosphere-ionosphere system in which the
geomagnetic field plays a key role. These waves are
called “gyrotropic” waves and have been studied in
detail by Sorokin and Fedorovich [20].

It seems unlikely that the perturbations observed
are transferred from the magnetically conjugate iono-
sphere which the Space Shuttle crossed at about
08:40 UT to 08:45 UT without a Shuttle OMS engine
burn.

Thus, the launch of the space vehicle with the
geomagnetic storm at the background has signifi-
cantly complicated detecting possible ionospheric ef-
fects caused by the anthropogenic influence. The ef-
fects in question do not in principle differ from natu-
ral plasma phenomena. Effects caused by rocket
launch, or, more precisely, caused by Shuttle OMS
engine burns may be associated with the generation of
quasi-periodic perturbations in the D and F regions.
However, such processes could also be induced by the
geomagnetic storm. A complicated chain of cause and
effect is presently not well understood in order to de-

termine the principal reasons why Shuttle OMS engine
burns result in energetic particle precipitation from
the magnetosphere. In general, the following scheme
could be adopted. A plasma jet in the ionosphere gen-
erates MHD waves which reach the magnetosphere,
couple with the particles trapped in the radiation
belts, and cause their precipitation into the Earth’s
atmosphere. However, the data set acquired at pres-
ent does not allow us to distinguish between the ef-
fects caused by the storm and the launch.

Conclusions

1. The observations of global-scale perturbations
in the ionosphere are made simultaneously with the
launch of the Space Shuttle orbiter Atlantis at a range
of ~10 000 km from the launch site. The launch took
place at the beginning of the main phase of the geo-
magnetic storm on May 15, 1997.

2. In 45 to 50 min after the launch of the Space
Shuttle (i. e. at about 08:50 UT), a quasi-periodic os-
cillation of the D-region densities with a 30-min pe-
riod and a quasi-periodic oscillation of the F-region
densities with a 13-min period appeared and persisted
for 1 to 2 hours.

3. The quasi-periodic oscillations of the D-region
densities with AN/No ~30+70 % could be caused by
the varying 102+10-keV electron fluxes of 105 m™2s™! or
1+5 MeV proton fluxes of ~106+4-107 m™2s7!. Provided
the precipitation was on a global scale, their power
and energy could be ~ 1 to 4 MW and § to 20 GJ,
respectively.

4. The relatively weak quasi-periodic variations of
the Doppler shift with a 13-min period could be
caused by the enhancements of quasi-periodic pertur-
bations in the electron number density with an ampli-
tude of about 2 %.

5. It is impossible now to determine uniquely
whether the observed ionospheric oscillations were
related to the launch of the space vehicle or were the
result of a propagating ionospheric disturbance
launched by the geomagnetic storm. At the same time,
the possibility cannot be excluded that the geomag-
netic storm enhanced the perturbations from the
Shuttle OMS engine burn at ~300 km.
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Bosmymenus B monocgepe B AeHb cTapTa
MOIIHOT0 AMEPHKAHCKOT0 KOCMHYIECKOr0
Kopa6as

JI. ®. Yepnorop, K. II. 'apma, JI. C. Kocrpos,
B. T. Po3ymenko, O. @. Tripuos, A. M. Ipmm6an

OO6HapysKeHbI KBa3UIEPUOAUUECKHE BO3MYIICHHS
KOHILIEHTPALUKU 3JIEKTPOHOB Kak B D-, tak u B F-
00acTAX B JeHb CTapTa KOCMHYECKOTO anmapara
“ArtmanTic” 15 mas 1997 r., no BpeMenn coBnazao-
IEro ¢ HAyaJloM TIaBHOH (a3bl MarHWTHOH Oypu.
BennunHa KBa3MNEPHOZOB — HECSTKH MMHYT, NpO-
HOJDKUTENbHOCTS — 1+2 4. Jlenaercs nonsiTka CBA3aTh
Habmo[aeMbie BO3MYIIEHHS C BO3MOXHBIMHU IJIO-
DanbHBIMM TMIPOLIECCAMH B HIDKHEH M CpemHed HOHO-
chepe, cOMyTCTBYIOLIUMHU CTAPTY U MOJETY KOCMUYeE-
CKOT'O anmapara.

36ypenns B ionocdepi B aenn 3anmycky
NOTYKHOT0 AMEPHKAHCHKOr0 KOCMIYHOro
Kopabis

J1. ®. Yopuorop, K. IT. I'apmam, JI. C. Koctpos,
B. T. Po3ymenko, O. ®. Tupnos, A. M. ITumban

BussieHo kBasinepionuuni 30ypeHHS €eKTPOH-
HOI KoHUeHTpauii sk y mapi D, tak i y mapi F
ioHochepy y JeHb CTApTy KOCMIYHOTO YOBHA
“Atnantuc” 15 tpaBua 1997 p., gxuii cniBmagae 3a
YacoM 3 MOYaTKOM IOJIOBHOI (a3d MarHiTHOi Oypi.
BenuuuHu KBa3inepiomiB — MECATKM XBUWIIMH, TpHU-
BajicTe — 1+2 rom. Pobuthes cnpoba nor’ssaTu
CIOCTEPEXEHI 30yPEHHS 3 MOXKIMBUMMU TJI00AIbHUMH
npouecaMy B HIKHIN Ta cepeJHii ioHocdepi, ski cy-
MPOBOMXYIOTh CTAPT T4 MOJIT KOCMiYHOr0 anapara.
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