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W3nokeHBI pe3ysbTaThl CHCTEMHOTO CIIEKTPAJbHOTO aHaIW3a BPEMEHHBIX BapHaldi YPOBHS TOPH30HTAIBHBIX
KOMIIOHEHT I€OMarHUTHOIO IOJIs, COPOBOXKIABIIUX CTapThl U MoJeThl pakeT Coro3 u IIporon ¢ kocMoapomos Ilnecerk
u baiikonyp B 2014 — 2017 rr. IlomydeHbl OCHOBHBIC IIapaMETphl CUTHAJIOB, CBS3aHHBIX C BO3MYIICHUSIMHU
TEOMarHUTHOTO Toisl. Pa3BuTas TeopeTHyeckas MOJIENb BOJIHOBBIX BO3MYIIEHHH, TEHEPUPYEMBIX CTAPTAMU U MOJIETAMH
paKeT, HaXOUTCSI B XOPOIIEM COOTBETCTBUH C pe3yIbTaTaMH HaOIIOJCHHUH.

KJ/IFOUYEBBIE CJIOBA: cucTeMHBIil CEKTpaIbHbBIA aHATIN3, MATHUTOMETP, CTapT PaKeThl, BOSMYIICHUS.

IIpencraBieHi pe3yabTaTH CHCTEMHOTO CHEKTPAaJbHOTO aHANI3y YacOBMX Bapialiii piBHA TOPH30HTAIBHHUX
KOMIIOHEHT TE€OMAarHiTHOTO TOJIS, IIO CYNMPOBODKYBAJIH CTAapTH Ta MOonboTu pakeT Coro3 i [IpoToH 3 KocMoapomiB
ITnecenx Tta Baiikonyp B 2014-2017 pp. OTpumaHO OCHOBHI HapaMeTpH CUTHAJIB, SIKi IOB’s3aHi 31 30ypeHHSAMH
reoMarHiTHoro noisl. Po3BuHyTa TeopeTndHa MOJeTb XBHJIBOBUX 30ypeHb, SIKi T€HEpPYIOThCS CTapTaMU Ta IOJIbOTAMHU
paker, 100pe y3roKy€eTbCs 3 pe3yIbTaTaMU CIIOCTEPEKCHb.

KJIFOYOBI CJIOBA: cucTeMHUi1 CIeKTpaibHUH aHaIIi3, MArHITOMETp, CTapT paKkeTH, 30ypeHHs.

Results from the system spectral analysis of variations in the geomagnetic field horizontal components, which are
associated with the orbital maneuvering subsystem engine burns and the firing of the booster stages of the Soyuz and
Proton rockets at the Plesetsk and the Baikonur cosmodromes, are presented for the 2014 — 2017 period. Main signal
parameters connected with geomagnetic field disturbancies were obtained. A theoretical model of wave disturbances
generated by the firing of the booster stages has been developed, and good agreement between the observations and
the model output has been found.

KEY WORDS: system spectral analysis, magnetometer, rocket launch, disturbances.

INTRODUCTION

The Fourier transform is commonly used for analyzing spectra. To localize a process in the time domain, the
short-time Fourier transform is employed. To improve the resolution in the period range under study, L. F. Chernogor
advanced a modified short-time Fourier transform termed the adaptive Fourier transform [1]. The adaptive Fourier
transform is the Fourier transform in a sliding window with a width adjusted to be equal to a fixed number of harmonic
periods. However, the short-time Fourier transform has a resolution in the time domain better than the adaptive Fourier
transform. To equalize the drawbacks of these transforms, the wavelet transform is used, which permits the space and
time resolutions attain an optimum. The capabilities of the above integral transformations complement each other by
compensating the deficiencies of one of the transforms with the merits of the others. The joint use of these integral
transformations is termed the system spectral analysis (SSA).

The aim of this study is to present the results from the SSA of the time variations in the geomagnetic field
associated with the orbital maneuvering subsystem engine burns and the firing of the booster stages of the Soyuz and
Proton rockets at the Plesetsk and the Baikonur cosmodromes.

FACILITY AND TECHNIQUES

The measurements have been acquired with the wvery sensitive fluxgate magnetometer located at the
V. N. Karazin Kharkiv National University Magnetic Observatory (49°39' N geographic latitude, 36°56" E geographic
longitude; 45°20' N geomagnetic latitude and 119°20" E geomagnetic longitude). The magnetometer digitally acquires
measurements of fluctuations with periods of 1 — 1,000 s in the geomagnetic south-north (H component) and
geomagnetic west-east (D) directions. The minimum fluctuation amplitudes are fundamentally limited by the level of
internal noise of 0.5-500 pT in 1 — 1,000 s period range, respectively. GPS is used for clock synchronization with an
error of equal to or less than 0.5 s [1 - 3].

The SSA was preceded by band-pass filtering in the period intervals of 1-10 s, 10-100 s, and 100-1,000 s and a
thorough study of the state of space weather. The time intervals with increased magnetic activity (indices >a,>3, A>3,
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K1, |Dst| >8nT) have been excluded from the further analysis. Over these time intervals, the variations in the
horizontal components were not caused by rocket engine burns, but space sources.
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Fig. 1. The magnetometer

INFORMATION ABOUT THE COSMODROMES AND ROCKETS

The database that contains information about the effects of the firing of the booster stages of approximately 5,000
rockets and orbital maneuvering subsystem engine burns has been collected in V. N. KarazinKharkiv National
University [1 - 6].

The launches took place from the various cosmodromes all over the world. The nearest cosmodromes to the
V.N. Karazin Kharkiv National University Magnetic Observatories are the Plesetsk (Russian Federation) and
Baikonur (Republic of Kazakhstan) cosmodromes, which are located at a distance of 1,500 km and 2,200 km,
respectively.

In this paper, the largest space vehicles, Soyuz and Proton of 297 tons and 711 tons mass, respectively, are
chosen for study. The effects from the rocket launches that occurred over the 2014-2017 interval have been analyzed.

OBSERVATIONS

Almost all rocket launches are associated with changes in the character of variations in the geomagnetic field
(Fig. 2 — Fig. 5). In these figures verticalsolid line shows the moment of rocket launch, vertical dotted line shows the
moment of sunrise. The amplitude of the oscillations most frequently increases by a factor of 1.5-2 (up to 1-2 nT).
Sometimes, it decreases, and the wave oscillation, which exists before the arrival of the wave disturbance due to the
rocket launch, is inhibited. The time delay between the response in the geomagnetic field and the firing of the booster
stages equals to approximately 40-80 min and 65-130 min for the Plesetsk and Baikonur cosmodromes, respectively.
The duration of the quasi-periodic disturbances (with the period spectra in 10-15 min period range) equals to 30-60
min and weakly depends on the distance between the cosmodromes and the Magnetic Observatory.

The SSA permits the time delay of the signal, its spectral content, and the duration to be determined with an
error sufficient for many practical application [1 — 6].

MECHANISMS FOR THE GENERATION AND PROPAGATION OF THE DISTURBANCES

Propagation speed for the arrival of the disturbance can be calculated from the distance between the cosmodrome
and the Magnetic Observatory and the time delay between the response in the geomagnetic field and the orbital
maneuvering subsystem engine burns and the firing of the booster stages. It turns out to be dependent on the geospace
state, the time of day, season, and to be equal to approximately 0.3-0.6 km/s. As is well known, such a speed is
characteristic of the internal gravity waves (IGWS5s) in the terrestrial atmosphere. These waves are waves in the
neutral density with periods of approximately 10 — 180 min, and with gravity as a restoring force. Their phase speed,
for periods equal to or greater than 10 min, is smaller than the speed of sound in the atmosphere, which increases with
altitude in 100400 km range from 0.3 to 1 km/s.

The IGW amplitude attains a maximum value on a relative scale between 200 and 250 km altitude where their
phase speed usually do not exceed 0.5-0.6 km/s. Their damping depth is equal to 3,000-5,000 km, therefore such
waves propagate virtually on a global scale.

The IGWs modulate the electron density in the ionosphere as they propagate through the atmosphere, i.e., they
generate traveling ionospheric disturbances, from which periodic variations arise in ionospheric currents, causing
quasi-periodic variations in the geomagnetic field with the same period. Through modeling, we demonstrate that the
IGW relative amplitude of 2-3% causes variations in the horizontal components of the geomagnetic field of
approximately 1nT, which has been observed in the experiments [3, 5].
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Fig. 2. H- and D-component variations in the 100-1000-s period interval during Soyuz 2.1.b launch on May 25, 2017 from the
Plesetsk cosmodrome.
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Fig. 3. H- and D-component variations in the 100-1000-s period interval during Soyuz U launch on February 22, 2017 from
the Baikonur cosmodrome.

CONCLUSIONS
Observations of variations with periods of 1 — 1,000 s in the geomagnetic field that were associated with the firing of
the booster stages that took place at different cosmodromes all over the world have been made over the years. The SSA
revealed the basic parameters of the wave trains caused by the firing of the booster stages. A theoretical model of wave
disturbances generated by the firing of the booster stages has been developed, and good agreement between the
observations and the model output has been found.



L.F. Chernogor, K.P. Garmash, V.T. Rozumenko, K.O. Smirnova / Geomagnetic variations caused by ... 87

L L 1 L 1 L =
T,s T T T T T T T T T s T TR T T T

8001 N =1 800 =
6001 A 1 600 =

400 -

200 4

1 L 1 L 1 1 A
s ! I : I T T T,s [ T T T T T T
800 g 4 800 . g
600 g 1 600 i
;
400 g 1 4001 g

2001

1 1 1 L 1 L L L
s Tl T T T —TiTT] T T T,s T T T T T T T
' | [
800 ‘“' ‘l'” 3 1 8001~ 4

200 B

600 600

4001 4001 k|

2001 1 1 200 b
L L L L L L ! L L 1 L 1 1 L ! 1 L

2 3 4 5 6 7 8 ur o 0.5 E 2 3 4 5 6 7 8 ur 0 0.5 E

T T T C T T T
01 02 03 04 05 06 07 08 P relun 01 02 03 04 05 06 07 08 P, relun

Fig. 4. H- and D-component variations in the 100-1000-s period interval during Proton M launch from the Baikonur
cosmodrome on June 8, 2017.
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Fig. 5. H- and D-component variations in the 100-1000-s period interval during Soyuz 2.1.a launch from the Baikonur
cosmodrome on June 14, 2017.
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