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† 1. INTRODUCTION

An urgent problem of near�Earth space (NES)
orbital monitoring is the search for abnormal physical
phenomena connected to both natural disasters, their
background, and probable forerunners and the result�
ing technogenic catastrophes.

At present, a series of abnormal physical phenom�
ena in the Earth’s lithosphere, atmosphere, iono�
sphere, and magnetosphere have been revealed and
separated against the background of the known varia�
tions in NES parameters caused by interactions
between the solar radiation and solar wind and the
Earth’s magnetosphere, ionosphere, magnetic field,
and surface; these phenomena originate from cata�
strophic events on the Earth, including earthquakes,
tropical cyclones, tornados, nuclear tests, accidents at
nuclear plants, etc. (Liperovskii et al., 1992; Oraevskii
et al., 1994; Oraevskii et al., 1995; Ruzhin and
Depueva, 1996; Bychachanko et al, 1996; Ruzhin and
Larkina, 1996; Fuks and Shubova, 1994; Ruzhin et al.,
1995; Isaev et al., 2002; Sorokin et al., 2005; Oraevskii
et al., 1995; Calais and Minster, 1996; Nagorskii,
1998; Afraimovich et al., 2002; Rapoport et al., 2004;
Ruzhin and Depueva, 1995; Dokukin et al., 2000;
Ruzhin and Kuznetsov, 2005). Physical models and
mechanisms, which allow for the explanation of some

† Deceased.

features of the revealed phenomena, have been
actively and successfully discussed in the last years,
though no general clarity has been achieved.

Variations in NES parameters associated with seis�
mic activity at the early phase of powerful earthquakes
are of special interest. The available records show that
investigations in this direction are promising for fur�
ther design of a practical system for NES monitoring
and diagnostics of earthquake forerunners. However,
the records lack any regular pattern, and the use of
data archives and bases is mainly retrospective. Fur�
ther progress in these researches is only possible due to
target programs of NES monitoring, design of a spe�
cially purposed complex of research equipment and
corresponding software.

The project Vulkan�Compass�2 was worked out and
implemented in 2006–2007 on the initiative of IZMI�
RAN within the Russian Federal space program; it
included the design of a new space platform, i.e., the
small Vulkan�Compass�2 spacecraft and a specially pur�
posed complex of research equipment for ionospheric
monitoring and search for abnormal physical phenom�
ena connected to natural and technogenic catastrophes,
including forerunners of large earthquakes.

The main goal of the Vulkan�Compass�2 satellite
launching was flight tests and the working out of the
main components of the system for the purposes of
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Fig. 1. General configuration of the Vulkan�Compass�2 SSC.

designing a natural and technogenic catastrophe mon�
itoring space system.

2. SMALL VULKAN�COMPASS�2 
SPACECRAFT (SSC)

The experimental Vulkan�Compass�2 SSC (Fig. 1)
was launched to the near�earth orbit with an inclina�
tion of 78.90°, apogee of 519.0 km, perigee of 412.3 km,
and a revolution period of 93.59 min on May 26, 2006.
The total mass of the SSC was 80 kg (including 20 kg
of research equipment).

During this pilot project, specially designed
research equipment should be tested, its operation

regimes and specifications, a technique for on�line
data acquisition, processing, and analysis, and new
support systems of the microsatellite: a central on�
board processor; radio�channel device for telemetry
and radiocontrol; and orientation, thermocontrol and
power supply systems.

The project was implemented with the participa�
tion of the Academician V. P. Makeyev State Rocket
Centre on the part of the rocket and space complex
(satellite platform Compass�2 (Fig. 1), converted mis�
sile PCM�54 (Shtil), and support of the SC launch
from a submarine in the Barents Sea), IZMIRAN on
the part of scientific�methodological project develop�
ment and supply of on�board research equipment, the
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Scobeltsyn Nuclear Physics Institute (Moscow State
University), and international cooperation (Ukraine,
Hungary, Poland, and Sweden).

MCC TSNIIMASH (Korolev city), movable and
stationary MCCs of the Academician V. P. Makeyev
State Rocket Centre (Miass) and IZMIRAN (Troitsk)
controlled the COMPASS�2 satellite.

3. COMPLEX OF RESEARCH EQUIPMENT

The complex of research equipment of the Vulkan�
Compass�2 SSC included five scientific instruments
for measuring altitude profiles and variations in iono�
spheric parameters and electromagnetic radiation, as
well as variations in the parameters and fluxes of ener�
getic particles.

The ionospheric complex included the following
instruments:

(1) a dual�frequency (1.2 and 1.5 GHz) GPS
receiver of the satellite navigation equipment (SNE)
for global monitoring of the atmosphere and iono�
sphere by the radio occultation method;

(2) a dual�frequency transmitter RBE 150/400
Mayak for the radiotomographic reconstruction of the
ionosphere and its local anomalies.

Receiver�analyzers of electromagnetic radiation
were as follows:

(1) a radiofrequency analyzer RFA (from 50 kHz to
18 MHz) for recording plasma radiation in the iono�

sphere, which allows for the determination of basic
plasma parameters near the SC, including the local
plasma frequency at the satellite altitude;

(2) a low�frequency wave analyzer ELF/VLF in the
0.1–20 kHz frequency range for recording and analyz�
ing abnormal low�frequency noises connected to seis�
mic activity in NES.

Finally, the complex included a radiation and UV
detector DRF for recording the electrons and protons
of the Earth’s radiation belts and cosmic rays, as well
as UV radiation in the Earth’s upper atmosphere.

The specifications of the complex instruments are
given in the table.

4. SCIENTIFIC RESULTS

The problems and limitations of the trial opera�
tions of the platform of the Compass�2 CCS con�
nected to the abnormal functioning of its support sys�
tems, i.e., the radiocontrol channel and power supply
system, were revealed during flight tests.

Despite these limitations, the main tasks of trying
out of the CCS research complex instruments were
successfully solved during the flight tests.

The main specifications of the instruments were
verified and confirmed. Several cycles of NES param�
eter measurements and monitoring were performed
over seismoactive regions. Measurement data were
received on the ionospheric background conditions;
phenomena of strong thunderstorm activity in the

Main specifications of the Compass�2 complex of research equipment

No.  Instrument Weight, kg Consumption, 
W Dataflow, Mb/day Measurement range

1 Radiofrequency analyzer (RFA) 1.8 3.4 21 50 kHz÷18 MHz

2 Low�frequency wave analyzer 
ELF/VLF

3 5 50 0.1 Hz÷20 kHz

3 Dual�frequency transmitter 
150/400 Mayak

2 6 0 150/400 MHz

4 Dual�frequency GPS receiver of 
the satellite navigation equip�
ment (SNE)

2 3 25 1.2 GHz/1.5 GHz

5 Radiation and ultraviolet detec�
tor (DRF)

4.5 3 4 Ea ≥ 40 keV; 300–600 keV; 
≥ 0.7–0.9 MeV

Ep ≥ 7–16 MeV; 14–60 MeV; 
≥110 MeV   

E
α 
≥ 400 MeV 

λ = 200–350 nm
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upper atmosphere were recorded; fluxes of accelerated
protons and electrons connected to the solar activity
during a large geomagnetic storm on December 15,
2006, were recorded in NES; SSC was positioned with
the use of SNE for GPS signals; the actual possibility
of using SNE in calculations of CS orbital data and
highly�accurate timing of measurement data was
demonstrated during unique synchronous experi�
ments with ground�based and orbital tools in a unified
time system; and whistlers, their short passage from
the Earth’s surface to the satellite (partially dispersed
whistlers), ELW station line broadening and whistler
signals accompanying seismoactive processes were
registered.

Figure 2 exemplifies the dynamic spectrum
recorded by RFA while flying over the equatorial
anomaly region on February 9, 2007, with high
antenna feed impedance.

Energetic particles and atmospheric glows of dif�
ferent nature were recorded by DRF. The DRF mea�
surements allowed for the controlling of the geophysi�
cal situation in the satellite’s orbit, which is very
important for interpreting data and distinguishing
between background and abnormal events.

The measurement results of energetic particle
fluxes are exemplified in Figs. 3–5; the measurements
were carried out at night from December 14 to 15,
2006. This period was full of events in the Earth’s mag�
netosphere and interplanetary space (Tverskaya et al.,
2008). A drop in the intensity of proton components
injected into interplanetary space by a burst on

December 13 was observed in solar cosmic rays
(SCR). After that, particles originated from a new
solar burst at 2214 UT on December 14 arrived to the
Earth. The passage of a high�speed coronal mass ejec�
tion (CME) through the Earth’s orbit was recorded in
the solar wind from 1414 to 2300 UT on December 14.
The beginning of a magnetic storm was recorded in the
geomagnetic situation at about 2300 UT with the max�
imum |Dst| = 146 nT attained at 0800 UT on Decem�
ber 15.

Figure 3 shows the population of the polar cap with
SCR protons with Ep = 7–15 MeV (plateau�like
increases); an increase in proton fluxes with Ep = 15–
40 MeV while passing the cap at 0040–0100 UT;
increases connected to the South Atlantic magnetic
anomaly (growths to the left of the plateau observed in
the South hemisphere). Figure 4 allows one to see the
geographical localization of the South Atlantic Anom�
aly (the gas discharge channel added in Fig. 4 is used
for its indication). Figure 5 shows measurement data
on energetic electron fluxes; it is possible to see the
South Atlantic Anomaly, radiation belts, polar cap
(due to SCR protons with Ep > 7 MeV in channel 1),
variations of different scales in fluxes in both caps and
belts, North–South and day–night asymmetries,
decrease in the latitude of the auroral zone, population
of a region near the inner belt with electrons of Ee =
300–600 keV with their shift deep into the magneto�
sphere on the dayside during the period near the local
minimum Dst.
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Figures 6–7 show oscillograms recorded on the
nightside of the Earth with the use of the DRF detector.

The records of low�frequency electromagnetic sig�
nals by the low�frequency wave analyzer ELF/VLF
are the most informative and interesting (Likhter
et al., 1988; Mikhailov et al., 2004; Dowden et al.,
2004; Ferencz et al., 2008, 2009; Lichtenberger et al.,

2009; Mikhailov et al., 2008). A lot of attention was
paid to the study of different types of whistlers.

The following phenomena were recorded during
the observations:

Partially dispersed whistlers over Indonesia. The
spectrogram in Fig. 8 shows the paths of discrete sig�
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nals, the frequency of which smoothly decreased over
time. These are partially dispersed whistlers generated
by lightning discharges and propagating along the
short path from the Earth–ionosphere waveguide to
the satellite altitudes. The top fragment shows a spec�
trogram of the electric component and the bottom one
shows that of the magnetic component. The intensity
scale is depicted on the left. The analysis of the light�
ning discharge distribution at 0500:00 UT on Novem�

ber 29, 2006, (Dowden et al., 2004) has shown the
presence of a large number of lightnings in Indonesia’s
zone. For partially dispersed whistlers, the variance Dst
is about 5, and the spectrum maximum has a fre�
quency of 2500 Hz.

Whistler doublets. Whistler doublets (or whistler
pairs) have been observed from satellites for a long
time; however, much remains to be studied about their
propagate. Figure 9 shows the measurement results of
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whistler doublets by the Intercosmoc�24 (on the left)
and Compass�2 (on the right) satellites. The occur�
rence of doublets at small altitudes points to the possi�
bility of their origination during propagating along
close ducts; at the same time, the probability of their orig�
ination due to reflections from the ionosphere is low.

Multipath branching whistlers. One of the interest�
ing results received by the Vulkan�Compass�2 satellite
is the detection of an unusual frequency dependence
of multipath branching whistlers within the 0–100 Hz
range. At the satellite, this spectral region was free of
interferences, which allows the tracing of the fre�
quency–time dependence f(t) with a high accuracy.
The t → ∞ curve is usually considered as asymptoti�
cally tending to but not reaching zero at f(t). However,
a possibility of propagation of high�order modes in
ducts was recently assumed in the works of the Space
Research Group, Eötvös University, Budapest, Hun�
gary (Ferencz et al., 2009). This assumption was con�
firmed by whistler propagation calculations with
accounting for the two�way wave equation. Magne�
tized plasma was considered where the electron den�
sity distribution forms a concentric waveguide around
the Hx component of the magnetic field; the propaga�
tion of modes of higher orders (bulbous structure) is
possible in this waveguide. Figure 10 shows a model
representation of the frequency–time characteristics
of the electric and magnetic components of a whistler
propagating in a similar structure in the form of a
third�order mode. The parameters of the above�men�
tioned components of a whistler registered on the SSC
on February 28, 2007, are also given in Fig. 10,

although the spatial orientation of these components
was not identified. As is seen in Fig. 10, the f(t) charac�
teristic reaches zero during a finite time interval. This
allows for an assumption about the propagation of a
whistler in the form of a third�order mode in a con�
centric waveguide. Unfortunately, the observations on
the Vulkan�Compass�2 SSC were insufficient for a
complete statistical pattern of the phenomenon,
which will be addressed in future experiments.

Noise storm burst over Central Europe. While flying
over Central Europe, an unusual high�level signal in a
narrow frequency range of 500–2000 Hz was observed
in a sonogram recorded by the satellite (Fig. 11). It was
similar to a low�frequency partially�dispersed whistler
with a follow�up noise emission at the maximum fre�
quency in the partially�dispersed whistler spectrum or
it was a series of almost indivisible partially�dispersed
whistlers. The TOGA system (Dowden et al., 2002)
localized several whistlers in the Mediterranean at the
same time.

Broadening of ELW transmitter signals. When
monochromatic waves interact with magnetosphere
plasma, trigger emissions or broadening of the fre�
quency spectrum of signals occur (Fig. 12).

Trigger emissions are seemingly connected to reso�
nance interactions between ELF waves and electrons
in radiation belts in the inhomogeneous magnetic
field. The frequency spectrum broadening effects can
be caused by magnetospheric interactions between
whistler waves and particles.

Signals in seismoactive regions. The problem of
propagation of strong electromagnetic signals through
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the lower ionosphere is quite urgent today. In view of
this, we made an attempt to consider the propagation
of signals of strong whistlers, which can be forerunners
of earthquakes. Figure 13 shows the dynamic spectrum
of low�frequency ELF/VLF radiation received while fly�
ing over Kamchatka at 2135:49 on February 27, 2007
(see Fig. 14). The recorded abnormal signals (A in the
left part of Fig. 13) can be connected to the origination
of an earthquake, which took place in the Kamchatka
region on February 28, 2007, and had a magnitude of 4.2
(Fig. 14). A partially dispersed whistler with a spectral
maximum at about 5 Hz is well seen in the first part of
the frame, which indicates the possible arrival of a

whistler to the satellite from about 1000–1500 km.
Figure 13 also shows a series of whistler traces (A in the
right part); we succeeded to assess the variance in one
of them (D ~ 72). The region in the opposite hemi�
sphere, from which the signals could have arrived to
the satellite along geomagnetic lines of force, can be
estimated as well. The TOGA system localized a group
of signals in the southeast part of Australia.

The light circle in the right upper corner of the map
in Fig. 14 corresponds to the earthquake of class К = 11
(M ~ 4.5), while the black square corresponds to the
satellite position at the time of recording.
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The ground�based data from the Paratunka obser�
vatory showed that sufficiently powerful radiation
from the southwest direction and a small number of

whistlers arriving from other directions were observed
while flying over Kamchatka at 2135:49 on February 27,
2007. A decrease in the signal level was noted at all
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and (c) electric (left) and magnetic (right) components recorded by the Vulkan�Compass�2 satellite on February 28, 2007.
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Fig. 11. Low�frequency noises probably connected to the particle precipitation recorded by an ELF analyzer over Central Europe
at about 1002 UP on February 11, 2007. Zero on the time axis corresponds to the beginning of event.
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Fig. 12. Broadening of the frequency range of the transmitter signal at 1709:17 UT on March 18, 2007 (the electric component).
Zero on the time axis corresponds to the beginning of event.
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recording frequencies in the analogous recording on
February 27, 2007, when the satellite was flying over
Kamchatke at 2135:49; the radiation maximum was
observed at 1900–2000 hours. The loop–antenna
plane was positioned east�westward.

5. CONCLUSIONS

Flight tests and trial operation of the Vulkan�Com�
pass�2 SSC complex of research equipment allowed
for the measuring of the background state of the iono�
sphere; recording of strong thunderstorm activity in

А

СА

f, kHz

22.5

0

450 900 T, ms

Fig. 13. Dynamic spectrum of the ELF recording received by the Vulkan�Comass�2 satellite while flying over Kamchatka (see Fig. 14).

Fig. 14. Earthquake distribution over Kamchatka on February 2, 2007. The light circle in the upper right corner of the map corre�
sponds to the earthquake of class К = 11 (M ~ 4.5), while the black square corresponds to the satellite position at the time of record�
ing at 2135:49.
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the upper atmosphere, fluxes of accelerated protons
and electrons in NES connected to solar activity dur�
ing a large geomagnetic storm on December 15, 2006;
SSC positioning with the use of an SNE device by
GPS signals; demonstration of the practical usability
of the SNE device for calculating SSC orbital data and
highly�accurate timing of measurement data during
unique synchronous experiments with the use of
ground�based and orbital tools in a unified time sys�
tem; recording of ELV�station spectrum broadening,
whistlers, and the level of their signals accompanying
seismoactive processes.

The trial operation of the Vulkan�Compass�2 SSC
complex of research equipment showed that it can be
used as a basis for scientific complexes of ionospheric
monitoring in following projects and systems pur�
posed for revealing and recording abnormal phenom�
ena in NES connected to earthquakes and other natu�
ral and technogenic catastrophes. The software used
for measurements and analyses of scientific instru�
ment data was worked out during flight tests. The anal�
ysis of engineering problems and failures of the sup�
port systems of the microsatellite made it possible to
find out their reasons and avoid them in further mod�
ifications of the Compass platform.
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