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Abstract—The results of an analysis of the space–time characteristics and dynamics of precipitations of mag-
netospheric electrons with energies in the range from 0.1 to 0.7 MeV are presented. According to the data on
electron fluxes measured by vertical and horizontal detectors on the Meteor M2, POES-18, and POES-19 sat-
ellites, particle precipitations were identified that corresponded to an event recorded during the balloon
experiment carried out by the Lebedev Physical Institute on February 2, 2015. Precipitations were found at
L-shells from 4 to 8 over the wide MLT range. During the event under study the regions in the near-equatorial
magnetosphere have been determined, where the mechanisms are predominantly active, which are responsi-
ble for the scattering of electrons and their invasion into the Earth’s atmosphere.

DOI: 10.1134/S0010952521060058

INTRODUCTION
One of the manifestations of the dynamics of the

Earth’s magnetosphere is the precipitation of ener-
getic electrons from the outer radiation belt into the
atmosphere. As a rule, precipitations are observed
during geomagnetic disturbances, during which both
the acceleration of charged particles and the scattering
of captured electrons of the outer radiation belt and
their precipitation into the loss cone take place [1–3].
Both of these processes may result from the develop-
ment of wave activity in the magnetosphere [4, 5].

Variations in the outer electron radiation belt (RB)
can occur while maintaining adiabatic invariants
under the condition of relatively slow variations in the
geomagnetic field in comparison with the characteris-
tic times of electron motion. In this case, variations in
electron fluxes can be recorded that are not associated
with real losses or particle acceleration.

Along with the adiabatic mechanism of variations in
the fluxes of trapped electrons in RBs, there are also
processes that lead to real losses. A decrease in the elec-
tron flux of the outer RB can occur either due to losses
at the magnetopause or during scattering into the loss
cone and precipitation into the atmosphere [6, 7].

Scattering of electrons into the loss cone is associ-
ated with the violation of the adiabaticity of particle
motion either in the region of a small radius of curvature
of the magnetic field [8] or when interacting with low-

frequency waves. Resonant interaction between elec-
trons and VLF waves [9] and fast, time-varying, radial
diffusion of electrons under the influence of ULF waves
[10] are considered as the main mechanisms of electron
acceleration up to relativistic energies.

Losses of particles during a geomagnetic storm
occur due to pitch-angle diffusion when interacting
particles with waves [11]. Variation in the pitch-angle
distribution of trapped particles, leading to their pre-
cipitation into the atmosphere from the loss cone,
occurs as a result of resonant interaction with low-fre-
quency waves: magnetospheric choruses, plas-
maspheric hiss, electromagnetic ion-cyclotron waves,
etc. [13–15].

Precipitations of energetic electrons can be
recorded directly on polar low-altitude satellites, for
example, on the spacecraft of the POES and Meteor
series. At the same time, balloon experiments also
make it possible to detect the invasion of energetic
electrons using X-ray bremsstrahlung at altitudes of
20–30 km [16, 17].

The Lebedev Physical Institute (LPI) has
recorded precipitations of magnetospheric electrons
(E > ~100 keV) into the Earth’s atmosphere from 1961
to the present in the course of a long-term balloon
experiment to study the f luxes of charged particles in
the Murmansk region (L = 5.5) [17]. These data are
the longest homogeneous series of such measurements
446
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Fig. 1. Graph of electron fluxes measured by the Meteor M2 satellite for a complete revolution.
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and make it possible to study long-term variations in
precipitations of energetic electrons into the atmo-
sphere. At the same time, due to the fact that balloon
experiments are usually short-lived, irregular, and
attached to a longitude-limited region above the
Earth’s surface, they record events, whose magneto-
spheric sources are located in a narrow MLT sector.
Thus, the magnetospheric sources of precipitations
and their spatial and time characteristics remain
unclear. Satellite measurements of the f luxes of pre-
cipitating energetic electrons in polar orbits make it
possible to substantially enrich and supplement the
data of balloon experiments. Simultaneous observa-
tions of precipitations of energetic electrons in differ-
ent MLT sectors at different altitudes, their compari-
son with the characteristics of the interplanetary
medium and geomagnetic variations make it possible
to better understand the physical mechanisms of this
phenomenon, as well as to establish magnetospheric
sources of precipitations and their relationship with
the parameters of the solar wind and the state of the
magnetosphere.

In this paper, a detailed study of the event from the
LPI database recorded on February 2, 2015, was car-
ried out. Using data from measurements of electron
fluxes on the Meteor M2, POES-18, and POES-19 sat-
ellites, the spatial scales and true duration of this event
were determined, and the global dynamics of precipi-
tations of electrons with energies in the range from 0.1
to 0.7 MeV from February 1 to 6, 2015 was restored.

EXPERIMENTAL DATA
To determine the space–time characteristics of

precipitations of energetic electrons, we used the data
of simultaneous measurements of the polar low-orbit
Meteor M2 (Roshydromet, Russian Federation) and
POES (NOAA, United States) spacecraft. The satellite
orbits are sun-synchronous, which means that, during
COSMIC RESEARCH  Vol. 59  No. 6  2021
their entire period of operation in space, the orbital
plane remains oriented in local time.

(1) Meteor M2

The Russian satellite moves in a circular sun-syn-
chronous orbit with an altitude of 825 km and an incli-
nation of 98.8°. The orbital period of the satellite is
101.4 min; thus, 14 revolutions around the Earth are
made per day. The satellite orbit is located in the pre-
noon–premidnight sector of local time.

The satellite has several charged particle detectors,
including a horizontal MGSI-M (DAS4, 90°) and the
vertical SKL-M (DAS4, 0°). These detectors provide
data on electron fluxes with energies from 100 keV to
8 MeV. At high latitudes, the vertical detector is
directed approximately along the magnetic field; at
near-equatorial latitudes, it is directed orthogonally to
the field. With variation in latitude, the relative orien-
tation of the detectors and the magnetic-field line var-
ies. At high latitudes, the horizontal detector records
mainly trapped particles, and the vertical one records
precipitating particles.

Usually, in the region of the outer RB, an anisotro-
pic distribution of particles is observed, when the ver-
tical detector records the f luxes that are four to five
orders of magnitude lower than the horizontal one.
Scattering of particles in the magnetosphere associ-
ated with geomagnetic and wave activity leads to
isotropization of particle f luxes, in this case, both
detectors record close f luxes. The characteristics of
the orbit make it possible to obtain data on the elec-
tron fluxes of the outer RB (at L ~ 4–7) four times per
revolution. Figure 1 shows an example of measure-
ments of f luxes of electrons with energies above
100 keV for a complete revolution of the satellite by
vertical and horizontal detectors. Four crossings of the
outer RB and flux increases can be seen according to
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Fig. 2. Observations of balloon precipitations in the atmo-
sphere above the Murmansk region in 2015. The back-
ground from galactic cosmic rays is shown in gray, and the
increases above the background correspond to several
events recorded in 2015.
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the vertical detector measurements, indicating elec-
tron precipitations.

(2) Polar Operational Environmental Satellites (POES)
POES is a group of polar-orbiting satellites (three of

them are currently operating: POES-15, POES-18, and
POES-19) moving in circular sun-synchronous orbits.

In this paper, we used data from two satellites:
POES-18 and POES-19. Their orbits are located at an
altitude of 854 km above the Earth, the orbital period
is 102 min, and the inclination is ~100°. The orbital
plane is afternoon–after midnight (POES-19), and
morning–evening (POES-18). Thus, together with
Meteor M2, these satellites provide full and approxi-
mately uniform coverage across MLT sectors.

The satellites are equipped with the MEPED
detector, which records electron fluxes in the energy
range of 30 keV–2.5 MeV in the horizontal and vertical
directions.

Simultaneous measurements of Meteor M2, POES-18,
and POES-19 make it possible to observe the state of
the outer RB in six MLT sections in 100 min (approxi-
mately, near the directions at 2, 6, 10, 14, 18, and 22 h).

(3) ACE
The American spacecraft is located at Lagrange

point L1 between the Sun and the Earth. The complex
of instruments on the spacecraft allows one to perform
a wide range of observations, including the parameters
of the solar wind and the interplanetary magnetic
field. Simultaneous measurements of polar spacecraft
and the ACE satellite make it possible to clarify the
causal relationships between the state of the interplan-
etary medium and the electron fluxes of the outer
ERB. At present, the DSCOVR spacecraft, also
located in the vicinity of the L1 point, is used to mea-
sure the parameters of the solar wind.

(4) Balloon Data
Lebedev Physical Institute records precipitations of

magnetospheric electrons (E > ~100 keV) into the
Earth’s atmosphere from 1961 to the present in the
course of a long-term experiment to study precipitations
of charged particles in the upper atmosphere [17, 18]. At
altitudes above 20 km, it is possible to record brems-
strahlung X-rays caused by the interaction of energetic
electrons with atmospheric atoms. Below 20 km, X-rays
are absorbed by the atmosphere; therefore, such
observations can only be carried out at high altitudes,
e.g., using balloons. The radiation intensity makes it
possible to indirectly record events leading to the for-
mation of f luxes of electrons precipitating from the
magnetosphere.

Measurements in the Earth’s atmosphere are car-
ried out using standard cosmic-ray radiosonde. The
detectors are a Geiger counter and a telescope of two
counters. Electrons precipitating from the magneto-
sphere are absorbed at altitudes of more than 50 km, but
they generate bremsstrahlung, which is recorded by a
single counter sensitive to X-ray radiation (E > 20 keV)
with an efficiency of ~1%. An increase in the counting
rate of the radiosonde during electron precipitation
differs from the effect of invading solar protons into
the atmosphere in there being no increase in the tele-
scope and strong variations in the particle f lux. The
increase in the counting rate, as a rule, begins when
the probe rises to altitudes of more than 20 km. Sub-
tracting from the data of a single counter the back-
ground formed by galactic cosmic rays, estimated from
the results of previous flights of the radiosonde, it is
possible to obtain the dependence of the count rate on
the pressure of the residual atmosphere. Figure 2 shows
examples of precipitations recorded during experi-
ments in February, July, and November 2015.

In this study, we used the database created by the
LPI specialists on precipitations of electrons from the
Earth’s outer RB [18] recorded in 2015–2017 during
balloon experiments in the area of Murmansk (L = 5.5).
For a detailed analysis of magnetospheric sources of
precipitations, the event on February 2, 2015, was
selected. The selection criteria were an intense nature
of precipitation, high electron energies, and the pres-
ence of times at which the Meteor M2 satellite at the
time of precipitation recording was near the Mur-
mansk region or at a magnetically conjugate point.
COSMIC RESEARCH  Vol. 59  No. 6  2021
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Fig. 3. Position of the Meteor M2 satellite on February 2, 2015 at 08.56 UT.
EXPERIMENTAL RESULTS

According to the information given in the LPI data-
base, on February 2, 2015, from 12.59 to 13.12 UT
above the territory of the Murmansk region (at L = 5.5)
during the balloon experiment, X-rays were recorded
presumably associated with the scattering of trapped
electrons into the loss cone and their precipitation into
the atmosphere from the outer RB. The local mag-
netic time of the observation point on 13.00 UT was
~16 h.

By recording the increases in electron fluxes mea-
sured by the vertical detector on the Meteor M2 satel-
lite, particle precipitations were identified that
occurred over several days and, presumably, corre-
sponding to the event detected during balloon obser-
vations. It should be expected that the X-ray emission
recorded on February 2, 2015, is a part of global event
in the period from 16.38 UT on February 1, 2015, to
14.26 UT on February 6, 2015, during which precip-
itations were recorded by the Meteor M2 satellite on
L-shells from 4 to 7.

In the course of this event, latitudinal increases in
electron fluxes with energies from 100 to 700 keV were
observed, which were measured by the vertical SKL
detector.

With the help of data on the satellite orbit, times
closest to the event of balloon recording of X-ray radi-
ation were found for the Meteor M2 satellite, when it
was located directly above the area of precipitation
recording during the balloon experiment; in this case,
electron precipitations were also observed on the sat-
ellite itself. Figure 3 shows the position of the satellite
at 08.56 UT on February 2, 2015.
COSMIC RESEARCH  Vol. 59  No. 6  2021
Figure 4 shows the time profile of f luxes of particles
with 0.1 and 0.3 MeV measured by the MSGI and SKL
detectors on the Meteor M2 satellite. One can see an
increase in the f luxes of precipitating electrons at the
magnetic shell L = 5.5 at 08.56 UT on February 2,
2015, before the balloon observations. It should be
noted that, due to the peculiarities of the sun-synchro-
nous orbit of the Meteor M2 satellite, it is, in principle,
impossible for it to be above the Murmansk region at
the time of the balloon launch at UT = 13 h. As already
mentioned, its orbit lies in the plane of the premid-
night–prenoon MLT.

For a better understanding of the causes and
sources of precipitations, let us consider the condi-
tions in the near-Earth space. It can be seen from the
graphs (Fig. 5) that, in the evening of February 1, 2015,
a decrease in the Dst index began, which reached a min-
imum value of –46 nT at 19.00 UT on February 2, 2015,
which indicates the development of a weak geomag-
netic disturbance. It can be seen that the disturbance
was triggered by the variation of the IMF Bz compo-
nent, which took a southerly direction on the evening
of February 1, 2015.

A pressure jump is recorded in the solar wind, and
the solar wind speed increases from 400 to 700 km/s,
which then decreases within 3 days. These events led
to the development of the storm, the recovery phase of
which lasted 4 days. Fluctuations of the auroral AE
index are also observed, which correspond to the
beginning of precipitations.

According to data from low-orbit satellites, precip-
itations of electrons began already at the initial phase
of the storm. Figure 6a shows the coordinates of the
sources of precipitations of electrons with energies
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Fig. 4. Data on electron fluxes at the same time.
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above 0.1 and 0.3 MeV recorded by the Meteor M2 sat-
ellite during the initial phase of the disturbance. A
polar coordinate system is used, where L acts as the
radial variable and MLT as the angular variable. Each
point in the graph is a projection of the coordinates of
precipitations recorded in orbit by satellite measure-
ments onto the plane of the geomagnetic equator. In
fact, these are regions in the magnetosphere, where
scattering of RB particles (pitch-angle diffusion)
occurred, presumably associated with wave activity.
When projecting onto the equatorial region, we
neglect the disturbance of the geomagnetic field due
to the development of magnetospheric currents,
which will lead to a variation in the position of the
equatorial projection of precipitations. We assume
that the weak geomagnetic disturbance on February 2,
2015, did not significantly change the structure of the
magnetic field lines.

The Meteor M2 satellite allows one to measure
along the meridian of ~09 and ~21 MLT. It can be
seen that precipitations are mainly initiated by pro-
cesses in the prenoon sector. The data obtained in the
different satellite orbits indicate the probable duration
of the event recorded in the course of the balloon
experiment, as well as the radial dimensions, but do
not allow one to judge its azimuthal extent. This
requires measurement data from other satellites with
trajectories located in other sectors of local time.
The POES-18 and POES-19 spacecraft were chosen
as the sources of additional information, which pro-
vided the maximum spread in MLT values. The lower
graphs in Figs. 6b and 6c show the coordinates of pre-
cipitation sources in the after-midnight and morning
sectors on February 1, 2015. It can be seen that the first
precipitations were recorded during 16.30–17.00 UT,
when the geomagnetic disturbance began.

According to the Meteor M2 data, the event started
at 16.57 UT on February 1, 2015. The first observation
of precipitations occurred in the southern hemisphere
at MLT = 21.3. The fluxes of electrons with energies
from 100 keV recorded by the vertical detector acquired
values of 5540 cm–2 s–1 sr–1. On the next satellite flight
(17.32–17.33), precipitations of electrons with the same
energies at close MLT = 20.95 are already observed
above the northern hemisphere; the values of the verti-
cal electron fluxes increased (7820 cm–2 s–1 sr–1). Fig-
ure 7a shows the first observation of precipitations in
the premidnight sector. Isotropization of 100-keV elec-
tron fluxes at L = 5.5 and 7 is visible. Precipitations
have a radially localized structure.

Further flights of the satellite showed that precipita-
tions also occurred at morning MLT values (~9). In this
case, it was in the morning sector that the events had the
most intense character, occurred with a higher fre-
quency (almost continuously one after the other), and
had a wide distribution region (L = 4–7), the flux values
COSMIC RESEARCH  Vol. 59  No. 6  2021
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Fig. 5. Parameters of the magnetic field and solar wind in the period from January 30 to February 7, 2015.
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are of the order of hundreds of thousands cm–2 s–1 sr–1.
At the same time, rarefied single events are observed in
the evening sector, which occupy a smaller region: L =
4–6.5, the values of fluxes are of the order of tens of
thousands of cm–2 s–1 sr–1. This can be seen in Fig. 6a:
the density of points in the morning sector is much
higher. With further flights of the satellite during Febru-
ary 1, 2015, we see a similar picture of precipitations in
both the Northern and Southern Hemisphere; in this
case, the fluxes of precipitating particles increase.

The first observation of precipitations by the
POES-18 satellite took place at 17.03 UT on February 1,
2015 (Fig. 7b). The event was observed in the southern
hemisphere at MLT = 4.8, L = 5–6.5. The fluxes of pre-
cipitating particles immediately assumed high values of
728854 cm–2 s–1 sr–1. In the afternoon MLT sectors
(~17), precipitations were initially absent. They
appeared only after several spacecraft flights at 19.37 UT
(Fig. 7c) and had small flux values (~3000 cm–2 s–1 sr–1),
which gradually increased with time, reaching values
of the order of hundreds of thousands of cm–2 s–1 sr–1
COSMIC RESEARCH  Vol. 59  No. 6  2021
on February 2, 2015, and later. For the morning MLT
sector, precipitation profiles are observed similar to
those recorded in the morning sector of the Meteor M2
satellite.

Based on the consideration of the data on the
POES-19 satellite, a more accurate time of the begin-
ning of the event at 16.38 UT on February 1, 2015, was
established. It was first recorded in the southern hemi-
sphere at MLT = 2.7, L = 5.6 (see Fig. 7d). As in the
nighttime precipitations according to the Meteor M2
data, the spatial localization of the precipitating elec-
tron fluxes is observed. Their values reached the value
of ~250000 cm–2 s–1 sr–1. On subsequent f lights, pre-
cipitations were also observed in the daytime sector
(MLT ~ 12), but less intense: the f luxes were the order
of tens of thousands of cm–2 s–1 sr–1. In the evening
sector on February 1, 2015, no precipitations were
observed.

The spatial structure of regions in the near-equato-
rial magnetosphere is shown in Fig. 8 in L-MLT coor-
dinates and constructed according to the data from
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Fig. 6. Coordinates of sources of precipitations of electrons with energies in the range from 0.1 to 0.7 MeV on February 1, 2015:
(a) according to the data of the Meteor M2 spacecraft, (b) according to the data of the POES-18 spacecraft, and (c) according to
the data of the POES-19 spacecraft.
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three satellites: Meteor M2, POES-18, and POES-19.
These regions are sources of energetic electron precip-
itations during the disturbed period on February 1–6,
2015. It can be seen (Fig. 8a) that, by the evening of
February 1, 2015, in the initial period of disturbances,
the region of precipitations covered mainly the morn-
ing, night, and, partly, the day sector. Also, the first
precipitations appeared on the afternoon MLT.
COSMIC RESEARCH  Vol. 59  No. 6  2021



SPACE–TIME STRUCTURE OF ENERGETIC ELECTRON PRECIPITATIONS 453

Fig. 7. Electron fluxes: (a) Meteor M2 first observation of precipitations (premidnight sector), (b) POES-18, first observation of
precipitations; (c) POES-18 initiation of precipitations in the evening sector, and (d) POES-19, first observation of precipitations.
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Fig. 8. Coordinates of precipitation sources according to the data of three satellites: (a) February 1, 2015, is the beginning of the
event; (b) February 2, 2015; and (c) February 6, 2015 is the end of the event.
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Figure 8b shows a map of precipitations at the main
phase of geomagnetic disturbance. It can be seen that
precipitations have trapped almost all sectors of the
magnetosphere and are recorded in a wide range of L
(from 4 to 7) and at all longitudes.

The event ended in the morning of February 6,
2015. By this time, the f luxes of precipitating elec-
trons became more localized along L, and the f luxes
decreased and reached values of the order of
10000 cm–2 s–1 sr–1 at the end of the event. The graph
(Fig. 8c) shows the distribution of precipitation
sources according to the data of three satellites over
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MLT and L for the period from 00.00 to 14.26 UT on
February 6, 2015. It can be seen from this graph that
the occupied area of precipitations covers all MLTs,
but there were significantly fewer events, which were
located at more distant MLT > 5 and more isolated.

RESULTS AND DISCUSSION

According to the data on the parameters of the
solar wind and the interplanetary magnetic field, it
was found that precipitations of electrons with ener-
gies in the range from 0.1 to 0.7 MeV and higher
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occurred in the geomagnetically disturbed magneto-
sphere. Observations of satellites made it possible to
approximately determine the beginning of the event
(16.38 UT on February 1, 2015) and the space–time
characteristics of the precipitation region during the
entire period of magnetospheric disturbances.

Summarizing the observational data of three polar
satellites, we can conclude that, at the initial stage of dis-
turbances, precipitations developed at L > 5 in the MLT
night sector and had an isolated character. The electron
fluxes were hundreds of thousands of cm–2 s–1 sr–1.
Gradually, precipitations moved to the morning
region of the magnetosphere and, at the main phase of
geomagnetic disturbance, filled the entire 0–12 MLT
sector. The precipitation profiles differed from those
in the nighttime magnetosphere. They had the form of
multiple bursts in the relatively wide interval of L from
4 to 7.

At the main phase and the initial stage of the recov-
ery phase (February 2, 2015), precipitations occupied
both the daytime and evening sectors, thus covering all
THE MLT values, but, in the evening sector, precipi-
tations had a quieter character and the particle f luxes
were about 10000 cm–2 s–1 sr–1. It can be claimed that
X-ray bremsstrahlung associated precisely with these
electron fluxes was observed during the balloon exper-
iment on February 2, 2015.

Based on the position and nature of precipitations,
it can be assumed that the mechanisms of acceleration
and scattering of particles were of a different nature in
different regions of the magnetosphere. Precipitations in
the nighttime magnetosphere had an isolated, radially
localized character at relatively high latitudes (L > 5).
Apparently, these events are associated with the scat-
tering of electrons in the strongly curved magnetic
field of the geomagnetic tail and can be attributed to
the Group 1 precipitations according to the classifica-
tion in [8]. The generation of such precipitations is
associated with the approach of the magnetosphere
tail current sheet during a geomagnetic disturbance.
Precipitations in the sector with MLT in the range
from 0 to 12 are associated with the generation of VLF
waves—auroral chorus and whistlers, which cause
both the acceleration of electrons and their scattering
into the loss cone [19].

A drop in the Dst index to –46 nT and the negative
value of the Bz component of the magnetic field indi-
cate the development of a moderate geomagnetic
storm, during the recovery phase of which the main
precipitations of electrons were observed. Variations in
the AE index at the time when the IMF Bz component
took a southerly direction, as well as the AE index val-
ues of the order of hundreds of nT during the begin-
ning and recovery phase of the storm, indicate a
sequence of substorms that caused the scattering of
high-energy electrons into the loss cone and further
precipitations into the atmosphere in the sector from 0
to 12 MLT, which is an important factor for the
appearance of a VLF chorus and other low-frequency
waves in the auroral magnetosphere [20]. Substorms
also led to the generation of electromagnetic equato-
rial noise and VLF hiss in the afternoon sector, which
were responsible for precipitations on daytime and
evening MLTs. The precipitations had a wide MLT
length and a maximum probability of observation at
night and in the morning. According to the classifica-
tion of electron precipitations in [8, 21], nighttime
precipitations belongs to the first type. Precipitations
in the morning sector are apparently associated with
multiple substorm activations at the main phase of the
storm and the subsequent scattering of particles into
the loss cone [20].

CONCLUSIONS
Using data from satellites of the POES and Meteor

series, a space–time analysis was carried out and the
dynamics of the event on February 1–6, 2015, of pre-
cipitations of electrons with energies in the range from
0.1 to 0.7 MeV into the Earth’s atmosphere, corre-
sponding to the event on February 2, 2015, from the
LPI database, was considered. A connection was
established between the data on particle f luxes and
data on the magnetic field and solar wind, which made
it possible to make a hypothesis about the mechanisms
of precipitation occurrence and explain their observed
dynamics, as well as classify this event.
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