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Abstract—This paper analyzes the results of about 100 radio occultation sessions of sounding of the high-lat-
itude (>65 °N) lower ionosphere of the Earth’s Northern Hemisphere, which were carried out on June 22—
23, 2015, on the carrier GPS frequency of 1545.42 MHz (LI range) in the FORMOSAT-3/COSMIC experi-
ment. Coronal plasma ejections that reached Earth during this period provoked a magnetic storm of class G4
(a strong geomagnetic storm with a planetary Kp index is 8), which, in turn, caused significant ionospheric
fluctuations of radio waves on “navigation (GPS) satellites—low-orbit (FORMOSAT-3/COSMIC) satellites”

sounding paths.
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1. INTRODUCTION

In the summer of 2015 (June 22—23), coronal mass
gjections (CMEs) towards the Earth (one giant and
several small ejections) took place on the Sun. This
event was recorded by many spacecraft and iono-
spheric stations [1—4]. The most powerful ejection was
identified by the magnetometer as a jump in the inter-
planetary magnetic field (IMF) from ~10 to ~40 nT, as
well as also being noted by the Solar Wind Electron,
Proton, and Alpha Monitor (SWEPAM) instrument
as a sudden increase in the solar wind density from ~20
to ~45 particles/cm?® with a corresponding increase in
pressure to values over 50 nPa [1]. A collision of the
CME with the bow shock was expected on June 22,
2015, at ~18.36 UT, after a weaker shock at ~05.40 UT.
Geomagnetic conditions during the storm on June 22—
23, 2015 (density, velocity, and pressure of the solar
wind; components Bx, By, and Bz of the interplane-
tary magnetic field and the angle of the IMF vector),
are shown in detail in Fig. 1 of work [1]. The Boyle’s
index associated with the strong southern component
of the IMF vector [1, see Fig. 1d] sent a “yellow sig-
nal” of alarm at 06.04 UT and a “red signal” at
18.34 UT on the eve of the collision of the CME with
the bow shock.

Coronal mass ejections were accompanied by pow-
erful fluxes of X-ray radiation, which was recorded by
the GOES- 13 and - 15 spacecraft in geostationary orbit
(Fig. 1, left panel). These ejections provoked a strong
magnetic storm of class G4 (G4 = Kp — 4). The right
panel in Fig. 1 shows the estimates of the planetary

Kp index for the period of June 22—23, 2015, taken
from the Space Weather Data Archive (URL:
ftp://ftp.swpc.noaa.gov/pub/warechouse/).

The purpose of the work is to analyze radio signals
of the L1 range (with a frequency of 1575.42 MHz),
emitted by transmitters of satellites of the GP.S naviga-
tion system and recorded by receivers onboard the
FORMOSAT-3/COSMIC satellites, to determine the
parameters of the small-scale structure of the Earth’s
high-latitude ionosphere at heights from 50 before
110 km during a geomagnetic storm in June 2015.

2. SELECTION OF FORMOSAT-3/COSMIC
RADIO OCCULTATION SESSIONS

Radio sounding of the Earth’s atmosphere and
ionosphere was carried out according to the satellite—
satellite scheme involving high- (GPS/GLONASS) and
low-orbit (LEO) satellites in different combinations, for
example, geostationary satellite—MIR orbital station,
GPS—MICROLAB, GPS—GRACE, GPS/GLONASS—
METOP, GPS—CHAMP, GPS—FORMOSAT-3/COS-
MIC, and others. There is an extensive literature on
the results of the analysis of these experiments [5—7].
To obtain estimates of the parameters of the small-
scale structure of the lower ionosphere during the pre-
viously mentioned geomagnetic storm, we use the
large FORMOSAT-3/COSMIC database. We selected
about 100 radio occultation sessions of measurements
carried out in the period from 22 to 23 June 2015. The
selected sessions were performed at latitudes from 65°
to 88° N and covered an altitude interval of 50—110 km.
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Fig. 1. X-ray fluxes (left panel) recorded on June 22—23, 2015, by the spacecraft GOES-13 and - 15 in geostationary orbit and esti-

mates of the planetary Kp index (right panel).

It was shown in [5, 8, 9] that there is a relationship
between power P; of the signal received on the LEO
satellite, refractive attenuation of radio wave power X,
and acceleration a,, of the eikonal (phase path y):

1= X (t) = ma, = m-d™y/dt’, m=r,/(dp,/dt)’,
ry =Ly Lo/ Ly,

where p, is the impact parameter of the radio ray;
L;and L; are, respectively, the distances from
receiver L and transmitter G to the ray perigee point;
and L, is the distance from transmitter to receiver in
a straight line [5]. Figure 2 shows two typical height
profiles of normalized power P of the signal mea-
sured before the geomagnetic storm on June 22,
2015, by the FORMOSAT-3/COSMIC-6 satellite and
refractive attenuation of radio waves X recovered
from the data on the eikonal using expression (1).
The curves in Fig. 2 were obtained by smoothing the
experimental data using the moving average method
over 15 points. To find dimensionless quantity P, power
received by the FORMOSAT-3/COSMIC-6 satellite
signal P; was normalized to the value of average
power of radio waves P, at altitudes over 300 km; i.e.,
P = P;/P,. The date and local time of the measure-
ment session, as well as coordinates (latitude and lon-
gitude) of the sounded area are indicated above each
part of the figure. It can be seen that profiles shown in
Fig. 2 exhibit height-correlated quasi-periodic varia-
tions in the values of P(h) and X(4). It was found that
the cross-correlation coefficient for these variations at
the indicated height interval is at least 50%.

The beginning of a geomagnetic storm cannot be
detected from radio occultation data. Nevertheless,
since the passage of a powerful X-ray flux (Fig. 1), fluc-

(1)

tuations in the values of P(h) and X(/4) increase in the
interval of 80—100 km of the Earth’s high-latitude ion-
osphere. Note that electron concentration N, increases

at night, becoming more than 103 cm—3 (Figs. 3, 4).

Comparing the graphs in Fig. 3 (panels a, ¢), it can
be seen that the altitude position of the maximum of the
electron concentration in the ionospheric layer practi-
cally coincides with the position of the minimum of the
refractive attenuation of the signal. This corresponds to
the results obtained in [§—10], where it was shown that
during radio occultation sounding of sporadic E struc-
tures (E,) in the Earth’s ionosphere, when the propaga-
tion vector is parallel to the ionization plane E;layer, the
passage of radio waves to its central part (peak of elec-
tron density) leads to strong defocusing of the rays and,
when passing through the edges, to their focusing.

As can be seen from the data presented in Fig. 4, for
radio sounding in the region of the Earth’s polar cap
(78.03° N, 96.65° E) at altitudes from 101.5t0 90.3 km
(the ray descends from top to bottom), the power of
decimeter radio waves on average falls to a level of 0.1
(=10 dB), then returns to the value 0.5 (—3 dB), and
then remains at the same level. Radio sounding of
another region of the polar cap (78.1° N, 65.02° E)
showed that, at an altitude of 89.5 km, the average sig-
nal level drops to 0.5 (—3 dB) and then remains at this
level (see Fig. 4). Dependency analysis of X(4) in Fig. 4
shows that the average (X) equals (X) = 1 (0 dB); i.e.,
there is practically no refractive attenuation in the alti-
tude range from 50 to 90 km. Therefore, we believe
that the above signal power attenuation P(/) observed
in the analyzed height interval may be associated with
the absorption of radio waves in the lower ionosphere
of the Earth during a geomagnetic storm.
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Fig. 2. Altitude profiles of normalized signal power P, measured before the geomagnetic storm on June 22, 2015 by the
FORMOSAT-3/COSMIC-6 satellite, and refractive attenuation of radio waves X retrieved from eikonal measurements.
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Fig. 3. Altitude dependences of normalized power P(h), refractive attenuation X(%), and electron concentration N,(h) obtained
from FORMOSAT-3/COSMIC-6 satellite radio occultation data on June 22, 2015, at 21.22 LT in the ionospheric region.
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Fig. 4. Altitude dependences of normalized power P(h), refractive attenuation X(%), and electron concentration N,(4) obtained
from FORMOSAT-3/COSMIC radio occultation data on June 22, 2015, at 21.22 LT in the ionospheric region.

3. ABSORPTION OF DECIMETER RADIO
WAVES AND ESTIMATING
THE EFFECTIVE NUMBER
OF COLLISIONS IN THE EARTH’S
LOWER IONOSPHERE

A small absorption (up to —1 dB) of radio waves,
which can be seen in the data on GPS frequencies, was
noted in [6]. The most characteristic features of the
high-latitude ionosphere (the D region) is a specific
absorption of radio waves in the polar cap (PCA)
caused by the invasion of protons with energies of tens
of megaelectronvolts and anomalous auroral absorp-
tion associated with precipitation of electrons. During
periods of solar flares directed towards the Earth, due
to a sharp increase in solar ionizing radiation, mainly
in the X-ray range, sudden ionospheric disturbances
(SIDs) occur that are manifested in an increase in ion-
ization, mainly in D and FE areas of the ionosphere.
Auroral absorption of radio waves, which is often
observed in the auroral zone during magnetospheric
storms and substorms, is associated with the precipita-
tion of charged particles (mainly electrons with ener-
gies of 20—100 keV) from the magnetosphere into the
Earth’s lower ionosphere [11].

Absorption of LI range signals (frequency
1575.42 MHz) was observed very disctictly in two
radio occultation sessions of measurements by
FORMOSAT-3/COSMIC in the Earth’s ionosphere
(see Fig. 4). In one of them, the attenuation of radio
wave power reached —10 dB with a return to —3 dB,
and in the other measurement session it was —3 dB
(Fig. 4, panels a). Using this data and following work
[12], it is possible to determine the vertical profile of
absorption coefficient of radio waves Zand to evaluate
effective number of electron collisions per unit time v in
the Earth’s lower ionosphere.

The absorption of radio waves in the lower iono-
sphere is due to collisions of electrons with ions and
neutral molecules. Because of this, some of the energy
transferred by the electromagnetic field to the elec-
trons is spent on increasing the energy of the chaotic
motion of plasma particles and leads to plasma heat-
ing. At each impact, an electron on average transfers
momentum m X dr/dt to an ion or molecule, where
dr/dt is the mean velocity of electrons under the field
influence. If v is the effective number of collisions of
an electron per second, then per unit time its momen-
tum changes by the value mvdr/dt. The change in
momentum due to collisions is equivalent to the action
of a certain frictional force.

Assuming that the frequency of radio waves is 0 = 27t/
satisfies the inequality ®?> > v2, the authors of [12]
obtained the following estimate of absorption coeffi-
cient Z of radio waves:

2
_e"N,y

L = 2.70x107 VeV

z =, [Z]=cm™,

(2)

amcf

where m is electron mass, e is electron charge, c is the
speed of light, N, is expressed in cm=3, v ins~!, and f
in Hz. When propagating through the ionosphere, the
radio wave flux is absorbed, and normalized signal
power Pisequal to [12]

Pmax
P = exp[— j Z ds}

o (3)

P
'[ Nevds}.
hmin

Here, integration is performed along the trajec-
tory of the probing radio ray. As can be seen from for-
mula (2), to estimate parameter v it is necessary to
know the vertical profile of the absorption coefficient
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f
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and the height distribution of the electron concentra-
tion. For this purpose, we have profiles of N,(4) (Fig. 4,
panels c¢) at our disposal, which allow using (3) to
solve the inverse problem and determine the vertical
profile of absorption coefficient of radio waves Z(4),
and also to estimate the value of v in the lower iono-
sphere of the Earth.

CONCLUSIONS

The paper analyzes the results of about 100 radio
occultation sessions of sounding the high-latitude
(>65° N) atmosphere of the Earth’s Northern Hemi-
sphere, which were conducted on June 22—23, 2015,
at a carrier GPS frequency of 1545.42 MHz (L I range)
in the experiment FORMOSAT-3/COSMIC. It was
found that the altitude position of the maximum of the
electron concentration in the ionospheric layer practi-
cally coincides with the position of the minimum of the
refractive attenuation of the signal, which corresponds
to the results obtained earlier during radio occultation
sounding the sporadic E-layers in the Earth’s iono-
sphere.

Based on the analysis of FORMOSAT-3/COSMIC
radio occultation measurements conducted during a
strong geomagnetic storm on 22—23 June 2015
(class G4), absorption of radio waves in the L/ range
in the lower high-latitude ionosphere of the Earth. The
absorption value is ~3 dB in the range of 60—90 km,
and in some cases reaches ~10 dB at altitudes from 90
to 95 km. It is shown that the obtained data can be
used to determine the altitude profile of the absorption
coefficient Z radio waves and to estimate the effective
number of collisions per second v in the Earth’s lower
ionosphere.

FUNDING

This work was carried out within the framework of a
state assignment and partially supported by the Russian
Foundation for Basic Research (project no. 19-02-00083 A)
and program no. 12 of the Presidium of the Russian Acad-
emy of Sciences.

REFERENCES

1. Reiff, P.H., Daou, A.G., Sazykin, S.Y., et al., Multis-
pacecraft observations and modeling of the 22/23 June
2015 geomagnetic storm, Geophys. Res. Lett., 2016,
vol. 43, pp. 7311—7318.
https://doi.org/10.1002/2016GL069154

COSMIC RESEARCH Vol.59 No.3 2021

2.

10.

11.

12.

161

Baker, D.N., Jaynes, A.N., Turner, D., et al., A tele-
scopic and microscopic examination of acceleration in
the June 2015 geomagnetic storm: Magnetospheric
multiscale and Van Allen probes study of substorm par-
ticle injection, Geophys. Res. Lett., 2016, vol. 43,
pp. 6051—6059.
https://doi.org/10.1002/2016GL069643

. Astafyeva, E., Zakharenkova, 1., Huba, J.D., et al.,

Global ionospheric and thermospheric effects of the
June 2015 geomagnetic disturbances: Multi-instru-
mental observations and modeling, J. Geophys. Res.,
2017, vol. 122, pp. 1-27.
https://doi.org/10.1002/2017JA024174

. Mansilla, G.A., Ionospheric response to the magnetic

storm of 22 June 2015, Pure Appl. Geophys., 2018,
vol. 175, pp. 1139—1153.
https://doi.org/10.1007/s00024-017-1741-5

. Yakovlev O.I., Pavelyev A.G., and Matyugov S.S.,

Sputnikovyi monitoring Zemli: Radiozatmennyi monitor-
ing atmosfery i ionosfery (Satellite Monitoring of the
Earth: Radio Occultation Monitoring of the Atmo-
sphere and Ionosphere), Moscow: LIBROKOM, 2014.

. Gorbunov, M.E., Radiozatmennoe zondirovanie atmos-

fery (Radio Occultation Sounding of the Atmosphere)
Moscow: GEOS, 2017.

. Yakovlev, O.I., Matyugov, S.S., and Pavelyev, A.A.,

Results of studying the daytime polar ionosphere by the
radio occultation method on satellite-to-satellite paths,
Radiophys. Quantum Electron., 2019, vol. 62, no. 3,
pp. 174—182.

. Gubenko, V.N., Pavelyev, A.G., Kirillovich, I.A., and

Liou, Y.-A., Case study of inclined sporadic E layers in
the Earth’s ionosphere observed by CHAMP/GPS ra-
dio occultations: Coupling between the tilted plasma
layers and internal waves, Adv. Space Res., 2018, vol. 61,
no. 7, pp. 1702—1716.
https://doi.org/10.1016/j.asr.2017.10.001

. Gubenko, V.N. and Kirillovich, I.A., Modulation of

sporadic E layers by small-scale atmospheric waves in
Earth’s high-latitude ionosphere, Sol.-Terr. Phys.,
2019, vol. 5, no. 3, pp. 98—108.
https://doi.org/10.12737 /stp-53201912

Zeng, Z.. and Sokolovskiy, S., Effect of sporadic E cloud
on GPS radio occultation signal, Geophys. Res. Lett.,
2010, vol. 37, id. L18817.
https://doi.org/10.1029/2010GL044561

Bryunelli, B.E. and Namgaladze, A.A., Fizika ionosfery
(Physics of the Tonosphere), Moscow: Nauka, 1988.

Kolosov, M.A., Armand, N.A., and Yakovlev, O.I.,
Rasprostranenie radiovoln pri kosmicheskoi svyazi (Prop-
agation of Radio Waves in Space Communications),
Moscow: Svyaz’, 1969.



	1. INTRODUCTION
	2. SELECTION OF FORMOSAT-3/COSMIC RADIO OCCULTATION SESSIONS
	3. ABSORPTION OF DECIMETER RADIO WAVES AND ESTIMATING THE EFFECTIVE NUMBER OF COLLISIONS IN THE EARTH’S LOWER IONOSPHERE
	CONCLUSIONS
	REFERENCES

