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ABSTRACT: Using a partial reflection technique, the clectron density, N, changes in the
middle latitude ionospheric D-region during the 14 — 24 April 2002 magnetic storm were
experimentally investigated. During the solar proton events, spe, increase by more than
50 — 100% in the electron density m the lower D-region of the ionosphere (~=70 — 80 km)
was observed during several tens of minutes, Estimutions of the jonization rate were
made. On the busis of the experimental data of electron density chanpes over the proton
precipitation periods. comesponding fluxes were estimated, being ~10° - 10°m sec”’

INTRODUCTION

solar flares, being an indicator of processes influencing the geomagnetic field
and near-the Earth plasma conditions, are very important for geophysicists. There
are three main kinds of solar radiation, which particularly influence processes in
the upper aimosphere and lead to appearing difTerent phenomena: X-ray
radiation, protons with energy of 1 — 100 MeV, and low encrgy plasma [1.2].

[t is well known that commencement of magnetic storms, which occurs some
time after flares on the Sun, is as a rule accompanied by flares of the X-ray
{ XRA), optic {(FLA) ranges, by precipitations of protons (SPE) and electrons into
the Earth ionosphere, These periodical events go on over tens of hours to 5 — 20
days (sometimes even more) depending on a value (class) of the magnetic storm.
Energy electrons of £ 2 40 KeV, precipitating out of the radiation belts, are a
sutficient source of additional ionization of the middle latitude D-region of the
wnosphere (up to the latitudes of ~ 45 — 607) at the heights of =z = 80 - 100 km
|see, e.g., [3-8]). Moreover, over the periods of solar flares and magnetic storms,
satellite measurements often show higher (by a few magnitude orders) values of
proton fluxes comparing with those under undisturbed conditions. Such proton
fluxes penetrate down to the lower ionospheric D-region heights
{z=55-75 km), possibly causing considerable changes in this ionospheric
part ionization [8-11]. Nevertheless, there are great difficulties in measuring
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fluxes of the precipitating charged particles at the middle latitudes and in
obiaining correct estimations of their energy contributions at = < 90 — 100 km
when using the satellite measurements conducted at considerably higher altitudes
{ = =200 km}.

Investigating of magnetic storms and their influence on a near-Earth plasma
state is urgent due to their great scientific and applied interest. Each magnetic
storm 15 accompanied by a whole complex of phenomena in near-Earth plasma,
being in its turn a unique phenomenon. As a rule, besides general features, each
magnetic storm has some specific feature characteristics, which in their tum
cause changes in the atmospheric and ionospheric parameters,

In a comparatively wide range, there are studied reactions of the upper
ionosphere (mainly F-region) to magnetic storms at both middle and high
latitudes. There is a large list of the publications (see, for instance, [6,7,12-21]).
Nevertheless their investigating, modeling and predicting are far from the final
slage.

Responses of the muddle latitude ionospheric D-region to the magnetic
storms are of a complicated and ambiguous character. Statistics of the events (a
number of reliable experiments) do not so far allow to determine many
peculiarities of the response. Possible effects of the magnetic storms on the
middle latitude jonospheric D-region have been studied not well: there are only
incidental experimental investigations (see, for instance, [4.8]). A function of the
precipitating proton fluxes during the magnetic storm in the high latitude
ionospheric D-region have been studied rather well [10]. Their possible effects in
the middle latitude ionospheric D-region have been studied not well: there are
only sporadic experimental investigation results (see, for instance, [4,8,22.23]).
Therefore it is necessity to continue the experimental investigations and to obtain
information in order to study this problem, which is important both for purely
thearetical aspects and for a solution of a whole number of practical tasks n
radio communications, radio navigation, internet svsitems and others. Observing
of every magnetic storm allows to widen the information on complicated and
many-sided physical processes accompanying the storm.

The given paper shows experimental investigation results oblained by means
of a radar of partial reflections (PR) of electron density variations in the middle
latitude ionospheric D-region in vicinity of Kharkiv during the magnetic storm
on 14 — 24 April 2002,

GENERAL INFORMATION

The solar and geomagnetic data were obtained from the URL
hitp://solar sec. noaa. goviweekly/, Geophysical conditions when carrying out the
investigations were as follows: a geomagnetic storm began on 17 Apnl and
lasted up to 24 April. In Boulder, according to the USGS magnetometer data, a
sudden storm commencement (SSC) in the geomagnetic field was recorded on 17
April at 11:09UT (57 nT).
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FIGURE 1. Temporal dependences of proton and electron fluxes, f{p-component of the
peomagnetic field. and Kp index

40 . T = T
=B, nT F fl e
D — o u = a :-.-_ - :-_.—"-' --._
‘m I'r i
, I i - - i .
x 0 k. , I||| e |I |l|"r| X T } ;
-Jlﬂ 0 | 4 L L | | i
40 -
— ¥ b s : o7 I '--I & —r I.:._ll\.-_..l L .;-'-r‘. |
B,.or Of Vet ’
40 L b y ?
40 ¢
B..uT 0 . ..-'-a-_.-,nr'"':.. _,-\.H-.h % ._ln.lr* .-"" JI. — ,I.‘q-;’r,'ﬂ‘_‘,!“.,\___ ‘._'__.l.-‘“j_lr Aot
'_;g WIS T Rty e ALV i e e E— E————
1'_'| r-—-—--‘_‘q‘- :
=1 u gl "t
"\VW ..-r'-"‘-l""")‘h.r""m_’_“ i
=100 m
10 15 lﬂ 23 A

Figure 2. Temporal vanations in the interplanetary magnetic field and in the D, - indices, obtained
by means of the “ACE" satellite,

A greater than 10 MeV proton event began at geo-synchronous orbit on 17
April at 15:30 UT, reached the peak of 24 pfu at 15:40 UT on 17 April, than
ended at 00:35 UT in April 18. And a greater than 10 MeV proton event began
on 21 April at 02:25 UT and ended on 26 April at 07:15 UT (peak flux of 2520
pfu on 21 Apnl at 23:20 UT). The time dependences of the proton and electron
tluxes, and also Hp-component of the geomagnetic field are shown in Fig. 1. The
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proton plot contamns the five-minute averaged integral proton flux (protons/cm’
sec’ st ) as measured by GOES-8 (W75) for each of the three energy thresholds:
greater than 10, 50, and 100 MeV. The electron plot contains the hive-minute
averaged integral electron Nux (electrons/cm” sec” sr') with energies grater than
2 MeV at GOES-E. The Ap plot contains the five-minute averaged magnetic field
H-component i nanoteslas (nT) as measured by GOES-8. The H-component 15
parallel to the spin axis of the satellite, which 15 nearly parallel to the Earth's
rotation axis.

The lemporal vanations in the interplanetary magnetic field and m the £, -
mdices, obiamed by means of the “ACE™ satellite situated 1.5 min km from the
Earth, are shown in Fig. 2. The minimum value of the [}, —index was

8 = |55 As known [24], this index describes a disturbance degree of the

sl i
geomagnetic field, which i s tum descnbes an mtensity of the magnetic
storms. Over a storm period, the magnetic activity indices of A and K., were
62 and 7, respectively. According to one of the classifications. the magnetic
storm considered belongs to the strong and very strong ones [25]. The energy £,
and the power P, of such magnetic storms are — 6.5 10"°) and - 7.5 10" w,
respectively, The E, value is convenient to be estimated using the minimum

s value [26]:

g L ee i
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where E,, =8:10" ] is the dipole geomagnetic field energy near the Earth
surface, B, =3-107 T is the geomagnetic field induction value at the equator;
the corrected D, value is ), =D _—bp'* +¢. Here b=5-10" aTiJ m7y'",
c=20nT, p= -""'r,..-"-"T,...l"i.i N, and m_ are the density and mass of protons, 1’f_

is the solar wind velocity. For D), = 220 nT, the magnetic storm energy

M mimn

estimated by (1) was equal to 6 10"°] approximately, on 19 April the maximum
power value being = 5.5 10" wi{ Ar = 3 hours).

INSTRUMENTATION, METHODS OF DATA ACQUISITION AND
PROCESSING

The probing of the lonospheric D-region was performed with the Kharkiv V.
Karazin National University MF radar [27] located at the Kharkiv V. Karazin
National University Radio-Physical observatory (see Table 1}



THE losospaeinns D-REcion ovel KHasiy punisG THE 14 < 24 Argi. 2002 MacsETIC SToRM

Table 1: Coordinates of Kharkiv V. Karazin National University Radio-
Physical Observatory

Creographic Creomagnetic
Elevation | Latitude |Longrtude | Latitude | Longitude Inclination| Declination| L
(m} (M) (E) (N) (E) (W)
| | 56 49° 38 362X | 45.37° L18.7* | 667 I6.R'] 6% 196 |~2.0

The specifications for the radar facility are as follows: operating frequencies
F =231 MHz, sounding pulse length r =25 micros, repetition rate F = | per
second, peak pulse power P = 100 kw, antenna gain {7 = 40. The amplitudes of
stgnal plus noise of the ordinary and extraordinary polarizations, 4., 4.
respeclively, were digitized at o rate of | per second and recorded on magnetic
tapes. In order o determme the signal amplitudes 4, A,, two samples of noise
amplitudes A, 4., were acquired within each interpulse interval.

The measurements of 4, A and A, 4, were made within an altitude
range of 60 — 126 km. The estimates of the mean squared signal amplitudes
<A",.> and noise <A°,, .~ were made using 60 samples of the signal and [20
samples of the noise obtained over 60-s intervals, The estimate statistical emors
have not exceed 10%. Using <4°,,>, their matio, B = <4 > /<4°,>, was
calculated and used further 10 obtain the electron density against height and time
profiles, Nz, 1), (= 15 the altitude, ¢ 15 time) by applyving the differential absorption
technique of [28,29] and the methods of [30]. To obtain the N(z) profiles, we also
used the model electron-neutral molecule collision frequency profile, viz),
of [31]

The N{z) profiles were estimated over intervals of 10 min during the entire
observation perniod with an error which 15 not more than 30%. The M) plots
appear down-shifted by =5 min because of the 10-min averaging.

The dates of the experiments are presented in Table 2. The measurements of
Adzit), Aubze) and A0, A.f1) were made before some days, during and afier
the magnetic storm.

The comparison was made with the data obtained by the same equipment as
that used on the magnetically quiet days (the control days). Controlling over the
wmosphere state was camed out by means of an 1onosonde.

Table 2: Information of the experiments.

Date Data Agquisition Time Imerval (UI'T)
April 10, 2002 01:27:00 ~ 18:10:00
April 16 - 17, 2002 20:05:10 — 21:00:00
April 24, 2002 01:30:00 — 18:30:00
Apnl 25, 2002 O4:25:00 ~ 14:45:00
May 03 — (4, 2002 20:15:00 — 11:25:00
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EXPERIMENTAL RESULTS

In the April 17, 2002 experiment, after 12;55 UT, the strong partial reflection
signals were intermittently observed in the z =72 - 78 km altitude range over
10 - 25 min intervals {the signal-lo-noise ratio was more than 3). It should be
noted that m the absence of disturbances, signals from this altitude interval are
usually absent or their levels are significantly lower than the noise levels. With
regard to the electron density during these disturbed intervals, it increased by
more than 100% (see N(¢) at a few z = consramt in Figure 3). At this time,
approximately after 12:00 UT, the GOES-8 (W75) satellite measurements
(http://solar.sec.noan. goviweekly/index . himl) exhibit a significant increase in the
fluxes of more than 1, 10, 30, and 100-MeV protons,
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FIGURE 3. Electron densaty, Niz.t), agamst hme for selected altitudes during April 17, 2003
(eurve | for 72 km. 2 For 75 km, 3 for 78 km and 4 fior Bd km).

It should be noted that in the z = &1 — 90 km altitude range the electron
density variations are |ess pronounced because the ionization at these altitudes 15
produced by the solar UV and X-ray radiations and is not affected by the protons.
The more than 2 MeV electrons measured by the GOES-8 (W75) satellite o
precipitate from the Van Allen radiation belts approximately afier 11:00 UT
produce a peak in lonization at even lower altitudes.

In the April 24 experiment (note that the precipitations of protons having
£ > 10 MeV staried on 21.04.2002 and went on tll 26.04.2002 ) about 5 — 10 min
after the spe commencement over 50 —60 mmm within 69 — 75 km, there were
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recorded intensive signals (at = > 78 km there were no intensive PR signals),

which were not observed before the event (the < if, > values became tens of
times larger). The electron density within this height interval increased by about
50% over this period (see Fig. 4). At z =84, 87 km over this time interval, the
changes in the electron density corresponded to the typical diumal variation. The
N{z) mcrease at 04:20 - 05:00 UT being related to the high-energy electron

precipitation after the magnetic storm.
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FIGURE 4. Heighi-time dependences of one-minute averuged imensities of partial reflecton
signals A, (Z.0) and noise A_ (¥} and changes in the electron density, N{Z.1) . in the

middle latitude lower ionosphere D-region, obtained in the experiment of 24.04 2002 during proton
precipitations.

In the April 25 experiment, PR signals from the ionization mregularities
within 84 — 93 km had weak itensity. Electron density values succeeded 1o be
reconstructed within 78 - 84 km. An example of the N{r) varations at

z =78 — B4 km is shown i Fig. 3. From the beginning of the experiment and till

iy
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about 10:00 UT, the N{r) values at = = 78 - 8] km exceed about 1.5 — 3 times

the typical values under such conditions. [t seems likely that this phenomena
have been caused by proton precipitations. Atz = 84 km after about 09:10 UT,
the N{r) values have a typical diumnal character under undisturbed conditions.

As noted earlier, the proton precipitations last till 07:15 UT approximately.
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FIGURE 5, Height-time dependence of the electron density, V(2,1) , in the middle Intitude lower
ionosphere D-regron, obumed i the experiment of 23,04, 20412

Note also that over the growth period of the PR signal intensities and for
about an hour after, the intensity of the noise and its dispersion decreased with a
tollowing recovery of the typical diumal variation.

On April 10 and May 3 — 4, 2002, experiments, which are charactenzed by
the undisturbed conditions, the features noted above were not detected.

PROTON SIMULATION RESULTS, DISCUSSION

Using the methods from [B], on the basis of a mechanism for precipitation of the
high energy particles (electrons, protons), we estmate the proton flow

parameters, Using the electron density magnitudes under the undisturbed N, -
and disturbed N -conditions, there were estimated ionization rates of
EjTU=t5|!',:,N.f . g =& N* . where @, and & are the corresponding
recombination coefficients.
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For convenience we shall neglect the atmosphere heating at the moment of
precipitating particles and assume that o = o, . It is also assumed that at the

lower heights there predominates a recombination of electrons with ion-bonds,
for which @ = 10"'m’sec”’, It is valid at z < 75-90 km under conditions of a
weakly disturbed ionosphere for the day- and night- time, respectively [B]. At the

higher heights, the @ -value decreases from 107" downto 2:10°" m’sec”' . The
latter value is characteristic of the recombination of electrons with ions N and
(1, . If the energy distribution of particles {which is unknown for the ground
observations) is neglected, then the flow density of the particle power,

| = 25Ax0g , where Ag=q—q,, & = 35 ¢V is the energy lost in one
1onization act, Az s the height range where the flow of the particles of the given
energy & is absorbed. On the other hand, the £ parameter is connected with the

particle low p: FP=gp. When having F , one can estimate the power and
energy of the particles precipitating over the area §: P=PS, E=PAT

where AT 15 the precipitation duration.
The methods of estimating the particle flow parameters consist in calculating
the Ag value, the £ , p, P and E values being caleulated as well,

In calculations based on the Mz, 1), it was assumed that Ar = 1.2x10° sec
and § = 10" m". For convenience of making estimates, we set Az =10 km.

Table 3: The proton Mux parameters

Date April 17, 2002 April 24, 2002

2, km 75 75

N.m” . 1x10° |6 10"
N,m” 3.0x10° 2.5x10"
Qi M5 1.2x10° 2.6x10°
g, ms 9,0 10° 6.3 10°
P.ims! 2.6x10° 1.2x10*
p,ms 0.9« 10" 4,02 10°
& MeV 20 20

P, W 2.6x10" 1,2x10°
E ] 1.0x10" 4,8x10"
Energetic species Proton Proton

The modeling results for the experiments discussed are presented in Table 3.
Thus results are in reasonably good agreement with the known data on the proton
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fluxes obtamed experimentally and theoretically durnng disturbances having
different natares (sce, for instance, [8]).

Unfortunately, there is no possibility to compare correctly the proton flux
values obtained with those obtained over the observation period in the satellite
measurements. This is caused by the fact that there are no reliable methods of
recalculating proton fluxes, obtained in the satellite measurements at z > 200
km, into their values for the lower ionosphere considered.

As mentioned above, mn the April 17, 2002 experiment, . the proton
precipitation occurred. The effects appeared during the 13:45 — 14:15 UT interval
after the SSC at 11:07 UT and with time delays of no less than a 30 min interval
after the beginning of the solar proton event at 15:30 UT,

From an increase in N at 72 — 75 km by a factor of 1.5 — 3 that was observed
during the 13:45 — 14:15 UT interval and after 16:25 UT by a factor of up to 7
(Fig. 3), it follows that the ~10 — 20 MeV proton energy flux p = 10" m s,

In the April 24, 2002 experiment, the proton flux was p = 40«10" m” g
{Table 3).

CONCLUSIONS

Using the PR technique, in Kharkiv there were carried out observations of the
middle latitude ionospheric D-region responses o the strong magnetic storm on
17 — 24 Apnl, 2002. The magnetic storm was accompanied by intense proton
precipitations. Though the main magnetosphere-ionosphere processes occur, as a
rule, at the polar latitudes, information on strong disturbances of the electron
density in the middle latitude lower ionosphere s of great importance owing 1o
few such mvestigations available.

Chver the proton precipitation periods (according to the GOES satellite
measurements), the strong PR signals were intermittently observed in the
z =72 — 78 km altitude range over 10 — 25 min intervals (the signal-to-noise ratio
of more than 3).

The data on the electron number density 15 mnferred from the MF radar
measurements and an error does not exceed ~300%, The information on proton
MNuxes is inferred from the experimental electron density data by using a 2-ion
chemical scheme.

After the SSC m 11:07 UT on Apnl 17, 2002, an increase in N by a factor of
1.5 — 3 in the 72 - 78 km altttude range was observed to last for 10 - 15 min, and
after the solar proten event at 16:25 UT increases in V by a factor of up to 7 were

intermittently observed ull ~19%:00 U1, The corresponding ~10-20 MeV proton

energy fluxes were p= 10" m s

On April 24, 2002, an increase in the electron density by 50% was observed
to last for 45 - 50 mun in the 72 — 78 km altitude range, and the proton flux was
estimated to be p = 4.0<10" m o

In the April 10, 2002 and May 3 - 4, 2002 expenments, during gquiet

conditions. the features mentioned above were not detected.
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