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Abstract. Using data from the GPS and GLONASS
navigation satellite systems, we analyze the responses of
the mid-latitude ionosphere to the extreme solar flares
that occurred at the maximum of solar cycle 23 (Octo-
ber 28, 2003) and at the minimum of solar cycle 24
(September 6, 2017) during the same season at close
solar zenith angles. To obtain the response, we use the
rate of change of the total electron content, which is
practically independent of characteristics of equipment
and determined only by parameters of a propagation
medium (the ionosphere in our case). The ionospheric

response is shown to be almost independent of the total
duration of the flare. In both cases, the duration of the
main response at a level of 0.5 is about 1.5-2 min,
whereas the total duration of the response is about 10
min and almost independent of solar flare power.
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INTRODUCTION

The solar flare is a sudden and rapid release of a
huge amount of energy in the upper chromosphere or
lower corona of the Sun. The generated electromagnetic
emission in the wavelength range from A~0.5-8 A to
A~1 m [Avakyan et al., 1994; Mitra, 1977] causes strong
disturbances in various layers of Earth’s ionosphere, and
consequently a significant change in parameters of near-
Earth space for monitoring of which the mid-orbital
navigation satellite systems GPS and GLONASS are
now being actively used.

The use of data from these networks has made it
possible to take a new step in studying the impact of
solar flares on Earth’s ionosphere [Afraimovich,
Perevalova, 2006; Afraimovich, 2000]. The method of
monitoring ionospheric total electron content (TEC)
disturbances of natural and anthropogenic origin,
which is based on phase measurements of parameters
of satellite navigation systems, is extensively applied
nowadays to the detailed analysis of solar activity ef-
fects. For example, Kunitsyn et al. [2015] have ana-
lyzed severe solar flares of solar cycle 23, including
the October 28, 2003 flare. The ionospheric disturb-
ances generated by this flare have been examined in
[Smirnov Smirnov, 2005, 2014; Zhang, Xiao, 2005],
where similar dependences for the ionospheric re-
sponse were obtained.

Le et al. [2013] have analyzed about 100 X-class
flares, which occurred in solar cycle 23 from 1999 to
2006. They examined the influence of X-rays and UV
emission on TEC variations depending on the solar zenith
angle and season of flare occurrence, and also the possi-
bility of using the ionospheric response to determine the
UV emission intensity for flares of class X6 and lower.
Liu et al. [2004, 2011] briefly review works devoted to
the study of ionospheric disturbances generated by solar
flares of solar cycles 23 and 24.

The above works generally study the dependence of
the ionospheric response maximum on the power of flares
and their position on the solar disk, on solar zenith angle,
season of their occurrence, and solar cycle.

Our purpose here is to analyze the response of the
mid-latitude ionosphere to the impact of two extreme
solar flares that occurred at the maximum of solar cycle 23
and at the minimum of solar cycle 24 in the fall season at
close zenith angles and sunspot positions on the solar disk.

SOLAR FLARES
OF CYCLES 23 AND 24

One of the most powerful solar flares occurred on Oc-
tober 28, 2003, at the maximum of solar cycle 23. It is de-
scribed in detail in the literature [Belov et al., 2004;
Veselovsky et al., 2004]. A special issue of the journal
Geomagnetism and Aeronomy (2005, volume 45, number
1) is dedicated to the extreme solar events that took place
in October—November 2003 and their associated abnormal
processes in Earth’s magnetosphere and ionosphere. The
flare began at 09:51 UT, peaked at 11:10 UT, and ended at
11:24 UT. So it lasted for 1 hr 33 min.

Figure 1 shows solar activity for October 28, 2003.
An unusually strong increase in X-ray intensity began at
~11 UT. It was also accompanied by an increase in UV
emission intensity, which caused additional ionization in
the ionospheric F-region. The October 28, 2003 helio-
physical event occurred in the active region when a group
of sunspots was at the central meridian of the Sun. The
particle flux was directed immediately to Earth.

The solar flare that was the largest in the past 12
years was recorded by the Solar Dynamics Observatory
(SDO) in the 2673 active region on September 6, 2017
at 12:02 UT. According to NOAA data, the flare began
at 11:53 UT, peaked at 12:02 UT, and ended at 12:10
UT,; so, it lasted for 17 min. The X9.3 flare occurred due
to the interaction of two sunspot groups, which were the
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Figure 1. Solar activity on October 28, 2003
[https:/imww.spaceweatherlive.com/en/archive/2003/10/28/xray]
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Figure 2. Sunspots on the visible solar disk on October
28, 2003 and September 6, 2017 [https://www.space-
weatherlive.com/en/reports/sunspot-report]

largest within the last few years. Figure 2 shows how
they looked like on the visible solar disk on September
6, 2017. By comparison, this Figure also presents the
visible solar disk for October 28, 2003. The Figures are
adopted from [https://www.spaceweatherlive.com]. It
should be noted that the sunspots observed on the Sun
on October 28, 2003 and September 6, 2017 were ap-
proximately at the same latitude. This is important be-
cause, as is shown in [Leonovich et al., 2010] by the
example of the July 14, 2000 solar flare, the TEC value
depends on the flare position on the solar disk.

According to data from the Solar X-ray Astronomy
Laboratory of LPI RAS, the September 6, 2017 flare is
one of the most powerful explosions the Sun is capable
of producing. For 20 years of observations, only five
severe flares have been recorded (the last one (X17.0)
occurred in November 2005). These events generally
happened at the solar maximum, but this flare occurred
at the solar minimum, and therein lies its uniqueness.
Notice that the September 6, 2017 flare, as well as the
October 28, 2003 flare, occurred in the geoeffective
region near the Sun—Earth line, from which the Sun has
the strongest effect on our planet.

The sunspot activity after the explosion was X9.3,
which corresponds to the highest level. Figure 3 depicts
solar activity for September 6, 2017.

Figure 4 shows the X-ray intensity in the range 1-8 and
0.5-4 A, observed with instruments on GOES satellites on
September 6, 2017 [https://www.swpc.noaa.gov/products/
goes-x-ray-flux]. The flare was observed only by foreign
space observatories.

ANALYSIS OF THE RESULTS

Electromagnetic emission of a wide spectral range
causes strong disturbances in various regions of Earth’s
ionosphere. During a flare, the Sun is a powerful source
of X-rays and ultraviolet emission. An increase in ioniz-
ing radiation intensity, observed during solar flares,
immediately causes an increase in electron density and
TEC in the ionosphere. To determine ionospheric pa-
rameters, we have used data from the global navigation
satellite systems GPS and GLONASS. Due to dual-
frequency measurements in the L-band (about 1.2 and 1.6
GHz), the electron content can be monitored using hun-
dreds of permanent ground navigation signal receivers
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Figure 3. Solar activity on September 6, 2017
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Figure 4. X-ray intensity in ranges 1-8 and 0.5-4 A on
September 6, 2017. The data were taken from NOAA’s Space
Weather Prediction Center website [https://www.swpc.noaa.
gov/products/goes-x-ray-flux]

with unprecedented temporal and spatial resolution. The
global navigation satellite systems allow not only 24-
hour monitoring of the ionosphere at a certain point, but
also allow us to use the same satellite for monitoring the
ionosphere at different points of Earth’s surface, which
are spaced apart by thousands of kilometers. One satel-
lite provides information with the same degree of meas-
urement accuracy if there are similar positioning receiv-
ers at ground stations. lonospheric parameters were
identified by the radio translucence method along the
satellite—Earth path. Aspects of their application are
thoroughly discussed in [Andrianov, Smirnov, 1993;
Andrianov et al., 1996, 2000; Smirnov, 2001]. To de-
termine the ionospheric parameters, we have used phase
measurements made at elevation angles greater than 15°.

Neglecting the influence of collisions and geomag-
netic field on the refractive index of the ionosphere, the
formula for calculating TEC along the satellite—receiver
ray path can be represented as the following simple rela-
tion [Kolosov et al., 1969; Hofmann-Wellenhof et al.,
1992]

TEC(D) = || N, (Idl = K (D, (£) ~ 1, (1)) + const,

1 f2f7
40.308 f? —f?'
MHz are the operating frequency of GPS;
GLONASS f;=(1602+m A f ;) MHz and f,
(1246+mAf,) MHz, m=0, ..., 24 are numbers of charac-
ters of carrier frequencies of navigation radio signals,
Af1:05625 MHZ, Af 2 = 0.4375 MHZ, (Dl,Z (t) is the
phase , A; and A, are the wavelengths of corresponding
emission frequencies.

The presence of the second term in this formula
makes it impossible to determine the absolute TEC di-
rectly from phase measurements. However, solving cer-
tain problems requires knowing TEC variations rather
than its absolute value. The rate of TEC variations or its
increment in the observed time interval is the ionospher-
ic parameter most sensitive to external factors. Values
of this parameter are almost independent of characteris-
tics of satellite signal transmitters and receivers, they
are determined only by the propagation medium — the

where K = f;=1575.42, f,=1227.6

for
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ionosphere in this case.
The rate of TEC variations is calculated from the
formula

DTEC(t) =

- K {}‘1 [ch (T +t)_®1 (t)]_kz [(Dz (T +t)—d)2 (t)]}
T

where T is the observation time interval. For organiza-
tional 1GS stations, the observation time interval is usu-
ally 30 s.

The DTEC(t) parameter was calculated directly from
measurements of @y ,(t) without using any smoothing
procedures and digital filters. For ease of comparison,
the calculation results are normalized to maximum
DTEC values. In general, the shape of the ionospheric
response obtained at monitoring stations, is practically
identical: all characteristic features of DTEC variations
are observed at the same time points.

Figures 5 and 6 depict the ionospheric responses to the
October 28, 2003 and September 6, 2017 solar flares.
These Figures present the results for the MDVJ station
(Mendeleevo, the Moscow Region), obtained for two satel-
lites. Left panels show the results for the entire observation
session; right panels depict in more detail a fragment with
the ionospheric response during the solar flare. By compar-
ison, the same fragments are shown in a larger size in Fig-
ures 5 and 6 at the bottom. It is clear that the characteristic
details of the responses are almost identical for each of the
solar flares.

For the October 28, 2003 solar flare, the duration of
the main response at a level of 0.5 is about 2 min, the
total duration of the response is about 10 min, with the
total duration of the solar flare being 1 hr 33 min.
DTEC(t) has two distinct maxima. The first maximum
virtually corresponds to the time of the solar flare onset
and is recorded 8 min before the maximum emission
intensity in the optical range.

For September 6, 2017 solar flare, the duration of
the main response at a level of 0.5 is about 1.5 min, the
total duration of the response is about 10 min, with the
total duration of the solar flare being 17 min. DTEC(t)
has two pronounced maxima, the first maximum virtual-
ly corresponds to the time of the solar flare onset and is
also recorded 8 min before the maximum emission in-
tensity in the optical range.

The shape of the second maximum of the response, ob-
served at 11:58 UT (718 min), is sufficiently close to the
shape of the first response (see Figure 7). A cause for an-
other maximum of the response could be the second flare
masked with the first one. The analysis of the September 6,
2017 ionosphere response allowed us to identify a weaker
flare (X2.2), which occurred at 09:10 UT. It started at
08:57 UT, peaked at 09:10 UT, and ended at 09:17 UT.
The total duration of the X2.2 flare was 20 min. The re-
sponse in this case also has two maxima spaced apart in
time by 4 min as in the X9.3 flare. While durations of the
main ionospheric responses are approximately the same,
their shapes differ substantially from each other (see Fig-
ures 5 and 6). If for the flare at the maximum of solar cycle
23 the response has one pronounced double maximum, the
flare at the minimum has two distinct maxima with a sharp
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Figure 5. lonospheric response to the October 28, 2003
solar flare for GPS satellites No. 26 (top panels) and No. 29
(middle panels). Bottom panel: dashed line is GPS No. 26;
solid line is GPS No. 29

drop between them, which is likely to be due to the time
dynamics of the electromagnetic emission of the flares.

The two maxima in the September 6, 2017 X2.2 and
X9.3 solar flares might have been caused either by the
occurrence of less severe flares accompanied by them
and leading to their enhancement, or by peculiarities of
their generation during solar minimum.

CONCLUSION

The paper has examined the impact of two extreme
solar flares, which occurred at the maximum of solar
cycle 23 and at the minimum of solar cycle 24, on iono-
spheric conditions and has analyzed shapes of the iono-
spheric response to these heliophysical events. These
flares took place in the fall period almost at the same
time of day near the vicinity of the Sun—Earth line, from
which the Sun has the strongest effect on our planet.

To determine ionospheric parameters by the radio
translucence method along the satellite—Earth path, we
have used data from the global navigation satellite sys-
tems GPS and GLONASS. We have shown that in both
the cases the duration of the main response at the 0.5
level is 1.5-2 min, with the total duration of the re-
sponse being ~10 min and independent of solar flare
importance. While durations of the ionospheric respons-
es are roughly the same, their shapes differ significantly.
The second response on September 6, 2017 might have
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Figure 6. lonospheric response to the September 6, 2017 so-
lar flare for GPS satellites No. 10 (top panels) and No. 32 (mid-
dle panels). Bottom panel: dashed line is GPS No. 32; solid line
is GPS No. 10
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Figure 7. lonospheric response to the September 6,
2017 solar flare (a) and a fragment with the response to the
X2.2 flare (b, solid line is the linear filtering)

been caused by the second flare, which was masked
with the first flare.

This work was carried out within the framework of
the state task and partially supported by RAS Presidium
Basic Research Program No. 12 “Problems of origin
and evolution of the Universe, solved using methods of
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ground-based and satellite observations”.
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