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Abstract

On 25 October 2013, the Sun emitted two significant solar flares. The first so-
lar flare, classified X1.7, peaked at 08:01 UT. The second one, X2.1, peaked at
15:03 UT and was accompanied by solar radio emission. In this work, we study
the ionospheric response to the two X-class solar flares and their impact on
high-frequency (HF) propagation. For this aim, opportunistic HF signals are
used; these signals correspond to any HF communication signal using the ion-
ospheric channel as a transmission medium. First, an identification procedure
of opportunistic HF radio waves is presented using measurements performed
in the cities of Toulon, France (43.11°N; 5.93°E) and Brest, France (48.40°N;
4.48°W). Among several identified HF transmitters, those which are in oper-
ation during the two solar flares are selected. In the second part, we present
some information confirming the detection of two solar flares on 25 October
and study their effects on HF signals received in France.

Keywords
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1. Introduction

The ionosphere is described as the Earth’s atmospheric layer, which is ionized by
solar and cosmic radiation [1] [2]. It refers to upper atmospheric regions (90 to
1000 km). This area is heavily ionized, meaning it has a high free electrons density
(negative charges) and positively charged ions. It has functional significance, be-
cause it allows HF radio propagation to distant places on earth [3]-[5]. This spe-
cific behavior depends on both the frequency of the radio signal as well as the

characteristics of the ionosphere region involved.
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In the ionosphere, however, solar radiation (mainly ultraviolet) is so intense
that when it hits gas molecules, it partitions them (it is said to ionize them) and
an electron is thus released. This results a positive ion (molecule or atom missing
an electron) and a free electron. Although it is the ions that have given this region
its name, it is mainly electrons that affect radio waves. The number of electrons
begins to grow at an altitude of about 30 km but the density of electrons is not
sufficient to affect radio waves up to about 60 km. The electron concentration
occurs in vertically stratified regions, also called ionospheric layers. Three main
layers are identified within the ionosphere: The D layer, the E layer, and the F
layer. There is also a C-layer, but its ionization level is so low that it has no detect-
able effect on radio waves [1].

The D-layer is the closest to the Earth’s surface. Its altitude is between 50 km
and 90 km. Because of the high density of gases, the recombination process is very
active and the electron density is very low [6]. This layer is mostly present during
the day, but cosmic radiation maintains a residual ionization during the night. It
does not reflect HF waves but absorbs them, mainly at low frequencies. As a result,
absorption is lower at night, and wave propagation is therefore better at night. The
E layer is located at higher altitudes, between 90 km and 120 km. It mainly reflects
waves of relatively low frequencies, less than about 10 MHz, and partially absorbs
higher frequencies [7]. The maximum density in the E layer occurs near 100 km,
although this height varies with local time. During the nighttime, the ionization
in the E region approaches small residual levels [8].

The F layer extends from 120 km to 400 km in altitude. It is the densest upper
layer and is open to the outside, 7.e. towards the magnetosphere. It will therefore
be the preferred layer for establishing HF links and will be sensitive to variations
in density and therefore to solar activity. During the day, it can be divided into
two layers, called F1 and F2 [6]. Consequently, the F layer has diurnal variations
(day/night), seasonal changes (summer/winter) and is strongly disturbed by solar
activity. The separation between E and F is related to the difference of neutral
constituents (nitrogen, molecular and atomic oxygen) as well as the concentra-
tion.

A wave emitted at a fixed elevation angle penetrates the ionospheric layers the
higher its frequency. Above a certain frequency, the wave passes through the ion-
osphere without being refracted towards the ground. There is therefore an upper
frequency limit, imposed by ionospheric refraction, above which binding is no
longer possible. This limit is called MUF (Maximum Usable Frequency). A lower
limit called LUF (Lowest Usable Frequency) is imposed by the need for sufficient
field strength at reception. A link using the ionospheric channel can therefore only
be operated in a frequency band between the LUF and the MUF.

However, the ionosphere exhibits diurnal changes (day/night), seasonal changes
(summer/winter) and is strongly affected by solar activity (11-year cycle, solar
flares...).

In this paper, the effect of Sudden Ionospheric Disturbance (SID) on HF waves
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is studied. An SID consists of an increase in the electron density of the D-layer
following a solar flare in which the part of the Earth illuminated by the sun is
subjected to a bombardment of X-rays and UV radiation [9]-[13]. This radiation
penetrates to the D-layer and increases the ionization process and electron den-
sity. This creates severe temporary disruptions in the ionosphere, and increases
the absorption of radio waves mainly in the HF band (3 MHz - 30 MHz), narrow-
ing the range of possible frequencies for a given link [14].

To study the effect of solar flares on HF waves propagation, the idea here is to
use opportunistic HF signals. These signals correspond to any HF communication
signal using the ionospheric channel as a transmission medium. The idea is to
capture these signals passively and extract information on the variation of the ion-
osphere during solar flares. The advantage of using these signals is that they are
powerful and have known characteristics.

In [15], we have proposed a procedure of identification of opportunistic HF
radio waves. In a first section, we will describe briefly this procedure and will give
some examples of identified transmitters around the word. In a next section, which
is the purpose of this paper, we will concentrate on HF transmitters operating

during the occurrence of solar flares to study their effect.

2. HF Transmitters Identification
2.1. Available Data

The data used in this research covers 7 years of field measurements performed in
the city of Toulon, France (43.11°N; 5.93°E) and two-month measurements in the
city of Brest, France (48.40°N; 4.48°W). Measurements performed in Toulon cor-
respond to one measuring point every two hours in the 5800 - 17,900 kHz range,
with a frequency step of 0.1 kHz. Such data allow us to classify frequencies used
by radio transmitters, with high measured field values. Measurements in Brest are
performed with one measurement point every 15 minutes. These measurements
should provide us with more precise information about the transmitters, such as
the start and stop time of the emission during the day. We referred to the BRIFIC
database [16] maintained by the ITU (International Telecom Union) for infor-
mation on the operating transmitters and their characteristics (power, location,
operating hours, emission zone...). Eventually, a test can be made after identifica-
tion of a transmitter by listening to the transmitted audio signal using dedicated
web resources [17]. This allows us to validate the radio broadcast transmitter,by

verifying the operation hours or the program language.

2.2.Validation Procedure

Using measurements performed in Toulon, our research is focused on the identi-
fication of frequencies with high-received electric fields. At these frequencies and
based on the measurements made in Brest, the start and end time of the transmis-
sion is specified. By referring to the BRIFIC database, we look for transmitters that

transmit at the specific frequency and identify the transmitter according to the
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transmission times. The flowchart of this procedure is shown in Figure 1.

The data performed in Toulon were plotted as frequency spectra, each peak
corresponds to a transmitter; the field strength depends on the transmitter power
and the regions targeted by the transmitter. The measurements performed in Brest
(one measurement point every quarter of an hour) will help us to check the start
and end time of transmission for a given transmitter and at a given frequency.
Let’s take the example of the transmitter transmitting at the frequency 13,635 kHz.
The relative measured field at the receiver of Brest is given in Figure 2. In this
figure, each point represents a one-day measurement for a specific time.

Several transmitters transmit at the frequency 13,635 kHz. The first and most
interesting one transmits between 6:00 and 13:00 UT, ie., 7 hours of continuous
transmission. The received electric field is the strongest among the other trans-
mitters. Other transmitters exist (around 15 h and 18 h) but there are link failures.
This may be due to the ionosphere or to a cut in the transmitter. The next step is
to check in the BRIFIC database, which transmitters are transmitting on this fre-
quency and what time slots of the transmission are. For each transmitter, the da-
tabase contains the characteristics of the transmission such as power, transmitter
location, CIRAF zones (areas to which the transmitter plans to transmit) and an-
tenna type. According to BRIFIC database, the transmitter shown in Figure 2 is
called EMR (39.29°N; 32.51°E) located in Emirler, Turkey. This transmitter has a
high output power [18] (500 kW) and emits during a continuous period of five
and seven hours (06:00 to 13:00 UT) to the CIRAF zone number 27 (Northwestern
Europe). It transmits every day of the week at 13,635 kHz.

Measurements
performed in Brest

Measurements
—» .
performed in Toulon

l I

start time and
stop time

Identified frequency

} |

BR IFIC data base

No Time and No
frequency

matched?

HF Spectrum Monitor

]

Transmitter identified

Figure 1. Transmitter identification flowchart.
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Figure 2. Relative measured field at 13,635 KHz in Brest city.

In order to ensure the identity of this broadcast transmitter, we have listened to
this transmitter on the “HF Spectrum Monitor” website. On this site, for a given
frequency, we can view the received field strength and listen to the transmitter in
real time.

Using the identification procedure, several transmitters were identified in the
proposed bands. Transmitters of interest are then selected according to criteria
such as the continuity of the transmission on a given band (minimizing frequency
sharing), the position of the transmitter, knowledge of the transmitter’s charac-
teristics (power, type of antenna, etc.) and most importantly, selected transmitters
must be in operation during the occurrence of solar flares.

In the following section, we present some information confirming the detection
of two solar flares on 25 October 2013. The influence of these solar flares on HF

transmitters will be studied using measurements made in Brest.

3. Effect of Solare Flares on HF Radio Propagation

A Sudden Ionospheric Disturbance is an increase in the electron density of the D-
layer following a solar flare [19]-[21]. The part of the Earth illuminated by the sun
is then subjected to a bombardment of X-rays and UV radiation [22]-[24]. This
radiation penetrates as far as the D-layer and increases the ionization process and
electron density [25]-[27]. This increases the absorption of radio waves mainly in
the HF band (3 MHz - 30 MHz), narrowing the range of possible frequencies for
a given link [28]-[30]. For any given link, SID results in an increase in the LUF
since it is the lower frequencies that are affected by the additional absorption phe-
nomenon. In the case of very strong solar flares, the LUF can become higher than
the MUF and, in this case, no frequency is passing: we are in the case of a total
blackout [31].

Solar flares are a sudden release Of energy from the surface of the sun for a few

minutes to tens of minutes, in the form of electromagnetic waves over a wide
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spectrum (from radio waves to gamma rays to X-rays) and particles of high-en-
ergy materials. During a solar flare, the sudden release of energy results in an in-
crease in temperature and acceleration of electrons and protons in the flare zone.
The collisions of the high-energy electrons with the atoms of the chromosphere
and the corona are the source of the high-energy radiation emissions: EUV and
X-rays. X-ray bursts are a signature of the solar flare intensity. They are classified
into 4 categories according to their intensity observed on board space satellites in
the 1 to 8 Angstrom band: B (<10-%), C (<107°), M (<107 and X (<107 Watts/m™2)
[31].

3.1. Detection of Two Solar Flares during the Day of 25 October
2013

The number of strong solar flares (>M5.5) is limited although we are in the years
of the maximum of the solar cycle 24. We have been fortunate to have 2 class X
events, associated with daylight hours in Europe and during which we have field
measurements in Brest city. In the Ha images of the sun’s surface, two large sun-
spot regions and three smaller ones are shown (upper part of Figure 3). It is the
complex framed structure of the figure, which interests us because during this day,
it will be at the origin of the 2 solar eruptions. The two sunspot regions are also
well identified by the measurement of the X-radiation emitted by the GOES 15
satellite and are shown on a color scale (lower part of Figure 3).

Figure 3. Solar flare on October 25, 2013:
(a): Ha image, (b): X-ray radiation.
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The SWPC (Space Weather Prediction Center) measurement base [32] is used
to visualize the temporal evolution of the intensity of the X-radiation emitted
globally by the sun for the period from 24 to 26 October 2013. It is given in Figure
4, where the X-ray intensity is shown in red for the 1 to 8 A band, and in blue for
the 0.5 to 4 A band. Horizontal lines are used to position the measured levels in

the different classes identified on the right-hand scale.
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Figure 4. X-ray radiation in watts per meter square from the GOES satellite
from 24-27 October.

As sown in Figure 4, two powerful X-class solar flares occurred on October 25,
2013. The first flare occurred just before 8:00 UT and the second around 15:00
UT. It is indeed the configuration of a strong level (X1) and a positioning during
daylight hours that caught our attention to study the influence of these two solar
flares on an HF link. Based on the SWPC online website, the first solar flares start
at 7:53 UT, reach its maximum at 8:01 UT and ends at 8:09 UT. The second solar
flare starts at 14:51 UT, reach its maximum at 15:03 UT and end at 15:12 UT.

The radiation emitted during a solar flare takes 8 minutes to travel from the sun
to Earth and ionize the illuminated D region of the ionosphere. A research is done
on ionospheric measurements available on the web during this day and we natu-
rally turned first to the measurements of ionosondes operating vertically. Indeed,
the ionosonde is a radar that vertically emits a carrier and measures the arrival
time of the reflected echo. The frequency of the carrier sweeps the HF spectrum
between 2 - 3 MHz and 30 MHz. As mentioned above, low frequencies are more
or less partially absorbed during solar flares and therefore a tracking of the first
reflected frequency (called “fmin”) should allow quantifying the phenomenon.
Ionograms are recorded traces of reflected high-frequency radio pulses generated
by ionosondes. Unique relationships exist between the sounding frequency and
the ionization densities, which can reflect it. The sounder (ionosonde) sweeps over

the noise of commercial radio sources, from lower to higher frequencies, capturing
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the return signal that is reflected by the difference ionosphere layers.

Among the ionosonde network operating on 25 October 2013 in Europe, those
of Dourbes (Belgium) and Rome (Italy) are selected [33]. With the Dourbes site,
sounding is recorded every 5 minutes, which will bring precision in the determi-
nation of the period, affected by solar flares. The sounding rate is 15 minutes for
all other ionosondes. The values of fmin are determined automatically by the au-
tomatic analysis of the profile parameters.

In Figure 5, we gathered the ionogram drawings of Dourbes and indicated the
proposed fmin value between 7:55 UT and 8:25 UT, i.e., during the first solar flare.

Station YYYY DAY  DDD HHANSS P1 FS S AXN PPS 1GA PS Station YYYY DAY DDD HHMNSS Pl FFS S AXN PPS IGA PS
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Figure 5. Ionograms obtained from the Dourbes station during the first solar flare.

From Figure 5, it can be seen that the first solar flare was already present at 8:00
UT. In fact, the value of fmin changed from 1.27 MHz (normal value) to 4.06 MHz
(abnormal value) between 7:55 UT and 8:00 UT. It can also be indicated that this
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solar flare lasted about 20 minutes since the fmin value returned to a normal value
(2.52 MHz) at 8:20 UT. This duration is slightly longer than the duration of the
flare (16 min) and corresponds to the inertia of the ionosphere.

The ionograms in Rome are registered every 15 minutes; thus, from 7:45 UT to

8:30 UT, four ionograms are obtained and presented in Figure 6.

Stat YYYY DAY  DDD HHMMSS P1 FFS S AXN PPS 1GA 1] Stat YYYY DAY  DDD HHMMSS P1 FFS S AXN PPS IGA PS
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Figure 6. Ionograms obtained from Rome station during the first solar flare.

As can be seen from Figure 6, the solar flare effect measured in Rome is much
stronger than that observed at Dourbes since in the figure no return frequency
echo is present; Ze., we are in the typical situation of total absorption or ‘blackout’
at 8:00 UT. The fact of having a total absorption in Rome and not in Dourbes
certainly comes from the fact that the latitude of Rome is lower, ie, closer to the
sub-solar point and therefore, the effect would be more important. The duration
is also more important. We still measure an fmin value of 4.30 MHz at 8:30 UT.

Similarly, the ionograms of the ionosondes at Dourbes and Rome were studied
around 15:00 UT to know the exact time, duration and intensity of the second
solar flare. Referring to these ionograms, and analyzing the fmin values, we have
concluded that the second solar flare is present at 15:00 UT and the duration is
around 10 minutes and therefore slightly shorter than the first solar flare.

The effect of the detected solar flares on HF signals will be studied in the next

section using measurements in Brest on the 15 minutes basis.

3.2. Effect of Solar Flares on Received HF Signals

In this section, we will select some of the previously identified transmitters and
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study the behavior of their signals during these two solar flares on 25 October
2013. It should be noted that for this study we have one measurement point every
15 minutes in Brest. The influence can only be identified on one or two points
since the duration of these solar flares does not exceed 20 minutes according to
the conclusion of the fmin measurements. Spectral field strength measurements
were performed using calibrated wideband HF receivers connected to omnidirec-
tional antennas oriented vertically to capture skywave propagation. The measure-
ment bandwidth was set to approximately 10 kHz, allowing sufficient resolution
for broadcast signal identification.

The first transmitter chosen is the transmitter located in Emirler in Turkey
(EMR) identified at the frequency 13,635 kHz. It transmits from 6:00 UT to 13:00
UT to CIRAF zone number 27. We have studied the field strength received at Brest,
France for the day of 25 October and for the days of 24 and 26 October (Figure 7)
to study the possible variability of the signal during solar flares.

It can be seen from Figure 7 that the level of the field dropped significantly
during the solar flare on 25 October. Indeed, the field level decreased by more than
45 dB at 8:00 UT. For the other days, the measured field strength remained at the
same level at 8:00 UT. Concerning the duration, the measurements at 8:15, 8:30
and 8:45 UT remain below those obtained on the surrounding days. It is only from
9:00 UT that the normal level is restored. We have a solar flare of about 45 minutes,
which is in line with the expected figure given the importance of the solar flare.
Concerning the second solar flare of 15:00 UT, no conclusion can be drawn since
this transmitter was not using this frequency.

Another transmitter was studied during these three days, the transmitter trans-
mitting from Riyadh (RIY) at the frequency 17,730 kHz (Figure 8). It transmits
from 6:00 UT to 9:00 UT to CIRAF zones 37 and 38. A 50 dB drop was obtained
at 8:00 UT, which is the maximum level of the solar flare.
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Figure 7. Received field in Brest at 13,635 kHz for the days 24, 25 and 26 October 2013.
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Figure 8. Received field in Brest at 17,730 KHz for the days 24, 25 and 26 October 2013.

4. Conclusions

In this paper, a procedure for identifying radio broadcast transmitters has been
developed and tested. We used for this purpose, two databases of measurement
performed in the cities of Brest and Toulon, France. This procedure can be gen-
eralized and used in the future to build a base of opportunity signals that can be
used for other operational applications. The application of the identification pro-
cedure to broadcasting transmitters has resulted in the identification of several
operable broadcasting transmitters around the word.

The effects of a sudden ionospheric disturbance caused by solar flares on the
level of HF signals were studied. In particular, we treated the two very strong solar
flares (classified X by the SWPC) that occurred during the day of 25/10/2013 and
during which spectral field strength measurements were available over Brest every
15 minutes.

A search has been made on ionospheric measurements available on the web
during this day and we first turned naturally to the measurements of ionosondes
operating vertically. We chose to use the measurements data of the ionosondes
located in Rome and Dourbes. We have shown that the low frequencies are more
or less partially absorbed during solar flares and therefore a follow-up of the first
reflected frequency (called “fmin”) should allow us to quantify the phenomenon.

By superimposing the fmin measurements from the Dourbes and Rome stations
with the X-ray radiation measurements on board the GOES-15 satellite, a very
good correlation is observed during the phenomenon despite different sampling
in the two cases. We have also observed and presented the case where the absorp-
tion is total over all the vertical frequencies emitted (blackout). The temporal po-
sitioning of the two solar flares was also well identified on the spectral field strength

measurements performed in Brest. Attenuations of 40 - 60 dB were measured on
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many broadcast transmitters including high frequencies (18 MHz).

These good results obtained from a 15-minute sample show that it is possible
to identify the occurrence of solar flares from opportunistic HF signals. To improve
performance, it would be preferable to reduce the sampling time to 5 minutes or
even 1 minute. In this case, measurements could be limited to a small number of
predetermined frequencies. On the other hand, the observed signal spectrum could
be complemented by VLF signals, which are less sensitive to time variations and
thus allow more reliable detection.

The results presented in this study are based on two solar flare events observed
along a single mid-latitude path, specifically over Brest, France. As such, the find-
ings may not fully capture the variability introduced by different seasons, latitu-
dinal positions, or geomagnetic conditions. These factors can significantly influ-
ence the depth and duration of HF signal outages, and future studies should aim
to incorporate a broader range of geographic and temporal scenarios to validate

and extend the applicability of the proposed methodology.
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