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Increased solar radiation during solar flare events can cause additional ionization and enhanced absorption of the electromagnetic (EM) waves in the ionosphere leading to partial or even total radio fade-outs. In this study, the ionospheric response to large solar flares has been investigated using the ionosonde data from Juliusruh (54.63° N, 13.37° E), Průhonice (49.98° N, 14.55° E) and San Vito (40.6° N, 17.8° E) Digisonde (DPS-4D) stations. We studied the effect of 13 intense (>C4.8) solar flares that occurred between 06:00 and 16:30 (UT, daytime LT = UT+1 h) from 04 to 10 September 2017 using three different methods. A novel method based on the amplitude data of the measured EM waves is used to calculate and investigate the relative absorption changes (compared to quiet period) occurring during the flares. The amplitude data are compared with the variation of the fmin parameter (fmin, the minimum measured frequency, it is considered as a qualitative proxy for the “non-deviative” radio wave absorption). Furthermore, the signal-to-noise ratio (SNR) measured by the Digisondes was used as well to quantify and characterize the fade-out events and the ionospheric absorption. In order to compare the three different methods, residuals have been defined for all parameters, which provide the percentage changes compared to the selected reference periods. Total and partial radio fade-outs, increased values (+0.4%–318%) of the fmin parameter, and +20%–1400% amplitude changes (measured at 2.5 and 4 MHz) were experienced during and after the investigated flares. Generally, the observed changes depended on the intensity, solar zenith angle and duration of the flare events. Although the three different methods have their own advantages/disadvantages and their limitations, the combination of them seems to be an efficient approach to monitor the ionospheric response to solar flares.
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1 INTRODUCTION
The ionosphere is a region of Earth’s atmosphere partially ionized mostly by the Sun. While the hard X-rays (<1 nm) of solar radiation penetrate deeper parts of the ionosphere, to the so-called D-region (60–90 km height), the soft X-ray (1–10 nm) and extreme UV flux (5–102.6 nm) reach higher layers (E-region 90–150 km and F-region above approximately 150 km) and cause ionization there (Rishbeth and Garriot, 1969; Zolesi and Cander, 2014). Solar energetic protons ionize the lower ionosphere (60–100 km) mainly in the polar regions.
The ionosphere influences propagation of electromagnetic (EM) waves depending on their frequency affecting the radio and satellite communication and navigation. The attenuation of EM waves propagating through the ionosphere is most significant in the high-frequency (HF) range (3–30 MHz), particularly important for radio wave communication (George and Bradley, 1973). The ionospheric absorption depends on the collisions between electrons and neutral molecules, thus on the collision frequency which strongly changes with altitude (Ratcliffe, 1972). The collision frequency is highest in the D-region (2 × 106 s−1), therefore the radio waves below 10 MHz predominantly attenuate there (Zolesi and Cander, 2014). Like the electron density of the ionosphere (Bilitza et al., 2017) the ionospheric absorption also shows regular daily (maximum around local noon), seasonal (higher at summer, and a secondary maximum at winter) and solar cycle (increasing with higher solar activity) variation (Higashimura et al., 1969a; Higashimura et al., 1969b). Besides these phenomena, transient changes mainly related to solar activity can also occur in the ionosphere.
Solar flares are giant bursts taking place in the active regions on the Sun. During flares, huge amounts of EM energy are emitted at a broad range of wavelengths for a short period (∼30 min to ∼1 h) (Tsurutani et al., 2009). Solar flares are classified as large (X, >10−4 W/m2), medium-size (M, ∼10−5–10−4 W/m2) and small (C, ∼10−6–10−5 W/m2) based on the released flux in 0.1–0.8 nm X-rays as measured on the GOES spacecraft. Furthermore, a finer logarithmic scale is also applied ranging from 0 to 9 within the above written classes. During flare events the enhanced radiation causes extra ionization and increased attenuation of the EM waves, leading to so-called short-wave fade-outs which last for tens of minutes or even hours (Rishbeth and Garriot, 1969; Davies, 1990; Tsurutani et al., 2009; Barta et al., 2019; Tao et al., 2020; Barta et al., 2022). Solar flares are also accompanied by energetic particles (protons and electrons from tens of keV to hundreds of MeV) propagating along the magnetic field lines, reaching the Earth at the polar region and causing further ionization and enhanced absorption there (Rishbeth and Garriot, 1969; Tsurutani et al., 2009). The so-called Polar Cap Absorptions following Solar Proton Events can last for even several days (Rose and Ziauddin, 1962). Moreover, recent studies (Liu et al., 2021a; Liu et al., 2021b) demonstrated that solar flare effects are not limited to the ionosphere where radiation energy is absorbed but they extend throughout the geospace via electrodynamic coupling: it causes changes in the dayside solar wind–magnetosphere interaction, causing less Joule heating of the upper atmosphere, leading to the reconfiguration of magnetosphere convection and changes in dayside and nightside auroral precipitation.
The abovementioned shortages and blackouts in radio communication can cause problems especially in commercial and military aircraft operations and affect the navigation systems. Therefore, detecting, modeling, and monitoring the ionospheric changes caused by solar flares became more important from day to day (Handzo et al., 2014; Barta et al., 2019). The theory of ionospheric absorption has been detailed by, e.g., Davies (1990), Sauer and Wilkinson (2008) and Scotto and Settimi (2014). The Absorption Prediction model (D-Region Absorption Prediction, D-RAP2, https://www.swpc.noaa.gov/products/d-region-absorption-predictions-d-rap) developed by the Space Weather Prediction Center (SWPC) is widely used to review the state of the ionospheric absorption globally.
The most common devices to determine the ionospheric absorption are the so-called riometers (Relative Ionospheric Opacity meter) which analyze the cosmic radio noise measured at certain frequencies (usually at the 20–50 MHz range) (Little, 1954). However, these instruments are generally installed at high geographic latitudes (>60°), thus, they mainly measure the ionospheric absorption variation caused by the energetic particle precipitations (Stauning, 1996).
Another method is to use the minimum reflection frequency, fmin parameter, recorded on the ionograms, which is the rough measure of the “non-deviative” radio wave absorption (Rishbeth and Gariot, 1969; Davies, 1990) and can be used as an index during high absorption changes. The “fmin method” was used to study the ionospheric absorption variation generated by geomagnetic storms (Oksman et al., 1981), by planetary waves (Schmitter, 2011) or by other sources (Kokourov et al., 2006) in the last decades. The absorption changes in the different continents caused by X-ray ionization due to solar flares were also investigated using the fmin method (e.g., Sharma et al., 2010; Sripathi et al., 2013; Nogueira et al., 2015; Denardini et al., 2016; Barta et al., 2019; Tao et al., 2020). The observed changes varied between 4 and 8 MHz (more than 100%) at the time of the X-class flares and 1–4 MHz (50%–150%) at the time of the M-class flares comparing to the reference quiet days at the lower-midlatitude, low-latitude and equatorial stations. The relative changes of the ionospheric absorption measured by the fmin method depended on the X-ray radiation intensity, but it also showed a solar zenith angle dependence (Barta et al., 2019; 2022). The disadvantage of this method is that the absolute absorption variation cannot be quantitatively determined because the fmin parameter also depends on the radar characteristics and the background radio-noise level.
Since nowadays data from many ionosonde stations are available from all over the globe (e.g., GIRO - Global Ionosphere Radio Observatory, https://giro.uml.edu/, Reinisch and Galkin, 2011), it can be worthwhile to develop a novel technique to determine the ionospheric absorption from the different properties of the reflected EM waves measured by the ionosondes. The signal-to-noise ratio (SNR) of radio waves obtained from ionograms during flares and comparing it with values derived from reference days was used by Curto et al. (2018) to study the impact of solar flares on ionospheric absorption. This SNR method has been improved by de Paula et al. (2022). They determined three constraints that a solar flare must accomplish to cause detectable disturbances by the proposed method, taking into account the geoeffective hard X-ray irradiance, geoeffective hard X-ray radiant exposure and the solar altitude.
The main purpose of this study is to demonstrate a novel method calculating the ionospheric absorption from amplitude data measured by Digisondes (particularly DPS-4D ionosondes) and investigate its effectiveness during flare events. The shown method is based on the work of Sales (2011). The absorption changes determined by the “amplitude method” are compared with the fmin parameter and the signal-to-noise ratio measured by the same Digisondes during the same flare events. Following this introduction (Section 1—Introduction), the used data and the details of the three methods are described in Section 2 (Data and methods). The results coming from the different methods are detailed in Section 3 (Results) after which they are compared with each other and with published results from the literature in Section 4 (Discussion). Ultimately, the summary of the work and the concluding remarks are given in Section 5 (Conclusion).
2 DATA AND METHODS
Thirteen flare events have been selected for investigation that occurred between 04 and 10 September 2017, one of the most active periods of Solar Cycle 24 (e.g., Berdermann et al., 2018; Yasyukevich et al., 2018; Mosna et al., 2020, among others). The following criteria were applied during the selection of the flares: the Sun had to be above the horizon, therefore, the solar zenith angle (SZA) <90°; the X-ray class of the flare >C8 because we aimed to study the effectiveness of the presented methods during more intense solar flares. The most important properties of the selected flare events are displayed in Table 1.
TABLE 1 | Most important properties of the selected solar flares. The times are in UT. Source of the data is the Hinode flare catalog: https://hinode.isee.nagoya-u.ac.jp/flare_catalogue/.
[image: Table 1]Data measured at three different European Digisonde stations were used for the analysis since the solar zenith angle of the Sun at the time of the flare is very important regarding the ionospheric response. The selected stations (Juliusruh: 54.63° N, 13.37° E; Průhonice: 49.98° N, 14.55° E and San Vito: 40.6° N, 17.8° E; Figure 1) are located at similar longitude, however, their latitude is different. Juliusruh (JR) and San Vito (VT) stations operated with 5 min and 15 min time resolution, respectively. The sampling rates were 2 and 15 min at Průhonice (PQ) during the investigated periods. Since the time resolutions were different at the three stations, we were also able to investigate the importance of the sampling rate in regard to the detection of the ionospheric absorption changes. We investigated the variation of the fmin parameter, what is a rough measure of the “non-deviative” radio wave absorption. Furthermore, the critical frequencies of the F2 layer (foF2) and the sporadic E layer (foEs) have also been analyzed because they should also be taken into account during the study of the ionospheric absorption.
[image: Figure 1]FIGURE 1 | Location of the investigated DPS4D ionosonde stations in Europe. JR, Juliusruh; PQ, Průhonice; VT, San Vito.
In Figure 2 we summarize the solar and geomagnetic activity during 04–10 September 2017. One can see that the investigated period is very complex. The X-class solar flares occurring on 06 September were followed by intense geomagnetic storms on 07 and 08 September as it can be seen in the Kp and Dst indices. The impact of the energetic particles is also significant as it is shown by the increased proton and electron flux and by the AE index. This study focuses on the ionospheric absorption changes which are mainly caused by the solar flares. Nevertheless, it is important to keep in mind the other solar and geomagnetic activities taking place parallelly for the interpretation of the results. The data from the GOES 13 and 15 satellites used to investigate the X-ray, solar proton and electron flux and the geomagnetic indices were available at the OmniWeb database (https://omniweb.gsfc.nasa.gov/ and https://omniweb.gsfc.nasa.gov/form/omni_min_def.html).
[image: Figure 2]FIGURE 2 | Summary of the solar and geomagnetic parameters for the investigated period. The class of the investigated flares are plotted on panel (A). The black, blue and magenta dashed lines indicate C-, M- and X-class flares, respectively. The proton and electron fluxes measured in different energy ranges by the GOES spacecrafts are plotted on panels (B,C), respectively. The variation of Kp, Dst and AE indices are displayed on panels (D–F), respectively.
2.1 Amplitude method (Sales-absorption method)
Amplitude data of the reflected echoes recorded by the Digisondes were used to calculate the relative ionospheric absorption of EM waves according to the method proposed by G. Sales (Sales, 2011). This method (amplitude method or Sales-absorption method) is based on the Friis transmission formula (Friis, 1946). The Friis transmission equation is used in telecommunications engineering, and gives the power received by one antenna under idealized conditions given another antenna some distance away transmitting a known amount of power. The formula was derived in 1945 by Danish-American radio engineer Harald T. Friis. The decadic logarithmic form of the equation is as shown below (Eq. 1):
[image: image]
where L is the loss term including, among other factors, the absorption (in W units); Pt is the power of the transmitted signal (in W units); Gt is the gain of the transmitter (unitless); Gr is the gain of the receiver (unitless); 𝜆 is the wavelength of the signal (in m units); h is the height of the reflection (in m units); and Pr is the power of the receiver (in W units). The term on the left side and the three terms on the right side are measured in dB. The known terms are 𝜆, h, and Pr which are recorded by the Digisondes. Please note that further in the text and on the figures we denote 10lg(L) simply as L and 10lg(PtGtGr) simply as PtGtGr.
In order to determine the loss term (L), the PtGtGr product must be derived first using the Friis formula (Eq. 1). This is done in the case of every investigated station, and it is called the calibration of the Digisonde system. We selected nighttime (18–03 UT which is 19–04 LT (CET) in the winter and 20–05 LT (CEST) in the summer, i.e., between 27 March 2017 and 30 October 2017) data from quiet time periods (X-ray flux<1E-6 W/m2) and assumed that the loss term (L) was negligible during those periods. Data from 173 quiet days in 2017 and 2018 were selected in total (Supplementary Table SA1 in the Supplementary Material). The calibration was performed in seven frequency ranges (2.5, 3, 3.5, 4, 4.5, 5, and 5.5 MHz ± 200 kHz, respectively). To minimize the effect of sporadic E-layer, only time periods when the critical frequency of the sporadic E-layer (foEs) was below 2.3 MHz, the lowest investigated frequency were retained. Please note that the foEs parameter was taken from automatically scaled data by the SAO-X (https://ulcar.uml.edu/SAO-X/SAO-X.html) software with a C-score> = 60 (C-score is a measure of the goodness of the automatic evaluation of the ionogram). Moreover, in certain periods at certain frequencies the number of data points at a given sounding can be very low because the echoes might not originate from an actual layer of the ionosphere but basically be generated by noise. Therefore, only soundings with more than 100 data points in each frequency range were retained during the calibration (Supplementary Figure SA1 in Supplementary Material). Only vertical echoes with ordinary polarization were selected, reflected from a height between 80 and 400 km (in order to avoid the second and third reflection of the F-layer). All the selected time periods and selection criteria used for the calibration are summarized in Supplementary Table SA1 in the Supplementary Material.
When assuming that the loss term is negligible, the PtGtGr product (or calibration function), which is characteristic for every Digisonde system depending on the actual technical settings of the measuring system, can be calculated from the Friis formula (Figure 3, Eq. 2).
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[image: Figure 3]FIGURE 3 | Calibration of the Digisonde systems at Juliusruh, Pruhonice, and San Vito (JR, PQ, and VT). Panels (A,C,E) show the PtGtGr product (calibration function) for the different stations, whereas the error bars represent two times the standard deviation of the data. The count number of the data used in the calibration in the different frequency ranges at the different stations are shown on panels (B,D,F).
The values of the PtGtGr product lie in the interval of 150–170 dB at all three stations for the selected frequencies but the shapes of the curves generally differ from station to station (Figures 3A, C, E). The number of data points is the largest in the case of JR station as this station had a sampling rate of 5 min compared to the 15 min sampling rate of PQ and VT stations (Figures 3B, D, F). Moreover, at higher frequencies, i.e., above 3.5 MHz, the number of data points is considerably smaller. This is because the selected calibration periods are quiet, nighttime periods when reflections at higher frequencies occur less frequently which limits the usage of the Sales-absorption method.
After the calibration was performed, the Friis equation can be solved for the loss term which includes the ionospheric absorption relative to the quiet nighttime period (Eq. 1). The loss was determined at the abovementioned frequencies (2.5, 3, 3.5, 4, 4.5, 5, and 5.5 MHz ± 200 kHz, respectively) using some of the abovementioned selection criteria (vertical, ordinary echoes; foEs < 2.3 MHz; height of the reflection between 80 and 450 km) for the disturbed time period (04–10 September 2017).
Please note that in the case of PQ station the sampling rate was set from 15 to 2 min during the time period of 08 September 2017 08:40 UT–09 September 2017 21:00 UT which could possibly change (decrease) the sensitivity of the ionosonde due to shorter time of individual measurement. However, according to our analysis, this does not have any effect on the calculated absorption values as they do not display any step-like change around the time of the transitions of the 15–2 min and the 2–15 min periods (Supplementary Figure SA2 in Supplementary Material).
To evaluate the effect of solar flares on the ionosphere as seen in the absorption data, we determined the quiet diurnal variation of the absorption by calculating the loss term for the calibration period including not only nighttime data but data from all the day. Then we took the mean of the quiet diurnal variation in a time window of ±1 h around the peak time of the investigated flare (absflare). The absorption after the flare (absflare) was characterized by the maximum value of the absorption from a time window of the first valid measurement after the peak time of the flare (i.e., after fade-out if there is such) plus 1 h. The impact of the solar flare as seen in the absorption data was quantified by the equation below (Eq. 3):
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2.2 fmin method
The time series of the fmin parameter from the ionograms measured during the selected flare events have been analyzed. Since the fmin can depend on the radio-noise level and the radar characteristics, data recorded by three DPS-4D Digisondes were used to minimize the instrumental errors. To compare the observed changes measured by the different methods the residuals (relative changes in percentage compared to the reference days) have been defined using the following equation (Eq. 4):
[image: image]
This formula was used in Barta et al. (2022) to investigate the fmin variation during flares. It is regularly used to analyze foF2 parameter changes during geomagnetic storms in the literature (e.g., Buresova et al., 2014; Berényi et al., 2018). We used the same periods (X-ray < 1E-6) as for the Digisonde calibration as reference to the better comparison of the results coming from the two different methods (i.e., the amplitude and the fmin methods). It is worth mentioning that the value of the fmin parameter can also depend on the time resolution of the measurement at a certain station. The fmin parameter can be measured at lower frequencies (<2 MHz) during the standard 15 min settings because of the longer integration time than during high cadence campaigns, e.g., 2 min time resolution at PQ station in some time periods in our case. During these campaign periods the ionograms started at 2, or 2.2 MHz at PQ, thus the traces (fmin parameter) was not detectable below these frequencies. Nevertheless, we focus on the impact of the solar flares in this study, when the fmin parameter is usually enhanced (e.g., Barta et al., 2019; 2022).
We also investigated the measured foEs and foF2 parameters since their changes can indirectly affect the observed ionospheric absorption, especially in the case of the amplitude method. The ionograms used for our investigation were derived from the GIRO database and were processed and manually evaluated for the investigated period by the SAO-X program using the default 6 dB settings for MPA (most probable amplitude).
2.3 Signal-to-noise ratio
Modern Digisondes record data from which the signal-to-noise ratio (SNR) of the received signals can be derived. The SNR proved to be an efficient diagnostic tool for studying the effect of solar flares on the ionosphere and can visualize the absorption caused by the flares quite expressively (de Paula et al., 2022).
In the present study, we calculated the SNR from the amplitude data of the received echoes by using the following formula (Eq. 5):
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Where Amp is the amplitude of the received signal in dB units and MPA is the so-called most probable amplitude which marks the amplitude threshold below the noise level recorded in dB units as well. Only vertical echoes with ordinary polarization were used in calculating the SNR without any constraints on the frequency or height.
To compare the disturbed period to a reference, we took the mean of five quiet days (X-ray < 1E-6) relatively close to the investigated time period (04–10 September 2017): 07, 16, 26 August 2017 and 16, 21 September 2017; and constructed a synthetic day from it. In the case of each flare, we selected data starting from the peak time of the flare until 1 h after the peak time of the flare. When the effect of the consecutive flare overlapped with the effect of the previous one, the end time of the selection window in the case of the first flare was the start time of the second flare. The percentage ratio of SNR values below 10 dB (including missing, i.e., Nan, values as well) and all the SNR values was calculated both in the case of the disturbed and in the case of the quiet time periods in the abovementioned time windows in the case of each flare (Eq. 6). The ratio calculated in the disturbed period in comparison to the one derived from the quiet period data is intended to show the impact of the solar flares.
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3 RESULTS
3.1 Amplitude method and fmin
3.1.1 Amplitude and ionosonde parameters variation during the whole investigated period
First, we show the amplitude and the ionospheric parameter changes for the whole investigated period (Figures 4, 5). The X-ray and proton flux changes measured by the GOES 13 and 15 satellites are seen in Figure 4 and Figure 5 panels (A) and (B). The peak time of the investigated flares are indicated by magenta dashed lines for X-class, blue dashed lines for M-class and black dashed line for the C8-class flare, respectively. Many intense flares occurred between 04 and 10 September. We only evaluated the events when the Sun was above the horizon at all the investigated stations. The absorption variation measured at 2.5 MHz at JR, PQ and VT stations are seen in Figures 4C–E, respectively. While the ionospheric parameters manually evaluated from the measured ionograms at the three stations are seen in Figures 4F–H. We show here the fmin parameter, as an indicator for the non-deviative radio wave absorption, and the foEs and foF2 parameters which also can indirectly affect the measured amplitude values. The total radio fade-outs caused by the flares are determined based on the fmin parameter and are indicated by gray shaded areas. One can see that most of the X-class flares and some M-class flares lead to total blackout and the duration of the blackout decreases with the solar zenith angle.
[image: Figure 4]FIGURE 4 | Overview of the investigated time period. Variation of X-ray flux (A), proton flux (B), ionospheric absorption at 2.5 MHz (C–E), fmin (red dots), foF2 (cyan dots) and foEs (black dots) parameters (F–H) at all three studied stations. The gray shaded areas denote the time periods of total absorption at a given frequency. The class of the investigated flares are plotted on panel (A). The black, blue and magenta dashed lines indicate C-, M- and X-class flares, respectively.
[image: Figure 5]FIGURE 5 | Overview of the investigated time period. Variation of X-ray flux (A), proton flux (B), ionospheric absorption at 4 MHz (C–E), fmin (red dots), foF2 (cyan dots) and foEs (black dots) parameters (F–H) at all three studied stations. The gray shaded areas denote the time periods of total absorption at a given frequency. The class of the investigated flares are plotted on panel (A). The black, blue and magenta dashed lines indicate C-, M- and X-class flares, respectively.
Impact of the X-class flares can be clearly seen at 2.5 MHz at all stations. The changes can be easily tracked especially at JR because of the 5 min time resolution, and at PQ in the periods with 2 min time resolution. The X-class flares caused total radio fade-outs with longer duration and significantly increased values of the fmin at the lower midlatitude stations, especially at VT, thus the caused effect is more pronounced in the fmin parameter than in the amplitude data itself which is well observed for example on 10 September. One can see enhanced values of the amplitude data following the M-class flares, too. Comparing the data from the three stations during the same flares the fmin parameter shows a solar zenith angle dependence: the smaller the zenith angle of the station at the peak time of the flare the larger the fmin values. However, the latitude dependence of the amplitude data at 2.5 MHz is not evident especially during the more intense flares because they cause partial or total blackouts which can last for hours at the 2.5 MHz frequency band. The ionospheric response to the C8.3 class flare (peak time at 12:22 UT on 04 September) is also detectable both in the amplitude and in the fmin parameters at all three stations. The measured loss is larger at PQ than at JR, therefore it seems to show a latitude dependence. However, the fmin value increased above 5 MHz at VT at the peak time, which can explain that the amplitude change is not as large as measured at PQ. We can not exclude the effect of the energetic particles on the ionospheric absorption, especially at JR station which is located in the sub-auroral region. One can see a good example for that in the night of 08 September (around midnight) when there is an enhancement in proton flux (Figure 4B) and in parallel increased amplitude values at 2.5 MHz at JR (Figure 4C). Some enhanced values also appear at PQ at the same time (Figure 4D), but the impact is negligible at VT (Figure 4E) located at lower latitude. This variation of the absorption can not be tracked by the fmin parameter, which indicates that the amplitude method is more sensitive for the small changes. We will analyze the details focusing on some events in the following section.
Figure 5 shows the same parameters for the whole period as Figure 4 except that on panels (C), (D) and (E) one can see the absorption variation measured at 4 MHZ at the three stations (at JR, PQ and VT, respectively). The results are similar to the 2.5 MHz case. The amplitude measured at 4 MHz is enhanced at all stations after most of the X-class flares. The enhancement is especially pronounced after the X2.2 and X9.3 flares occurred on 06 September. The ionospheric changes connected to some X-class and the M-class flares are mostly detectable at JR station. It can be explained by the increased values of the fmin (>4 MHz) after those flares at PQ and particularly at VT, which means that there was no detectable amplitude data at 4 MHz at the peak time of the flares at these stations. Another interesting difference is what one can see between Figure 4 and Figure 5 is the effect caused by the C8.3 flare on 04 September. At 2.5 MHz the impact was detectable at all three stations, and it was the largest at PQ while at 4 MHz the caused effect is clearly seen only at VT. The impact caused by the energetic protons at JR during nighttime is even more pronounced at 4 MHz than in the previous case. Noticeably increased values are detected around midnight and in the early morning hours (01–03 UT) at 4 MHz at JR (Figure 5C) which is in good agreement with the periods of enhanced proton flux (Figure 5B). No similar effects were detected at 4 MHz at the other two stations during the same time intervals.
The increased values of the absorption (and data gap) detected at JR and PQ especially at 4 MHz during nighttime on 09 and 10 September are also worth mentioning. The reason for that can be the extremely low values of the foF2 parameter measured at those stations in the nighttime on 09 and 10 September (Figures 5F, G). Consequently, as the 4 MHz frequency was not reflected, no valuable amplitude data were obtained. The impact of chosen individual flare events will be analyzed in detail in the following sections.
3.1.2 Amplitude and ionosonde parameters variation during one day
Figures 6, 7 demonstrate the variations of X-ray flux, proton flux, ionospheric absorption at 2.5 MHz (Figure 6) and at 4 MHz (Figure 7), and the ionospheric parameters at all three studied stations on 07 September, respectively. Two M-class flares (M1.4 and M7.3, peak times at 09:54 and at 10:15 UT, respectively) and an X1.3-class flare (peak time at 14:36 UT) occurred during the daytime, thus it is a good example to compare the impact of the flares on the different ionospheric parameters at the three stations. The duration of the two M-class flares is quite short, while the X-class flare took longer time as can be seen in the X-ray flux variation on Figure 6A, Figure 7A. The impact of the two M-class flares can be clearly seen on the fmin variation and on the amplitude changes measured at 4 MHz at JR. The caused effect is not so well tracked at the other two stations, there was a short radio blackout at PQ at the peak time of the M7.3 flare, while the fmin increased to ∼7 MHz at VT at the same time. However, the impact of the two flares cannot be separated from each other at PQ and at VT. This case indicates that the time resolution of the ionosonde data is very important in studying the ionospheric response to solar flares. The 5 min resolution at JR provided enough information to track the effect of the M1.4 and M7.3 flares despite the fact that the peak time of the second flare is only 20 min after the first one and the solar zenith angle was the largest at JR. In contrast, the data measured at every 15 min was not enough to detect the impact of these two flares separately at the other two stations because of the short lifetime of the events. The effect of the X1.3 flare is more apparent at all stations, mainly in the fmin at VT station, and in the amplitude at 2.5 MHz at JR and PQ. At 4 MHz, the change is only noticeable at JR (Figure 7C), but it can be explained by the high fmin parameter (>4 MHz) at the other two stations after the solar flare.
[image: Figure 6]FIGURE 6 | Variations of X-ray flux (A), proton flux (B), ionospheric absorption at 2.5 MHz (C–E), fmin, foF2 and foEs parameters (F–H) at all three studied stations on 07-09-2017. The time on the horizontal axes is in UT. The class of the investigated flares are plotted on panel (A). The blue and magenta dashed lines indicate M- and X-class flares, respectively.
[image: Figure 7]FIGURE 7 | Variations of X-ray flux (A), proton flux (B), ionospheric absorption at 4 MHz (C–E), fmin, foF2 and foEs parameters (F–H) at all three studied stations on 07-09-2017. The time on the horizontal axes is in UT. The class of the investigated flares are plotted on panel (A). The blue and magenta dashed lines indicate M- and X-class flares, respectively.
Two M-class flares occurred on 08 September, one in the morning hours (M8.1, peak time at 07:49 UT) and an M2.9 flare in the afternoon (peak time at 15:47 UT). The observed changes are seen on Figures 8, 9. Interestingly, the M8.1 flare caused total radio fade-out at JR and PQ, but not at VT. The fmin parameter was enhanced at all stations after this flare. One can see increased values of the amplitude at 2.5 MHz at JR and PQ (Figures 8C, D), while at VT there is a longer time without amplitude data at 2.5 MHz (Figure 8E) because the fmin was above this value here (Figure 8H). In contrast, the caused effect at 4 MHz loss is clearly detectable only at JR (Figure 9C), it is hard to recognize at the other two stations (Figures 9D, E).
[image: Figure 8]FIGURE 8 | Variations of X-ray flux (A), proton flux (B), ionospheric absorption at 2.5 MHz (C–E), fmin, foF2 and foEs parameters (F–H) at all three studied stations on 08-09-2017. The time on the horizontal axes is in UT. The class of the investigated flares are plotted on panel (A). The blue dashed lines indicate M-class flares.
[image: Figure 9]FIGURE 9 | Variations of X-ray flux (A), proton flux (B), ionospheric absorption at 4 MHz (C–E), fmin, foF2 and foEs parameters (F–H) at all three studied stations on 08-09-2017. The time on the horizontal axes is in UT. The class of the investigated flares are plotted on panel (A). The blue dashed lines indicate M-class flares.
The effect of the M2.9 (15:47 UT) flare is clearly seen in the amplitude data measured at 2.5 MHz at all stations (Figures 8C–E), but it is not that pronounced in the detected fmin parameters (Figures 8F–H). The caused impact can be tracked very well at PQ (Figure 8D) which station provided the data with 2 min time resolution during this period. This also strengthens that higher time resolution is very important to follow the changes generated by the solar flares. The caused impact is not that evident at the 4 MHz amplitude data measured at the different stations (Figures 9C–E), although it can be explained by the low values of the foF2 parameter as its value was below 4 MHz at JR and PQ stations during this period.
The panels (D) on Figures 8, 9 show data from a high-rate ionogram campaign for PQ station (ionogram measurement every 2 min). Due to the duration of the ionogram measurement, the sounding frequency range had to be limited during this campaign. In the case of “full” ionograms measured every 15 min, the sounding starts at 1 MHz, but added ionogram soundings start at a higher frequency. From the beginning of the campaign (08:40 UT) until about 11 UT, the starting frequency was 2 MHz, between 11 and 14:30 UT it was 2.2 MHz, later again 2 MHz. Because the trace of the ionogram in these cases often starts at the first sounding frequency, so the fmin parameter must be lower than this frequency. These points are marked with less distinct symbols on the graph.
3.1.3 Amplitude and fmin parameter variation during the X2.2 flare on 06 September
The other way to demonstrate the results of the amplitude method is to investigate the loss detected at different frequencies at certain measurement times before and after the flare events. Here, we show the ionospheric response to the X2.2 flare on 06 September (Figure 10). The flare started at 08:57 UT and reached its peak at 09:10 UT as we can see in the GOES X-ray flux in the upper plots. Figures 10A–C show the data for JR, PQ and VT stations, respectively. The measured values of the fmin parameter at the different stations are seen in the second row, indicating the first, second, etc. measurements before and after the flare with red diamonds (the time of the record is also shown on the X-ray flux plots indicated by red diamonds too). The X2.2 solar flare caused total radio fade-out at all stations, its duration was 30 min at JR and 45 min at PQ and VT. The Digisonde operated with 5 min time resolution at JR and 15 min time resolution at PQ and VT. The fmin parameter was ∼2 MHz at JR at 08:58 UT (second measurement before the flare), enhanced to ∼3.2 MHz at 09:03 UT (first measurement before the flare) and returned with even higher values after the fade-out (4.9 MHz at 09:33 UT, 4.3 MHz at 09:38 UT and 4.2 MHz at 09:43 UT, first, second and third measurement after flare, respectively, Figure 10A). In the subplots showing the loss the blue stars (line) indicate the mean amplitude measured at different frequencies at the same time (from 08:57 UT to 09:48 UT from upper to lower at JR) during the reference periods, while the black stars (line) indicate the mean plus two times its standard deviation (SD). Generally, there are no increased amplitude values at JR at 08:57 UT (second measurement before flare), only the loss at 2.5 MHz and 4.5 MHz is at the values of the 2SD (2 standard deviation). However, the loss is increased (∼20 dB) above the 2SD threshold at almost every frequency at 09:03 UT (first measurement before flare). We detected even more increased amplitude values (25 dB) at JR after the fadeout (at 09:33 UT, 09:38 UT and 09:43 UT first, second and third measurement after flare, respectively). The measured values reached the threshold even ∼40 min after the peak time of the flare. The same plots for PQ station can be seen in Figure 10B. The fmin is ∼2 MHz at the second (08:45 UT) and first (09:00 UT) measurements before the peak time of the flare. Its values increased and stayed around 4 MHz at the first (09:45 UT), second (10:00 UT) and third (10:15 UT) measurement after the flare. The amplitude data are above the 2SD threshold only at lower frequencies (2.5 and 3 MHz) before the peak of the flare. There is only one data (point) at 4.5 MHz at 09:45 UT (first measurement after the flare) because of the partial fade-out. Increased amplitudes were observed at 3.5 and 4 MHz at 10:00 UT and 10:15 UT (second and third measurement after flare, still no record at 2.5 and 3 MHz). We still detected enhanced loss at 3.0–4.5 MHz at 10:30 UT, 80 min after the peak time of the flare. The observed effect is even more pronounced at VT (Figure 10C). The fmin parameter is 2.3 MHz at 08:45 UT and 2.7 MHz at 09:00 UT (second and first measurement before the peak time of the flare). After the 45 min long total radio fade-out the fmin returns with 5.1 MHz at 09:45 UT (first measurement after flare) and it changes to 4.3, 4.1, and 3.6 MHz at 10:00 UT, 10:15 UT and 10:30 UT (second, third and fourth measurement after flare respectively). The decreasing trend of the fmin seems to agree well with the GOES X-ray flux variation in the upper plot. We observed increased amplitude values at 2.5–4.5 MHz frequency range even before the peak of the flare (at 09:00 UT). The partial fade-out is very remarkable in the amplitude data display, too. No reflections were detected in the first and second measurement after the flare (09:45 UT and 10:00 UT) in the 2.5–4 MHz band. Furthermore, the partial fade-out (no data in the lower frequency range: 2.5–3 MHz) took place until the start of the next flare (11:53 UT). The detected loss values were above the threshold at every frequency, with especially increased values at 10:00 UT and 10:15 UT (second and third measurement after flare).
[image: Figure 10]FIGURE 10 | The effect of the X2.2 flare on 06 September 2017 in the fmin and absorption data at JR (A), PQ (B) and VT (C) stations at all the investigated frequencies. The first measurement after the investigated flare (and the fade-out if there was any) was performed at 09:33:16 (in UT, at JR station with a sampling rate of 5 min) and at 09:45:00 UT (PQ, VT with a sampling rate of 15 min). The times on the plots in the upper two rows are in UT. The blue and black lines and the red dots denote the quiet period mean of the absorption, the quiet period mean plus 2 times the standard deviation of the absorption and the actual values of the absorption, respectively. Red diamonds on the panels in the upper two rows denote the second and first measurements before the flare and the first, second, third and fourth measurements after the flare. The magenta dashed lines on the upper two rows indicate the time of the flare.
3.2 Signal-to-noise ratio analysis
The impact of the solar flares can be investigated also using the signal to noise ratio (SNR) measured by the Digisondes (Curto et al., 2018; de Paula et al., 2022). Here we demonstrate the SNR observed on 06 September 2017 when two large flares occurred (X2.2, peak time: 09:10 UR and X9.3, peak time: 12:02 UT) comparing it to a mean reference day derived from five individual days (07, 16, 26 August 2017 and 16, 21 September 2017; Figure 11). We used the same reference period for the three stations. Looking through the plots of reference days one can see that the diurnal variation of the SNR is a bit different at the three stations. The larger fmin values around noon were detected at VT, the highest observed frequencies (foF2) reached the highest values also at VT (above 8 MHz from 06:00 to 24:00 UT), above 7 MHz at JR (between 06:00 and 24:00 UT) and only 6–7 MHz at PQ. The total radio fade-outs caused by the two large solar flares are very well pronounced in the SNR tables of the three stations with the large empty territories after their time of occurrence (indicated by magenta lines). The restricted frequencies are also seen as white horizontal lines especially at VT.
[image: Figure 11]FIGURE 11 | Demonstration of the SNR method. On the left, mean SNR taken from five quiet days (07, 16, 26 August 2017 and 16, 21 September 2017) are plotted, whereas on the right data from the disturbed period (06 September 2017) are displayed showing the effect of two X-class flares (vertical dashed magenta lines). The time on the horizontal axes is in UT. Panels (A–C) show the data for JR, PQ and VT stations, respectively.
4 DISCUSSION
This study demonstrates a novel method to calculate the ionospheric absorption from amplitude data measured by the Digisondes. The amplitude method was introduced by Sales (2011), but it has not been applied to investigate the impact of multiple solar flares and it has not been compared with other methods to measure the ionospheric absorption, yet. One of the main objectives of this study is to fill this gap, namely, to study the solar flare effects on the ionospheric absorption by the amplitude method and to compare it with the fmin parameter and the signal-to-noise ratio measured by the same Digisonde during the same events. We selected thirteen intense solar flares (>C8) from the very active period of 04 and 10 September 2017 for investigation. In order to compare the three methods used for the analysis of the ionospheric absorption variation, residuals have been defined for all parameters, which provide the percentage changes compared to the selected reference periods. The exact determination of the residuals and the used reference periods are detailed in the Data and methods section (Section 2). The changes detected by different methods at JR, PQ and VT stations are shown in Tables 2–4, respectively. In order to help the careful comparison of the impact of the different flares we also added the following columns to Tables 2–4: “Time of first measurement after flare” and “X-ray flux at the time of the first measurement after flare.” Because of the total radio fade-out we do not have observed values at the peak time of the larger flares, thus, the first observation happens at a later time, when the X-ray flux is decreased compared to the peak time. If one would like to compare the recorded values and ionospheric changes, it is better to take into account the X-ray flux at the exact time of the observation, than only the class of the flare itself.
TABLE 2 | Overview of the effect of the flares on the ionosphere as seen by all three studied methods at JR station. For the calculation method of change in absorption please refer to Section 2.1, for the change in fminSection 2.2, and for the SNR ratios Section 2.3. All the times in the table are listed in UT.
[image: Table 2]TABLE 3 | Overview of the effect of the flares on the ionosphere as seen by all three studied methods at PQ station. For the calculation method of change in absorption please refer to Section 2.1, for the change in fminSection 2.2, and for the SNR ratios Section 2.3. All the times in the table are listed in UT.
[image: Table 3]TABLE 4 | Overview of the effect of the flares on the ionosphere as seen by all three studied methods at VT station. For the calculation method of change in absorption please refer to Section 2.1, for the change in fminSection 2.2, and for the SNR ratios Section 2.3. All the times in the table are listed in UT.
[image: Table 4]The percentage change measured at the three stations after the flares was between +68% to +1430%, −50% to +565% and +0.4% to +318% in the case of the absorption method at 2.5, at 4 MHz and in the case of the fmin method, respectively. The ratio of small (<10 dB) and missing values in the case of the SNR method was between 1% and 100% (the maximum value is 100% in this case). The residuals with the largest fluctuations were produced by the absorption method, even indicating a reduction after the flare (−50% in the case of the M2.9 flare with peak time at 15:47 UT on 09 September at 4 MHz at VT). The largest enhancement in the absorption values at 2.5 MHz was after the M3.2 flare (peak time at 4:53 UT) on 05 September at all three stations. However, at 4 MHz the situation is more complex, as the largest increase in the absorption at this frequency was after the X8.2 flare (peak time at 16:06 UT) on 10 September, the M2.9 flare (peak time at 15:47 UT) on 08 September and the M3.2 flare (peak time at 4:53 UT) on 05 September at JR, PQ and VT stations, respectively. Nonetheless, it is important to note that the longest duration of fade-out happened after the largest, X9.3 flare (peak time at 12:02 UT) on 06 September in the case of all three stations and the percentage residuals can not be calculated in the case of fade-out as there are no data present to calculate the absorption. The largest enhancement in the fmin values was caused by the X9.3 flare on 06 September in the cases of JR and PQ stations but it happened after the M7.3 flare (peak time at 10:15 UT) on the 07 September in the case of VT station. The duration of the fade-out may have impacted the percentage residuals in the case of the fmin data as well. The ratio of missing and small values of the SNR reached its maximum value (100%) after the X9.3 class flare on 06 September in the cases of JR and PQ and it reached 100% after three flares [the two X-class flares on 06 September and the M3.7 flare (peak time at 11:04 UT) on 10 September] at VT station.
The amplitude changes measured at 2.5 MHz can be mainly related to the enhanced absorption occurring in the D-layer, since the signals are reflected generally from the E-layer at 90–130 km height (or from the Es-layer) at this frequency range during daytime. The observed changes at 2.5 MHz varied between 68% and 740% at JR, 75% and 363% at PQ and 76% and 1430% at VT, respectively. Basically, the ground-based VLF measurements are commonly used to monitor the changes of the D-layer after solar flares (e.g., Šulić and Srećković, 2014; Srećković et al., 2021; Kolarski et al., 2023). The electron density profile (Ne) can be determined by the measured amplitude and phase changes using a trial-and-error method where Ne is modified until the LWPC (Long Wave Propagation Capability model, available online: https://github.com/space-physics/LWPC) computed parameters (Šulić et al., 2016) are agreed with the detected ones (Srećković et al., 2021). The latter study also analyzed the impact of the M3.7 flare (peak time at 11:04 UT on 09 September) and they found that the electron density increased at reference height h = 74 km from 2.2 × 108 m−3 to 6.7 × 1010 m−3, thus about with two orders of magnitude. We observed 67% (at JR), 85% (at PQ) and 103% (at VT) changes at 2.5 MHz after the same flare, thus the magnitude of the detected changes by the absorption method does not agree with the calculated Ne changes from the VLF data. Although it is important to mention that the M3.7 class flare caused total radio fade-out (30–48 min) at all stations, therefore there was no measured data at the peak time of the flare. According to the results of Kolarski et al. (2023) the electron density (at midlatitude) increased by almost three and about 3.5 orders of magnitude at 74 km after the X2.2 and X9.3 flares on 06 September, respectively. This is a very large value compared to the changes (77%–116%) detected at 2.5 MHz at the ionosonde stations after the same flare. However, these large flares caused long-lasting total radio blackouts at all stations, thus we had detected signals only 30–120 min after the peak time. Nevertheless, the computed Ne changes are ∼100% at 74 km after C4.8–C5.1 class flares (Srećković et al., 2021; Barta et al., 2022) which agree with the changes (68%–102%) observed at 2.5 MHz after the C8.3 flare on 04 September, when there was no total radio blackout.
The amplitude changes measured at 4 MHz indicate also the changes of the absorption in the E-region beside the D-layer. We detected 82%–565% (at JR), 18%–222% (at PQ) and 66%–273% (at VT) changes at this frequency range during and after the investigated flare events. The most intense (X9.3) investigated flare caused 96%–174% changes at 4 MHz at the different stations. The impact of the same flare on the ionosphere was investigated also by Incoherent Scatter Radar measurements. Liu et al. (2022) showed that electron density in the E-region (mainly below 150 km) increased by ∼7⋅1010 m−3 over Millstone Hill (42.6°N), a midlatitude/sub-auroral station in the American sector. Furthermore, Liu et al. (2021b) used EISCAT (European Incoherent SCATter) radar data and found that the induced electron density and temperature changes in the E-region are very well pronounced even at high latitudes (69°–72°N). Chen et al. (2021) used numerical modeling to investigate the effect of the X9.3 (06 September) and X8.2 (10 September) flares on the ionosphere and found that at the flare peak, not only the electron and temperature increased but also the E-region conductivity which causes further electrodynamic responses. Barta et al. (2022) found a 0.5–0.7 MHz enhancement of the foE parameter (critical frequency of E-region) compared to the reference days at PQ and VT stations after an M6 flare. Furthermore, Sharma et al. (2010) detected increased values (by 0.5 MHz) of the foE at Ahmedabad (India) low latitude station after the flare occurred on 12 May 1997. In terms of electron density of the E-region peak it means a ∼30% enhancement, which is smaller than the observed changes at 4 MHz (as seen above). Consequently, the absorption variations within the D- and E-layer seem to be larger than the electron density changes of the E-region itself.
The fmin parameter variation was between 0.4% and 283% at JR, 9% and 203% at PQ and 33% and 318% at VT during and after the investigated flare events. These detected fmin changes are in good agreement with the values measured at other European stations (Barta et al., 2019; 2022), in India (Sharma et al., 2010; Sripathi et al., 2013), in Japan (Tao et al., 2020) and in South America (Nogueira et al., 2015; Denardini et al., 2016) during and after M- and X-class flares. The observed changes depended on the intensity of the flare similarly to the results of Tao et al. (2020) and Barta et al. (2019). However, the solar zenith angle of the observation site also plays an important role, which agrees with the conclusion of Barta et al. (2019). These results are in good agreement with Mahajan et al. (2010) and Hazarika et al. (2016) who investigated the variation of total electron content (TEC: Total Electron Content) during intense solar flares and found a good correlation between the enhancement in TEC and increase in EUV flux, however, the local time of occurrence of the flares may also play an important role.
However, the neutral atmospheric circulation also can play a role in the local ionospheric anomalies observed at the different stations. E.g., at VT we observe an increase of fmin and similar change in absorption during the C8.3 (12:22 UT on 04. September) and X9.3 (12:02 UT on 06 September) flares, while at both PQ (50°N) and JR (54.6°N) we see higher attenuation during the X-class flare as expected. The neutral atmosphere above VT is influenced by different circulation patterns than the atmosphere above PQ and JR due to the location of Alpine massif and this fact can contribute to the different ionospheric responses. Regarding the model study of Pedatella and Liu (2018), a neutral atmosphere may significantly influence the behaviour of the ionosphere (variability leads to an uncertainty of typically 20%–40%, with localized regions exceeding 100%).
Based on our results, the foF2 parameter measured during the investigated period is sensitive to the geomagnetic storm. A negative ionospheric storm can be clearly seen on the foF2 variation during the main phase of the geomagnetic storm on 08 September (see Dst variation in Figure 2E) and the following night especially at JR, what is a sub-auroral station (please see Figures 4F, G). The decreased electron density appears also at PQ but it is not so pronounced at VT (please see Figures 4F–H). In parallel, if we look through the variation of the fmin parameter we can not recognise any changes of the diurnal pattern in connection with the geomagnetic storm, only the increased values at the time of the flare events are clear. It agrees well with the findings of previous studies, e.g., Barta et al., 2022, that the fmin parameter is sensitive to the changes caused by the solar flares, while the foF2 parameter can show the variation caused by the dynamical changes in the thermosphere–ionosphere (F-region) system during geomagnetic storms.
The three different methods have their own advantages/dis-advantages and their limitations. A common limitation of all the methods is that generally they can not be used during and right after the most intense solar flares (>M5) because there are no measured data due to the generated total radio fade-out. The most intense X-class solar flares can produce clearly detectable changes in the Total Electron Content (TEC) derived from GNSS data (see e.g., Liu et al., 2004; Carrano et al., 2009; Zhang et al., 2011; Hernández-Pajares et al., 2012; Xiong et al., 2014). The advantage of the TEC data is that the GNSS measurements are not affected by the total radio fade-out. On the other hand, the impact of the less intense solar flares (<M5 class) is not that pronounced in TEC changes. Moreover, the effect of the flares can not be recognized during the presence of a strong geomagnetic storm (see Barta et al., 2022), because the TEC variation is more sensitive to the dynamical changes of the thermosphere–ionosphere (F-region) changes during geomagnetic storms. The described methods can be used as three different approaches to analyze the impact of the solar flares on the ionosphere and they can be beneficial despite their limitations.
The limitation of the amplitude method is that it can not be used at higher frequencies (>3.5 MHz) during the early morning hours and evening (and all of the night) when the value of the foF2 drops below 3 MHz, because there is no reflection from the F-trace in these periods. This problem was particularly striking at the data measured at 4 MHz on the nights of the 08 and 09 September (see Figures 5C, D) during the investigated period. The foF2 parameter decreased to ∼2 MHz at JR and PQ (Figures 5F, G) indicating a negative ionospheric storm probably due to the geomagnetic storm (Kp = 8.3, Figure 2D, Dst ∼ −100 nT; Figure 2E). This problem can be solved if in the analysis we also take into account the oblique traces during synchronized measurements with other ionosonde stations. Similar analyses on oblique sounding paths over longer distances could overcome this limitation. This can be a next step for future work. Moreover, when the fmin value is increased (>4–5 MHz) after the more intense solar flares (>M3 class) there are no detected amplitude data at the lower frequency band (2.5–3.5 MHz) because of the partial radio fade-outs which means a further limitation of the absorption method (see the results detailed in Section 3.1 and, e.g., Figures 6, 8, 10). Furthermore, it is difficult to determine which frequency is the best at the different stations to monitor the impact caused by the flares because the detected amplitude data at the different frequencies are highly variable based on the results (see e.g., Figure 10). Further limitation of the amplitude method is that it is difficult to estimate the magnitude of the caused effect based on that. Generally, very low amplitude values are detected in the early morning and evening hours. Therefore, the relative (percentage) change in absorption caused by the flare is large during these periods [see e.g., the impact of M3.2 flare occurred at 4:53 UT on 05 September, 740% changes at 2.5 MHz at JR (Table 2) and 1430% at VT (Table 4.)]. In contrast, around noon, when absorption is higher by default, the percentage change due to an intense flare is not as high. This is well demonstrated in the changes, e.g., after the X9.3 flare (peak time at 12:02 UT) on 06 September: 92% at 2.5 MHz at JR, 86% at PQ and only 77% at VT. This issue should be considered when evaluating the percentage result describing the ionospheric response. In summary, the method is well applicable in the lower frequency band during daytime (08–15 UT) after the less intense M-class flares (M1–M3) which do not cause total radio blackouts and very enhanced values of the fmin parameter.
The disadvantage of the fmin method is that the fmin parameter can depend on the background radio noise level, the radar characteristics and the other settings of the measurement, e.g., on the integration time (applying longer integration time (in standard 15 min mode) leading to lower fmin values, while lower integration time (used during campaign measurements, like the 2 min at PQ) resulting in higher fmin values). Consequently, the fmin method can be used only as a rough measure/indicator for the ionospheric absorption changes. It can be applied to investigate the relative changes: to compare the fmin parameter measured by the same system (preferably by the same settings) during flares and reference quiet days (e.g., Barta et al., 2019; 2022). On the other hand, the measurement of the fmin parameter is not limited by other ionospheric parameters (foF2, foEs) like in the above detailed case of the amplitude method. If there is a detected change in fmin value, it can be used as a rough measure of the ionospheric absorption during day and night.
The disadvantage of the SNR method is the saturation. The estimation of the caused effect is based on the ratio between the number of small values (<10 dB) and all the measured values at the investigated frequency ranges within 1 hour after the peak time of the flare (see Section 2.3). This gives an upper limit for the detected effect, because if all the observed values are zero or negligible during the one-hour period (total radio fade-out) it means 100%. Therefore, this limits the comparison of the effects caused by the most intense solar flares. The saturation issue of the SNR method can be solved by using a longer time period before and after the peak time of the flare for comparison. However, the applied time period should be selected carefully, because the larger solar flares (with longer duration) and their impact can overlap with each other. The effect of the geomagnetic storm can be seen on the SNR tables at all three investigated stations (please, see Supplementary Figures SA3A–C in the Supplementary Material). We can see a clear daily pattern at all stations on 04 September (left column on the Supplementary Figure SA3). Stronger signals in a wider frequency range (from approximately 2 to 6–7 MHz) during daytime (06:00–18:00 UT) and weaker signals in a smaller frequency range (1.5–4 MHz at VT, PQ, and 1–3 MHz at JR) in the evening and early morning hours. However, on 8 September the geomagnetic storm causes a negative ionospheric storm (decreased electron density) thus the maximum frequency became 5 MHz during daytime and can decrease below 2 MHz during the evening hours (it is especially pronounced at JR) which changes the daily pattern in the SNR table at the three stations (see Supplementary Figures SA3A–C in the Supplementary Material). Furthermore, the strength of the signal seems to be reduced on 8 September compared to the SNR measured on 04 September. Therefore, the geomagnetic activity should be taken into account when one would like to apply this method. Nevertheless, based on the present results (Tables 2–4) it seems an appropriate index to demonstrate the geoeffectiveness of a solar flare. The calculated changes (in %) depend on the intensity (class of the flare) and they seem to also show a solar zenith angle dependence. Furthermore, this method does not have limits like the amplitude method. Therefore, this method appears to be suitable to study the ionospheric absorption changes during solar flares, but it needs further investigation.
In the future, we plan to focus on the impact caused by the energetic particles (protons and electrons) accompanied by solar flares on the ionospheric absorption. They can have an important role in the sub-auroral region, like JR station. Another step for future work can be to involve oblique traces recorded during synchronized measurements between two ionosondes into the analysis to overcome the issue related to the low foF2 values during morning/late afternoon hours. Furthermore, we would like to compare the absorption changes calculated from different EM properties measured by the Digisondes (used in this paper) with other instruments which measure the ionospheric absorption, e.g., with the so-called A1 method (Bischoff and Taubenheim, 1967), or with riometer data. It will be also important to compare our results with the D-RAP model, commonly used to follow the changes in the ionospheric absorption globally. Moreover, we plan to study the geoeffectiveness of the investigated solar flares, namely how the changes (measured by the different methods) depend on the different properties of the flares, e.g., on solar zenith angle, on central meridian distance, or on the duration of the flare.
5 CONCLUSION
The present study demonstrates a novel method to determine the ionospheric absorption changes from amplitude data measured by European Digisondes (DPS-4D). The method has been applied to study the solar flare effects on the ionospheric absorption. The detected changes have been compared with the fmin parameter and the signal-to-noise ratio measured by the same Digisondes during the same events. Thirteen intense solar flares (>C8) have been selected for the investigation from the very active period of 04 and 10 September 2017. The solar zenith angle of the observation sites (to be <90°) was also considered during the selection. In order to compare the three methods used for the analysis of the ionospheric absorption variation, residuals have been defined for all parameters, which provide the percentage changes compared to the selected reference periods. The most important conclusions of the study are the followings:
• The amplitude changes measured at 2.5 MHz—which can be mainly related to the enhanced absorption occurring in the D-layer—varied between 68% and 1430% at the three European stations, Juliusruh, Průhonice and San Vito. The amplitude changes measured at 4 MHz—which indicate also the absorption variation in the E-region beside the D-layer—were between 18% and 565% at the three stations, thus a bit smaller than in the previous case. It agrees with the assumption that larger variations occurred in the D-layer after the solar flares than in the E-region.
• There are two main limitations of the amplitude method: 1) it can not be used at higher frequencies (>3.5 MHz) during the early morning hours and evening when the value of the foF2 drops below 3 MHz; 2) there are no detected amplitude data at the lower frequency band (2.5–3.5 MHz) after the more intense solar flares (>M3 class) because of the partial radio fade-outs (fmin is increased above 4 MHz). Based on the results the method is well applicable in the lower frequency band during daytime (08–15 UT) after the less intense M-class flares (M1–M3) which do not cause total radio blackouts and very enhanced values of the fmin parameter. In future, we suggest utilization of oblique sounding as it allows for analysis of higher frequencies of the reflected signal.
• The variation of the fmin parameter was between 0.4% and 318% at the three stations during and after the investigated flare events. These detected fmin changes agree with the values measured in Europe and in other continents during and after M- and X-class flares based on the literature. The disadvantage of the fmin method is that the fmin parameter can depend on the background radio-noise level, the radar characteristics and the other settings of the measurement, e.g., on the integration time. However, it can be applied to investigate the relative changes (compare the fmin parameter measured during flares and reference quiet days) and it is not affected by other ionospheric parameters (foF2, foEs) like the amplitude method.
• The absorption changes detected by the SNR method were between 1% and 100% after the investigated flares. The caused effects are calculated by the ratio between the number of small values (<10 dB, also including missing values) and all the measured values at the investigated frequency ranges within 1 h after the peak time of the flare. Consequently, there is an upper limit (100%) for the detected effect. However, this method does not have other limitations like the amplitude method. Therefore, based on the present results this method appears to be suitable to study the geoeffectiveness of the solar flares on ionospheric absorption.
In summary, the combination of these three methods seems to be an efficient approach to monitor the ionospheric response to solar flares.
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