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Abstract—The rapid increase in X-ray and extreme ultraviolet (EUV) emissions owing to solar flares
enhances ionization in the ionosphere, increasing radio wave attenuation. Among these phenomena, the
shortwave communication disturbance caused by the increased electron density in the ionospheric D region
is known as the shortwave fadeout (SWF). We investigated the relationship between SWF’s magnitude and
solar flare emission, and evaluated the electron density variation in the ionospheric D region associated
with flare. We defined the minimum frequency (fimin) observed in Japan’s ionograms as the SWF’s
magnitude. We analyzed ionosonde data for 38 SWF events observed during daytime in Japan between
May 2010 and May 2014. To investigate the relationship between flares and SWF, we compared the
observed X-ray and EUV emissions during flares with the dfimin (background subtracted fmin). X-ray
(0.1-0.8 nm) and EUV (11-14 nm) emissions correlate with dfmin. Then, using the GAIA model, a numer-
ical model that treats the entire Earth’s atmosphere, we investigated the effect of the X-ray and EUV solar
flare emissions on the ionosphere, which affects the SWF. The results showed that the main ionization
source in the ionospheric D region was X-ray emission, and shortwaves were attenuated by ~90%. In
contrast, in the ionospheric E and F regions, the primary ionization source was EUV emission, with only
~10% shortwave attenuation. Finally, we estimated the fmin values and blackout (total fadeout of the iono-
spheric echo observed in ionograms) and compared the simulated and observed fmin values. The hit rate of
blackouts was 35% when we only used the GAIA calculations. Therefore, we estimated fmin using the
electron density variation in the ionospheric D region corresponding to X-ray solar emission. As a result,
the hit rate of the blackout was 68%, and the linear correlation coefficient between the simulated and
observed fmin values was 0.85. The estimated magnitude of the SWF was improved by incorporating
the effects of X-ray emissions into the ionospheric D region of GAIA. We are the first to implement a
method for evaluating the electron density in the ionospheric D region using the fmin value.

Keywords: Shortwave fadeout (SWF) / Dellinger phenomenon / Solar flare / Ionosphere / X-ray emission / EUV
emission / Space weather

1 Introduction '(e.g., DeMastus and Wood, 1960). The September 2017 event
is a well-known example of a disruption to shortwave commu-

In the Earth’s atmosphere, there is a region called the nication. Multiple X-class solar flares occurred in September
ionosphere in which some atoms and molecules are ionized. ~ 2017- During the same period, multiple hurricanes struck areas
Variations in the level of solar activity may lead to various  1€ar the Caribbean Sea and the Florida Peninsula in the United
space weather phenomena as well as fluctuations in the iono- States. The damage.cau.sed by these hurricanes was severe, and
sphere. One such phenomenon is a shortwave communication shortwaye communication systems were locally used for emer-
failure, known as shortwave fadeout (SWF) or the Dellinger ~ €Ny disaster response. However, these sh01ftwave communica-
phenomenon (Dellinger, 1937). Shortwave communication is Gion systems were affected by SWF, rendering communication
essential for disaster response and air traffic control. Statistical ~ mpossible for several hours (Redmon et al., 2018). Thus, space

studies on SWF have shown they are related to solar flares weather events with significant impacts can coincide with
ground-based disasters (Rutledge and Desbios, 2018). In such

“Corresponding author: ed23002@nda.. a.c. jp; circumstances, the impact of the SWF can be minimized if
gekou. 101. shine@gmail. com the available radio frequencies can be estimated. A clear
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understanding of the causes of SWF is required to minimize the
impact of such space weather events.

During solar flares, X-ray (0.1-10 nm) and extreme ultravi-
olet (EUV, 10-120 nm) emissions increase rapidly (e.g., Kelly
and Rense, 1972; Horan et al., 1983; Fletcher et al., 2011) and
instantly enhance ionization in the ionosphere (e.g., Rishbeth
and Garriot, 1969; Thome and Wagner, 1971; Qian et al.,
2011; Sojka et al., 2013). In the ionosphere, the composition
and density distribution of atoms and molecules vary with alti-
tude. The degree of ionization varies with altitude, depending
on the spectrum and flux changes of solar emissions. For exam-
ple, X-ray emission ionizes the O, and N,, which are the main
neutral components in the ionospheric D region (e.g., Mitra,
1974; Schumer, 2009). Because SWF is generally caused by a
sudden increase in electron density in the ionospheric
D region, a rapid increase in X-ray emissions due to solar flares
is considered the main cause of SWF. Although the Lyman-o
line peaks at a relatively long wavelength (121.6 nm), its
emission ionizes NO. This means that Lyman-o emission may
penetrate the Earth’s atmosphere down to the lower atmosphere
and affect the ionization of the atmosphere at altitudes in the
ionospheric D region in addition to X-rays (e.g., Nicolet and
Aikin, 1960). Moreover, it is generally known that Lyman-o
under quiet conditions and X-rays during solar flares are critical
solar emission lines that produce the ionospheric D region (e.g.,
Mitra, 1974; Schumer, 2009). In contrast, Milligan et al. (2020)
reported that Lyman-o during solar flare is responsible for the
ionospheric response by comparing the time profile of X-ray
and Lyman-o with magnetometer data. At other wavelengths,
Lyman-f (102.7 nm) is a significant source of ionization in the
E region and He I (30.4 nm) in the F region (e.g., Mitra,
1974; Machol et al., 2020). Several studies have discussed the
relationship between SWF and X-ray (e.g., Deshpande et al.,
1972; Sato, 1975; Tao et al., 2020; Buzas et al., 2023). Manju
et al. (2012) discussed the relationship between the ionospheric
E and F region’s responses and EUV solar flare emissions in
26-34 nm, which are observations in bands. In our study,
we discuss the relationship between SWF and the X-ray and
EUV solar flare spectrum, which contributes to ionospheric
ionization.

One method to detect the magnitude of the SWF is from the
minimum frequency (fimin) observed in the ionograms. Because
fimin values vary with solar activity and seasonal and day-to-day
variations, SWF was evaluated using dfmin, the difference
between fimin value and the background (defined as the median
value of fimin over a 27-day period, specifically calculated from
13 days before and 13 days after the target day, at the same local
time) of fmin value. When solar flares occur, statistical studies
have reported that the dfmin value increases and its variation
depends on the flare class (the maximum X-ray flux of the flare)
and the solar zenith angle (e.g., Sato, 1975; Tao et al., 2020).
However, in some cases, fiin was not proportional to the flare
class. The fmin value of X-class flares was smaller than that of
M-class flares, and the duration of SWFs by M-class flares was
longer than that by X-class flares (see Table 3 of Barta et al.
(2019); Figs. 3, 6 of Tao et al. (2020)). Although the flare class
alone is insufficient to estimate the fmin, the impact of EUV
emissions on fmin has not yet been investigated. Therefore,
we need to investigate the association between the time profile
of X-ray and fimin more closely. Investigating whether X-rays

and other flare-origin emissions may impact fiin values is also
necessary.

This study has two main objectives. The first objective is to
investigate the wavelengths that mainly affect the SWF by com-
paring fmin with fluxes of flare emission spectra from satellite
data, and the second one is to evaluate the electron density in
the ionospheric D region using a numerical model and signal
from the ionosonde. We also evaluated the accuracy of estimat-
ing the magnitude of the SWF using a numerical model by esti-
mating not only the fmin but also the blackout (total fadeout of
the ionospheric echo observed in ionograms) and comparing
them with observations. No studies have evaluated numerical
models by estimating fmin and blackout using ionospheric
parameters obtained from numerical simulations. The paper is
organized as follows: In Section 2, we introduce the instruments
and data used in this study; in Section 3, we describe the method
to estimate the attenuation of the high-frequency (HF) and a
numerical model used in this study; in Section 4, we show
the result of comparing fiin values with the fluxes of flare
emissions; in Section 5, we simulate the ionospheric response
and estimate the radio propagation using a numerical model;
in Section 6, we estimate fmin as the magnitude of SWF, and
evaluate the electron density during the solar flare in the iono-
spheric D region.

2 Observational data and event selection
2.1 fmin

The National Institute of Information and Communica-
tions Technology (NICT) operates ionosondes in Wakkanai
(45.16°N, 141.75°E), Kokubunji (35.71°N, 139.49°E),
Yamagawa (31.20°N, 130.62°E), and Okinawa (26.68°N,
128.15°E). An ionosonde produces a vertical ionospheric sound
with a 1-30 MHz pulse signal. Examples of the observed iono-
gram data are in Figure 1. Figure 1 shows the sequence of iono-
grams in Kokubunji and Okinawa when the SWF occurred on
May 13, 2013, with an X1.7 class flare. The upper figures show
the ionograms before the flare began (1:45 UT), the middle
figures show the ionograms at the flare peak (2:15 UT), and
the lower figures show the ionograms at the end of the SWF
(3:45 UT). The fmin values of Wakkanai, Yamagawa, and
Okinawa in this event are 1.71 MHz, 3.14 MHz, and
4.30 MHz at 1:45 UT, no values of fmin at 2:15 UT, and
3.51 MHz, 4.35 MHz, and 5.15 MHz at 3:45 UT, respectively.
The total fadeout of the ionospheric echo observed in the
ionograms at 2:15 UT is called a blackout. The ionograms of
Kokubunji have intense background noise in the range of
1-4 MHz, as shown in Figure 1. These ionograms are available
on the NICT website and recorded every 15 min at each
observatory. This study used fmin values obtained from
Wakkanai, Kokubunji, Yamagawa, and Okinawa ionograms.
In the Kokubunji ionogram, we excluded the uncertain value
of fiin owing to overlap with noise.

Jmin values vary with solar activity and seasonal and day-to-
day variations, as shown in Figure 2 of Tao et al. (2020): during
the period 1981-2016. fmin values were high from April to
September in the Northern Hemisphere and during the daytime
at 11:00-12:00 LT. These variations in fmin values were the
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Figure 1. The sequence of ionograms during a solar flare occurred on May 13, 2013. The ionograms of Kokubunji and Okinawa are shown on
the left and right of the pictures, respectively. The upper panels are the results before the flare began (1:45 UT), the middle panels are the results
at the flare peak (2:15 UT), and the lower panels are the results at the end of the SWF (3:45 UT). The green curve and horizontal line represent

the signal reflected in the ionosphere, and the vertical line is noise.

largest in the solar maxima. Therefore, we used dfmin to
quantify the effects of the solar flares. The dfimin values of
Wakkanai, Yamagawa, and Okinawa in the same event with
Figure 1 are 0.21 MHz, 1.04 MHz, and 0.90 MHz at 1:45
UT, and 1.71 MHz, 1.65 MHz, and 0.95 MHz at 3:45 UT,
respectively. Although the fmin values vary with the ionosonde
locations and are difficult to compare, dfmin allows for compar-
ison with ionosondes at different locations.

2.2 Solar flare flux data from satellites

In this study, we used X-ray and Lyman-o flux data
obtained from the Geostationary Operational Environmental
Satellite (GOES)/X-ray Sensor (XRS) and Extreme Ultraviolet
Sensors with E-channel (EUVS-E), respectively. The flux of
the EUV spectrum was obtained from the Solar Dynamics
Observatory (SDO)/EUV Variability Experiment (EVE). These
satellites have a geosynchronous orbit at an altitude of

35,789 km (22,238 miles). The impact on the Earth’s iono-
sphere of the flux of solar flare emission that reaches the Earth’s
ionosphere depends on the solar zenith angle y [rad]. Sato
(1975) proposed that empirical relationships between the fmin
values and the solar flare flux are proportional to cos’> y. There-
fore, the solar zenith angle -corrected flare flux Fy (solar flare
flux multiplied by cos™ y; Sato (1975)) was used in this study.

The GOES satellite is a geostationary orbiting satellite
operated by the National Oceanic and Atmospheric Administra-
tion (NOAA) since 1975. The XRS observes X-ray fluxes in
two wavelength bands from the entire solar surface at 0.05—
0.4 nm and 0.1-0.8 nm (Bornmann et al., 1996). The 0.1-
0.8 nm solar X-ray flux is used to classify the solar flare scale.
The temporal resolution of the GOES X-ray data is 2 s.

The EUVS was installed at the GOES in 2006 to measure
the flux of EUV emissions (Eparvier et al., 2009). The EUVS
has five observation channels, A to E, covering wavelength
ranges of 5-15 nm, 25-34 nm, 17-67 nm, 17-84 nm, and
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118-127 nm, respectively. Among these channels, EUVS-E
primarily observes Lyman-o radiation. The temporal resolution
of GOES/EUVS-E data was 10 s.

The SDO satellite launched in February 2010 is a solar
observation satellite (Woods et al., 2012). The EVE is an instru-
ment that can measure the solar EUV emission spectrum, and
the Multiple EUV Grating Spectrograph (MEGS) onboard the
EVE observes solar EUV emission spectra in the 0.1-106 nm
range. We used the MEGS-A and MEGS-B instruments, which
observe solar EUV emission spectra in the 6-37 and 35-105 nm
range, respectively. As MEGS-A is no longer in operation, we
used in this study Level 2 spectra from the period May 1, 2010,
to May 26, 2014, when the instrument was in operation. We
used data with spectral resolutions of 0.1 nm and a time resolu-
tion of 10 s.

2.3 Event

The events analyzed in this study (see Table 1) were
M3-class or larger flares that occurred during the daytime at
Japan Standard Time (9:00-18:00 JST) from May 2010 to
May 2014, when the SDO/EVE MEGS-A was in operation.
Based on these criteria, 42 flare events were selected (Watanabe
et al., 2012). In the case of multiple solar flares in one day, we
defined SWF as one event. There were 1014 data points from
38 SWF events. Blackouts occurred in 66 of the 1014 data
points. The dfmin values were compared with the closest
in-time satellite data. An example of the observed data is shown
in Figure 2. Figure 2 shows the time profiles of the X-rays, EUV
flux, and the time variation of the dfiin value for the same flare
event shown in Figure 1. As the flux increases, the dfmin values
either increase or disappear. A blackout occurred during the
disappearance of the dfmin values around 2:15 UT (Fig. 2e).
The time profile of the flux during the solar flare varies with
wavelengths of solar emissions. The time of peak flux for
X-rays is 2:17 UT (Fig. 2a), and for EUV (11-14 nm) is
2:19 UT (Fig. 2¢). In EUV (26-34 nm) and Lyman-o wave-
lengths, there is no apparent peak flux for this event (Fig. 2b
and d). It is unclear which wavelengths have an impact on
the dfmin values.

3 Methods

3.1 Radio wave propagation in the ionosphere

When radio waves propagate through the ionosphere, vari-
ous effects, such as fluctuations in electric and magnetic fields
and energy loss due to collisions between electrons and neutral
particles interact in complex ways. The Appleton-Hartree equa-
tions can describe the effect of these phenomena on radio prop-
agation in cold plasma:

X

. Y2 Y4 > '
V—iZ — s\ s T 1

where n is the refractive index, X is the plasma term, Y7 and Y7
are the magnetic field terms transverse (perpendicular) and
longitudinal (parallel) to the radio, respectively, and Z is the
collision term between the electron and neutral particles. These

n=1-

(1)

terms are expressed as X = nelmyeow’, Yr = Qsin0lo,
Y, = Q.cos0lw, Z = viw, respectively, where n, is the electron
density, e is the electron’s elementary charge, m, is the electron
mass, and & is the dielectric constant in vacuum,  is the radio
frequency, 0 is the angle between the ambient magnetic field
and the radio wave, Q, is gyrofrequency, v is the collision fre-
quency. From equation (1), two wave modes (the left-handed
ordinary mode: L-O mode and the right-handed extraordinary
mode: R-X mode) propagate in the ionosphere, which is a
magnetized plasma. However, because fimin could not clearly
distinguish between the two wave modes, the data were pro-
vided as a mixture of the two wave modes. Assuming that
the influence of the magnetic field is ignored (Q, = 0), the
approximation for non-magnetized plasma gives the attenuation
between the two wave modes (Chum et al., 2018). We consider
a non-magnetized plasma, and equation (1) can be rewritten as
follows:

1n,€% [ m,eo*

1—i(v/w)

The radio waves were reflected at altitudes of n = 0. If the radio
wave is a plane wave propagating in a particular direction (x),
and the real (7) and imaginary (ix) values of the refractive index
are expressed separately, then the equation of the radio wave for
the electric field strength is as follows:

n=1-

(2)

E =E, exp(—gxx) expi(a)t—%x), (3)
c c

where c is light speed. The term exp(—wxx/c) is the attenuation
term for radio waves. By adding this attenuation term and the
free-space propagation loss (Friis, 1946), we can estimate the
attenuation in decibels of shortwave radio waves in the path
of propagation through the ionosphere.

3.2 Numerical model: GAIA

Ionospheric parameters required to calculate the attenuation
of radio waves may be obtained through numerical analysis.
Physical models for calculating the upper atmosphere have been
developed in many countries (e.g., Roble and Ridley, 1994;
Akmaev et al., 2008; Liu et al., 2010). GAIA (Ground-to-Top-
side Model of Atmosphere and Ionosphere for Aeronomy; Jin
et al., 2011; Miyoshi and Fujiwara, 2008) is a numerical model.
GAIA was constructed to elucidate the coupling process
between the upper and lower atmospheres, the interaction pro-
cess between the neutral atmosphere and the ionosphere in
the upper atmosphere, and the generation process of ionospheric
and thermospheric disturbances associated with solar flares and
magnetic storms. By combining an atmospheric model (Miyoshi
and Fujiwara, 2003; Fujiwara and Miyoshi, 2006), an iono-
spheric model (Shinagawa and Oyama, 2006), and an electrody-
namic model (Jin et al., 2008), GAIA is one of the models that
can numerically simulate the entire region of Earth’s atmo-
sphere from the troposphere to the ionosphere. GAIA allows
the input of solar emission spectra during solar flares and out-
puts the ionospheric response for each wavelength of the flare
spectra. The flare EUV spectrum was obtained from FISM2
(The Flare Irradiance Spectral Model-Version 2; Chamberlin
et al. (2020)). We input the flare EUV spectra into GAIA to
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Table 1. List of selected events for this study.

Selected time period of ionogram [UT] GOES [UT] AR location X-ray class
Start Peak End
2011 Feb 15 1:30-6:15 1:44 1:45 1:56 S20W10 X2.2
2011 Jul 30 2:00-3:45 2:04 2:09 2:12 N14E35 M9.3
2011 Aug 04 3:30-5:30 3:41 3:45 3:57 N16W38 M9.3
2011 Aug 09 7:45-9:00 7:48 8:05 8:08 N14W69 X6.9
2011 Sep 06 1:30-3:00 1:35 1:50 2:05 N13WO07 M5.3
2011 Sep 25 2:15-6:00 2:27 2:33 2:37 N22W87 M4.4
4:31 4:50 5:05 N13E50 M7.4
2011 Sep 26 5:00-6:45 5:06 5:08 5:13 NI13E34 M4.0
2011 Oct 02 0:30-2:00 0:37 0:50 0:59 N10W14 M3.9
2011 Nov 05 3:00-5:00 3:08 3:31 3:58 N20E47 M3.7
2012 Jan 23 3:30-6:00 3:38 3:59 3:59 N33W21 M8.7
2012 Mar 05 2:30-6:45 2:30 4:05 4:43 NI19ESS8 X1.1
2012 Mar 07 0:00-4:30 0:02 0:24 0:40 NI18E31 X5.4
1:05 1:14 1:23 NI15E26 X1.3
2012 Mar 09 3:15-6:45 3:22 3:53 4:18 N15WO03 M6.3
2012 May 10 4:00-5:45 4:11 4:18 4:23 NI12E22 M5.7
2012 May 17 1:15-3:45 1:25 1:47 2:14 NO7W88 M5.1
2012 Jul 05 3:15-4:30 3:25 3:36 3:39 S18W29 M4.7
2012 Jul 19 4:15-7:15 4:17 5:58 6:56 S13W88 M7.7
2012 Aug 18 0:15-1:30 0:24 1:02 1:07 N19E86 M5.5
2012 Oct 23 3:00—4:00 3:13 3:17 3:21 S13ESS8 X1.8
2012 Nov 13 1:45-4:00 1:58 2:04 2:06 S25E46 M6.0
2013 Apr 11 6:45-8:00 6:55 7:16 7:29 NO9E12 M6.5
2013 May 10 0:30-1:30 0:44 0:57 1:08 NI12ES88 M3.9
2013 May 13 1:45-4:00 1:53 2:17 2:32 N11E89 X1.7
2013 May 14 0:00-3:45 0:00 1:11 1:20 NO8E77 X3.2
2013 May 15 1:15-3:45 1:24 1:40 2:30 NI12E64 X1.2
2013 May 17 8:30-9:00 8:43 8:57 9:19 NI12E57 M3.2
2013 Oct 24 0:00-1:45 0:20 0:28 0:48 S10EO8 M9.3
2013 Oct 25 7:45-8:45 7:53 8:01 8:09 SO8E73 X1.7
2013 Oct 28 1:30-5:45 1:41 2:03 2:12 N04W66 X1.0
4:32 4:39 4:53 NO8W71 M5.1
2013 Nov 03 5:15-6:15 5:16 5:22 5:26 S12W16 M5.0
2013 Nov 08 4:15-5:15 4:20 4:26 4:29 S14E15 X1.1
2013 Nov 10 5:00-6:15 5:08 5:14 5:18 S14W13 X1.1
2014 Jan 08 3:30-4:15 3:39 3:47 3:54 N11W8l1 M3.6
2014 Feb 01 6:45-8:45 6:45 7:23 8:43 S11E23 M3.0
2014 Feb 04 1:15-4:45 1:16 1:23 1:31 S09W13 M3.8
3:57 4:00 4:06 S14W06 M5.2
2014 Feb 12 3:45-5:45 3:52 4:25 4:38 S12W02 M3.7
2014 Feb 25 0:30-4:15 0:39 0:49 1:03 S12E82 X4.9
2014 Mar 11 3:30-6:00 3:44 3:50 4:29 N13W55 M3.5

calculate the altitude distribution of the ion production rate at
different wavelengths of solar flare emissions and its temporal
variation. Solomon and Qian (2005) provided the ionization
cross-section used in GAIA. The ionospheric part of the GAIA
has a vertical resolution of 10 km, horizontal resolution of 1° at
latitude and 2.5° longitude, and a calculation altitude range of
0-3000 km. This model includes the photochemical reactions
of respective ions (O*, O;, N*, and N). The electron density
(n.) and collision frequency (v) to be substituted into equation
(2) were obtained from GAIA calculations. Figure 3 shows
the results of the GAIA simulations for the same flare event,
as in Figures 1 and 2. The left figure shows the difference in
the ion production rates between 1:45 UT and 2:15 UT. The
right figure shows the electron density in Okinawa at the same
time as in Figures 1 and 2. 2:15 UT had the highest electron

density in the ionospheric D region. The electron density at
3:45 UT was larger than that at 1:45 UT, which shows the same
result as the sequence of ionograms in Figure 1.

4 Relationship between solar flare emissions
and dfmin

4.1 Relationship between X-ray flux and dfmin

We used simple linear regression to evaluate the relationship
between the fluxes of solar flare emissions and the dfmin values.
The results in this section have a very high statistical signifi-
cance (p-value < 0.001). The flare class is known to correlate
with the magnitude of the SWF and has been used to estimate it.
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Figure 3. The results of GAIA simulations on May 13, 2013. The left figure shows the difference in the ion production rates between before
the flare began (1:45 UT) and at the flare peak (2:15 UT). The right figure shows the electron density distributions. The dashed line is the
electron density at 1:45 UT, the solid line is that at 2:15 UT, and the dotted line is that at the end of the SWF (3:45 UT).

In this study, we compared the zenith angle corrected X-ray  the standard deviation hardly increased even when the solar
(0.1-0.8 nm) flux with the dfmin value simultaneously flare flux was large compared to Tao et al. (2020).

(Fig. 4). The linear correlation coefficient between dfimin and

X-ray flux was 0.77, indicating a good correlation. Tao et al. 4.2 Relationship between Lyman-a and dfmin

(2020) showed that, as a function of flare class, the standard

deviation of dfimin values increased for larger flares. By compar- Next, we compared dfmin with the Lyman-o flux obtained
ing the dfmin values with the flux at time dfmin, we found that ~ using GOES/EUVS-E (Fig. 5). The linear correlation coefficient
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Figure 4. Relationship between the zenith angle corrected X-ray
flux and dfmin values. The solid red line is a best-fit line. The linear
correlation coefficient between the X-ray flux and dfmin value is
0.77.
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Figure 5. Relationship between the zenith angle corrected Lyman-o
and dfmin value. The solid red line is a best-fit line. The linear
correlation coefficient between Lyman-o and dfmin is 0.28.

between the zenith angle corrected Lyman-o and the dfmin
value was 0.28. Milligan et al. (2020) showed that the
Lyman-o flare emission is significant for ionospheric distur-
bances, but we found no relationship between the Lyman-o flare
emission and the dfmin value in our study. The X-ray flux
fluctuates by two to three orders of magnitude with the flare,
whereas Lyman-o fluctuates by only about 10% or less. In
addition, the Lyman-o variation was not synchronized with
the X-ray variation and was inconsistent with the dfimin varia-
tion. By comparing Figure 2a and d, the time of peak flux
and the time profiles of the Lyman-o and the X-ray are signif-
icantly different. The X-ray flux and dfinin values increased
from 2:00 UT to 2:15 UT and decreased after 2:15 UT. On
the other hand, the Lyman-o flux hardly varies at all. Moreover,
X-rays ionize the O, and N,, whose concentration is over 4
orders of magnitude higher than the NO (e.g., Mitra, 1974;
Schumer, 2009). X-ray ionization in the ionospheric D region

exceeds Lyman-o ionization during solar flares. Therefore, the
lack of correlation between Lyman-o variations and dfmin
suggests that Lyman-o variations are small or almost constant
during the flare and do not instantly enhance the electron
density in the ionosphere. The results of Milligan et al. (2020)
may result from the fact that the ionospheric response was
caused by other EUV emissions similar to the time profile of
Lyman-o emission.

4.3 Relationship between EUV and dfmin

To investigate their linear correlation coefficients, we com-
pared the flare EUV emission spectra (6-106 nm) observed by
the SDO/EVE with the dfmin values. First, we compared the
dfmin values with the mean flux of the EUV emission spectra
wavelength at 1 nm wide intervals from 6 to 106 nm (Fig. 6).
The linear correlation coefficients were less than 0.6, except
for the emissions at 9-14 nm. The linear correlation coefficients
for the 11-12, 12-13, and 13-14 nm were 0.76, 0.80, and 0.81,
respectively. In general, EUV emission is known to affect ion-
ization at higher altitudes than in the ionospheric D region (e.g.,
Watanabe and Hinteregger, 1962; Mitra, 1974), suggesting that
the 11-14 nm EUV emission, which contributes to the ioniza-
tion of the ionospheric E region may also cause SWF.

Next, the EUV emission in the 11-14 nm range is further
subdivided into EUV emission spectra for each 0.1 nm, and
the correlation between each wavelength and dfimin is investi-
gated in detail. The results are presented in Figure 7. The circles
in Figure 7 coincide with the EUV lines for Fe XIX-XXIII of
the flare emission, which increased rapidly with the solar flares.
Fe XIX-XXIII indicates iron between nineteen-times-ionized
and twenty-three-times-ionized, emitted in the solar corona.
X-rays are also emitted in the solar corona, and the time profiles
of X-ray and Fe XIX-XXIII are almost similar. Therefore, both
emissions are considered highly correlated with the dfiin
values.

5 lonospheric response during flares by
GAIA

We found two flare emissions, X-ray (0.1-0.8 nm) and
EUV (11-14 nm), which would be the main factors for the
occurrence of the SWF. We then ran simulations to advance
our understanding of these observations and reveal the extent
to which emissions contribute to the SWF in the ionosphere.
Therefore, we simulated the ionospheric response to solar flare
emissions using GAIA and compared the calculated results with
observed data.

5.1 lon production rate in the ionosphere during solar
flare

Figure 8 shows the time profile of averaged ion production
rates in the D (<100 km), E (100-150 km), and F (>150 km)
regions of the ionosphere for X-ray (0.1-0.8 nm) and EUV
(11-14 nm) emission for the same flare event as in Figure 3.
In the D region, the averaged ion production rate by X-rays
was approximately six orders of magnitude higher than that
of the EUV emission. In E and F regions, the averaged ion
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Figure 6. Linear correlation coefficient between the dfmin and EUV emission spectra for every 1 nm.
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Figure 7. Linear correlation coefficient between dfmin and EUV emission spectra every 0.1 nm. The red circles correspond to the EUV
emission lines for Fe XIX-XXIII.
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the blackouts.

production rate from EUV emission is about 1-2 orders of
magnitude larger than that of X-rays. Therefore, these results
show that the main source of ion density fluctuation is X-ray
emission in the D region and EUV emission in the E and F
regions (e.g., Rishbeth and Garriot, 1969; Thome and Wagner,
1971; Qian et al., 2011; Sojka et al., 2013).

5.2 Derivation of attenuation rate of HF radio waves

We considered radio wave propagation through the iono-
sphere using equations (2) and (3) to estimate the attenuation
of the HF radio waves. The radio frequency (w) corresponds
to the pulse signal from ionosonde, and the electron density
(n.) and collision frequency (v) are obtained from the GAIA
results. The refractive index and attenuation of the radio waves
can then be calculated using these values and equations. We
estimated the attenuation of the HF radio waves. Specifically,
3 MHz, which is the lowest frequency in the frequency band
of the HF radio wave region, was input for the values of o,
and the GAIA calculation results were input for the values of
n, and v. We categorize the magnitude of SWFs with the criteria
of dfimin < 2.5 MHz, dfimin = 2.5 MHz and blackout.

Figure 9 shows the altitude distributions of the attenuation
rate and cumulative attenuation of HF radio waves considering
upward and downward propagation in the ionosphere obtained
from the simulations and calculations. As shown in Figure 9, the
smaller the dfmin values, the lower the cumulative attenuation
(Fig. 9d and e), and the higher the altitude of the radio wave
reflection (Fig. 9a and b). The attenuation of HF radio waves
noticeably increases at altitudes >50 km and weakens above
100 km. ~90% of the 3 MHz signal attenuation occurred in

the ionospheric D region (below 100 km altitude), and the
remaining ~10% occurred in the ionospheric E and F regions
(above 100 km altitude) during the blackout (Fig. 9c). However,
for the HF radio signal at dfimin < 2.5 MHz, the attenuation rate
in the ionospheric D region decreases to ~80% (Fig. 9a). The
cumulative attenuation during the blackout was approximately
four times stronger than that at dfmin < 2.5 (Fig. 9d and f).
By contrast, when comparing the blackout and dfmin
(22.5 MHz), the cumulative attenuation was approximately
0.5 of that during the blackout (Fig. 9¢ and f).

The above results indicate that the contribution of X-ray
emission to the SWF was approximately 90%. On the other
hand, the HF radio waves in the ionospheric E and F regions
are also attenuated by 10%. We suggest improving the accuracy
of the estimation of the magnitude of the SWF, which is of pri-
mary importance for accurately simulating the electron density
in the ionospheric D region using X-ray emissions from solar
flares. Meanwhile, it is also necessary to consider the EUV
emissions that affect the ionospheric E and F regions to improve
the accuracy of estimating the SWF’s magnitude.

6 Estimation of the magnitude of the SWF
using GAIA

6.1 Evaluation of the estimated magnitude of the SWF

The SWF magnitude was estimated using GAIA calcula-
tions. First, the parameters of n, and v obtained from the GAIA
calculations were input into equations (2) and (3), as described
in Section 3, to derive the amount of radio wave attenuation.
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The threshold for radio wave attenuation is the limit of attenu-
ation in the radio propagation path between the transmitter and
receiver. The value of the ionosonde allowed us to determine
that the threshold for radio wave attenuation was —202 dB.
We then determined the minimum value of w that could be
assumed to be reflected by the ionosphere and observed by
the ionosonde, i.e., fmin. The simulated fiin can be considered
as an estimation of the magnitude of the SWF. The estimated
magnitude of the SWF was evaluated by comparing the simu-
lated fmin with the observed fimin. The results of comparing
the simulated fmin with the observed fmin are shown in
Figure 10. As shown in Figure 10, the slope of the best-fit
straight line is 1.09, the intercept is —0.64 MHz, and the linear
correlation coefficient is 0.82. The simulated fmin values esti-
mated the observed fmin values with high correlation. When
we consider the occurrence of blackouts or non-blackouts, there
are four classifications for blackout estimation: 1) true positive
(TP): blackouts are correctly estimated; ii) true negative (TN):
non-blackouts are correctly estimated; iii) false positive (FP):
blackouts are incorrectly estimated; and iv) false negative
(FN): non-blackouts are incorrectly estimated. The number of
TP, TN, FP, and FN was 23, 943, 43, and 5, respectively.
The hit rate (ratio of TP to the total number of blackouts:
TP/(TP + FP)) was 35%. These results indicate that the fmin
value can be used to estimate the magnitude of the SWF to
some extent using GAIA calculations. However, the electron
density during the flare in the ionospheric D region derived
from the GAIA calculation was underestimated compared to
the actual value.

6.2 Electron density variations in the ionospheric D
region during solar flare

To tackle the problem of the underestimation of electron
density during solar flares, we created a function (G(., F)) such
that the electron density distribution in the ionospheric D region
corresponded to the X-ray flux and altered it to the electron
density in the GAIA simulation. The time variation of the solar
zenith angle-corrected X-ray flux observed by GOES/XRS (Fy)
was used as a variable to determine the electron density.
Therefore, we applied G(., Fy) to the electron density distribu-
tion in the ionospheric D region (<100 km) during solar flares.
A summary diagram of creating the G(., Fy) is shown in
Figure 11. First, we created the function Gf(.), similar to the elec-
tron density distribution from the GAIA calculation results
before the flare began (black solid line) by combining logarith-
mic (red), power (blue), and linear (green) functions to pass
through two points (black dots): the origin and the electron
density at an altitude of 100 km calculated by GAIA
(Fig. 11a). Figure 11b shows the time profile of Fy. We obtain
a value of the X-ray flux in Fy to determine a function G(., Fy)
in Figure 11c, which uses the variable Fy (the value of X-ray
flux at determined time points) to provide ionization altitude
function for each time point. The cyan, magenta, and yellow
functions of Figure 1lc correspond to the points shown in
Figure 11b. As shown in Figure 11b and c, G{(., Fy) was deter-
mined so that a larger Fy affects the variation of electron density
in the ionospheric D region. This reproduces the electron den-
sity variations in the ionosphere during the flare. The electron
density in the ionospheric D region is the G(., F) incorporating
the variation by X-ray emission, and that in ionospheric E and F

101
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1

Figure 10. Comparison of simulated and observed fmin values
derived from GAIA. The solid red line is a best-fit straight line for the
fmin value, excluding blackout. The solid black line is a straight line
with a slope of 1 and an intercept of 0. The gray shading indicates
simulated and observed blackouts. Blackouts are shown as “B”. The
blue, green, red and yellow dots represent the fmin values for
Kokubunji, Wakkanai, Yamagawa, and Okinawa.

regions is simulated by GAIA. We evaluated the G(., F) by
comparing whether the simulated fmin using the electron
density of G(., Fy) or GAIA-only more accurately estimates
the observed fmin.

The results of the comparison of the simulated fmin using
G(., Fy) with the observed fmin value are shown in Figure 12.
As shown in Figure 12, the slope of the best-fit straight line
between the simulated and observed fmin values was 1.01,
the intercept was —0.01 MHz, and the linear correlation coeffi-
cient was 0.85. The prediction accuracy of fmin values exceeds
that of the GAIA-only results. In particular, the number of TP,
TN, FP, and FN were 45, 932, 21, and 16, respectively, the hit
rate was 68%. The hit rate is better than the calculated GAIA
value. We found that the estimated magnitude of the SWF
was improved by incorporating the variation in the X-ray
emission into the GAIA as information on the ionization in
the ionospheric D region.

7 Conclusion

In this study, we investigated the relationship between solar
flare emission spectra and SWF by comparing the fluxes of flare
emissions from satellite data with fmin. We also estimated the
magnitude of the SWF from solar flare emissions using the
GAIJA model and evaluated the electron density. First, the
X-ray flux correlated well with fimin, with a linear correlation
coefficient of 0.77. However, Lyman-¢, known to contribute
to the formation of the ionospheric D region, did not correlate
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Figure 11. A summary diagram of electron density variations due to G(., F). Panel a shows the G(.) function representing electron density
below 100 km altitude (black solid line) that is set by a combination of a logarithmic function (red dotted line), a power function (blue dotted
line), and a linear function (green dotted line) passing through two points: the origin and the electron density value at 100 km altitude calculated
using GAIA. Panel b shows the time variation of Fy associated with the flare. Panel c is the electron density variation created by combining the
function G{(.) set in panel a and the ionization altitude corresponding to Fy in panel b. The black dotted line is the electron density calculated using
GAIA. The solid lines of cyan, magenta, and yellow in panel ¢ are the functions G(., Fy), which correspond to the points shown in panel b.

101

Observed i, [MHz]

5 3 4 6 8 10 B
Simulated fnin [MHZ]

1

Figure 12. Comparison of simulated and observed fmin values
derived from GAIA and Fy. The solid red line is a best-fit straight
line for the fmin value, excluding blackout. The solid black line is a
straight line with slope 1 and intercept 0. The gray shading indicates
simulated and observed blackouts. Blackouts are shown as “B”. The
blue, green, red and yellow dots represent the fmin values for
Kokubunji, Wakkanai, Yamagawa and Okinawa.

with fmin (linear correlation coefficient of 0.28). This is
consistent with the results that the D region response to solar
flares, as measured by VLF amplitude observations, shows a
good agreement with X-ray flare emissions but does not show
a good correlation with Lyman-a (e.g., Raulin et al., 2013).
Because the flux in Lyman-o shows small variations and ioniza-
tions during solar flares as compared X-ray flux, there is hardly
any impact of the Lyman-o line on the variation of fmin.

Next, focusing on EUV emission, EUV emission at wave-
lengths longer than 14 nm showed no correlation with fimin,
with a linear correlation coefficient of less than 0.6. However,
the EUV emission band at 11-14 nm corresponding to the
EUV emission lines of Fe XIX-Fe XXIII showed an excellent
correlation with fmin, with a linear correlation coefficient of
0.80. Therefore, we calculated the ion production rates for each
flare emission wavelength and the attenuation rate of HF radio
waves in each ionospheric region using GAIA. The main source
of ion density fluctuation, which is the X-ray emission in the D
region and the EUV emission in the E and F regions, is consis-
tent with previous studies (e.g., Rishbeth and Garriot, 1969;
Thome and Wagner, 1971; Mitra, 1974; Qian et al., 2011; Sojka
et al., 2013).

The HF radio waves at 3 MHz were primarily attenuated in
the ionospheric D region (50-100 km altitude), and their contri-
bution to the SWF was approximately 90%, with the remaining
about 10% originating from the ionospheric E and F regions
during the blackout. The increase of the contribution to HF
radio attenuation in the ionospheric D region is due to the
increase of the electron density in the ionospheric D region,
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which is consistent with the result of Figure 7 of Chum et al.
(2018). Several studies describe the relationship between
X-ray flare emission and SWF (e.g., Deshpande et al., 1972;
Mitra, 1974; Sato, 1975; Tao et al., 2020; Buzas et al., 2023).
In this study, by investigating the variations of dfmin and HF
radio attenuation with the flux of the solar flare spectrum, we
clarify that X-rays are the main source of solar flare emissions
that affect SWF. To further improve the accuracy of estimating
the magnitude of the SWF, we should target the time profile of
X-ray emissions, as in the present study, rather than the flare
class as proposed in previous studies such as Barta et al.
(2019) and Tao et al. (2020). Also, it is necessary to consider
the EUV emissions of solar flares that affect the ionospheric
E and F regions, which account for the remaining 10% of the
attenuation.

Finally, we used the GAIA model to estimate the magnitude
of the SWF and compared the simulated and observed fmin
values. In addition, we evaluated the electron density in the
ionospheric D region. The correlation coefficient between the
simulated and observed fmin values was 0.82, and the hit rate
was 35%. These results showed that the electron density values
calculated by GAIA, especially in the ionospheric D region,
were underestimated compared to the actual values. Therefore,
we attempted to reproduce the electron density distribution
during flares by using the time variation of the electron density
in the ionospheric D region, which more directly considers the
effect of X-ray emission. To reproduce the electron density
distribution, we used a variable for the time variation of Fy.
As a result, the correlation coefficient between the simulated
and observed fimin values was 0.85, and the hit rate was 68%.
These results indicate that the prediction accuracy of the fmin
value can be improved by incorporating the effect of X-ray
emissions on the electron density fluctuations in the ionospheric
D region during the flare. We found that it is possible to eval-
uate the electron density during solar flare, including the one
from ionospheric D region, using fmin and simulation from
numerical models.
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