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Abstract 

The X-rays and extreme ultraviolet (EUV) emitted during solar flares can rapidly change the physical composition of 
Earth’s ionosphere, causing space weather phenomena. It is important to develop an accurate understanding of solar 
flare emission spectra to understand how it affects the ionosphere. We reproduced the entire solar flare emission 
spectrum using an empirical model and physics-based model, and input it into the Earth’s atmospheric model, GAIA 
to calculate the total electron content (TEC) enhancement due to solar flare emission. We compared the statistics 
of nine solar flare events and calculated the TEC enhancements with the corresponding observed data. The model 
used in this study was able to estimate the TEC enhancement due to solar flare emission with a correlation coefficient 
greater than 0.9. The results of this study indicate that the TEC enhancement due to solar flare emission is determined 
by soft X-ray and EUV emission with wavelengths shorter than 35 nm. The TEC enhancement is found to be largely 
due to the change in the soft X-ray emission and EUV line emissions with wavelengths, such as Fe XVII 10.08 nm, Fe 
XIX 10.85 nm and He II 30.38 nm.

Keywords  Solar flare, X-ray emission, EUV emission, Ionosphere, Space weather

*Correspondence:
Kyoko Watanabe
kwatana@nda.ac.jp
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40623-023-01788-6&domain=pdf
http://orcid.org/0000-0003-0321-7881


Page 2 of 15Nishimoto et al. Earth, Planets and Space           (2023) 75:30 

Graphical Abstract

Introduction
Solar flares have a significant impact on the solar-ter-
restrial environment. An accurate understanding of the 
relationship between solar flare emissions and Earth’s 
ionosphere is important for the safe construction and 
use of space infrastructure. When a solar flare occurs, 
electromagnetic emission in X-ray and EUV wavebands. 
In particular, it is well-known that X-rays (0.1–10  nm) 
and extreme ultraviolet (EUV) (10–121.6  nm) emit-
ted during solar flares, enhanced to several 10 to a 1000 
and sometimes to 10,000 during flare events, affect the 
Earth’s ionosphere. The phenomena caused by the sud-
den ionization of the Earth’s upper atmosphere by X-rays 
and EUV emitted from solar flares are widely known as 
sudden ionospheric disturbances (SIDs) (Davies 1990; 
Donnely 1969; Mitra 1974). SIDs are sudden disturbances 
of the ionosphere and are a superset of events, which 
consists of Dellinger effect (Dellinger 1937), short-wave 
fadeout (SWF) (e.g., Chakraborty et al. 2018, 2019, 2022; 
Fiori et  al. 2018, 2022), sudden frequency and phase 
deviation (SFD/SPD) (Chakraborty et al. 2018; Watanabe 
and Nishitani 2013), solar flare effects (SFEs) (e.g., Curto 
et al. 2018), and sudden increase in total electron content 
(SITEC) (e.g., Tsugawa et  al. 2006; Zhang et  al. 2011). 
In 1957, the International Geophysical Year, much was 
offered from around the world on SIDs, and research in 
this field began to advance dramatically (Curto 2020).

The solar emission spectrum and the physical proper-
ties of the Earth’s ionosphere are closely related, and the 
wavelength of solar emission determines the altitude at 
which the neutral atmosphere in the ionosphere is ion-
ized. The soft X-rays and EUV emissions with wave-
lengths shorter than 25  nm, mainly emitted from the 

optically thin solar corona, increase rapidly during solar 
flares and affect the Earth’s lower ionosphere (~ 150 km) 
(Qian et  al. 2011). EUV emissions at wavelengths of 
26–34  nm emitted from the optically thick transition 
layer and chromosphere primarily ionize the atomic oxy-
gen in the F region, at altitudes above ~ 200 km (e.g., Qian 
et al. 2011; Richards et al. 1994; Woods et al. 2011). The 
characteristic of solar flare emissions referred to as the 
center-to-limb variation (CLV) describes the phenom-
enon in which the optically thick EUV emission weakens 
toward the edge of the solar disk, while the optically thin 
emission is unaffected (e.g., Woods et  al. 2006; Worden 
et al. 2001). Therefore, flare location on the solar disk is 
an important parameter that determines the TEC vari-
ability, as solar flares occurring in the center of the solar 
disk have a relatively greater impact on the Earth’s iono-
sphere than those occurring at the limb (Qian et al. 2010, 
2019; Zhang et  al. 2011). Qian et  al. (2011) investigated 
the relationship between solar flare duration and the ion-
ospheric response and found that solar flares with longer 
durations (i.e., solar flares with higher total energy) have 
a greater impact on the ionosphere.

To understand the relationship between solar flare 
emissions and ionospheric response, the entire solar 
emission spectrum must be considered, not just the solar 
flux in one or limited number of wavebands. This is not 
only because the ionospheric variability due to solar flare 
emissions is intrinsically dependent on solar emission 
of the wavelength range from X-rays to EUV, but also 
because the solar flare emission spectrum varies greatly 
from event to event (Tsurutani et  al. 2009; Zhang et  al. 
2011). Soft X-ray emissions have been observed con-
tinuously since 1975 by the X-ray Sensor (XRS) onboard 
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the Geostationary Operational Environmental Satellite 
(GOES). GOES/XRS observes two wavelength bands, 
0.05–0.4  nm and 0.1–0.8  nm, with a time resolution 
of ~ 2 s (Bornmann et al. 1996). EUV emissions have been 
observed since the 1990s, using a variety of instruments. 
The Solar Dynamics Observatory (SDO), launched in 
February 2010, is equipped with an extreme ultraviolet 
variability experiment (EVE) (Woods et  al. 2012). The 
multiple EUV grating spectrograph (MEGS), a subsystem 
of SDO/EVE, measures the full-disk solar irradiance in 
the range 5–106 nm, with a spectral resolution of 0.1 nm 
and a time cadence of 10  s, since May 2010. MEGS-
A, which observed 5–37  nm, was shut down in May 
2014 due to a malfunction. MEGS-B, which observes 
35–105  nm, is still in operation, but it only observes 
for ~ 3 h a day and does not always provide high-resolu-
tion EUV emission spectra during solar flares.

Various models have been developed to estimate 
the unobserved X-ray and EUV emissions from the 
Sun. The flare irradiance spectral model (FISM) is cur-
rently the most widely used model (Chamberlin et  al. 
2007, 2008, 2020). FISM2, newly released in 2020, is an 
empirical model which uses the latest observations, 
and has improved both estimation accuracy and resolu-
tion compared to the previous model. FISM2 is used as 
the empirical model for this study, which is describe in 
detail in Sect. “FISM2”. Kawai et  al. (2020) introduced 
a new method to reproduce the emission spectrum of 
EUV flares, which is called the solar flare emission model 
(Kusano et al. 2021). In this paper, the solar flare emission 
model is referred to as the SFEM. The SFEM is based on 
the physical process of the time variation of the plasma 
distribution in the flare loop, which is the primary source 
of the flare emission. Nishimoto et al. (2021) statistically 
validated that the SFEM can reproduce the flare emission 
energy and time evolution of the EUV line emission. One 
advantage of a physics-based model is that it allows us to 
consider whether the physical processes assumed by the 
model are correct. The detail of the SFEM is explained in 
section “data”.

The purpose of this study is to investigate which wave-
lengths of solar emissions control the Earth’s ionospheric 
state by reproducing the TEC enhancements caused by 
solar flare emissions and comparing them with obser-
vations. We reproduced the entire solar flare emission 
spectrum using FISM2 and the SFEM. The data were 
then input into an Earth’s atmospheric model to calculate 
the TEC enhancement. We used the Earth’s atmospheric 
model, which is called the Ground-to-Topside Model of 
Atmosphere and Ionosphere for Aeronomy (GAIA; Jin 
et  al. 2011). We compared nine solar flare events and 
calculated the TEC enhancements with the correspond-
ing observed data. This paper is organized as follows: 

section “Data” introduces the solar emission spectrum 
models and the Earth’s atmospheric model, GAIA used 
in this study, as well as the TEC observation data. Sec-
tion “Data analysis and results” shows an example of the 
model simulation to reproduce the TEC enhancement, 
and identifies the wavelength of the solar flare emission 
that determines the TEC enhancement by showing the 
statistical results and comparing the calculation results 
with the observation results. Section  “Discussion and 
summary” discusses and summarizes the results of this 
comparison.

Data
We analyzed nine solar flare events from the Hinode 
Flare Catalogue (Watanabe et al. 2012) that met the fol-
lowing criteria: (1) the observation period is from 2010 
to 2021; (2) the scale of the flare is larger than that of the 
X class; and (3) the distance between flare ribbons can be 
observed by the SDO/Atmospheric Imaging Assembly 
(AIA) (Lemen et  al. 2012). For these solar flare events, 
we used soft X-ray flux observations by GOES/XRS, EUV 
emission spectrum observations by SDO/EVE, emissions 
synthesized by FISM2, and the SFEM. Note that events 
whose TEC enhancement is equal to or greater than the 
variability before the flare start were not used in the anal-
ysis of this study.

Solar flare emission spectral models
FISM2
The most widely used solar emission spectrum model is 
the Flare Irradiance Spectral Model (FISM) (Chamberlin 
et al. 2007, 2008). The first version of FISM was released 
in 2005. FISM is an empirical model of the solar emis-
sion spectrum irradiance, which provides a “daily compo-
nent” to estimate the solar emission variation due to the 
solar cycle and solar rotation, and a “flare component” 
that adds the variation due to solar flares. FISM uses 
the GOES soft X-ray flux and the time derivative of the 
GOES soft X-ray flux are used as a proxy of the gradual 
phase and the impulsive phase of the flare, respectively. 
FISM2 (version 2 of the FISM) was released in 2020, esti-
mating the solar flare emission spectra in the wavelength 
range of 0–190  nm with a 0.1  nm spectral resolution 
and 60  s cadence (Chamberlin et  al. 2020). Proxy data 
used for the FISM2 daily component include not only 
the 10.7 cm radio flux, but also the MgII core/wing ratio 
(Snow et  al. 2005) and the H I Lyman-α emission line. 
FISM2 could reproduce EUV emission spectra with high 
accuracy due to its incorporation of thousands of events 
of flare emission data based on high-precision and high-
resolution observation data, such as SDO/EVE. However, 
Chamberlin et  al. (2020) reported that FISM2 is unable 
to reproduce the time evolution of EUV line emission 
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with a high formation temperature, which dominates the 
gradual phase of the flare. This was because FISM consid-
ers the time evolution of all EUV emission lines to be the 
same as the time evolution of the GOES soft X-ray flux or 
derivative of the GOES soft X-ray flux, which is a proxy; 
moreover, the cooling of the flare loops (time difference 
of EUV emission lines) was not well-represented. FISM2 
plans to solve the problem using an empirical correc-
tion found using the enthalpy-based thermal evolution of 
loops (EBTEL) model, a zero-dimensional hydrodynamic 
model that can calculate the temperature and density in 
flare loops without calculating the spatial evolution of 
loops (Cargill et  al. 2012; Chamberlin et al. 2020; Klim-
chuk et al. 2008; Thiemann et al. 2017). In this study, we 
used FISM2 daily as the solar background emission and 
FISM2 flare, which includes the background emission, as 
the flare emission.

Solar flare emission model (SFEM)
We developed a simplified model based on the physical 
processes of flare loops (Kawai et al. 2020). In this model, 
the GOES soft X-ray flux observations during flare were 
converted into EUV emission spectra using the one-
dimensional hydrodynamic model called the CANS 1D 
package (http://​www.​astro.​phys.s.​chiba-u.​ac.​jp/​netlab/​
astro/) and the CHIANTI atomic database (version 9.0) 
(Dere et al. 1997, 2019). As a result of the statistical com-
parison between the SFEM and SDO/EVE observations, 
the SFEM reproduces the flare time-integrated emission 
of EUV flares corresponding to the flare emission energy, 
and the flare rise time corresponding to the flare duration 
for Fe lines with correlation coefficients of 0.83–0.96 and 
0.86–0.95, respectively (Nishimoto et al. 2021). The main 
parameters of the SFEM used in this study are the half-
loop length and the input energy. We determined the 
half-loop length from the observed ribbon distance with 
the SDO/AIA 160  nm, and the input energy was deter-
mined by scaling the magnitude of the synthesized soft 
X-ray light curves to the GOES/XRS observations. The 
default parameter values of CANS 1D were used for the 
others (see Section “Discussion and summary” in Nishi-
moto et al. 2021).

Ionospheric TEC observation and GAIA model
In this study, TEC was used to evaluate the response of 
the Earth’s ionosphere to solar flares. TEC has been rec-
ommended as an important ionospheric parameter that 
can be used to assess predictive capability with respect 
to space weather (Goncharenko et  al. 2021; Scherliess 
et  al. 2019). The TEC is a physical quantity that rep-
resents the total number of electrons per unit area 
integrated along the line of sight between the global 
navigation satellite system (GNSS) satellite and the 

receiver. It was calculated using the distance between 
satellite and receiver, as the time delay is proportional 
to the integral of the plasma density along the propaga-
tion path from the satellite to the receiver (Otsuka et al. 
2002; Shinbori et al. 2020; Tsugawa et al. 2018). The rel-
ative observation accuracy of this TEC is 0.02 TEC unit 
(TECU) (Hofmann-Wellenhof et  al. 1992). One TECU 
equals 1012 electrons cm−2. We used the TEC observa-
tion data provided by the National Institute of Infor-
mation and Communications Technology (NICT) and 
Nagoya University.

We used the Earth’s atmospheric model, GAIA, to 
study the TEC variations caused by different flare emis-
sion spectra. The GAIA is constructed by combining the 
whole atmospheric general circulation model (GCM) 
(Fujiwara and Miyoshi 2006, 2009, 2010; Miyoshi and 
Fujikawa 2003, 2006, 2008), the ionospheric model (Shi-
nagawa et al. 2007; Shinagawa and Oyama 2006), and an 
electrodynamics model (Jin et al. 2008). The GCM treats 
physical processes suitable for the troposphere, strato-
sphere, mesosphere, and thermosphere as neutral atmos-
pheric regions. The horizontal grid spacing was 2.8°, the 
vertical resolution was 0.2 scale heights above the tropo-
pause, and the temporal resolution was 20  s. The iono-
spheric model solves the mass, momentum, and energy 
equations for the major ions and electrons. The horizon-
tal grid spacing is 2.5° in the longitude direction, 1° in the 
latitude direction, 10  km in the vertical direction up to 
600 km, and the time resolution is 1–4 s. The electromag-
netic model treats the global ionospheric current induced 
by the neutral wind dynamo and polarization electric 
field. The model assumes that the geomagnetic field lines 
are equipotential and that the current dissipates at the 
low-altitude boundary (70  km) and is conserved along 
the magnetic field lines between the north and south 
high-altitude boundaries (720 km) along the same mag-
netic field lines. The horizontal grid spacing at an altitude 
of 70  km is 2.8° in the longitude direction and 0.2–0.6° 
in the latitude direction. The coupling between the three 
model components was achieved by introducing a main 
module called the "coupler" and arranging each model 
component in the form of an FORTRAN subroutine or 
module and calling it in the coupler program. The cou-
pler handles the general procedures for running the inte-
grated model, such as setting common parameters and 
conditions, controlling time increment, and exchanging 
physical variables between model components. Since 
the time and grid resolution of each model is different, 
the coupler module is used to perform coordinate trans-
formations in variable exchanging. The latest version 
of GAIA allows solar emission spectra, rather than sin-
gle wavelength solar emission, to be input to simulate 
the response of the Earth’s atmosphere, including the 

http://www.astro.phys.s.chiba-u.ac.jp/netlab/astro/
http://www.astro.phys.s.chiba-u.ac.jp/netlab/astro/
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ionosphere. The ionization cross sections of the atoms 
and molecules that make up the ionosphere, correspond-
ing to each wavelength of solar emission, are given by 
Solomon and Qian (2005).

Data analysis and results
We input the EUV flare emission spectra from FISM2 
and the model proposed by Kawai et al. (2020) into GAIA 
to reproduce the TEC enhancements due to flare events, 
and compared the calculated results with the observa-
tions. First, among the nine flare events analyzed in this 
study, we present the results of the case study analysis 

that illustrate the response of the ionosphere to different 
solar flare emission spectra, followed by the results of the 
statistical analysis.

Figure  1 displays an example of the observed and 
reproduced light curves of GOES/XRS-B during the 
X1.1-class flare on November 8, 2013. The solid red, blue, 
and black lines indicate the light curves obtained from 
the SFEM, the flare component of FISM2 (FISM2 flare), 
and the GOES/XRS observation, respectively. The dotted 
blue line indicates the daily component of FISM2 (FISM2 
daily). Figure  1 shows that the magnitude of the soft 
X-ray flux is accurately represented in the SFEM, and the 
time evolution of FISM2 is also accurately reproduced, 
because GOES/XRS is used as a proxy. The following cor-
rection was made when inputting the emission spectrum 
obtained by the SFEM into the GAIA. When the emis-
sion intensity was smaller than that of FISM2 daily, it was 
replaced by FISM2 daily. This is because the flare emis-
sion spectrum of the SFEM tends to decay rapidly around 
the flare end time, as it roughly and virtually reproduces 
the multi-flare loop emission from the calculated single-
flare loop (see Sect. 4.4 of Nishimoto et al. 2021).

Figure  2 displays an example of the observed and 
reproduced flare time-integrated spectra and the ratio 
of the observed data to the calculated data for the X1.1-
class flare on November 8, 2013. The solid blue, red and 
black lines indicate the flare time-integrated spectrum 
obtained from the FISM2 flare, SFEM, and SDO/EVE 
MEGS-A observations, respectively. As shown in Fig. 2a, 
the SFEM and FISM2 both reproduce the observed trend. 
However, the value of the SFEM becomes significantly 
smaller when the wavelength is longer than ~ 70  nm, 
because the SFEM does not consider the reproduction 

Fig. 1  Example of the observed and modeled soft X-ray fluxes 
of GOES/XRS-B. The soft X-ray fluxes of GOES/XRS-B during the 
X1.1-class flare on November 8, 2013. The solid red, blue, and black 
lines indicate the light curves obtained from the SFEM, the flare 
component of FISM2 (FISM2 flare), and the GOES/XRS observation, 
respectively. The dotted blue line indicates the daily component of 
FISM2 (FISM2 daily)

Fig. 2  Example of the flare time-integrated spectra and ration of the observed and calculated data. a Flare time-integrated spectra and b ratio 
of the observed data to the calculated data for the X1.1-class flare on November 8, 2013. The solid red, blue, and black lines indicate the flare 
time-integrated spectrum obtained from the SFEM, the FISM2 flare, and the SDO/EVE MEGS-A observation, respectively. The solid black line in b 
shows the line with a ratio of 1
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of the optically thick emission or the continuum com-
ponent emitted from the solar atmosphere at altitudes 
lower than the transition region. The emission intensity 
of the optically thick SFEM is larger than that of FISM2 
in the soft X-ray region, where the wavelength is shorter 
than 10 nm. Figure 2b shows that FISM2 reproduces the 
observed flare time-integrated irradiance for the wave-
length range of 5–37  nm accurately. However, at wave-
lengths of 10–11  nm, 28–29  nm, and 32–34  nm, the 
SFEM is more than twice as large as the observed values.

Previous studies have suggested that X-ray and EUV 
emissions at wavelengths shorter than 45 nm are impor-
tant indicators of the response of the Earth’s ionosphere 
(Woods et al. 2011; Zhang et al. 2011). Therefore, in this 
study, we focused on the 5–35  nm region observed by 
SDO/EVE MEGS-A, which has a strong intensity emis-
sion during flare and input five types of solar flare emis-
sion spectra into the GAIA using FISM2 and the SFEM 
to investigate in detail the wavelengths of solar emission 
that determine TEC enhancements. The five types of flare 
emission spectra input to the GAIA are as follows: the 
FISM2 daily (RUN-Fd), the FISM2 flare (RUN-Ff), the 
FISM2 flare replaced by the SFEM at wavelengths shorter 
than 35 nm (RUN-FS35), the FISM2 flare replaced by the 
SFEM at wavelengths shorter than 15  nm (RUN-FS15), 
and the FISM2 flare replaced by the SFEM at wavelengths 
shorter than 10 nm (RUN-FS10).

Figures  3 and 4 show the TEC distribution of each 
RUN and its ratio to RUN-Fd at 130°E, where the local 
time is around noon when the flare occurs. These fig-
ures show that RUN-Fd shows no TEC enhancement 

due to flare emission, while RUN-Ff, RUN-FS15, RUN-
FS10, and RUN-FS35 reproduce TEC enhancement due 
to flare emission. The spatial–temporal variation of TEC 
in RUN-Fd, which does not contain a flare emission, is 
because TEC varies with the solar zenith angle. Thus, we 
can see that the TEC simulation by GAIA model is work-
ing well.

Figures 5 and 6 show the difference in ion production 
rates between the pre-flare and the flare peak calculated 
with RUN-Ff and RUN-FS35 for the X1.1 class flare on 
November 8, 2013, respectively. These figures show 
that the neutral atmospheric compositions are ionized 
mainly by flare emission with wavelengths shorter than 
35  nm. It is clear that the ion production rate of RUN-
FS35 was greater than that of RUN-Ff. The major differ-
ence between RUN-Ff and RUN-FS35 is the difference in 
ion production rates of O+, N+, and N2

+ at wavelengths 
shorter than 10 nm and around 10–15 nm that ionize the 
D and E regions, and O+ and N+ corresponding to solar 
emission at 25–35 nm that ionize the F region. The differ-
ence in ion production rates between RUN-Ff and RUN-
FS35 corresponds to the wavelength region, where the 
intensity of solar flare emission by the SFEM is generally 
larger than the observed value (see Fig. 2).

Statistical result for TEC enhancement due to flare 
emission
We compared the difference of TEC (DTEC), which indi-
cates TEC enhancement due to flare emission obtained 
from the GAIA calculations and the observations for nine 
flare events. The flare parameters and TEC parameters 

Fig. 3  TEC simulated by GAIA model. The TEC distributions for RUN-Fd, RUN-Ff, RUN-FS35, RUN-FS15, and RUN-FS10 at 130°E, where, locally, at the 
time of the flare are around noon for the X1.1-class flare on November 8, 2013
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of these flare events are listed in Table  1. The DTEC 
observed and calculated values were obtained when 
the local time was around noon when each flare event 
occurred. The DTEC of observational data was derived 
by subtracting the running average for 30 min from the 
absolute TEC value. As the TEC value obtained from the 
GNSS carrier phase is relative, a correction is required 
to obtain the absolute value. The absolute TEC value 
is obtained by the method proposed by Shinbori et  al. 
(2020). First, the TEC value calculated using the carrier 
phase was adjusted to the level of the TEC value calcu-
lated using the two pseudo-ranges. However, as this value 
contains the instrumental bias, it is necessary to estimate 
the instrumental bias to obtain the absolute value of the 
TEC. This bias was estimated by the hourly TEC aver-
age and the interfrequency bias using the weighted least-
squares fitting of the relative TEC values obtained from 
each GNSS station and excluded from the relative TEC 
values (Otsuka et al. 2002). For the DTEC of calculation 
data, the TEC value of RUN-Fd, which does not contain 
a flare component, was subtracted from the TEC calcu-
lation value of each RUN. In this study, SITEC value is 
defined to quantitatively evaluate the TEC enhancement 
due to flare as the difference between the minimum value 
of DTEC around the flare start time and the maximum 
value of DTEC during the flare.

Figure  7 displays the time variation of the DTEC 
for the nine flare events. The solid black, dashed red, 
orange, blue, and green lines indicate the DTEC 
obtained from the observations, RUN-Ff, RUN-FS35, 
RUN-FS15, and RUN-FS10, respectively. The DTEC 

observed and calculated values were obtained at the 
point, where the local time was around noon when 
each flare event occurred. To derive the DTEC, we sub-
tracted the 30-min running average from the absolute 
TEC observational data. For the calculation data, the 
TEC value of RUN-Fd, which does not contain flare 
component, was subtracted from the TEC calculation 
value of each RUN. In this study, SITEC is defined as 
the difference between the minimum value of DTEC 
around the flare start time and the maximum value of 
DTEC during the flare. As shown in Fig.  7, the DTEC 
increases with the start of the flare, and the observed 
SITEC variation is 0.34–2.36 TECU. This variable value 
of SITEC is reasonable in comparison with previous 
studies (e.g., Qian et al. 2011; Yasyukenvich et al. 2018; 
Zhang et al. 2011).

Figure 8 shows the relationship between the observed 
and calculated SITECs for the nine flare events. The 
results of RUN-Ff, RUN-FS35, RUN-FS15, and RUN-
FS10 are plotted in red, orange, blue, and green, respec-
tively. The dashed line indicates the regression of each 
plot, and the black solid line indicates a straight line 
with a slope of 1. The correlation coefficients (CC) for 
RUN-Ff, RUN-FS35, RUN-FS15, and RUN-FS10 were 
0.78, 0.37, 0.94, and 0.91, respectively. The mean abso-
lute errors (MAE) between the line with slope 1 and the 
regression line were 0.49, 1.19, 0.28, and 0.33 for RUN-
Ff, RUN-FS35, RUN-FS15, and RUN-FS10, respectively. 
Note that we show a more robust maximal information 
coefficient (MIC) due to the small number of analysis 
events; MIC is a measure of the dependence between 
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Fig. 4  Ratio of TEC distribution calculated by GAIA. The ratio of TEC distribution calculated by RUN-Fd for RUN-Ff, RUN-FS35, RUN-FS15, and 
RUN-FS10 at 130°E around noon local time at the time of the flare shown in Fig. 3 for the X1.1-class flare on November 8, 2013
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two variables and calculates the grid delimitation that 
maximizes the value of the mutual information content 
and its maximum value (Reshef et  al. 2011). The MIC 
for RUN-Ff, RUN-FS35, RUN-FS15, and RUN-FS10 
were 0.32, 0.59, 0.59, and 0.59, respectively. The results 
showed that RUN-FS15 and RUN-FS10 effectively 
reproduced the observed values of the SITEC.

Figure 9 shows the relationship between the solar emis-
sion wavelength and the difference in ion production rate 
investigated using RUN-FS15, which best reproduces the 
SITEC observations in Fig. 8. Figure 9 indicates that the 
solar emission that contributes the most significantly to 
the TEC enhancement during flares is soft X-ray emis-
sion with wavelengths shorter than 10  nm. For EUV 
emission, the wavelengths of 10–15  nm and 30–35  nm 

contribute to the improvement of TEC. For most flare 
events, the ion production rate peaks at 1–2 nm in soft 
X-ray emission, and at 10–11 nm and 30–31 nm in EUV 
emission. The ratios of integrated ion production rate 
by EUV emission with wavelengths of 10–15  nm and 
30–35 nm to integrated ion production rate by soft X-ray 
emission with wavelengths shorter than 10 nm, obtained 
from Fig.  9, were 12.4–23.8% (average 18.8%) and 0.5–
23.1% (average 6.5%), respectively.

Discussion and summary
We used a solar flare emission spectral model with a 
wavelength resolution of 0.1  nm and the Earth’s atmos-
pheric model to reproduce the response of Earth’s 
ionosphere to solar flare emission and to identify the 

Fig. 5  Differences in ion production rate between the pre-flare and flare peak by GAIA with RUN-Ff. Differences in ion production rate between the 
pre-flare and flare peak at 130°E and 34°N calculated by GAIA with RUN-Ff for the X1.1 class flare that occurred on November 8, 2013. Differences 
in the ionization rates for a total ion, b O+, c O2

+, d N+, e N2
+ as a function of the wavelength of solar emission (unit: Log10 (W m−2 nm−1). f 

Differences in the altitude distribution of the ionization rates of each ion. The solid and dotted lines indicate the ionization rates of each ion at the 
flare peak (4:24 UT) and the pre-flare (4:00 UT), respectively
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Fig. 6  Differences in ion production rate between the pre-flare and flare peak by GAIA with RUN-35. Differences in ion production rate between 
the pre-flare and flare peak at 130°E and 34°N calculated by GAIA with RUN-FS35 for the X1.1 class flare that occurred on November 8, 2013. 
Differences in the ionization rates for a total ion, b O+, c O2

+, d N+, e N2
+ as a function of the wavelength of solar emission (unit: Log10 (W 

m−2 nm−1). f Differences in the altitude distribution of the ionization rates of each ion. The solid and dotted lines indicate the ionization rates of 
each ion at the flare peak (4:24 UT) and the pre-flare (4:00 UT), respectively

Table 1  Flare parameters and TEC parameters for the nine flare events analyzed in this study

Date GOES class Flare start time 
[UT]

Flare peak time 
[UT]

Flare end time [UT] SITEC [TECU] TEC 
observation 
point [deg]

6 September 2017 X9.3 11:55:12 12:02:14 12:22:00 2.36 44°N0°E

5 November 2013 X3.3 22:10:39 22:11:51 22:20:39 1.56 40°S175°E

6 September 2017 X2.2 9:01:09 9:10:25 9:22:32 0.55 44°N10°E

11 March 2015 X2.1 16:15:26 16:21:42 16:49:21 1.15 44°N72°W

7 November 2014 X1.6 17:09:47 17:26:02 17:39:59 0.86 42°N75°W

7 September 2017 X1.3 14:35:30 14:39:58 14:53:00 0.49 44°N72°W

8 November 2013 X1.1 4:23:30 4:24:44 4:39:59 0.65 34°N130°E

10 November 2013 X1.1 5:10:33 5:12:38 5:31:34 0.95 34°N130°E

11 June 2014 X1.0 9:01:33 9:06:02 9:22:55 0.34 44°N10°E
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wavelengths of solar flare emission that control the TEC 
enhancement. We verified the relationship between 
the observed and calculated DTEC, and between the 
observed and calculated solar flare emission spectra by 
statistically comparing nine flare events.

From Fig. 8, which shows the comparison between the 
observed and calculated values of SITEC, RUN-Ff tends 
to be smaller than the observed value; RUN-FS35 tends 
to be larger than the observed value, and both RUN-
FS15 and RUN-FS10 reproduce the observed value of 
DTEC accurately. To consider the reason for this result, 
we focused on the solar flare emission spectra derived by 
FISM2 and the SFEM. The SFEM shows larger soft X-ray 
emission shorter than 10  nm than FISM2, and larger 
EUV emission at wavelengths of 10–11  nm, 28–29  nm, 
and 32–34  nm than FISM2 and SDO/EVE MEGS-A 
(Fig. 2). The dominant lines at wavelengths of 10–11 nm 
are high-temperature coronal lines, such as Fe XVII line 
and Fe XIX lines, while the dominant lines at 28–29 nm 
and 32–34  nm are relatively low-temperature coronal 

lines, such as the Fe XV line and Fe XVI line, respec-
tively. Thus, the difference in SITEC between RUN-Ff 
and RUN-FS10 is due to soft X-ray emission, the differ-
ence between RUN-FS15 and RUN-FS10 is due to high-
temperature coronal line emissions, and the difference 
between RUN-FS35 and RUN-FS15 is due to relatively 
low-temperature coronal line emissions. Therefore, the 
SFEM could more accurately reproduce the total energy 
of soft X-ray emission and high-temperature coronal line 
emission. The high-temperature line emissions show the 
cooling process through the contribution function of 
various blend lines, which are known to be difficult to 
reproduce in empirical models (Chamberlin et  al. 2020; 
Ryan et al. 2013). A physics-based model is a useful solu-
tion to this discrepancy. As shown in Figs.  5 and 6, the 
TEC enhancement by flare emission results in integrat-
ing the number of electrons in the D, E, and F regions, 
and the low-temperature coronal line emission that 
contributes to ionization in the F region is the most effi-
cient contributor to the TEC enhancement. In fact, the 

Fig. 7  Time variation of DTEC for the events analyzed in this study. The time variation of DTEC for the nine flare events analyzed in this study 
during the flare occurrence. The solid black, dashed red, dashed orange, dashed blue, and dashed green lines indicate the DTEC obtained from 
observations, RUN-Ff, RUN-FS35, RUN-FS15, and RUN-FS10, respectively. The observed and calculated DTEC were obtained at points, where the 
local time was around noon when each flare event occurred. The vertical dotted lines indicate, from left to right, the flare start and end times, 
respectively
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photoionization and photo-dissociative ionization cross 
sections corresponding to the EUV emissions employed 
in GAIA are relatively large (see Fig. 5 of Watanabe et al. 
2021). Furthermore, the timescale of electron recombi-
nation in the D and E regions of the ionosphere ionized 
by soft X-ray emission and high-temperature coronal 
line emission is a few minutes, whereas the timescale of 
recombination in the F region ionized by low-tempera-
ture coronal line emissions is, on average, hours, sug-
gesting that low-temperature coronal line emissions are 
important for TEC enhancement (Zhang et al. 2011).

Figure 9 shows the solar emission and the difference in 
ion production rate between pre-flare and DTEC peak 
time. From Fig.  9, the neutral atmosphere is most ion-
ized by soft X-ray emission, followed by EUV emission 
with a high formation temperature of 10–15  nm, and 
then EUV emission with a low formation temperature of 
30–31 nm. Among these solar flare emissions, the wave-
lengths of soft X-ray and EUV emissions that contribute 
to the TEC enhancement are 1–2 nm and 10–11 nm and 
30–31 nm, respectively. The dominant lines at these EUV 
emissions are Fe XVII 10.08 nm, Fe XIX 10.85 nm, and 
He II 30.38 nm. The He II line is strong solar emission in 
flare emission, which mainly ionizes the F layer and thus 
contributes efficiently to the TEC enhancement. The soft 

X-ray emissions mainly ionize the D layer, which has a 
short time scale for recombination, and the photoioniza-
tion and photo-dissociative ionization cross sections are 
also small. However, it is the most intense emission dur-
ing flare, and its intensity is several orders of magnitude 
higher than that of EUV emission. In addition, photo-
electron impact ionization becomes more than an order 
of magnitude greater than direct photoionization in this 
wavelength range (Solomon and Qian 2005). Therefore, 
its efficiency is poor, but it is expected to have an impact 
on the TEC variation. Furthermore, the soft X-ray and 
hot coronal line emissions were emitted from the opti-
cally thin solar corona and were not affected by the CLV. 
Therefore, the soft X-ray emission with a wavelength of 
1–2 nm and Fe XVII and Fe XIX line emission are con-
sidered to be the best indicators of TEC enhancement.

In this study, the response of the ionosphere to solar 
flare emissions was investigated using the models for nine 
events with flare magnitude varying from X1.0–X9.3 and 
durations of 10–33  min. The observed SITEC variation 
for these flare events was 0.34–2.36 TECU. As shown in 
Fig. 8, solar cycle 24, mainly analyzed in this study, had 
low solar activity (Iijima et  al. 2017; Imada et  al. 2020) 
and did not produce any large-scale events that exceeded 
the X10 class. Furthermore, no flare events with EUV 
late phase, which is the second peak of the Fe XV and Fe 
XVI line emission, were found in this statistical study. It 
is possible that FISM2 and SFEM have not been able to 
reproduce the EUV late phase, but this cannot be con-
firmed due to the absence of SDO/EVE MEGS-A obser-
vations. Although the EUV late phase occurs in only 
about 13% of all flare events, it contributes to the ioni-
zation of the Earth’s ionosphere, because its duration is 
longer than the flare main phase and its emission energy 
is larger (Woods et  al. 2011). It is important to analyze 
large-scale flares and flares with EUV late phase from 
the perspective of space weather, because they have large 
emission energies and a large impact on the Earth’s iono-
sphere. For future work, we need to continue to analyze 
flares with these characteristics that have occurred in the 
past and that will occur in solar cycle 25.

In this paper, we used only TEC as the ionospheric 
observation data. To evaluate the unusual electron den-
sity increase in the D and E regions related to the Del-
linger effect in more detail, future work will require the 
use of ionosonde data (e.g., Tao et al 2020) and HF radar 
data (e.g., Watanabe and Nishitani 2013; Nishitani et  al 
2019; Chakraborty et  al. 2021) and other ionospheric 
observation data.

The results of this study indicate that the TEC enhance-
ment due to flare emission is determined by soft X-ray 
emission and EUV emission with wavelengths shorter 
than 35  nm. The TEC enhancement is found to be 

Fig. 8  Relationship between the observed and calculated SITEC 
for the events analyzed in this study. The relationship between the 
observed and calculated SITEC for the 9 flare events analyzed in this 
study. The results for RUN-Ff, RUN-FS35, RUN-FS15, and RUN-FS10 are 
plotted in red, orange, blue, and green, respectively. The dashed line 
shows the regression for each plot, and the black solid line shows a 
straight line with slope 1. For each regression line, 95% confidence 
intervals are shown in shading. The correlation coefficients (CC) and 
maximal information coefficient (MIC) are shown at the upper left, 
where the text color corresponds to the symbol color
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largely due to the change in the soft X-ray emission and 
EUV line emissions with wavelengths, such as Fe XVII 
10.08 nm, Fe XIX 10.85 nm and He II 30.38 nm. Finally, 
we believe that the integration of the method introduced 
in this study, which uses the SFEM based on the physi-
cal processes of flare loops and the Earth’s atmospheric 
model GAIA, into space weather forecasting will contrib-
ute to improving the forecast accuracy of space weather 
phenomena.
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