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PREFACE Open Access

Special issue “Solar-terrestrial environment
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prediction: toward the synergy of science
and forecasting operation of space weather

and space climate”

Kanya Kusano!", Mamoru Ishii?, Tomas Berger®, Yoshizumi Miyoshi', Shigeo Yoden?, Huixin Liu®,

Terry Onsager® and Kiyoshi Ichimoto’

The space environmental variability (widely called “space
weather”) can influence the electromagnetic environment
around the earth and human life. In particular, a severe
space weather event caused by a large solar eruption is
a potential risk to social infrastructures such as artificial
satellites, aviation, electric power, communications, and
positioning systems. Furthermore, it has been pointed
out that long-term variation in the solar cycle may affect
the global environment. Therefore, predicting the solar—
terrestrial environment is important not only as scientific
research, but also for sustaining a safe and secure mod-
ern society. However, the mechanism of solar—terrestrial
environmental dynamics and its influence on the socio-
economic system is not yet fully understood.

The special issue “Solar—Terrestrial Environment Pre-
diction: Toward the Synergy of Science and Forecast-
ing Operation of Space Weather and Space Climate” is a
comprehensive summary of the current status of research
on this issue. In Japan, a nation-wide joint project “the
Project for Solar-Terrestrial Environment Prediction
(PSTEP)” was conducted from 2015 to 2019 in order to
improve this situation through synergy between the basic
science research and the forecast operation. In this spe-
cial issue, the various research papers of this project and
the related studies are compiled as follows.
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Kusano et al. (2021) summarized the major research
achievements of PSTEP about the space weather forecast-
ing system, the prediction of solar storm and geospace
dynamics, solar cycle activity and its climate impact. The
scale of space weather events and their occurrence rate
in Japan was surveyed by Ishii et al. (2021), in which the
information for the space weather disaster defense was
assembled.

One of the major space weather impacts on the soci-
ety is caused by geomagnetic induced current (GIC).
Watari et al. (2021) overviewed GIC measurement sys-
tems and reported several examples of the measurements
in substations around Tokyo, Japan. Yagova et al. (2021)
analyzed GIC in a transformer at the terminal station at
Vykhodnoy, Russia, during the entire year of 2015 and
found that large-scale pulsations are more effective in
GIC generation than small-scale pulsations. Kikuchi et al.
(2021) observed the electromagnetic disturbance caused
by the geomagnetic sudden commencement (SC) using
the high-frequency (HF) Doppler sounders at middle and
low latitudes and confirmed that the electric field signal
propagates near-instantaneously (within 10 s) over the
globe.

The evaluation of the influence of energetic particles on
satellites and aircraft is an important task for the space
weather forecast. Nagatsuma et al. (2021) developed the
Space Environment Customized Risk Estimation for Sat-
ellites (SECURES) system by combining models of the
space environment and those of spacecraft charging.

©The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.
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Saito et al. (2021) estimated the economic impact of
atmospheric radiation storm associated with solar ener-
getic particle (SEP) events on aircraft operations by using
the Warning System for AVIation Exposure to Solar ener-
getic particle (WASAVIES). Oka et al. (2021) analyzed
an unusual short-duration SEP event and found that the
higher-energy (>30 MeV) protons were detected about
four hours after the shock arrival of ICME. The impact of
energetic particle precipitation on atmospheric chemis-
try was investigated by Tsuda et al. (2021) and they found
that the Na loss around the topside of Na layer would be
induced by the energetic particle precipitation.

Many papers on the ionospheric dynamics and its pre-
diction are published by this special issue. Nishioka et al.
(2021) statistically analyzed the extreme states of iono-
spheric total electron content (TEC) in Japan. Tao et al.
(2020b) also analyzed the statistics of short-wave fadeout
for extreme space weather event estimation. Otsuka et al.
(2021) studied the solar activity dependence of medium-
scale traveling ionospheric disturbances (MSTID) using
GPS receivers in Japan. Hosokawa et al. (2020) monitored
the anomalous propagation of aeronautical VHF radio
waves due to sporadic E layer in Japan.

The Ground-to-topside model of Atmosphere and
Ionosphere for Aeronomy (GAIA) is a powerful tool to
simulate and predict the dynamics of ionosphere and
atmosphere. Shinagawa et al. (2021) developed the
numerical prediction of sporadic E layer occurrence
using the GAIA. Ghosh et al. (2020) investigated the
day-to-day variation of pre-reversal enhancement in the
equatorial ionosphere based on GAIA model simulations.
Sivakandan et al. (2021) compared the seasonal and lon-
gitudinal variation of daytime MSTID activity using GPS
observation and GAIA simulations. Tao et al. (2020a)
reported the numerical forecast of the upper atmosphere
and ionosphere using GAIA, in particular for ionospheric
storms and sudden stratospheric warming.

The solar cycle dynamics and solar eruptions are the
major cause of space weather variation in the long term
and short term, respectively, and their prediction is
one of the most important subjects in this special issue.
The variability of solar differential rotation and meridi-
onal flow were analyzed by Imada et al. (2020) using the
magnetic element feature tracking technique. Seki et al.
(2021) studied the relationship between three-dimen-
sional velocity of filament eruptions and CME based on
the Doppler observations. A new infrared observation
for solar polarimetry was developed by Hanaoka et al.
(2020).

Nishizuka et al. (2021) reported the operational solar
flare prediction model using Deep Flare Net. Watanabe
et al. (2021) reported the model-based reproduction
and validation of the total spectra of a solar flare and
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their impact on the global environment. Nishimoto et al.
(2021) examined the computed extreme ultraviolet emis-
sion spectra during solar flares. The advanced method for
the CME arrival-time forecasts was developed based on
the assimilation of magnetohydrodynamic simulations
and the interplanetary scintillation observations by Iwai
etal. (2021).

It is also crucial to investigate the details of the severe
space weather phenomena that occurred in the past from
the literature and records for considering countermeas-
ures against future space weather disasters. Hayakawa
et al. (2020) reported the record of south American
aurora during the Carrington storm. Oliveira et al. (2020)
investigated a possible case of sporadic aurora observed
at Rio de Janeiro. Kataoka (2020) statistically analyzed
extreme geomagnetic activities.

As mentioned already, solar—terrestrial environment
prediction is necessary to protect the future society.
However, for its development, the cooperation between
various related research fields and their applications is
essential. This special issue summarizes the latest efforts
for it. We hope that further study will progress through
the synergy between scientific research and the opera-
tional forecast of space weather.
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Abstract

Although solar activity may significantly impact the global environment and socioeconomic systems, the mechanisms for solar eruptions and the
subsequent processes have not yet been fully understood. Thus, modern society supported by advanced information systems is at risk from
severe space weather disturbances. Project for solar-terrestrial environment prediction (PSTEP) was launched to improve this situation through
synergy between basic science research and operational forecast. The PSTEP is a nationwide research collaboration in Japan and was conducted
from April 2015 to March 2020, supported by a Grant-in-Aid for Scientific Research on
Innovative Areas from the Ministry of Education, Culture, Sports, Science and
Technology of Japan. By this project, we sought to answer the fundamental questions
concerning the solar-terrestrial environment and aimed to build a next-generation
space weather forecast system to prepare for severe space weather disasters. The

space radiation

flares UV/EUV X-ray thermosphere

PSTEP consists of four research groups and proposal-based research units. It has made MANM_—— ciiizs
a significant progress in space weather research and operational forecasts, publishing CMEs F/ @

over 500 refereed journal papers and organizing four international symposiums, solar wind / IMF B e exposure
various workshops and seminars, and summer school for graduate students at \1 power grids -
Rikubetsu in 2017. This paper is a summary report of the PSTEP and describes the auroral activity
major research achievements it produced. TEREESIEE

Keywords: Solar physics, Solar-terrestrial environment, Space weather, Earth
environmental system
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Extreme geomagnetic activities: a statistical study

Ryuho Kataoka

Earth, Planets and Space 2020, 72:124 DOI: 10.1186/s40623-020-01261-8
Received: 10 July 2020, Accepted: 25 August 2020, Published: 3 September 2020

Abstract

Statistical distributions are investigated for magnetic storms, sudden [ orms At Kakoka 192452020/
commencements (SCs), and substorms to identify the possible amplitude of

the one in 100-year and 1000-year events from a limited data set of less than
100 years. The lists of magnetic storms and SCs are provided from Kakioka
Magnetic Observatory, while the lists of substorms are obtained from
SuperMAG. It is found that majorities of events essentially follow the
log-normal distribution, as expected from the random output from a
complex system. However, it is uncertain that large-amplitude events follow
the same log-normal distributions, and rather follow the power-law :
distributions. Based on the statistical distributions, the probable amplitudes Magnetic stormintensity <H (r)
of the 100-year (1000-year) events can be estimated for magnetic storms,
SCs, and substorms as approximately 750 nT (1100 nT), 230 nT (450 nT), and
5000 nT (6200 nT), respectively. The possible origin to cause the statistical
distributions is also discussed, consulting the other space weather
phenomena such as solar flares, coronal mass ejections, and solar energetic
particles.

# of storms with intensity >= -dH

1854 SCs at Kakioka 1924/5-2020/5

dH

Keywords: Magnetic storms, Sudden commencements, Substorms, Solar
flares, Coronal mass ejections, Solar energetic particles, Log-
normal distributions, Power-law distributions

Number of SCs with intensity >

SC intensity dH (nT)
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Statistical analysis of short-wave fadeout for extreme space
weather event estimation

Chihiro Tao*, Michi Nishioka, Susumu Saito, Daikou Shiota, Kyoko Watanabe, Naoto Nishizuka,
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Abstract

Solar flares trigger an increase in plasma density in the ionosphere including the D region, and cause the absorption of radio waves, especially in
high-frequency (HF) ranges, called short-wave fadeout (SWF). To evaluate the SWF duration and absorption statistically, we analyze long-term

(36 years) ionosonde data observed by the National Institute of Information and Communications Technology (NICT). The minimum reflection
frequency, fmin, is used to detect SWFs from 15-min-resolution ionosonde observations at Kokubunji, Tokyo, from 1981 to 2016. Since fmin varies
with local time (LT) and season, we refer to dfmin, which is defined as fmin subtracted by its 27-day running median at the same LT. We find that
the occurrence of SWFs detected by three criteria, (i) dfmin>2.5 MHz, (ii) dfmin > 3.5 MHz, and (iii) blackout, during daytime associated with any
flare(s) greater than the C1 class is maximized at local noon and decreases with increasing

solar zenith angle. We confirm that the dfmin and duration of SWFs increase with the solar Cumulative distribution of SWF duration
flare class. We estimate the absorption intensity from observations, which is comparable to 103 T ST A S
an empirical relationship obtained from sudden cosmic noise absorption. A generalized f . S
empirical relationship for absorption from long-distance circuits shows quantitatively
different dependences on solar flare flux, solar zenith angle, and frequency caused by
different signal passes compared with that obtained from cosmic noise absorption. From
our analysis and the empirical relationships, we estimate the duration of extreme events
with occurrence probabilities of once per 10, 100, and 1000 years to be 1.8-3.6, 4.0-6.8, and
7.4-11.9 h, respectively. The longest duration of SWFs of about 12 h is comparable to the
solar flare duration derived from an empirical relationship between the solar flare duration
and the solar active area for the largest solar active region observed so far.

2 g
1025 N ¥

S
#/year

F Usina o0a(x).Y=loa(y) =
Using. X=log(x),Y=lag(y):..\ \ 41072

comp. cumulative occurrence #

Keywords: Short-wave fadeout (SWF), Dellinger effect, lonosphere, Solar flare, 1 ' 10
lonosonde, HF radio, Space weather SWF duration [hour]
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Numerical forecast of the upper atmosphere and ionosphere
using GAIA
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Abstract

Upper atmospheric conditions are crucial for the safe operation of spacecraft orbiting near Earth and for communication and
positioning systems using radio signals. To understand and predict the upper atmospheric conditions, which include complex
variations affected by both low altitude and upper surrounding environments, we have developed a quasi-real-time and forecast
simulations using a physical global model, the Ground-to-topside model of Atmosphere and lonosphere for Aeronomy (GAIA).
The GAIA simulation system provides a global distribution of ionospheric total electron content (TEC) with background
atmospheric and electric distributions including a few-days prediction. The prediction accuracy for the detection of significant
ionospheric storms decreases with increasing lead

time, i.e., the duration of the model simulation which Numerical forecast of upper atmosphere/ionosphere using GAIA

is not constrained by realistic input parameters. * Numerical model application tc? space weather forecasting . .
Similar characteristic variations associated with * Target of this study: ionospheric storm, sudden stratospheric warming

. . >dependence of model accuracy on input data limitation
sudden stratospheric warmings (SSWs) are P Y P

. .. . 3-day 2-day 1-day 1-day 2-day
reproduced with the full or limited input of prior prior prior  currentday aftor after
meteorological data at least the prior 3 days. This is a ~ uT0:00 00 6:00 6:00 6:00 6:00 24:00
first step toward the usage of GAIA for space catelationon Al M UERIRAN GAIA calculation without JRA _forecast period
weather forecasting. current day Obtain JRA data K calculation % SWx briefing

of 2-day prior at AN J
the calculation fordcast
KeywordS: GAIA, IOnosphere, Upper atmosphere, GAIA=Ground-to-topside model of Atmosphere and lonosphere for Aeronomy

JRA~meteorological reanalysis data, SWx=Space weather, UT=universal time

Space weather, Real-time simulation

Graphical abstract

*Corresponding author: Chihiro Tao, chihiro.tao@nict.go.jp



Solar-Terrestrial Environment Prediction: Toward the Synergy of Science and Forecasting Operation of Space Weather and Space Climate

Solar cycle-related variation in solar differential rotation
and meridional flow in solar cycle 24

Shinsuke Imada*, Kengo Matoba, Masashi Fujiyama and Haruhisa lijima

Earth, Planets and Space 2020, 72:182 DOI: 10.1186/s40623-020-01314-y
Received: 12 May 2020, Accepted: 10 November 2020, Published: 26 November 2020

Abstract

We studied temporal variation of the differential rotation and poleward meridional circulation ™
during solar cycle 24 using the magnetic element feature tracking technique. We used ‘,w ‘}‘/\4\‘
line-of-sight magnetograms obtained using the helioseismic and magnetic imager aboard e
the Solar Dynamics Observatory from May 01, 2010 to March 26, 2020 (for almost the entire
period of solar cycle 24, Carrington rotation from 2096 to 2229) and tracked the magnetic
element features every 1 h. We also estimated the differential rotation and poleward
meridional flow velocity profiles. The observed profiles are consistent with those of previous
studies on different cycles. Typical properties resulting from torsional oscillations can also be
observed from solar cycle 24. The amplitude of the variation was approximately +10 ms™'.
Interestingly, we found that the average meridional flow observed in solar cycle 24 is faster
than that observed in solar cycle 23. In particular, during the declining phase of the cycle, the
meridional flow of the middle latitude is accelerated from 10 to 17 m s, which is almost half
of the meridional flow itself. The faster meridional flow in solar cycle 24 might be the result of
the weakest cycle during the last 100 years.
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Abstract

We have performed a statistical data analysis on relationship between simultaneous Na density data and cosmic noise

absorption (CNA) data, which is an indicator for energetic particle precipitation, obtained at Syowa, Antarctic in 2000-2002. It is
found that the Na densities around the topside of Na layers (above
~95km height) tended to be smaller when the CNA was larger. The
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amounts of Na density responses, i.e., Na density decrease or Na loss, N g
were increasing with magnetic local time (MLT) from dusk hours to dawn B oo =3 ||-08
hours, and those of CNA responses, i.e.,, CNA increase, were also 3'3 sof — — o 32:
increasing with MLT. Thus, there were clear negative correlations between & ;2;
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the Na density and CNA variations. These results indicate that the Na loss
around the topside of Na layer would be induced by the energetic
particle precipitation, and its effect would be more severe in dawn hours.
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Penetration of the electric fields of the geomagnetic sudden
commencement over the globe as observed with the HF
Doppler sounders and magnetometers
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Abstract

Using the HF Doppler sounders at middle and low latitudes (Prague, Czech Republic; Tucuman, Argentina; Zhongli, Republic of China, and
Sugadaira, Japan), we observed the electric fields of the geomagnetic sudden commencement (SC) propagating near-instantaneously (within

10 s) over the globe. We found that the electric fields of the preliminary impulse (Pl) and main impulse (MI) of the SC are in opposite direction to
each other and that the Pl and Ml electric fields are directed from the dusk to dawn and dawn to dusk, respectively, manifesting the nature of the
curl-free potential electric field. We further found that the onset and peak of the Pl
electric field are simultaneous on the day and nightsides (0545, 1250, 1345 MLT)

20150317 HF Doppler Frequencies
T T T T T

6 T T

within the resolution of 10 s. With the magnetometer data, we confirmed the [

near-instantaneous development of the ionospheric currents from high latitudes to W /\/\ ]

the equator and estimated the location of the field-aligned currents that supply the 4 PRO(3.59M)
ionospheric currents. The global simultaneity of the electric and magnetic fields does L ]

not require the contribution of the magnetohydrodynamic waves in the

magnetosphere nor in the F-region ionosphere. The global simultaneity and day-
night asymmetry of the electric fields are explained with the ionospheric electric [ ]
potentials transmitted at the speed of light by the TM, mode waves in the Earth- = ] SG0(5.00M)
ionosphere waveguide. [ ]
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~
Abstract
In order to reveal solar activity dependence of the medium-scale traveling ionospheric disturbances (MSTIDs) at midlatitudes, total electron
content (TEC) data obtained from a Global Positioning System (GPS) receiver network in Japan during 22 years from 1998 to 2019 were analyzed.
We have calculated the detrended TEC by subtracting the 1-h running average from the original TEC data for each satellite and receiver pair, and
made two-dimensional TEC maps of the detrended TEC with a spatial resolution of 0.15°x0.15° in longitude and latitude. We have investigated
MSTID activity, defined as 6//], where 6/ and ] are standard deviation of the detrended TEC and the average vertical TEC within the area of 133.0°-
137.0°E and 33.0°-37.0° N for 1 h, respectively. From each 2-h time series of the detrended TEC data within the same area as the MSTID activity,
auto-correlation functions (ACFs) of the detrended TEC were calculated to estimate the horizontal propagation velocity and direction of the
MSTIDs. Statistical results of the MSTID activity and propagation direction of MSTIDs were consistent with previous studies and support the idea
that daytime MSTIDs could be caused by atmospheric gravity waves, and that nighttime MSTIDs
were caused by electro-dynamical forces, such as the Perkins instability. From the current long-term MSTID activit
observations, we have found that the nighttime MSTID activity and occurrence rate increased with High Solar Activity
decreasing solar activity. For the daytime MSTID, the occurrence rate increased with decreasing L M
solar activity, whereas the MSTID activity did not show distinct solar activity dependence. These 1 %
results suggest that the secondary gravity waves generated by dissipation of the primary gravity 10 iy
waves propagating from below increase under low solar activity conditions. The mean horizontal 9 j
phase velocity of the MSTIDs during nighttime did not show a distinct solar activity dependence, *Lg ? B
whereas that during daytime showed an anticorrelation with solar activity. The horizontal phase 26 5
velocity of the daytime MSTIDs was widely distributed from 40 to 180 m/s under high solar activity 2 - QD
conditions, whereas it ranged between 80 and 200 m/s, with a maximum occurrence at 130 m/s 3 5
under low solar activity conditions, suggesting that gravity waves with low phase velocity could be 2 =
dissipated by high viscosity in the thermosphere under low solar activity conditions. ! T U o
0O 3 6 9 121518 21 24

Keywords: lonosphere, Traveling ionospheric disturbance, TID, MSTID, GPS, Total electron Local Time [hour]
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Abstract

Plasma variations in the geospace environment driven by solar wind—-magnetosphere interactions are one of the major causes of satellite
anomaly. To mitigate the effect of satellite anomaly, the risk of space weather disturbances predicted by space weather forecasting needs
to be known in advance. However, the risk of satellite anomaly owing to space weather disturbances is not the same for all satellites,
because the risk depends not only on the space environment itself but also on

the design and materials of individual satellites. From the viewpoint of satellite

operators, it is difficult to apply a general alert level of the space environment Space Environment Customized Risk
to the risk of individual satellites. To provide tailored space weather Ectirant: oo oy
information, we have developed SECURES (Space Environment Customized SE}UR{S Estimation for Satellite (SECURES)
Risk Estimation for Satellites) by combining models of the space environment . e s s

. . at. design,
and those of spacecraft charging. In SECURES, we focus on the risk of R e A et
spacecraft charging (surface/internal) for geosynchronous satellites. For the anomaly. x

B

Individual satellite
specification

PSTEP Satellite
charging subgroup has
been working on this.

risk estimation of surface charging, we have combined the global
magnetosphere magnetohydrodynamics (MVHD) model with the satellite
surface charging models. For the risk estimation of internal charging, we have

combined the radiation belt models with the satellite internal charging < PSR R Risk
models. We have developed prototype products for both types of charging/ NowgasForecast LoRduring S e * information
electrostatic discharge (ESD). The development of SECURES and our P — R
achievements are introduced in this paper. s':ua;:;ied el (o i "s‘:,'(‘;'l‘:::'
operaton )\ ’
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Numerical prediction of sporadic E layer occurrence using
GAIA

Hiroyuki Shinagawa*, Chihiro Tao, Hidekatsu Jin, Yasunobu Miyoshi and Hitoshi Fujiwara

Earth, Planets and Space 2021, 73:28 DOI: 10.1186/540623-020-01330-y
Received: 19 July 2020, Accepted: 3 December 2020, Published: 27 January 2021

Abstract

A sporadic E layer has significant influence on radio communications and broadcasting, and predicting the occurrence of sporadic E layers is one
of the most important issues in space weather forecast. While sporadic E layer occurrence and the magnitude of the critical sporadic E frequency
(foEs) have clear seasonal variations, significant day-to-day variations as well as regional and temporal variations also occur. Because of the highly
complex behavior of sporadic E layers, the prediction of sporadic E layer occurrence has been one of the most difficult issues in space weather
forecast. To explore the possibility of numerically predicting sporadic E layer occurrence, we employed the whole atmosphere—ionosphere
coupled model GAIA, examining parameters related to the formation of sporadic E layer such as vertical ions velocities and vertical ion
convergences at different altitudes between 90 and 150 km. Those parameters in GAIA were compared with the observed foEs data obtained by
ionosonde observations in Japan. Although the agreement is not very good in the present version of GAIA, the results suggest a possibility that
sporadic E layer occurrence can be numerically predicted using the parameters derived from GAIA. We have recently developed a real-time GAIA
simulation system that can predict atmosphere-ionosphere conditions for a few days ahead. We present an experimental prediction scheme and
a preliminary result for predicting sporadic E layer occurrence.
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Abstract

The total electron content (TEC) data derived from the GAIA (Ground-to-topside model of Atmosphere lonosphere for Aeronomy) is used to
study the seasonal and longitudinal variation of occurrence of medium-scale traveling ionospheric disturbances (MSTIDs) during daytime
(09:00-15:00 LT) for the year 2011 at eight locations in northern and southern hemispheres, and the results are compared with ground-based
Global Positioning System (GPS)-TEC. To derive TEC variations caused by MSTIDs from the GAIA (GPS) data, we obtained detrended TEC by
subtracting 2-h (1-h) running average from the TEC, and calculated standard deviation of the detrended TEC in 2 h (1 h). MSTID activity was
defined as a ratio of the standard deviation to the averaged TEC. Both GAIA simulation and GPS observations data show that daytime MSTID
activities in the northern and southern hemisphere (NH and SH) are higher in winter than in other seasons. From the GAIA simulation, the
amplitude of the meridional wind variations, which could be representative of gravity waves (GWs), shows two peaks in winter and summer. The
winter peak in the amplitude of the meridional wind variations coincides with the winter peak of the daytime MSTIDs, indicating that the high
GW activity is responsible for the high MSTID activity. On the other hand, the MSTID
activity does not increase in summer. This is because the GWs in the thermosphere GPS receivers location
propagate poleward in summer, and equatorward in winter, and the equatorward- =, .
propagating GWs cause large plasma density perturbations compared to the
poleward-propagating GWs. Longitudinal variation of daytime MSTID activity in
winter is seen in both hemispheres. The MSTID activity during winter in the NH is
higher over Japan than USA, and the MSTID activity during winter in the SH is the
highest in South America. In a nutshell, GAIA can successfully reproduce the seasonal

o
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New Zealanﬁ.-

and longitudinal variation of the daytime MSTIDs. This study confirms that GWs

cause the daytime MSTIDs in GAIA and amplitude and propagation direction of the

GWs control the noted seasonal variation. GW activities in the middle and lower = . . .
atmosphere cause the longitudinal variation. 80 00 0 tucs (degree) 100 150
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Abstract

lonospheric total electron content (TEC) is one of the key parameters for users of radio-based systems, such as the Global Navigation
Satellite System, high-frequency communication systems, and space-based remote sensing systems, since total ionospheric delay is
proportional to TEC through the propagation path. It is important to know extreme TEC values in readiness for hazardous ionospheric
conditions. The purpose of this study is to estimate extreme TEC values with occurrences of once per year, 10 years, and hundred years in
Japan. In order to estimate the extreme values of TEC, a cumulative distribution function of daily TEC is derived using 22 years of TEC data
from 1997 to 2018. The extreme values corresponding to once per year and 10 years
are 90 and 110 TECU, respectively, in Tokyo, Japan. On the other hand, the 22-year data
set is not sufficient to estimate the once-per-100-year value. Thus, we use the 62-year
data set of manually scaled ionosonde data for the critical frequency of the F-layer
(foF2) at Kokubuniji in Tokyo. First, we study the relationship between TEC and foF2 for
22 years and investigate the slab thickness. Then the result is applied to the statistical
distribution of foF2 data for 62 years. In this study, two methods are applied to estimate
the extreme TEC value. In the first method, the distribution of slab thickness is
artificially inflated to estimate extreme TEC values. In the second method, extreme slab
thicknesses are applied to estimate extreme TEC values. The result shows that the
once-per-100-year TEC is about 150-190 TECU at Tokyo. The value is also estimated to
be 180-230 TECU in Kagoshima and 120-150 TECU in Hokkaido, in the southern and
northern parts of Japan, respectively.

Cumulative density function of daily TEC occurrence at Tokyo
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Abstract

A solar energetic particle (SEP) event generates a shower of secondary generated particles in the Earth’s atmosphere down to lower altitudes to
cause an atmospheric radiation storm (ARS). The high-energy secondary particles cause additional radiation dose at altitudes where aircraft flies.
The space weather information provided by the International Civil Aviation Organization (ICAO) designated space weather centers includes
advisories on the solar radiation storm. The Warning System for AVlation Exposure to Solar energetic particle (WASAVIES), we can estimate the
effective dose rate (EDR) along the flight path of the aircraft. However, it has not been well established how the operators of aircraft should react
with the space weather advisories on the solar radiation storm. By using a flight trajectory generation algorithm and the global EDR distribution,
the economic impacts of ARS associated with SEP events on aircraft operation, namely the flight path length, flight time, and fuel consumption,
are estimated. The conditions of the peak of the ARS event on 20 January 2005 are used. The economic impacts for a flight route from New York,
US to Tokyo, Japan, are estimated with constraints in flight routes to avoid the hazard of radiation and compared with those of the reference case
without the ARS effects. The fuel consumption is shown to increase by 39-69 tons (33-58%) for a twin-engine, wide-body jet passenger aircraft,
when a constraint is imposed on the flight altitude only. When the constraints are set on the aircraft altitude and the latitude, the flight time and
the fuel consumption are both increased by 2.2-2.8 h (17-20%) and 32-48
tons (27-41%), respectively. If the ARS event duration is limited for 3 h, the

increase in the fuel consumption is about 7.6-14 tons (6.4-12%). This [EET;:)U 439 tons, FL < 200 in fiest 3 hrs:+7.6 tons
economic impact may be reduced, if the space weather nowcast and forecast “"\:’»%E:ﬁ 8 lom FL < 1400 R
for the ARS and an optimal flight trajectory generation algorithm are used S 5

together. Setting more flexible constraints on the flight route and generating

Flight path changes and increase in fuel consumption
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Abstract

It is widely recognised that filament disappearances or eruptions are frequently associated with Coronal Mass Ejections (CMEs).
Since CMEs are a major source of disturbances of the space environment surrounding the Earth, it is important to investigate
these associations in detail for the better prediction of CME occurrence. However, the proportion of filament disappearances
associated with CMEs is under debate. The estimates range from ~10 to ~90% and could be affected by the manners to select the
events. In this study, we aim to reveal what parameters control the association between filament eruptions and CMEs. We
analysed the relationships between CME associations and the physical parameters of filaments including their length, maximum
ascending velocity, and direction of eruptions using 28 events of filament eruptions observed in Ha. We found that the product
of the maximum radial velocity and the filament length is well correlated with the CME occurrence. If the product is larger than
8.0%10° km?s', the filament will become a CME with a

probability of 93%, and if the product is smaller than this value, 1.00 o with CME
it will not become a CME with a probability of 100%. We 075 0 X without CME
suggest a kinetic-energy threshold above which filament g _ o0 X
eruptions are associated with CMEs. Our findings also suggest 51"’ 0-25 XX %
the importance of measuring the velocity vector of filament E 0-00 “ xX
o -0.25

eruption in three-dimensional space for the better prediction of

CME occurrence. ~0.50
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Abstract

We developed an operational solar flare prediction model using deep neural networks, named Deep Flare Net (DeFN). DeFN can issue
probabilistic forecasts of solar flares in two categories, such as > M-class and < M-class events or > C-class and < C-class events, occurring
in the next 24 h after observations and the maximum class of flares occurring in the next 24 h. DeFN is set to run every 6 h and has been
operated since January 2019. The input database of solar observation images taken by the Solar Dynamic Observatory (SDO) is
downloaded from the data archive operated by the Joint Science Operations Center (JSOC) of Stanford University. Active regions are
automatically detected from magnetograms, and 79 features are extracted from each region nearly in real time using multiwavelength
observation data. Flare labels are attached to the feature database, and then, the database is standardized and input into DeFN for
prediction. DeFN was pretrained using the datasets obtained from 2010 to 2015. The model

was evaluated with the skill score of the true skill statistics (TSS) and achieved predictions EeepFlareNet Nj'g/r) :
with TSS = 0.80 for > M-class flares and TSS = 0.63 for > C-class flares. For comparison, we N —

evaluated the operationally forecast results from January 2019 to June 2020. We found that
operational DeFN forecasts achieved TSS = 0.70 (0.84) for > C-class flares with the probability
threshold of 50 (40)%, although there were very few M-class flares during this period and we
should continue monitoring the results for a longer time. Here, we adopted a chronological
split to divide the database into two for training and testing. The chronological split appears
suitable for evaluating operational models. Furthermore, we proposed the use of time-series
cross-validation. The procedure achieved TSS = 0.70 for > M-class flares and 0.59 for > C-class
flares using the datasets obtained from 2010 to 2017. Finally, we discuss the standard
evaluation methods for operational forecasting models, such as the preparation of
observation, training, and testing datasets, and the selection of verification metrics.

White light ANESE  ENGLISH]
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Abstract

X-rays and extreme ultraviolet (EUV) emissions from solar flares rapidly change the
physical composition of the Earth’s thermosphere and ionosphere, thereby causing space
weather phenomena such as communication failures. Numerous empirical and physical
models have been developed to estimate the effects of flare emissions on the Earth’s
upper atmosphere. We verified the reproduction of the flare emission spectra using a
one-dimensional hydrodynamic calculation and the CHIANTI atomic database. To validate
the proposed model, we used the observed EUV spectra obtained by the Extreme
ultraviolet variability experiment (EVE) on board the Solar Dynamics Observatory (SDO). B N I -
We examined the “EUV flare time-integrated irradiance” and “EUV flare line rise time” of the vewknan

EUV emissions for 21 events by comparing the calculation results of the proposed model . )
and observed EUV spectral data. The proposed model successfully reproduced the EUV
flare time-integrated irradiance of the Fe VIIl 131 A, Fe XVIIl 94 A, and Fe XX133 A, as well as
the 55-355 A and 55-135 A bands. For the EUV flare line rise time, there was an acceptable
correlation between the proposed model estimations and observations for all Fe flare
emission lines. These results demonstrate that the proposed model can reproduce the
EUV flare emission spectra from the emitting plasma with a relatively high formation
temperature. This indicates that the physics-based model is effective for the accurate
reproduction of the EUV spectral irradiance.
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Spatial scale of geomagnetic Pc5/Pi3 pulsations as a factor of
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Abstract

Geomagnetically induced currents (GICs) in a quasi-meridional power transmission line on the Kola Peninsula are analyzed
during the intervals of Pc5/Pi3 (frequency range from 1.5 to 5 mHz) pulsations recorded at the IMAGE magnetometer network.
We have analyzed GIC in a transformer at the terminal station Vykhodnoy (68° N, 33° E) during the entire year of 2015, near the
maximum of the 24th Solar cycle. To quantify the efficiency of GIC generation by geomagnetic pulsations, a ratio between power
spectral densities of GIC and magnetic field variations is introduced. Upon examination of the geomagnetic pulsation efficiency
in GIC generation, the emphasis is given to its dependence on frequency and spatial scale. To estimate pulsation spatial scales in
latitudinal and longitudinal directions, the triangle of stations KEV-SOD-KIL has been used. Large-scale pulsations (with a high
spectral coherence, low phase difference, and similar amplitudes at latitudinally separated stations) are found to be more
effective in GIC generation than small-scale pulsations. The GIC
response also depends on the pulsation scale across the
electric power line.
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Model-based reproduction and validation of the total spectra
of a solar flare and their impact on the global environment
at the X9.3 event of September 6, 2017
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Tomoko Kawate, Yuichi Otsuka, Atsuki Shinbori, Takuya Tsugawa and Michi Nishioka
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Abstract

We attempted to reproduce the total electron content (TEC) variation in the Earth's atmosphere from the Flare emission spectra of X9.3 flare

o t 12 UT on September 6, 2017
temporal variation of the solar flare spectrum of the X9.3 flare on September 6, 2017. The flare spectrum 10? o - ‘o‘n‘ i eTer S

LE|
from the Flare Irradiance Spectral Model (FISM), and the flare spectrum from the 1D hydrodynamic model, % = 7 sadground E
which considers the physics of plasma in the flare loop, are used in the GAIA model, which is a simulation g 10° T ototat 3
model of the Earth's whole atmosphere and ionosphere, to calculate the TEC difference. We then S 10c b 7
compared these results with the observed TEC. When we used the FISM flare spectrum, the difference in % B
TEC from the background was in a good agreement with the observation. However, when the flare § 10°E ' A
spectrum of the 1D-hydrodynamic model was used, the result varied depending on the presence or T ‘ 3

=
s
S

P B
absence of the background. This difference depending on the models is considered to represent which Wivelengtgom]
extreme ultraviolet (EUV) radiation is primarily responsible for increasing TEC. From the flare spectrum ‘ GAIA model - TEC
obtained from these models and the calculation result of TEC fluctuation using GAIA, it is considered that
the enhancement in EUV emission by approximately 15-35 nm mainly contributes in increasing TEC rather
than that of X-ray emission, which is thought to be mainly responsible for sudden ionospheric 20 ¢
disturbance. In addition, from the altitude/wavelength distribution of the ionization rate of Earth's
atmosphere by GAIA (Ground-to-topside Atmosphere and lonosphere model for Aeronomy), it was found
that EUV radiation of approximately 15-35 nm affects a wide altitude range of 120-300 km, and TEC
enhancement is mainly caused by the ionization of nitrogen molecules.
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Abstract

We surveyed the relationship between the scale of space weather events and their occurrence rate in Japan, and we discussed
the social impact of these phenomena during the Project for Solar-Terrestrial Environment Prediction (PSTEP) in 2015-2019.The
information was compiled for domestic users of space weather forecasts for appropriate preparedness against space weather
disasters. This paper gives a comprehensive summary of the survey, focusing on the fields of electricity, satellite operations,
communication and broadcasting, satellite positioning usage,

aviation, human space activity, and daily life on the Earth’s surface, e s Sl
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A possible case of sporadic aurora observed at Rio de
Janeiro
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Abstract

Being footprints of major magnetic storms and hence major solar eruptions, mid- to low-latitude aurorae have been one of the
pathways to understand solar—terrestrial environments. However, it has been reported that aurorae are also occasionally
observed at low latitudes under low or even quiet magnetic conditions. Such phenomena are known as “sporadic aurorae” We
report on a historical event observed by a scientist of the Brazilian Empire in Rio de Janeiro on 15 February 1875. We analyze this
event on the basis of its spectroscopic observations, along with its visual structure and coloration, to suggest this event was a
possible case of sporadic aurorae. Given the absence of worldwide aurora observations on that day as a consequence of low
magnetic activity recorded on the days preceding the observation, in

addition to a detailed description, the event observed can most likely be Time evolution of Rio de Janeiro’s magnetic latitude

classified as a sporadic aurora. We discuss the geographic and magnetic —127 PENNN SEnNnnmnREN)
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Day-to-day variation of pre-reversal enhancement in the
equatorial ionosphere based on GAIA model simulations
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Abstract

Using a whole atmosphere-ionosphere coupled model GAIA (ground-to-topside model of atmosphere and ionosphere), we
have investigated which parameters mainly control day-to-day variation of vertical plasma drift at the evening terminator over
magnetic equator, so-called pre-reversal enhancement (PRE). Day-to-day variations of the peak PRE are compared with those of
electron density, eastward current density and eastward neutral wind in the E- and F-region over Chumphon (10.7° N, 99.4° E;
0.86° N magnetic latitude), Thailand during equinoctial months in 2011-2013. Eastward neutral wind in the F-region shows
positive correlation with peak PRE, indicating that the F-region winds control the peak PRE through the mechanisms of the
F-region dynamo (including E- and F-region coupling processes). Daytime eastward electric current at an altitude of 110 km,
corresponding to equatorial electro jet
(EEJ), is also positively correlated with a 3 c p e
the peak PRE. Correlation between the €00 r ! ;>
X £ 500 £ - 100
EEJ and PRE is the largest at 1700 LT, 5400 £ 5
. . = AR £ 0 = w
approximately 1.5 h prior to the peak 2300 ol g 05 2 af Jo
PRE. T 200 0 -50

Electron density (m™) Eastward current density (A m?) Eastward neutral wind (m s™)

91
Day number

Keywords: Pre-reversal
enhancement, Eastward
neutral wind, Eastward

current density, Electron A ‘
density GAIA 260 275 290 245 260 275 290 305 b 245 260 275 290 305
,

Day number Day number Day number

Graphical abstract

*Corresponding author: Priyanka Ghosh, iam.priyankaghosh@gmail.com

EXPRESS LETTER Open Access

South American auroral reports during the Carrington
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Abstract

The importance of the investigation of magnetic superstorms is not limited to academic interest, because these superstorms can
cause catastrophic impact on the modern civilisation due to our increasing dependency on technological infrastructure. In this
context, the Carrington storm in September 1859 is considered as a benchmark of observational history owing to its magnetic
disturbance and equatorial extent of the auroral oval. So far, several recent auroral reports at that time have been published but
those reports are mainly derived from the Northern Hemisphere. In this study, we analyse datable auroral reports from South
America and its vicinity, assess the auroral extent using philological and astrometric
approaches, identify the auroral visibility at — 17.3° magnetic latitude and further
poleward and reconstruct the equatorial boundary of the auroral oval to be 25.1°+0.5°
in invariant latitude. Interestingly, brighter and more colourful auroral displays were
reported in the South American sector than in the Northern Hemisphere. This north—-
south asymmetry is presumably associated with variations of their magnetic longitude
and the weaker magnetic field over South America compared to the magnetic
conjugate point and the increased amount of magnetospheric electron precipitation
into the upper atmosphere. These results attest that the magnitude of the Carrington
storm indicates that its extent falls within the range of other superstorms, such as those
that occurred in May 1921 and February 1872, in terms of the equatorial boundary of
the auroral oval.

Keywords: Low-latitude aurorae, Auroral oval, Geomagnetic storms, Coronal mass
ejections, Historical records, Space weather, Extreme space weather
events, Carrington storm Graphical abstract
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Validation of coronal mass ejection arrival-time forecasts by
magnetohydrodynamic simulations based on
interplanetary scintillation observations
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Abstract

Coronal mass ejections (CMEs) cause various disturbances of the space environment; therefore, forecasting their arrival time is very important.
However, forecasting accuracy is hindered by limited CME observations in interplanetary space. This study investigates the accuracy of CME
arrival times at the Earth forecasted by three-dimensional (3D) magnetohydrodynamic (MHD) simulations based on interplanetary scintillation
(IPS) observations. In this system, CMEs are approximated as spheromaks with various initial speeds. Ten MHD simulations with different CME
initial speed are tested, and the density distributions derived from each simulation run are compared with IPS data observed by the Institute for
Space-Earth Environmental Research (ISEE), Nagoya University. The CME arrival time of the simulation run that most closely agrees with the IPS
data is selected as the forecasted time. We then validated the accuracy of this forecast using 12 halo CME events. The average absolute arrival-
time error of the IPS-based MHD forecast is approximately 5.0 h, which is one of the most accurate predictions that ever been validated, whereas
that of MHD simulations without IPS data, in which the initial CME speed is

derived from white-light coronagraph images, is approximately 6.7 h. This IPS at 327MHz (BG: MHD, Symb: OBS) Simlatod spoed at o Earth
suggests that the assimilation of IPS data into MHD simulations can improve (M P
the accuracy of CME arrival-time forecasts. The average predicted arrival times
are earlier than the actual arrival times. These early predictions may be due to
overestimation of the magnetic field included in the spheromak and/or
underestimation of the drag force from the background solar wind, the latter
of which could be related to underestimation of CME size or background solar
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Unusual enhancement of ~30 MeV proton flux in an ICME
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Abstract

In gradual Solar Energetic Particle (SEP) events, shock waves driven by coronal mass ejections (CMEs) play a major role in
accelerating particles, and the energetic particle flux enhances substantially when the shock front passes by the observer. Such
enhancements are historically referred to as Energetic Storm Particle (ESP) events, but it remains unclear why ESP time profiles
vary significantly from event to event. In some cases, energetic protons are not even clearly associated with shocks. Here, we
report an unusual, short-duration proton event detected on 5 June 2011 in the compressed sheath region bounded by an
interplanetary shock and the leading edge of the interplanetary CME (or ICME) that was driving the shock. While <10 MeV
protons were detected already at the shock front, the higher-energy (>30 MeV) protons were detected about four hours after the
shock arrival, apparently correlated with a turbulent
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A monitoring network for anomalous propagation of
aeronautical VHF radio waves due to sporadic E in Japan
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and Mamoru Ishii

Earth, Planets and Space 2020, 72:88 DOI: 10.1186/5s40623-020-01216-z
Received: 23 April 2020, Accepted: 20 June 2020, Published: 1 July 2020

Abstract

We introduce a network observation of anomalous long-distance propagation of aeronautical navigation (NAV) very high-frequency (VHF) radio
waves due to sporadic E layer (Es). The system has been operative since May 2019 at 6 stations in Japan. The receiver consists of a log-periodic
antenna, air-band filter, software-defined radio and small computer which is capable of recording the strength of radio signals in the frequency
band from 98 to 118 MHz with a temporal resolution of 2 s. The receiver covers not only the NAV band including VHF omnidirectional radio range
(VOR), instrument landing system localizer (ILS LOC) and ground-based augmentation system VHF data broadcast (GBAS VDB) from 108 to 118
MHz, but also broadcasting channels from 98 to 108 MHz. Soon after the start of the full operation of the network observation, a strong Es event
was detected by an ionosonde in Tokyo during the daytime on July 4, 2019, in which foEs (critical frequency of Es) was sometimes higher than 15
MHz. The VHF radio wave monitoring system detected multiple signatures of Es anomalous propagation (EsAP) at all the stations extending from
Okinawa to Hokkaido. At some stations, the EsAP signatures continued for a few hours with some brief intervals of disappearance. The observed
correspondence between the enhancement of foEs and the occurrence of anomalous propagation confirmed that an extreme electron density
enhancement within Es caused the anomalous long-distance propagation of VHF NAV signals. The data from this network observation can be
browsed at http://gwave.cei.uec.ac.jp/cgi-bin/vor/vhf.cgi in near real-time basis. This near real-time monitoring capability allows people in the
aeronautical operation community such as air navigation service providers, pilots, and airline engineers to check the propagation environment of
VHF NAV signals online, which contributes to a mitigation of

ionospheric space weather impacts on the aeronautical navigation 100 kin Alttude Sporadic E Mid-Point (Reflection Point)
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A HAWAII-2RG infrared camera operated under fast
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Abstract

Polarimetry is a crucial method to investigate solar magnetic fields. From the viewpoint of space weather, the magnetic field in
solar filaments, which occasionally erupt and develop into interplanetary flux ropes, is of particular interest. To measure the
magnetic field in filaments, high-performance polarimetry in the near-infrared wavelengths employing a high-speed, large-
format detector is required; however, so far, this has been difficult to be realized. Thus, the development of a new infrared camera
for advanced solar polarimetry has been started, employing a HAWAII-2RG (H2RG) array by Teledyne, which has 2048 x2048
pixels, focusing on the wavelengths in the range of 1.0—1.6 um. We solved the problem of the difficult operation of the H2RGs
under “fast readout mode” synchronizing with high-speed polarization modulation by introducing a “"MACIE” (Markury ASIC
Control and Interface Electronics) interface
card and new assembly codes provided by
Markury Scientific. This enables polarization
measurements with high frame-rates, such as
29-117 frames per seconds, using a H2RG. We
conducted experimental observations of the
Sun and confirmed the high polarimetric
performance of the camera.

Experimental Arrangement of the H2RG Camera System Results of an Experimental Observation
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Abstract

We need a typical method of directly measuring geomagnetically induced current (GIC) to compare data for estimating a

potential risk of power grids caused by GIC. Here, we overview GIC measurement systems that have appeared in published

papers, note necessary requirements, report on our equipment, and show several examples of our measurements in substations

around Tokyo, Japan. Although they are located at middle latitudes, GICs associated with various geomagnetic disturbances are

observed, such as storm sudden commencements (SSCs) or

sudden impulses (Sls) caused by interplanetary shocks, .
. . . Data Logger Box

geomagnetic storms including a storm caused by abrupt
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