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Abstract

The complex magnetospheric and ionospheric events during September 2017 are studied. There were 4 X-class, 27 M-class and
numerous C-class flares related to “68 coronal mass ejections (CMEs), 4 of which were halo CMEs. Of the 4 halo CMEs, only
3 reached the Earth. A fast interplanetary-CME (ICME) created an upstream sheath that caused an intense magnetic storm
(SYM-H peak = -146 nT). This was followed by another intense storm (SYM-H peak = -115 nT) caused by the magnetic cloud
(MC) portion of the ICME. Two moderate storms (with SYM-H peaks of -65 nT and -74 nT) were caused by a sheath associated
with another halo CME and a corotating interaction region (CIR), respectively. The solar wind high-speed streams (HSSs) led
to continuous substorm and convection events but no magnetic storms. Fast forward shocks (FSs) and reverse waves (RWs)
associated with the fast CMEs and CIRs, and heliospheric current sheet/heliospheric plasma sheet encounters were detected.
The FSs and RWs caused positive and negative sudden impulses, respectively. Half of the FSs triggered substorm onsets
and the RWs caused substorm recovery phases. While the FSs led to magnetospheric relativistic electron decreases, electron
accelerations were associated with the MC and the HSSs. During main phases of the intense storms, two supersubstorms (SSSs)
were detected, one triggered by a F'S and the other by a non-shock ram pressure pulse. The SSSs caused major geomagnetically

induced currents. CME propagation codes were tested with errors in arrival times ranging from “24 min to > 35 h.
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Key Points

e Extreme space weather events can occur during a descending-to-minimum phase of a
solar cycle

e Varying geomagnetic impacts of interplanetary shocks, waves, HCSs/HPSs, sheaths,
MCs, CIRs and HSSs are studied and explained

e Solar sources and interplanetary characters of the space weather events are identified

Abstract

The complex magnetospheric and ionospheric events during September 2017 are studied.
There were 4 X-class, 27 M-class and numerous C-class flares related to ~68 coronal mass
ejections (CMEs), 4 of which were halo CMEs. Of the 4 halo CMEs, only 3 reached the Earth.
A fast interplanetary-CME (ICME) created an upstream sheath that caused an intense magnetic
storm (SYM-H peak = -146 nT). This was followed by another intense storm (SYM-H peak =
-115nT) caused by the magnetic cloud (MC) portion of the ICME. Two moderate storms (with
SYM-H peaks of -65 nT and -74 nT) were caused by a sheath associated with another halo
CME and a corotating interaction region (CIR), respectively. The solar wind high-speed
streams (HSSs) led to continuous substorm and convection events but no magnetic storms. Fast
forward shocks (FSs) and reverse waves (RWs) associated with the fast CMEs and CIRs, and
heliospheric current sheet/heliospheric plasma sheet encounters were detected. The FSs and
RWs caused positive and negative sudden impulses, respectively. Half of the FSs triggered
substorm onsets and the RWSs caused substorm recovery phases. While the FSs led to
magnetospheric relativistic electron decreases, electron accelerations were associated with the
MC and the HSSs. During main phases of the intense storms, two supersubstorms (SSSs) were
detected, one triggered by a FS and the other by a non-shock ram pressure pulse. The SSSs
caused major geomagnetically induced currents. CME propagation codes were tested with
errors in arrival times ranging from ~24 min to > 35 h.
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1. Introduction

The goal of this work is to comprehensively explore the geoeffectiveness of the space weather
events during the entire month of September 2017, an extremely active solar interval. Although
this interval was in a descending-to-minimum phase of a solar cycle (SC), this was
characterized by multiple solar and interplanetary events, such as 4 X-class, 27 M-class and
numerous C-class solar flares, and ~68 coronal mass ejections (CMES) including 4 halo events.
There were 3 coronal holes (CHs) emitting high-speed (defined as Vsw > 550 km s) streams
(HSSs) during the interval. This multitude of solar activity filled interplanetary space between
the Sun and 1 AU.

While some aspects of the extreme flares during this interval and their effects have been
reported in the literature (e.g., Chamberlin et al., 2018; Chertok et al., 2018; Schillings et al.,
2018; Shen et al., 2018; Yan et al., 2018; Zou et al., 2019), there is no complete study on the
complex space weather events during this entire month. This solar activity and the
consequential space weather effects are particularly interesting because of the phase of the solar
cycle that they occurred in. As an example, Tsurutani et al. (1992), Echer et al. (2008) and
Meng et al. (2019) have noted the occurrence of superstorms (with Dst/SYM-H peak < -250
nT) during solar minimum and the solar ascending phase. Although no superstorm occurred
during this interval of study, the solar and interplanetary complexity of this interval makes it a
compelling study which will lead to better understanding of space weather overall.

Fast interplanetary CMEs (ICMEs) generate antisunward shocks and sheaths of compressed,
heated and turbulent solar wind plasma and large amplitude magnetic field variations (e.g.,
Kennel et al., 1985; Tsurutani et al., 1988). Shocks can trigger substorms (Akasofu & Chao,
1980; Zhou & Tsurutani, 2001; Meurant et al., 2005; Hajra & Tsurutani, 2018a). Extremely
intense substorms or supersubstorms (SSSs: Tsurutani et al., 2015; Hajra et al., 2016; Hajra &
Tsurutani, 2018a) have been speculated to cause geomagnetically induced currents (GICs) at
the Earth. If the interplanetary sheaths contain southward interplanetary magnetic field (IMF)
components, they can create magnetic storms (Tsurutani et al., 1988; Zhang et al., 2007; Echer
et al., 2008; Meng et al., 2019) through the process of magnetic reconnection (Dungey, 1961).
It is also well-known that the magnetic cloud (MC: Burlaga et al., 1981; Klein & Burlaga,
1982) portions of ICMEs can also create magnetic storms if they contain southward IMFs
(Gonzalez et al., 1994). HSSs interacting with upstream slow-speed (~350-400 km st) streams
lead to the creation of interplanetary compressed regions called corotating interaction regions
(CIRs: Smith & Wolfe, 1976; Pizzo, 1985; Balogh et al., 1999). CIRs can cause magnetic
storms which are generally weak in intensity because of the highly fluctuating IMF Bz therein
(Tsurutani et al., 1995). However, their trailing HSS proper can create high-intensity long-
duration continuous AE activity (HILDCAA: Tsurutani & Gonzalez, 1987; Tsurutani et al.
2006). HILDCAAs have been reported to be associated with the acceleration of
magnetospheric relativistic electrons (e.g., Hajra et al., 2014) in the outer zone radiation belt
(Van Allen & Frank, 1959). The losses of these relativistic magnetospheric electrons has also
been ascribed to both interplanetary (e.g., Tsurutani et al., 2016) and magnetospheric causes
(Baker et al., 1994; Horne et al., 2009; Hudson et al., 2014; Hajra & Tsurutani, 2018b). These
latter two topics will also be explored in this paper.

Several empirical models (e.g., Gopalswamy et al., 2001; Michalek et al., 2004) are available
in literature to predict the propagation of CMEs from the Sun to Earth. The predicted time
delays and the accuracy of being able to identify the flaressfCMEs responsible for the
shocks/ICMEs at Earth will be tested by applying these codes to the available data.
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We will study space weather features, from the Sun to the Earth’s ionosphere for the month of
September 2017. In attempting to do this we will first have to identify the main plasma and
magnetic field features in the solar wind and then relate them to the features in the
magnetosphere and ionosphere to determine if they are geoeffective or not. In doing so we will
be following a technique that was used by Tsurutani et al. (1988), Gonzalez et al. (1989) and
Tang et al. (1989) where one first studies geomagnetic activity at the Earth and then work
backwards to interplanetary space and then to the Sun. We will also test propagation codes
which relate the solar flares/CMEs to ICMEs detected at 1 AU as mentioned above.

2. Data and Method of Analyses
Solar Flares, CMEs and CHs

Space weather events occurring during September 2017 are explored in this work. To detect
the solar flares, we use the X-ray fluences measured by the Solar X-ray Imager (SXI) onboard
the Geostationary Operational Environmental Satellite 15 (GOES 15: Onsager et al., 1996).
These data can be found at: https://www.goes.noaa.gov/. The CMEs are observed by the Large
Angle and Spectrometric Coronagraph (LASCO) onboard the Solar and Heliospheric
Observatory (SOHO: Domingo et al., 1995) (https://sohowww.nascom.nasa.gov/). The solar
coronal images taken by the Atmospheric Imaging Assembly (AlA: Lemen et al., 2012)
telescope onboard the NASA Solar Dynamics Observatory (SDO) are utilized to identify CHs
(https://sdo.gsfc.nasa.gov/).

We will estimate the probable propagation times of the halo CMEs to ~1 AU using empirical
CME arrival model developed by Gopalswamy et al. (2001). In this model the CME is assumed
to accelerate from the Sun up to ~0.76 AU, after which it is assumed to travel at a constant
speed thereafter. Based on a few CME observations, the CME acceleration was expressed as:
a = 2.193 — 0.0054Vcme, where a is the acceleration and Veme is CME speed near the Sun.
Based on observations during 49 CME events, Michalek et al. (2004) developed an “improved”
expression for this acceleration as: a = 4.11 — 0.0063Vcwme. By excluding the extremely slow
and fast events from their database, a third expression was developed: a = 3.35 — 0.0074Vcwme.
In this present work, we will test above three acceleration expressions and estimate the probable
CME arrival times to determine whether we can now predict the arrival times of ICMEs at
Earth during extremely active solar intervals. These three propagation models are hereafter
referred to as Modl, Mod2 and Mod3, respectively. The CME list and near-Sun CME
parameters are collected from the SOHO/LASCO CME catalogue
(https://cdaw.gsfc.nasa.gov/CME _list/index.html).

Interplanetary discontinuities

To study the interplanetary characteristics of the space weather events, the solar wind plasma
and IMFs are obtained from the NASA WIND spacecraft (https://wind.gsfc.nasa.gov/)
stationed in a halo orbit around the L1 Lagrange point, ~238 Earth radii upstream of the Earth.
The IMFs will be displayed in geocentric solar magnetospheric (GSM) coordinates, where the
x-axis is directed towards the Sun, the y-axis is in the Q X £/|Q x X| direction where Q is
aligned with the magnetic south pole axis. The z-axis completes a right-hand system.

To identify the nature of an interplanetary discontinuity, we estimated the normal (6sn) to the
discontinuity relative to the upstream IMF using the Abraham-Shrauner (1972) mixed-mode
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method. To determine if the discontinuity is a fast shock or instead a submagnetosonic wave,
the Rankine-Hugoniot conservation equations are applied to high-time resolution (~3 sec)
upstream and downstream plasmas (Smith, 1985; Tsurutani & Lin, 1985; Tsurutani et al.,
2011). The magnetosonic Mach number (MMN) is estimated by comparing the discontinuity
speed to the calculated upstream magnetosonic wave speed.

Apart from the shocks and waves, there is another major and sometimes important
discontinuity detected in the interplanetary data. This is called heliospheric current sheet
(HCS). HCSs can be identified by simultaneous polarity reversals of the IMF Bx and By
components (Ness & Wilcox, 1964; Smith et al., 1978; Tsurutani et al., 1995). A high plasma
density region adjacent to the HCS has been named the heliospheric plasma sheet (HPS:
Winterhalter et al., 1994). Both HCSs and HPSs are found to play space weather roles in this
active interval of study.

ICMEs, HSSs and CIRs

CMEs propagating through interplanetary space are known as ICMEs. This is because not all
3 parts of a CME, namely MC, coronal loop and a filament (llling & Hundhausen, 1986), are
detected at 1 AU. Furthermore, the parts of the CME may be distorted or even rotated as they
propagate from the Sun to 1 AU. “Fast” ICMEs, those propagating faster than the local
upstream magnetosonic speed, result in the formation of interplanetary shocks antisunward of
the CMEs. The shocks create downstream (sunward) interplanetary sheaths identified by
compressed, heated and turbulent solar wind plasma and large amplitude magnetic field
variations (Kennel et al., 1985; Tsurutani & Lin, 1985; Tsurutani et al., 1988). A subset of
ICMEs are identified as MCs, with smooth magnetic field rotations and enhanced magnitudes,
coupled with reduced proton temperatures and low plasma Bs (Burlaga et al., 1981; Klein &
Burlaga, 1982).

The solar wind HSSs emanating from CHs (Burlaga et al., 1978; Sheeley & Harvey, 1981) are
identified in this paper with lower cutoff of speeds Vsw > 550 km s*. The CIRs are identified
in the interaction region between HSSs and slow (Vsw ~300-400 km s?) streams as
characterized by high plasma densities, temperatures and magnetic field amplitudes as
mentioned previously.

Magnetic storms, SSSs and GICs

The symmetric ring current SYM-H indices (Sugiura, 1964; Wanliss & Showalter, 2006) are
obtained from the World Data Center for Geomagnetism, Kyoto, Japan (http://wdc.kugi.kyoto-
u.ac.jp/). These indices will be used to identify and study geomagnetic storms. The auroral
SME and SML indices (Gjerloev, 2009) are based on ~300 ground-based magnetometer data
taken from the SuperMAG network (http://supermag.jhuapl.edu/). The indices indicate auroral
activity levels. Supersubstorms are defined as those events with peak SML < -2500 nT
(Tsurutani et al., 2015; Hajra et al., 2016). The geomagnetically induced currents (GICs)
measured in the natural gas pipeline near Méantséla, Finland (geographic: 60.6°N, 25.2°E)
(Pulkkinen et al., 2001; Viljanen et al., 2006) are available from the Space and Earth
Observation Centre of the Finnish Meteorological Institute (http://space.fmi.fi/). These GIC
data are used in this study.

Relativistic electrons
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To study the outer zone radiation belt dynamics during this month-long space weather interval,
relativistic electron variations of the 2.00-7.15 MeV electron fluxes measured by the
Relativistic Electron-Proton Telescope (REPT) instrument onboard the NASA Van Allen
Probes (VAPs: Kessel et al., 2013; Mauk et al., 2013) are used. The data can be obtained at
http://vanallenprobes.jhuapl.edu/index.php. The > 0.8 MeV and > 2.0 MeV electrons measured
by the Energetic Proton, Electron, and Alpha Detector (EPEAD) instrument onboard GOES 15
stationed at geosynchronous (L ~6.6) orbit will also be used in this part of the study
(https://www.goes.noaa.gov/).

3. Results
3.1. Major solar flares during September 2017

Figure 1 shows the X-ray fluences at 1-8 A and 0.5-4 A wavelength ranges from GOES/SXI
from 1 through 30 September 2017. A large number of solar flares were recorded, among which
4 were X-class and 27 were M-class flares. This extreme solar flare activity was attributed to
the extremely rapid development and increasing complexity of active region AR12673 that
occurred during the AR passage over the Sun’s western half of the visible disk (e.g., Chertok
et al., 2018; Seaton & Darnel, 2018; Augusto et al., 2019).

The most powerful flares during the interval of study can be noted to occur during the first 10
days of the month. The major (> 10* W m2) X-flare (XFlare) details are listed in Table 1.

XFlarel erupted at ~08:57 UT on 6 September and continued until ~09:17 UT. It attained its
peak flux intensity (X2.2 flare) at ~09:10 UT. This flare eruption originated from AR12673
around the equatorial region on the Sun’s west limb (SO8W33).

XFlare2 erupted at ~11:53 UT on 6 September had a peak flux intensity of X9.3 at ~12:02 UT.
It continued until ~12:10 UT. This was the strongest flare of the month as well as being the
most intense event of SC 24.

At ~14:20 UT on 7 September XFlare3 occurred when AR12673 moved closer to the western
limb (S11W49). The flare attained its peak flux at ~14:36 UT and ended at ~14:55 UT.

XFlare4 had an intensity of X8.2. It erupted at ~15:35 UT on 10 September from AR12673
when it was in the extreme western limb (S14W74). The flare attained its peak flux at ~16:06
UT and ended at ~16:31 UT.

3.2. CME propagation

During September 2017 the SOHO/LASCO coronagraph detected ~68 CMEs which were
associated with AR12673. Four of the CMEs were halo events directed towards the Earth. In
Table 2 we have listed the halo CMEs (hCMEs) and their estimated speeds near the Sun. The
estimated arrival times based on empirical models (Mod1, Mod2, Mod3) are also shown and
compared with the actual observations of the interplanetary counterparts/fast shocks.

hCMEL erupted at ~20:36 UT on 4 September was associated with a M5.5 flare that started at
~20:28 UT, attained peak intensity at ~20:33 UT and ended at ~20:37 UT (not shown). For this
halo CME, an interplanetary fast forward shock was detected at ~1 AU by the WIND spacecraft
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at ~23:02 UT on 6 September. The three models predicted earlier arrivals of the hCME1 by
~11 h, 13 h and ~3 h, respectively, compared to the actual shock detection.

The best predictions were found for the hCMEZ2 that erupted at ~12:24 UT on 6 September in
association with the X9.3-class flare (XFlare2, Table 1). The models Mod1, Mod2 and Mod3
predicted the CME arrival times at 1 AU at ~22:48 UT on 7 September, at ~21:36 UT on 7
September and at ~04:34 UT on 8 September, respectively. The actual fast forward shock
detection by the WIND spacecraft was at ~22:19 UT on 7 September. Thus, the predicted
arrival times are delayed by ~24 min by Mod1, occurs ~36 min earlier in Mod2, and is ~6 h 18
min delayed by Mod3. One could say that all three predictions were reasonably accurate for
this CME event. Since the CME prediction is not the shock time prediction, these results are
quite accurate.

hCMES3 erupted at ~16:00 UT on 10 September near Sun arrived at ~1 AU (WIND) at ~19:12
UT on 12 September. This CME was associated with the second strongest (X8.2) flare of
September (XFlare4, Table 1). However, the three models predicted > 35 h earlier arrivals of
the CME. It may be mentioned that the near-Sun CME speed was exceptionally high (3163 km
s'1) for this event. Any possible error in speed measurement might be associated with this large
prediction error.

For the hCME4 event launched from the Sun at ~12:00 UT on 17 September, no C-class or
higher flare was detected by GOES/SXI. The models Mod1, Mod2 and Mod3 predicted arrivals
of the CME at 1 AU at ~04:19 UT, ~02:10 UT and ~13:12 UT on 19 September, respectively.
However, no significant interplanetary signature was detected in the WIND interplanetary data.
Thus, although this was a halo CME, deflection or some other effect must have happened so
that it missed the Earth.

From the above discussion, it may be noted that the solar flares XFlare2 and XFlare4 were
associated with the halo CMEs: hCME2 and hCMES3, respectively. However, no halo CMEs
were erupted in association with XFlarel and XFlare3. XFlarel was found to be associated
with a CME which erupted at ~09:48 UT on 6 September with a central position angle (CPA)
of 245° and an apparent angular width of ~80°. The CME with a liner speed of ~391 km s
near the Sun slowed down at a rate of ~-13.8 m s within the SOHO/LASCO field of view. On
the other hand, XFlare3 was associated with a CME which erupted at ~15:12 UT on 7
September. The CME, with an initial linear speed of ~433 km s near the Sun, slowed down
at a rate of ~-9.9 m s2. None of these two CMEs arrived at the Earth as far as the authors could
determine.

3.3. Interplanetary discontinuities and their geomagnetic effects

Figure 2 shows an overview plot of the solar wind plasma, IMFs, and geomagnetic variations
during September 2017. The major interplanetary events are marked. Eleven major
interplanetary discontinuities are identified. Among them, 6 were fast forward shocks
(indicated by red solid vertical lines), 2 were reverse waves (red dashed vertical lines), and 3
were HCSs (green solid vertical lines). The interplanetary characteristics and associated
geomagnetic impacts of the discontinuities are listed in Table 3. These will be discussed below.

Fast forward shocks
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During 6 of the 11 discontinuities, the solar wind speed Vsw, plasma density Nsw, ram pressure
Psw, temperature Tsw, and IMF amplitude Bo all increased abruptly from upstream
(antisunward) to downstream (sunward) of the discontinuities. These were identified as fast
(magnetosonic) shocks propagating in the antisolar (forward) direction. These are marked
sequentially as FS1 to FS6 in Figure 2 and Table 3. The shocks propagate with speeds larger
than the upstream magnetosonic speed, thus they all have magnetosonic Mach numbers
(MMNSs) greater than 1.0 (by definition). Fast forward shocks have downstream density
compressions that are approximately equal to the Mach number for low Mach number shocks
(MMN < 4) and maximum compression of ~4 for high Mach number shocks (MMN > 4)
(Kennel et al., 1985; Tsurutani et al., 2011). Thus, when the shock/sheath impacts the Earth’s
magnetosphere, a strong compression takes place which can lead to several types of different
magnetospheric space weather effects. Among 6 fast forward magnetosonic shocks detected
by the WIND spacecraft, 3 (FS1, FS2 and FS3) were associated with Earth-directed halo
CMEs, and 3 (FS4, FS5 and FS6) were associated with CIRs followed by HSSs.

FS1 occurred at ~23:02 UT on 6 September was associated with hCME1 which erupted on 4
September (Table 2). The shock was found to propagate at ~5.8 times of the magnetosonic
speed in the perpendicular direction (8sn ~90°) to the ambient IMF. This unusual purely
perpendicular shock, with a ram pressure Psw increase of a factor of ~7, caused a major sudden
impulse (SI*) of ~+56 nT. The SI* occurred at ~00:46 UT on 7 September and is noted in the
SYM-H index panel.

FS2 detected at ~22:19 UT on 7 September was associated with hCME2 on 6 September (Table
2). The shock was estimated to be propagating at ~6.7 times of the magnetosonic speed at an
angle of ~48° relative to the IMF, and was characterized by a factor of ~5 increase in Psw
leading to a SI™ of ~+20 nT at ~23:03 UT. It also triggered an intense auroral supersubstorm
(SSS1) (Tsurutani et al., 2015) with peak SME and SML intensities of 4464 nT and -3712 nT,
respectively, at ~00:24 UT on 8 September. This supersubstorm will be discussed in more
detail later in Section 3.6.

FS3 occurred at ~19:12 UT on 12 September. FS3 was associated with the hCME3 on 10
September (Table 2). The shock was found to be quasi-parallel in nature with 6sn ~19°, moving
with a speed ~4 times the upstream magnetosonic speed. Even though the shock was quasi-
parallel, it was characterized by a Psw jump by a factor of ~8 and caused a SI* of ~+27 nT at
~20:09 UT. FS3 triggered a moderate substorm with SME and SML peaks of 1366 nT and -
1071 nT, respectively. These substorm peaks occurred at ~21:04 UT on 12 September.

The fast forward shocks FS4, FS5 and FS6 (Figure 2 and Table 3) were detected at ~00:00 UT
on 14 September, at ~10:05 UT on 14 September, and at ~22:48 UT on 26 September,
respectively. All three shocks occurred at the leading (antisolar) edges of the CIRs (to be
discussed in more detail later in Section 3.5).

FS4 was determined to be quasi-parallel, moving at ~4.3 times of the upstream magnetosonic
speed at an angle ~9° relative to the ambient IMF. It was characterized by a factor of ~4 ram
pressure Psw jump resulting in a SI" ~+14 nT at ~01:31 UT on 14 September.

FS5 was quasi-perpendicular (8sn ~84°) in nature and was a Mach ~1.7 shock. A ramp pressure
Psw jump by a factor of ~4.5 led to a SI" ~+28 nT which occurred at ~12:12 UT on 14
September.
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FS6 was determined to propagate at ~2.7 times of the upstream magnetosonic speed at an angle
of ~34° relative to the ambient IMF. A SI* of ~+14 nT was induced at ~23:55 UT on 26
September by a ram pressure Psw jump of ~3 across this shock.

FS4, FS5 and FS6 did not trigger substorms. This may have to do with precursor interplanetary
magnetic fields being mostly northward.

Reverse waves

Two of the 11 discontinuities were characterized by Vsw increases with the other parameters
(Nsw, Psw, Tsw, Bo) simultaneously decreasing with time. In addition, these were determined
to be moving at submagnetosonic speeds, indicating that they were not shocks, but reverse
waves (RWs). By “reverse” we mean that the waves were propagating towards the Sun but
because the solar wind speed is higher than the speed of the waves, the waves were convected
in the antisolar direction. These two waves are marked by RW1 and RW2 in Figure 2 and Table
3.

RW1 at ~18:29 UT on 14 September was determined to have speed ~84% of the upstream
(sunward) magnetosonic speed. The angle of propagation was ~71° relative to the ambient
IMF. The ram pressure Psw decreased with time across RW1 by a factor of ~1/7. Thus, when
RWI1 impacted the Earth’s magnetosphere, it caused a decompression of the magnetosphere,
opposite to what happens when a forward shock/wave impacts the magnetosphere. RW1 caused
a negative sudden impulse (SI) of ~-23 nT at ~21:08 UT on 14 September. RW1 also caused
a substorm recovery as seen from an increase in SML index from a value of ~-584 nT at ~18:40
UT to ~-133 nT at ~19:40 UT.

RW2 occurred at ~08:38 UT on 28 September and had a speed ~71% of the upstream
magnetosonic speed. It was propagating oblique to the ambient magnetic field at an angle of
~87°. The ram pressure Psw decreased by a factor of ~1/3 across the RW2. It caused a Sl of
~-14 nT at ~09:37 UT on 28 September. RW2 was associated with a substorm recovery phase
as seen in SML decrease from ~-813 nT at ~09:31 UT to ~-198 nT at ~10:04 UT.

HCSs and HPSs

The HCS crossings represent tangential discontinuities where the IMF Bx and By exhibit
simultaneous polarity/sign reversals. Three HCSs detected during this study are marked as
HCS1, HCS2 and HCS3 in Figure 2 and Table 3.

HCS1 occurred at ~14:10 UT on 14 September. It was characterized by simultaneous positive-
to-negative Bx and negative-to-positive By polarity reversals. By convention (Ness & Wilcox,
1964), magnetic fields pointed outward from the Sun have a “positive” polarity. A peak plasma
density of ~40 cm™ was associated with HPS1. It triggered a moderate substorm with peak
SML intensity of -766 nT and SME intensity of 1171 nT at ~15:41 UT.

HCS2 occurred at ~21:22 UT 24 September, characterized by negative-to-positive Bx and a
positive-to-negative By polarity reversals. HPS2 had a peak plasma density of ~36 cm™. No
substorm was triggered by HPS2.

HCS3 occurring at ~05:17 UT on September 27 exhibited a simultaneous positive-to-negative
Bx and a negative-to-positive By polarity reversal. The associated HPS3 had a peak density of
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~54 ¢cm3, It triggered a substorm with peak SML intensity of -614 nT and SME intensity of
883 nT at ~07:39 UT.

In addition to the interplanetary discontinuities described above, the interplanetary space
during September 2017 was characterized by interplanetary sheaths, ICMEs, and CIRs. The
detailed case-by-case analyses of the interplanetary events, their characteristics and
geomagnetic impacts will be presented next in the Sections 3.4 — 3.7.

3.4. Interplanetary sheaths, ICMEs and their geomagnetic effects

In this section, we study the interplanetary sheaths and MCs identified during September 2017,
and their geomagnetic impacts. The event durations and their major impacts are listed in Table
4.

Interplanetary events during 6 — 11 September

Figure 3 shows interplanetary events and associated geomagnetic impacts during 6 — 11
September 2017. Two interplanetary sheaths were detected during this period. Sheathl
extended from FS1 at ~23:02 UT on 6 September to FS2 at ~22:19 UT on 7 September. Sheath2
followed FS2 at ~22:19 UT on 7 September to ~11:02 UT on 8 September (Table 4). The
sheaths are marked by green horizontal bars on the top of Figure 3. These were characterized
by large IMF Bz fluctuations with peak southward Bz components of ~-11 nT at 05:51 UT and
~-31 nT at ~23:02 UT on 7 September, respectively. Sheathl was comparatively less
geoeffective, associated SYM-H peak was only -15 nT. A moderate substorm with SME and
SML peak intensities of 1417 nT and -1097 nT, respectively at ~09:05 UT was recorded during
Sheathl. The southward Bz associated with Sheath2 caused a sharp decrease in SYM-H index
with peak magnetic storm intensity of -146 nT at ~01:10 UT on 8 September (intense magnetic
storm, IMS1: Gonzalez et al., 1994). The storm main phase was associated with a long-duration
(~3.2 h) southward component of the Sheath2 IMF. The SSS1 in this magnetic storm main
phase (mentioned previously) was triggered by FS2, while the Sheath2 southward field appears
to have acted as the energy source for the SSS1.

Sheath2 was followed by a MC, which occurred from ~11:02 UT on 8 September through
~00:43 UT on 11 September (Table 4). This is marked by a red horizontal bar at the top of
Figure 3. The MC is identified by low plasma B (~2x1072), low Tsw (~4x10* K), a negative-to-
positive rotation in Bx, and a south-to-zero Bz configuration. The initial southward IMF
component lasted ~3.7 h with peak negative Bz intensity of -17 nT at ~11:22 UT on 8
September. This southward Bz was responsible for development of the main phase of the
second intense storm (IMS2). This had a peak SYM-H intensity of -115 nT at 13:56 UT on 8
September. This interval was also associated with an SSS (SSS2) with SME and SML peak
intensities of 4330 nT and -2642 nT, respectively. The peak SSS2 intensity occurred at ~13:08
UT on 8 September. The SSS2 will be discussed latter in more detail in Section 3.6.

Interplanetary events during 12 — 13 September

Interplanetary events and resultant geomagnetic activity during 12 — 13 September are shown
in Figure 4. The interplanetary variations following FS3 (associated with hCME3) indicate
some unclear events. The interval from ~19:12 UT on 12 September to ~03:22 UT on 13
September is characterized by large IMF fluctuations with southward Bz components lasting
for ~25 min, ~28 min, ~26 min and ~43 min durations with peak intensities of ~-8 nT, ~-8 nT,



449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497

10

~-12 nT and ~-11 nT, respectively. This possibly may be indicative of an interplanetary sheath
(marked as Sheath3, Table 4). This will be further discussed in the discussion section. The
Sheath3 led to a moderate magnetic storm (MMS1) with SYM-H peak intensity of -65 nT at
~00:12 UT on 13 September.

Two auroral substorms were detected during this interval. One substorm had peak SME and
SML indices of 1366 nT and -1071 nT, respectively, at ~21:04 UT, and the other had peak
SME and SML intensities of ~1856 nT and ~-1541 nT, respectively at ~23:57 UT on 12
September.

Sheath4 occurred between FS4 and FS5, from ~00:00 UT to ~10:05 UT on 14 September. This
had only weak IMF Bz southward component of ~-4 nT. While no magnetic storm was detected
during this interval, auroral activity had peak SME and SML intensities of 389 nT and -306 nT
at ~05:29 UT on 14 September.

3.5. Interplanetary HSSs, CIRs and their geomagnetic effects

From the variations of solar wind plasma speed Vsw, 3 HSSs were identified (see Figure 2).
CIRs were identified as the compressed plasma and magnetic fields in the interaction regions
between low-speed streams and HSSs. It may be noted that the CIR event associated with HSS1
occurred before 1 September, so this was not included in the present analysis. The HSS and
CIR event intervals, their Vsw characters and major impacts are listed in Table 5.

HSSs

HSS1 had a peak plasma speed Vsw of ~687 km s at ~15:00 UT on 1 September (Table 5).
This event extended to approximately the end of 2 September. The SDO/AIA telescope
identified a large coronal hole (CH25) on 28 August as the source of this HSS (not shown).
Coronal hole CH25 had a positive magnetic polarity (defined as the magnetic field pointing
away from the Sun) and extended from the solar north pole down to ~+5° latitude around ~180°
Carrington longitude. No magnetic storm was recorded in SYM-H (the peak SYM-H was -28
nT). Discrete multiple southward components (~-5 nT) of an Alfvén wave train embedded
within the HSS1 proper resulted in intense auroral activity, with peak SME and SML intensities
of ~1588 nT and ~-1439 nT, respectively. However, this was not an “ideal” high-intensity
(SME peak > 1000 nT), long-duration (> 2 days), continuous (SME never dropping below 200
nT for > 2 h at a time) auroral electrojet activity (HILDCAA) event defined by Tsurutani &
Gonzalez (1987). Although there was a peak SME value of > 1000 nT and the event lasted for
> 2 days, the SME decreased below 200 nT for > 2 h several times within the interval.

HSS2 emanated from a coronal hole (CH30) with positive magnetic polarity, extending from
the solar north pole down to ~+15° latitude with a Carrington longitude extent of ~80° to ~240°,
identified on 14 September. HSS2 had a peak Vsw of ~743 km s at ~06:36 UT on 15
September (Table 5). It lasted approximately to the end of 18 September. HSS2 was associated
with long-duration IMF Bz fluctuations (peak southward Bz ~-6.6 nT) indicating an Alfvén
wave train leading to intense auroral activity as observed in peak SME (~1749 nT) and peak
SML (-1423 nT) indices. However, this was again not an “ideal” HILDCAA event. The SME
decreased below 200 nT for > 2 h several times. The SYM-H peak intensity was -44 nT,
registering no geomatic storm.
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HSS3 emanated from a positive magnetic field coronal hole (CH32) on 26 September
(extending from north pole of the Sun down to ~-10° latitude at around ~190° Carrington
longitude). This HSS impacted the Earth’s magnetosphere from 27 to 29 September (Table 5).
It had a peak Vsw of ~721 km s? at ~11:41 UT on 28 September. The HSS3 proper was
characterized by intense auroral activity (peak SME ~2044 nT, SML ~-949 nT) associated with
Alfvén wave IMF Bz southward fields (peak ~-4 nT). However, HSS3 did not lead to a
magnetic storm (SYM-H peak = -43 nT).

14 September CIR (CIR1)

Figure 5 shows the interplanetary events during 13 — 19 September and associated geomagnetic
impacts. Following Sheath4, a CIR was identified from ~10:05 UT to ~18:29 UT on 14
September (CIR1). This was characterized by a plasma density (Nsw) enhancement from ~6
to ~56 cm3, and an IMF Bo enhancement from ~2 to ~22 nT. The leading and trailing edges
of the CIR1 were characterized by the fast forward magnetosonic shock FS5 and reverse wave
RWL1, respectively (Table 3). In addition, a tangential discontinuity HCS1 characterized the
complex CIR1 event.

CIR1 did not cause a magnetic storm (SYM-H peak -19 nT). This was presumably because of
the short-duration IMF southward components inside the CIR1. For example, two intervals of
southward IMFs were detected with durations of ~38 min and ~56 min and peak Bz of ~-19
nT and -16 nT, respectively. While intensities of southward IMF were high, short durations
indicate lesser amount of magnetospheric energy input which is not sufficient for a magnetic
storm (Gonzalez et al., 1994).

26 — 28 September CIR (CIR2)

The interval from 23 to 30 September is illustrated in Figure 6. A CIR was identified from
~22:48 UT on 26 September to ~08:38 UT on 28 September (CIR2). The plasma density Nsw
increased from ~12 to ~59 cm™. The IMF Bo increased from ~3 to ~17 nT. The fast forward
shock FS6 and reverse wave RW2 were located at the leading and trailing edges of the CIR2,
respectively (Table 3). The HCS3 was detected inside CIR2.

CIR2 caused a moderate intensity magnetic storm (MMS2). The storm was characterized by a
gradual, multi-step main phase development with SYM-H peak intensity of -74 nT at ~05:57
UT on 28 September. The southward component of Alfvénic IMF was responsible for this
moderate storm. For example, southward IMF intervals of ~2 h, ~3.5 h, ~1.4 h.and ~1.3 h were
recorded with peak Bz of ~-15.4 nT, ~-11.3 nT, ~-10.5 nT and ~-9.5 nT, respectively inside
the CIR2. During the storm main phase, peak SME and SML intensities were 2683 nT and -
1813 nT, respectively.

3.6. SSSs and GIC effects

Two SSSs (SML < -2500 nT) were detected during September 2017. These occurred on 7-8
September (Figure 3). They were found to induce strong GICs in the Finnish natural gas
pipeline. The SSS characters and associated GIC recordings are summarized in Table 6.

SSS1 started at ~22:19 UT on 7 September preceded by an IMF southward turning at ~19:30
UT. The SSS energy loading was associated with Sheathl southward field with peak Bz
component of ~-31 nT at ~23:02 UT on 7 September. It was triggered by the fast forward shock
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FS2 (Table 3). The SSS attained its peak SML intensity of -3712 nT at ~00:24 UT and ended
at ~02:51 UT on 8 September. It had a total duration of ~4 h 32 min. This SSS occurred in the
main phase of an intense magnetic storm (IMS1) with SYM-H peak intensity of -146 nT, the
SML peak occurring ~46 min earlier than the SYM-H peak (see Section 3.4). The SSS1
recovery phase was associated with very intense GICs at the Finland station which at the time
was in local postmidnight. The GIC had a peak eastward intensity of ~28 A at ~03:31 local
time (LT =UT + 3 h).

SSS2 started at ~11:34 UT and ended at ~15:42 UT on 8 September, with a total duration of
~4 h 8 min. The SSS onset was preceded by an IMF southward turning at ~10:26 UT as a part
of the MC1 and was triggered by a high ram pressure Psw region. This Psw region occurred
from ~08:13 UT to ~11:14 UT with a peak Psw of ~8.5 nPa. The SSS was characterized by a
peak SML intensity of -2642 nT at ~13:08 UT. This was preceded by an IMF precursor Bz
peak of -17 nT at ~11:22 UT. SSS2 was also detected in the intense magnetic storm main phase
which had a SYM-H intensity of -115 nT (IMS2). The SSS SML peak occurred ~48 min earlier
than the SYM-H peak (Section 3.4). Large amplitude GICs occurred during the SSS2 recovery
phase, with peak (eastward) component of ~30 A at ~20:55 LT.

3.7. Outer zone radiation belt variation

Responses of the outer zone radiation belt to the complex and multiple space weather events
during 1 through 30 September are shown in Figure 7. Varying interplanetary and
magnetospheric space weather events can be related to changes in the relativistic electron
fluxes.

Effects of interplanetary discontinuities on relativistic electron fluxes

Figure 7 shows that at the GOES 15 geosynchronous orbit, the fast forward shock FS1 led to a
relativistic > 0.8 MeV and > 2.0 MeV electron flux decrease by ~1 order of magnitude followed
by a further ~1 order of magnitude decrease caused by the following fast shock FS2. The
combination of the two shocks resulted in a net flux decrease of ~2 orders of magnitude from
~990x10? to ~450 cm™ sr't s for > 0.8 MeV electrons, and from ~90x10? to ~90 cm™2 srt st
for > 2.0 MeV electrons. This occurred during the main phase of the intense storms of 7 — 8
September. The VAP L-shell observations show that the entire outer radiation belt was flux-
depleted during this period. The flux depletions were most prominent around L ~4-5 for the 2-
4.50 MeV electrons.

The combination of FS3, FS4 and FS5 (at the leading edge of the CIR1) depleted the outer
zone radiation belt during 13 — 14 September. At the geosynchronous orbit the net flux decrease
was ~2 orders of magnitude. From the VAPs L-shell flux observations, clear energy
dependence can be noted. The strongest flux depletions were recorded at L > 5 for 2-2.30 MeV
electrons, at L > 4.5 for 2.85 MeV electrons, and at L > 4 for > 3.60 MeV electrons. No
prominent magnetospheric impacts of the HPS1 and RW1 were apparent.

The outer zone (L > 4) magnetosphere relativistic electron belt was strongly depleted by the
solar wind ram pressure pulses of HPS2, FS6 and HPS3 during 25 — 28 September. No
prominent impacts were recorded owing to RW2.

Effects of MC on relativistic electron fluxes
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The MC and the magnetic storm it induced (IMS1) was associated with large relativistic
electron flux increases compared to pre-shock flux values. This increase was mainly for L <5.
Presumably the storm time convection electric field injected the energetic ~30 to 300 keV
electrons deep into the magnetosphere with further particle energization by chorus wave
interactions. Flux enhancements by > 2 orders of magnitude were noted around L ~3-4
associated with the magnetic storm discussed in Section 3.4. Most interestingly, the low flux
density slot region (2 < L < 2.5) separating the inner (L < 2) and outer (L > 2.5) radiation belts
moved inward. The large amplitude flux enhancement during the storm recovery phase is
interesting. This was characterized by intense auroral SME/SML substorm activity preceded
by SSS2. Thus, this portion is most likely acceleration by chorus wave interactions.

Effects of HSSs on relativistic electron fluxes

HSS intervals are found to be characterized by IMF Alfvén wave trains and intense auroral
SME/SML activities. The chorus wave generation by the temperature anisotropic ~10-100 keV
electron injections are believed to accelerate the ~100 keV electrons to ~MeV energies. It
appears that HSS2 and HSS3 did indeed repopulated the radiation belt with > 0.8-7.15 MeV
electrons. The largest flux enhancements were recorded around L ~4-5.5. It may be recollected
that peak flux enhancements due to the MC were deeper into the magnetosphere, at L ~3-4.
For the 2.85-7.15 MeV electrons, two separated belts can be identified during 16 — 27
September: a radiation belt enhanced by the MC around L ~3-3.5 and an enhanced belt due to
HSS2 around L ~4-5.

4. Discussion

September 2017 was an interesting period for complex and multiple space weather events
occurring during a descending-to-minimum solar cycle phase. Extremely rapid development
and increasing complexity of AR12673 resulted in eruptions of numerous class-C and above
solar flares and CMEs. Multiple well-developed and extended CHs emitting HSSs contributed
to space weather complexity during this period.

Solar Flares and CMEs

Out of four X-class, twenty-seven M-class and numerous C-class solar flares that occurred
from AR12673 on the western limb, three were related to halo CMEs. Among the three flares
causing halo CMEs, one was M-class (M5.5) and two were X-class (X9.3 and X8.2) flares. No
C-class or above flare was associated with one halo CME. This may have been associated with
a disappearing filament (Tang et al., 1989; Zhou et al., 2003; Lepri & Zurbuchen, 2010). On
the other hand, two X-class (X2.2 and X1.3) flares did not have associated halo CMEs. These
solar results are consistent with previous reports (e.g., Chertok et al., 2018; Redmon et al.,
2018; Yan et al., 2018; Zou et al., 2019).

Among the four halo CMEs detected during this period, three arrived at 1 AU, as detected by
fast forward shocks followed by sheaths and/or MC. However, no significant interplanetary
signature was recorded at 1 AU during one halo CME. Deflections away from the straight line
propagation during active interval or some other effects are suggested to happen so that it
missed the Earth. We estimated the propagation times of halo CMEs from the Sun to Earth
based on near-Sun CME speed measurement. We used an empirical CME arrival model
(Gopalswamy et al., 2001) employing three different expressions for CME acceleration
(Gopalswamy et al., 2001; Michalek et al., 2004) up to ~0.76 AU, after which the CME was
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assumed to travel at a constant speed up to ~1 AU. The prediction errors varied from ~24 min
to > 35 h with respect to the actual CME signatures detected by the WIND spacecraft (~1 AU).
However, any possible error in near-Sun CME speed measurement can cause the above
prediction errors. In addition, as previously discussed by Echer et al. (2009), modelling CME
propagation delays during solar active intervals is difficult due to the complexity of the
interplanetary medium. Codes that work for simple events may not be accurate during periods
when multiple CMEs are being launched from the Sun.

Magnetic Storms

There were two intense (peak SYM-H <-100 nT) and two moderate (-100 nT < peak SYM-H
<-50 nT) magnetic storms during September 2017. None were at the superstorm level (SYM-
H peak <-250 nT). The intense storms (with peak SYM-H of -146 nT and -115 nT) occurred
consecutively on 8 September. The first storm was caused by southward IMF Bz fields in the
Sheath2. The second storm was caused by southward IMF Bz fields in the MC. A moderate
storm (with peak SYM-H of -65 nT) was caused by another sheath (Sheath3) on 13 September.
These three events were related to halo CMEs: hCMEL, hCME2 and hCMES3, respectively. As
mentioned previously, Sheath3 represented an unclear event. This was not followed by a MC.
We explored the possibility of this being a filament (Tang et al., 1989; Zhou et al., 2003; Lepri
& Zurbuchen, 2010; Kozyra et al., 2014). However, filaments inside ICMEs are reported (e.g.,
Lepri & Zurbuchen, 2010) to be low-temperature. The present event (Sheath3) was determined
to be a sheath due to its high temperature in addition to compressed and turbulent plasma and
IMF features. For hCME4 no clear interplanetary signature and geomagnetic impact were
identified at the Earth. The second moderate storm (peak SYM-H of -74 nT) on 27-28
September was associated with the CIR2 event. CIR1 on 14 September did not cause any
magnetic storm.

No magnetic storms were caused by three HSS events detected in this study. However, they
led to intense (peak SME ~1588 nT, ~1749 nT, ~2044 nT) and continuous auroral activity for
several days. While long-duration (> 3 h), intense southward IMFs in the sheaths and the MC
led to intense magnetic storms, short-duration (< 1 h), sporadic southward components within
the CIRs and HSSs caused only moderate magnetic storms with peak SYM-H > -100 nT.
However, as expected, the short duration IMF Bz components caused intense, long-duration
auroral activity. These are consistent with present understanding of geoeffectiveness of
interplanetary events like ICMEs, CIRs and HSSs (e.g., Tsurutani & Gonzalez, 1987; Tsurutani
et al., 1988, 1995, 2006; Gonzalez et al., 1994; Zhang et al., 2007; Echer et al., 2008; Hajra et
al., 2014; Meng et al., 2019).

Studies on the intense storm of 8 September were reported previously (e.g., Berdermann et al.,
2018; Clilverd et al., 2018; Shen et al., 2018; Augusto et al., 2019). The storm was attributed
to the combined interplanetary shock-ICME events, which corroborates with the present
analysis.

Sudden impulses, substorm triggers and recoveries

There were six FSs with Mach numbers ranging from ~1.7 to ~6.7 and with planar normal
oriented at ~9° to ~90° relative to the ambient upstream magnetic field direction. All FSs
caused Sl*s ranging from ~+14 nT to ~+56 nT. Two of the FSs triggered substorms. There
were three HCSs characterized by simultaneous IMF Bx, By polarity changes. The associated
HPS pressure pulses triggered substorms. Substorm triggering by FS/HPS pressure pulses was
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noted to be preceded by IMF southward turning indicating magnetospheric energy preloading.
Two quasi-perpendicular RWs moving at submagnetosonic speeds were detected. Both
initiated substorm recoveries.

Supersubstorms and GIC effects

Two SSSs were detected during September 2017. These were preceded (~2.8 h and ~1.1 h) by
precursor southward IMFs. SSSs were triggered by solar wind ram pressure pulses. Analysis
of current measurements in Finnish natural gas pipeline indicates that the SSSs led to large
GICs in the local dusk and postmidnight sectors. The GICs are known to be related to large
dB/dt variations (e.g., Pirjola, 2000; Viljanen et al., 2001; Boteler, 2003). It may be noted that
there are previous reports of ground electrical anomalies and/or power outages occurring
during magnetic storms (e.g., Loomis, 1861; Allen et al., 1989; Lanzerotti, 1992). Magnetic
storm ring current intensifications are unlikely to directly impact ground power grid systems.

Outer zone relativistic electrons

It was shown that substantial outer zone magnetospheric relativistic electron fluxes decreased
when interplanetary FSs and HCSs/HPSs impinged on the magnetosphere. Tsurutani et al.
(2016) showed that HPSs caused non-storm relativistic electron flux decreases. Hajra &
Tsurutani (2018b) showed that FSs can also cause flux decreases. The scenario is that solar
wind pressure pulses cause the generation of coherent electromagnetic ion cyclotron (EMIC:
Cornwall, 1965; Kennel & Petschek, 1966) waves in the dayside magnetosphere. These waves
can have parasitic resonant interaction with relativistic electrons, causing their pitch angle
scattering and loss to the atmosphere (Thorne & Kennel, 1971; Meredith et al., 2003; Summers
et al., 2007; Remya et al., 2015; Tsurutani et al., 2016). However, there is another possibility
of a relativistic electron loss mechanism, that of “magnetopause shadowing” where the
electrons gradient drift to the magnetopause and are lost into the solar wind (West et al., 1972;
Lietal., 1997; Hudson et al., 2014). At this time, it is uncertain which of the two mechanisms
dominate. It seems quite likely that both are occurring. It is possible that the dominant effect
may vary from case to case. Further research on this topic is needed.

Relativistic electron flux enhancements were recorded during the HSS intervals and the MC
associated with the magnetic storm recovery phase. The largest flux enhancements during the
HSSs were recorded around L ~4-5.5. However, the peak flux enhancements owing to the MC
induced storm convection were deeper into the magnetosphere, at L ~3-4. In addition, during
the MC event, the slot region separating the inner (L < 2) and outer (L > 2.5) radiation belts
occurred at lower L. These results corroborate with previous results (Baker et al., 2014,
Kanekal et al., 2015). Tsurutani et al. (2018) have speculated that the electron slot is created
by coherent chorus waves propagating into the plasmasphere and interacting with the
relativistic electrons. This new mechanism will cause rapid loss of the electrons during the
chorus (substorm/storm) event.

5. Summary and Conclusion
We explored the solar, interplanetary and geomagnetic events occurring during September

2017. This interval was in a descending-to-minimum phase of a solar cycle. The main results
are summarized below.
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There were 4 X-class, 27 M-class and a myriad of C-class flares and ~68 CME eruptions
from solar active region AR12673. Only 4 halo CMEs were detected, among them 3
reached the Earth, and 1 did not reach the Earth.

The two strongest flares (X9.3 and X8.2) of the present study were associated with two
halo CMEs. A third halo CME was associated with a M5.5 flare. No solar flare was
detected during the fourth halo CME. Thus, a complex relationship between flares and
halo CMEs is indicated.

Six fast forward magnetosonic shocks (FSs) were detected (Figure 2, Table 3). Half of
them were associated with halo CMEs (Table 2) and half were detected at the leading
antisolar edges of CIRs. The angle of propagation (8sn) of the FSs varied from ~9° to
~90° relative to the ambient IMFs, while their strengths varied from Mach ~1.7 to Mach
~6.7. The induced SI* strengths varied between ~+14 nT to ~+56 nT. Two CME FSs
triggered substorms. None of the CIR FSs triggered substorms due to a lack of prior
southward IMF conditioning. The FS impingements on the magnetosphere led to large
MeV electron flux depletions in the Earth’s outer radiation belt (L > 4) (Figure 7).
Two non-shock reverse waves (RWSs) were detected at the trailing edges of the CIRs
(Figure 2, Table 3). They were found to be propagating mostly across the magnetic field
(68n ~71°-88°) at submagnetosonic (~71-88%) speeds. Both RWSs caused negative
sudden impulses SI" ~-14 to -23 nT and both caused the termination of ongoing
substorms. There were no reverse shocks detected in this study.

Three HCSs were detected (Figure 2, Table 3). HPSs adjacent to two of them triggered
moderate intensity substorms. All three high pressure pulses associated with the HPSs
led to relativistic electron flux decreases in the outer radiation belt.

Southward IMFs associated with an interplanetary sheath and the following MC led to
two intense consecutive magnetic storms with peak SYM-H intensities of -146 nT and
-115 nT, respectively (Figure 3, Table 4). Two moderate storms with peak SYM-H of
-65 nT and -74 nT were caused by southward IMFs associated with another sheath and
a CIR event (Figures 4, 6, Tables 4, 5). The MC and the magnetic storm led to
relativistic electron flux enhancements (Figure 7). The peak flux enhancements were
noted deep within magnetosphere (L ~3-4). In addition, the low flux density slot region
(2 < L < 2.5) separating the inner (L < 2) and outer (L > 2.5) radiation belts moved
inward.

Two SSSs (with peak SML intensities of -3712 nT and -2642 nT) occurred in the main
phases of the intense magnetic storms. The SSSs were preceded (~2.8 h and ~1.1 h) by
precursor southward IMFs followed by solar wind ram pressure pulse triggering. SSSs
were associated with large GICs with peak values of ~28 A and ~30 A recorded in the
local (Finland) postmidnight and dusk sectors, respectively (Table 6).

Two CIRs were characterized by fast magnetosonic shocks bounding the leading
antisolar edges and reverse submagnetosonic waves at the trailing edges (Figures 5, 6,
Table 5). Weak and short duration southward IMFs in a CIR led to a moderate magnetic
storm with SYM-H peak of -74 nT. However, the other CIR did not lead to a magnetic
storm but small ring current activity (SYM-H peak = -28 nT) and high level (peak SME
> 1000 nT) auroral zone activity.

HSSs were associated with intense auroral activities indicated by the SME and SML
indices. However, these were not HILDCAA s in the strict definition. The HSSs did not
cause magnetic storms (with SYM-H < -50 nT). The HSSs were associated with
relativistic electron flux enhancements prominently around L ~4-5.5 (Figure 7).

We estimated the probable halo CME arrival times at ~1 AU from the Sun using an
CME arrival model and three different expressions for CME acceleration in the
interplanetary space (Table 2). The prediction error varied from ~24 min to > 35 h with
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respect to the actual CME signatures detected by the WIND spacecraft. The efficiency
of the individual models is found to vary from one event to the other.

In general, we have found nothing particularly unusual in resultant geomagnetic activity in this
solar minimum interval than what occurs during solar maximum. All of the basic known solar
wind effects on geomagnetic activity can be applied. Perhaps the occurrence of simultaneous
HSSs is one small complexity. However, the addition of HSSs only led to auroral zone
HILDCAA-like activity and the acceleration of magnetospheric relativistic electron fluxes. The
formation of the AR in this solar cycle minimum phase is the source for the halo CMEs and
potential magnetic storms. Thus, it will be the goal of the solar physicists to tell us when ARs
occur during this phase of the solar cycle so that magnetic superstorms may occur in the future.
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Table 1. X-class solar flares recorded during September 2017

Flare no. Date Starttime Peaktime  Endtime Class Location
(UT) (um (Ut

XFlarel 06/09 08:57 09:10 09:17 X2.2 S08W33

XFlare2 06/09 11:53 12:02 12:10 X9.3 S08W33

XFlare3 07/09 14:20 14:36 14:55 X1.3 S11wW49

XFlare4 10/09 15:35 16:06 16:31 X8.2 S14W74

Table 2. Propagation prediction of halo CMEs to the Earth

CME CME Vcme Predicted timeat 1 AU  Observed Error

no. time (kms?) (UT) FS time (h)
(uT) Modl Mod2 Mod3 atlAU Modl Mod2 Mod3

(Um

hCME1 04/09 1418 06/09 06/09 06/09 06/09 11.4 13.3 3.2
20:36 11:46  09:50 19:55 23:02

hCME2 06/09 1571  07/09 07/09 08/09 07/09 -0.4 0.6 -6.3
12:24 22:48 21:36 04:34 22:19

hCME3 10/09 3163  11/09 11/09 11/09 12/09 36.3 36.1 35.4
16:00 06:58 07:12 07:55 19:12

hCME4 17/09 1385  19/09 19/09 19/09 No significant ICME signature
12:00 04:19 02:10 13:12

Table 3. Characteristics of the interplanetary discontinuities at WIND spacecraft

Time Type Jump in interplanetary parameters Ben  MMN Impacts
UuT) Vsw Nsw  Psw Tsw Bo )
(km s  (em®) (Pa) (10°K) (D)

06/0923:02 FS1  410-575  2-14 213 240 2-6 898 580 SI+~+56nT
07/0922:19 FS2  475-680 34 2.9 2-80 10-22 479 6.73 SI+~+20naT, SSS (SME 4464 nT, SML -3712aT)
12/0919:12  FS3  460-620 5-17 2-16 12-56 4-8 194 397 SI+ ~+27aT, substorm (SME 1366 nT, SML -1071 aT)
14/09 00:00 FS4  350-370 5-12 14 3-8 2-5 85 430 SI+~+14nT
14/09 10:05 FS5 345419 1033 29 7-9 2-4 840 173 SI+~+28aT
14/09 14:10 HCS1 436474 1140 420 1137 4-10 Substorm (SME 1171 T, SML -766 nT)
14/09 18:29 RW1 473630 114 152 36-19 10-5 712 084 SI-~-23 nT. substorm recovery
24/09 21:22 HCS2 330-370 5-36 1-7 2.5 4-9 No substorm
26/0922:48 FS6  310-333 1321 26 15 4-7 335 272 SI+~+14nT
27/09 05:17 HCS3 350-530 18-54 4-14 440 9-16 Substorm (SME 883 nT, SME -614 nT) (07:39)
28/09 08:38 RW2 651692 74 72 3725 7-3 86.7 0.71 SI-~-14nT. substorm recovery




1162
1163

1164
1165
1166

1167
1168
1169

1170
1171
1172
1173
1174
1175
1176
1177
1178

25

Table 4. Interplanetary sheaths and MCs

Type  Starttime Endtime Peak IMF Bz Impacts
(UT) (UT) (nT)
Sheathl 06/09 07/09 -11 Substorm (SME 1417 nT, SML -1097
23:02 22:19 nT)
Sheath2 07/09 08/09 -31 Intense storm (SYM-H -146 nT), SSS
22:19 11:02 (SME 4464 nT, SML -3712 nT)
MC 08/09 11/09 -17 Intense storm (SYM-H -115 nT), SSS
11:02 00:43 (SME 4330 nT, SML -2642 nT)
Sheath3 12/09 13/09 -12 Moderate storm (SYM-H -65 nT),
19:12 03:22 substorm (SME 1366 nT, SML -1071
nT), substorm (SME 1856 nT, SML -
1541 nT)
Sheath4 14/09 14/09 -4 Substorm (SME 389 nT, SML -306 nT)
00:00 10:05

Table 5. Interplanetary HSSs and CIRs

Type Starttime End time Vsw Impacts
(UT) (UT) (km s?)

HSS1  01/09 02/09 687 Intense auroral (SME ~1588 nT, SML ~-1439
04:09 23:18 nT) activity

HSS2 14/09 18/09 743 Intense auroral (SME ~1749 nT, SML ~-1423
18:43 22:29 nT) activity

HSS3 27/09 29/09 721 Intense auroral (SME ~2044 nT, SML ~-949
15:41 22:16 nT) activity

CIR1 14/09 14/09 333-743  No storm/substorm
10:05 18:29

CIR2 26/09 28/09 315-721 Moderate storm (SYM-H -74 nT), substorm
22:48 08:38 (SME 2683 nT, SML -1813 nT)

Table 6. SSSs and GICs

SSS no. SSS interval SSS strength GIC impact
Start End SML peak Time GIC peak Time
(UT) (UT) (UT) (A) (LT)
SSS1 07/09 08/09 -3712 08/09 28.2 08/09
22:19 02:51 00:24 03:31
SSS2 08/09 08/09 -2642 08/09 30.4 08/09
11:34 15:42 13:08 20:55
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Figures and Captions
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Figure 1. The GOES x-ray irradiance during September 2017. Classes of x-ray flares are
marked on the right.
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Figure 2. Solar wind/interplanetary and geomagnetic variations during September 2017. From
top to bottom, the panels show the solar wind plasma speed (Vsw), density (Nsw), ram pressure
(Psw), plasma temperature (Tsw), plasma beta (p), interplanetary magnetic field (IMF)
amplitude Bo, and Bx, By, Bz components in geocentric solar magnetospheric (GSM)
coordinate system, auroral electrojet SME and SML indices, symmetric ring current SYM-H
index, and geomagnetically induced current (GIC), respectively. The blue and black data points
correspond to 1 min and 1 h resolution, respectively. Vertical red solid, red dashed and green
solid lines indicate FSs, RWs and HCSs, respectively. On the top, green, red and blue
horizontal bars indicate the interplanetary sheath, MC and CIR intervals, respectively.
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Figure 7. Response of the outer zone radiation belt relativistic electron fluxes to the complex
and multiple space weather events. In the top four panels interplanetary and geomagnetic data
from Figure 2 are repeated to give reference to interplanetary and geomagnetic events. The
fifth panel from the top displays relativistic > 0.8 MeV and > 2.0 MeV electron fluxes at
geosynchronous GOES 15 orbit. The bottom six panels show the L-shell variations of 7.15
MeV, 4.50 MeV, 3.60 MeV, 2.85 MeV, 2.30 MeV and 2.00 MeV electron fluxes measured by
the REPT instrument on VAPSs, respectively. Flux values are shown in the colour scale on the
right. Vertical black solid, black dashed and green solid lines indicate FSs, RWs and HCSs,
respectively. On the top, green, red and blue horizontal bars indicate the interplanetary sheath,
MC and CIR intervals, respectively.



