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ABSTRACT

We evaluate worldwide low-latitude auroral activity associated with the great magnetic storm
of September 1909 for which a minimum Dst value of —595 nT has recently been determined.
From auroral observations, we calculate that the equatorward boundary of the auroral oval
in the 1909 event was in the range from 31°-35° invariant latitude (assuming auroral height
of 400 km) to 37°-38° (800 km). These locations compare with satellite-based observations
of precipitating auroral electrons down to 40° magnetic latitude for the March 1989 storm
with its comparable minimum Dst value of —589 nT. According to Japanese auroral records,
bluish colour started to appear first, followed by reddish colour. The colour change can be
attributed to the transition from sunlit aurora to the usual low-latitude reddish aurora. Telegraph
communications were disrupted at mid/low latitudes, coincidently with the storm main phase
and the early recovery phase. The telegraphic disturbances were caused by geomagnetically
induced currents associated with the storm-time ring current and substorm current wedge. From
the calculated CME energy — based on the 24.75 hr separation between the flare-associated
magnetic crochet and the geomagnetic storm sudden commencement and interplanetary condi-
tions inferred from geomagnetic data — and consideration of the ~—40 nT crochet amplitude,
we estimated that the soft X-ray class of the 24 September 1909 flare was >X10. As is the case
for other extreme storms, strong/sharp excursions in the horizontal component of the magnetic
field observed at low-latitude magnetic stations were coincident with the observation of
low-latitude aurora.

Key words: Sun: coronal mass ejections (CMEs) — (Sun:) solar—terrestrial relations — (Sun:)
sunspots — planets and satellites: aurorae — planets and satellites: magnetic fields —Sun: flares.

2009; Odenwald 2015; Knipp et al. 2016; Lefevre et al. 2016;

1 INTRODUCTION Lockwood et al. 2016, 2018; Usoskin 2017; Riley et al. 2018) in

Documenting intense magnetic storms driven by solar disturbances order to understand, and therefore predict, the circumstances under
is important (e.g. Hale 1931; Newton 1943; Gosling et al. 1991; which they arise and to quantify and prepare for their consequences
Gonzalez et al. 1994; Daglis, 2000, 2004; Vaquero & Vazquez on our increasingly technology-based society. The exemplar for

great geomagnetic storms is the Carrington event in September
1859 (Carrington 1860; Hodgson 1860; Stewart 1861; Bartels 1937;

* E-mail: hisashi.hayakawa@stfc.ac.uk; hayakawa@kwasan.kyoto-u.ac.jp Tsurutani et al. 2003; Cliver & Svalgaard 2004; Siscoe et al. 2006;
1 JSPS Research Fellow Usoskin and Kovaltsov 2012; Cliver & Dietrich 2013; Lakhina &
1 NAOIJ Fellow Tsurutani 2016). This event was associated with auroral displays
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observed down to 20°~23° magnetic latitude (hereafter, MLAT)
(Loomis 1861; Kimball 1960; Green & Boardsen 2006; Hayakawa
et al. 2016b).

The primary impact of the 1859 storm was on telegraphy (e.g.
Boteler 2006). Today the principal ‘space weather’ threat is to
the electric power grid (Baker et al. 2008; Hapgood, 2011, 2012;
Oughton et al. 2016; Dyer et al. 2018). Because of this threat,
several studies have been carried out to estimate how frequently
such extreme space weather events may occur (e.g. Tsubouchi &
Omura 2007; Riley 2012; Curto, Castell & Del Moral 2016; Riley
& Love 2017). Such studies are dependent on the observations of a
handful of storms that have approached or rivalled the Carrington
geomagnetic storm in observed/inferred intensity and/or auroral
extent. These include great storms in February 1872 (Chapman
1957a,b; Silverman 2008; Hayakawa et al. 2018c¢); September 1909
(Silverman 1995; Willis, Stephenson & Fang 2007; Love et al.
2019); May 1921 (Silverman & Cliver 2001; Kappenman 2006;
Cliver & Dietrich 2013). The only such storm observed during the
space era occurred in March 1989 (Allen et al. 1989; Silverman
2006a; Pulkkinen et al. 2012; Cid et al. 2014). More recently, in
July 2012, a major backside eruption on the Sun was observed
both remotely and in situ by the STEREO spacecraft (Kaiser et al.
2008; Russell et al. 2013; Liu et al. 2014; Riley et al. 2016). The
interplanetary coronal mass ejection (CME) propagated to 1 AU in
~20h. Baker et al. (2013) calculated that had the eruption occurred
on the frontside of the Sun — with optimal seasonal and local timing
to maximize solar wind — magnetosphere coupling (worst case
scenario (see e.g. Temerin & Li 2002) — it might have produced a
storm greater than that inferred for the Carrington event. In addition
to these storms, auroral evidence has recently been provided for
two pre-1859 storms that may have ranked with the Carrington
event: February 1730 (Hayakawa et al. 2018a), and, particularly,
September 1770 (Willis et al. 1996; Nakazawa, Okada & Shiokawa
2004; Ebihara et al. 2017; Hayakawa et al. 2017e).

Among these seven candidates of extreme storms (i.e. 1730,
1770, 1859, 1872, 1909, 1921, and 1989), we focus here on the
event in September 1909. Chapman (1957a,b) noted a visual report
of aurorae for this event from Singapore (—10.0° MLAT). How-
ever, Silverman (1995), based on an examination of contemporary
records, discounted the observation from Singapore — attributing it
to a conflation of the impact on telegraph traffic at that site to a local
observation of aurorae. Silverman (1995) did note that aurorae were
reported at 28° MLAT from Japan. Recently, Love, Hayakawa &
Cliver (2019) have used geomagnetic records from Spain (Azcérate
1910), Puerto Rico (Hazard 1912), Western Samoa (Wegener 1914),
and Mauritius (Claxton & Walter 1913) to deduce a Dst value of
—595nT for the 1909 storm, making it comparable to the —589 nT
storm of March 1989, the most intense storm of the space age.

In this study, we revisit the auroral observations of the September
1909 magnetic storm to reconstruct the equatorward boundary of
the auroral oval. We then compare the timing of the aurorae at
low latitudes with the magnetometer traces from Love, Hayakawa
& Cliver (2019). In addition, from observations of the solar flare
effect (SFE; also referred to as ‘magnetic crochet’) and storm
sudden commencement for the 1909 event, we infer the size of
the associated flare.

2 DATA AND METHODOLOGY

In order to estimate the equatorward boundary of the auroral oval
for the September 1909 event, we examine contemporary reports of
visual aurorae in Japan, from where Silverman (1995) considered
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the most reliable reports of low-latitude auroral activity to have
originated. Both Silverman (1995) and Willis, Stephenson & Fang
(2007) based their analyses on records from Tenmon Geppou (As-
tronomical Herald), a news magazine of the Astronomical Society
of Japan. Here we examined contemporary reports of the central
meteorological observatory of Japan and newspapers previously
unexamined. We extracted information of the observational time,
direction, location, and maximum elevation angle (as available)
for each reported auroral sighting. We computed the contemporary
MLAT of each observational site with the magnetic field model
IGRF12 (Thébault et al. 2015). We then applied triangulation for
their MLAT and elevation angle to reconstruct the equatorward
boundary of the auroral oval (i.e. the MLAT of the auroral oval). For
magnetic observations of the flare-associated geomagnetic crochet,
the storm sudden commencement, and the evolution of the magnetic
storm, we relied on the recent analysis of Love, Hayakawa & Cliver
(2019).

To examine the solar source of the 1909 storm, we used con-
temporary sunspot drawings from Kalocsa Observatory (Hungary)
available in the data base of the Debrecen Observatory (Hungary)
and flare reports by contemporary British observers. Fortunately,
observations of the solar eruption likely responsible for the storm
were provided by Lockyer (1909) and others, as synthesized by Hale
(1931). The magnetic observations summarized in Love, Hayakawa
& Cliver (2019) of SFE timing/amplitude and SC timing allow us
to infer the CME speed and to constrain the intensity of the flare
soft X-ray (SXR) burst, a common measure of flare size, following
Cliver & Svalgaard (2004). We also estimated the lower limit of
CME kinetic energy and SXR class of the associated flare from the
CME propagation time.

3 EQUATORWARD BOUNDARY OF AURORAL
OVAL

In this section, we concentrate on reconstruction of the equatorward
boundary of the auroral oval (or the auroral emission region). The
sites considered in the following subsections are those from which
aurorae were observed, such sites can be well-equatorward of the
position of the auroral oval. They are shown on the map in Fig. 1
with MLAT from the magnetic equator in 1909. We focus only on
the sites at which the absolute value of MLAT is less than 40°. The
coordinates of the sites and details of the auroral records at each
site are given in Table 1.

3.1 Observations from Japan

Silverman (1995) and Willis, Stephenson & Fang (2007), citing the
auroral catalogue of Kanda (1933, p. 208) published in Tenmon
Geppo for Japanese records, noted observational sites at Niigata,
Akita, and Hakodate. Kanda (1933) wrote, “This occurrence was
a famous thing, since it was visible in various areas of Hokkaido,
Akita, and Niigata. It was recorded in various newspapers of the
time. Mr. Saweda Tanejiro’s [NB Sawada Tanejiro in the original
text] sketches from the sea towards Hakodate [Hokkaido Prefecture]
and his observations are recorded on page 132 of issue 21 of this
journal’ (Kanda 1933, p.208; Willis, Stephenson & Fang 2007,
p-434). Obviously, Kanda (1933) is not a primary source document
and is based on ‘newspapers’ and ‘Mr Saweda Tanejiro’s sketches

. and his observations’ (Sawada 1928 = J1-1). Therefore, we
only consider Sawada (1928), as the newspapers that Kanda (1933)
relied upon are not specified, and revise Sawada’s observational site
as Otobe, according to his other report in J12 (N41°58', 140°07’;
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Figure 1. Distribution of auroral observational sites within £40° MLAT. The blue dots show the observational sites based on the hearsay account in Nature

(v.81, p.524), such as Singapore.

31.8° MLAT). On the other hand, we have further reports in Tenmon
Geppou (J1-2~1-5) and reproductions of the Japanese reports to
the central meteorological observatory of Japan and newspapers
written in Japanese (J2 and J3). In these, we find not only Akita
and Niigata, but also other observational sites down to Matsuyama
(N33°51’, E132°47’). We have several newspaper articles (J4~J7,
J9~J11) with little variation of description, presumably by different
observers. One of the most important of these newspaper accounts is
J7 (Chugoku Shinbun), reporting auroral observation in Hiroshima
(N34°22', E132°28') and reproduced in J8. Thus, Table 1 and Fig. 1
show auroral visibility was more widely spread than the three known
observational sites in Silverman (1995) and Willis, Stephenson &
Fang (2007).

We computed the MLAT of each observational site as sum-
marized in Table 1 based on the magnetic field model IGRF12
(Thébault et al. 2015). According to Thébault et al. (2015), the
geomagnetic north pole, namely the location where the dipole axis
intersects the Earth’s surface, was at N78.59°, W68.73° in 1909.
The corresponding observational sites in Japanese territory are
distributed from Shisuka (current Polonaysk: N49°14’, E143°07;
39.2° MLAT) to Matsuyama (N33°51’, E132°47’; 23.2° MLAT)
and Hiroshima (N34°22', E132°28’; 23.6° MLAT). Note that the
southern half of Sakhalin (Karafuto) Island was under the rule of
the Japanese Empire in 1909.

The lowest latitude locations at which aurorae were reported
in Japan are similar to the equatorward extension of auroral
visibility in the Carrington storm. In that storm, the auroral

visibility was distributed down to ~20°-23° MLAT (Kimball
1960; Tsurutani et al. 2003; Hayakawa et al. 2016b). Green
& Boardsen (2006) found ship logs (Saranac, Sabine, and St.
Mary) describing the low-latitude aurora in September 1859.
According to the location of the geomagnetic north pole at that
time in the geomagnetic field model of GUFMI1 (Jackson et al.
2000), the shipboard observations were made at 20.2°, 23.1°,
and 23.0° MLATS, respectively, while the report by Saranac is
rather associated with the preceding August storm (Hayakawa
et al. 2018b).

The elevation angle of the auroral display provides valuable
information to estimate the equatorward boundary of the auroral
oval. Fortunately, for the 1909 event, several Japanese records
include the elevation angle of the aurorae at the maximum phase
of the storm. Here, we compute not only MLAT but also invariant
latitude (ILAT) as shown in Fig. 2. The ILAT is a parameter for
the magnetic field line, and is the same along the magnetic field
line (O’Brien et al. 1962). In case of the dipole magnetic field, the
ILAT is identical to the MLAT on the surface of the Earth, while
the MLAT is different from the ILAT above the ground. Since the
electrons trapped by a magnetic field line tend to move along a field
line, the ILAT is a better parameter to identify the magnetic field
line that traps electrons resulting in the auroral brightening. Here we
calculate the ILAT at altitudes of 400 km (Silverman 1998; Ebihara
et al. 2017) and 800 km (Loomis 1861).

Reports from Matsuyama, the most equatorward observational
site in Japan, show that the auroral display extended ‘30° above
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Table 1. Auroral observations on 25 September 1909 within +40° MLAT, based on the references shown in the Appendix.

Start LT End LT Lat. Long.

ID Colour Direction h m h m N/S deg min E/W deg min MLAT
J1-1 BW-R/W n 23 30 24 55 N 41 58 E 140 7 31.8
J1-2 R n 25 0 25 30 N 37 55 E 139 2 27.7
J1-3 R n 25 0 28 0 N 38 55 E 139 55 28.7
J1-4 W-BW-R n 24 0 29 0 N 42 23 E 139 49 322
J1-5 R nw-ne 23 0 27 0 N 43 4 E 141 20 33.0
J2-1 RY-R-WY nw-e 23 0 27 30 N 43 4 E 141 20 33.0
J2-2 Y e-w 23 0 26 0 N 46 38 E 142 47 36.6
J2-3 - n 23 0 - - N 49 14 E 143 7 39.2
124 WR n 23 0 26 0 N 47 3 E 142 3 37.0
J2-5 Pi ne-nw 25 0 26 0 N 41 46 E 140 43 31.6
J2-6 R-RO - 25 45 26 15 N 38 26 E 141 18 28.4
12-7 R - 23 0 27 0 N 37 55 E 139 2 27.7
J2-8 R n 25 40 25 57 N 33 51 E 132 47 232
J2-9 R n 25 25 27 0 N 39 8 E 141 9 29.1
J3-1 R n - - - - N 40 38 E 139 55 30.4
J3-2 R n 22 0 - - N 43 51 E 142 46 339
J3-3 R-YW-R n 23 40 27 20 N 43 4 E 141 20 33.0
13-4 RY nw-ne 22 40 23 45 N 43 4 E 141 20 33.0
J3-5 R/Y/BW ne-nw 22 40 - - N 43 4 E 141 20 33.0
J3-6 RPu-Y - 24 0 - - N 43 4 E 141 20 33.0
13-7 R nne-nww 23 0 27 0 N 42 10 E 139 31 31.9
J3-8 W-BW-R n 24 0 29 0 N 42 23 E 139 49 322
J3-9 Pi-R nw-e 25 0 27 0 N 42 26 E 140 0 322
J3-10 R nw - - - - N 42 59 E 140 31 32.8
J3-11 R-W n 25 30 - - N 42 20 E 140 59 322
J3-12 R-Pi nw-ne 23 0 27 0 N 42 19 E 140 59 322
J3-13 w n 23 30 - - N 42 35 E 140 58 32.5
J3-14 R ne - - - - N 45 24 E 141 42 353
J3-15 R nw 23 20 25 30 N 45 27 E 141 39 35.4
J3-16 R n 25 50 - - N 40 49 E 140 46 30.7
J3-17 R n 26 0 - - N 39 43 E 140 6 29.5
J3-18 R n-w 25 30 26 30 N 38 26 E 141 18 28.4
J3-19 R n 24 0 26 0 N 38 16 E 140 53 28.2
J3-20 R-Y nw-ne 24 30 26 10 N 38 15 E 140 52 28.1
J3-21 R n-ne 25 0 - - N 39 23 E 141 7 29.3
J3-22 Pi w-e 23 0 26 0 N 38 0 E 138 19 27.7
J3-23 R n - - - - N 36 48 E 137 3 26.4
J4 R n 25 30 - - N 37 55 E 139 2 27.7
J5 R n-w 25 30 26 30 N 38 26 E 141 18 28.4
J6 R n 25 0 - - N 37 55 E 139 2 27.7
J6 R nw-ne 23 0 27 0 N 43 4 E 141 20 33.0
17 R n 25 30 26 20 N 34 22 E 132 28 23.6
J8 R n 25 30 26 20 N 34 22 E 132 28 23.6
J9 R - - - - - N 38 4 E 138 14 27.7
J10 R nnw-nne 23 0 28 0 N 43 4 E 141 20 33.0
J11 R nnw-nne 23 0 28 0 N 43 4 E 141 20 33.0
J12 BW-R/W n 23 30 - - N 41 58 E 140 7 31.8
SAl - - - - - - S 29 7 E 26 13 —29.5
SA2 - - 22 0 - - S 33 28 E 25 33 —33.6
SA3 Pi s-e 20 0 20 40 S 33 19 E 26 31 —33.6
SA4 R - - - - - S 33 0 E 27 55 —33.6
SA5 - - 21 30 23 0 S 31 34 E 26 44 —32.0
AUl R/other SW 23 0 - S 27 28 E 153 1 —35.7
AU2 R/Pu/W SwW-e 23 0 dawn dawn S 27 11 E 151 16 —35.6
AU3 R/G S 23 30 - - S 28 13 E 152 2 —36.6
AU4 G S 22 0 24 0 S 27 56 E 151 55 —36.3
AUS W/B/G/Gy/Y/Pi s 23 15 24 50 S 27 40 E 151 57 —36.0
AU6 G/R S-Z 22 0 24 0 S 28 13 E 152 2 —36.6
AU7 - - 20 0 21 0 S 28 21 E 114 38 —-39.7
AUS8 - - 21 45 30 0 S 28 14 E 117 39 —39.6
N1 - - - - - - N 1 20 E 103 50 —10.0
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Start LT End LT Lat. Long.
1D Colour Direction h m h N/S deg min E/W deg min MLAT
N2 - - - - - S 12 7 E 96 54 —23.2
N3 - - - - - S 6 8 E 106 49 —175
N4 - - - - - S 19 41 E 63 25 —27.1
N5 - - - - - S 29 51 E 31 1 —31.1

Abbreviations: The colours are given by R (red), B (blue), W (white), Y (yellow), Pi (pink), Gy (grey), and Pu (purple). The directions are given with the eight
points of compass. The references for the stations here (e.g. J1-1, SA1, AU1, or N1) are given in the Appendix. Their dates are all on 25 September 1909. The
observational time is given in a local standard time between 06:00 and 30:00 (06:00 on the following day) to describe the observational time beyond midnight
continuously with local time +24 h on the same date (e.g. 25:00 on 25 September for 01:00 on 26 September) as in Hayakawa et al. (2017¢e, 2018b).

Magnetic footprint
Aurora

Dipole magnetic field line

Surface of the Earth

0)

Equator

Figure 2. The relationship between the elevation angle of the auroral display (8), and the invariant latitude (ILAT) of the aurora A in dipole geometry

(Hayakawa et al. 2018b).

the horizon’ (J2-8; 23.2° MLAT). Therefore, we compute its
equatorward boundary of auroral oval as 31.6° ILAT, assuming the
height of visible auroral as 400 km. This is roughly consistent with a
report from Okushiri (J3-7: N42°10’, E139°31’; 31.9° MLAT) and
Futoro (J3-8: N42°23’, E 139°49’; 32.2° MLAT). Here, the observer
stated the elevation angles as ‘more than 80° above the horizon” and
‘85° above the horizon’, respectively. We compute the equatorward
boundary of the auroral oval as 35.1° ILAT for these cases. If we
expect the maximum altitude of the aurora to be 800 km (following
Loomis 1861), the equatorward boundaries of auroral oval are
computed to be 37.7° ILAT, 37.5° ILAT, and 38.0° ILAT, for Mat-
suyama, Futoro, and Okushiri, respectively. Note that variations in
the calculated low-latitude boundaries of the auroral display for the
various sites can be due to timing differences of elevation reports
(see Table 1 for their durations of visibility) as well as uncertainties
in the reported angles.

3.2 Observations from South Africa and Australia

In South Africa, aurorae australis were visible throughout the
Cape Colony down to Carnarvon Farm (S31°34/, E026°44/; —32.0°
MLAT). Hopkinson (1909, p.69) states ‘The Secretary of the
Cape Meteorological Commission records that a manifestation of
what was supposed to be the Aurora Australis was reported from
Carnarvon Farm on the night of the 25 September, being particularly
brilliant from 9.30 to 11 p.m. [19:30-21:00 UT]’. The report by

Eddie (1909, pp. 40-41) provides further detail with its elevation
angle at Grahamstown (S33°19" E026°31’; —33.6° MLAT). Here the
aurorae australis, ‘notwithstanding the bright moonlight, manifested
itself as a lovely rose-pink blush overspreading the sky’ and ‘The
auroral flush, which was greatly intensified on the southern horizon,
extended up to and beyond the zenith in the eastern and southern
portions’ with significant motions and pulsations. Considering
the aurorae australis extended equatorward beyond the zenith at
Grahamstown (—33.6° MLAT), it is calculated that the equatorward
boundary of the auroral oval in the South African sector was
at least beyond 36.1° ILAT or 38.3° ILAT, estimating auroral
elevation as 400 or 800 km, respectively. Chapman (1957c¢) reported
that the aurorae were observed farther equatorward from Durban
(S29°51/, E031°01’; —31.1° MLAT) but this record includes those
of Singapore and other stations in a secondary source that has been
disputed by Silverman (1995). These questionable observation sites
will be discussed further in Section 3.3.

In Australia, aurorae australis were visible in several cities
including Dalby (S27°11",E151°16'; —35.6° MLAT), which is more
equatorward than Brisbane (S27°28', E153°01’; —35.7° MLAT)
(The Brisbane Courier, 1909-09-27, p.4). Silverman (1995) con-
sidered the latter, Brisbane, to be the most equatorward observa-
tional site in Australia. Another report from Warwick (S28°13/,
E152°02'; —36.6° MLAT) states ‘On Saturday evening last, between
the hours of 10 [12UT] and 12 [14 UT], a unique manifestation of
the phenomenon known in the Southern Hemisphere as the Aurora
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Australis, was visible in Warwick. The spectacle was seen as a
beautiful pale, opalescent glow in the south, travelling over an area
of the heavens, while bright ribbons ran up nearly to the zenith. The
rays rose perpendicularly from an apparently dark arch, and the
luminosity played over the arch’. The rays were not stationary, but
appeared and disappeared, mounting upwards to a great height, and
slowly moving eastward and westward. This was followed, at about
mid night, by ared glow, so bright that many people thought it was a
fire’ (Warwick Examiner and Times, 1909-09-27, p. 8). As aurorae
australis extended up ‘nearly to the zenith’ at Warwick (—36.6°
MLAT), it appears that the auroral oval extended at least down
to 38.9° ILAT or 40.8° ILAT, estimating auroral elevation as 400 or
800 km, respectively. Considering its observational timing (22:00—
24:00LT; 12:00-14:00UT), this observation corresponds with the
beginning of the magnetic storm as described below. Another
report from more poleward observational sites in Australia such as
Sydney (S33°52', E151°12'; —42.2° MLAT) shows that the aurorae
extended even more equatorward. A newspaper in Sydney tells us
‘the red glow extended over very nearly the whole sky, only a small
area due north being unaffected’ (Brown 1909, p.97). Assuming
20° in the north sky is left, the equatorward boundary of auroral
oval is estimated to be 36.8° ILAT (—34.4° MLAT) or 34.3° ILAT
(—28.8° MLAT), based on a peak auroral elevations of 400 and
800 km, respectively.

These reconstructions of equatorward boundary of auroral oval
in the South African sector (36.1° ILAT or 38.3° ILAT) and in
the Australian sector (36.8° ILAT or 34.3° ILAT) are roughly
encompassed by those of the two reconstructions in the Japanese
sector (31.6° ILAT or 37.7° ILAT and 35.1° ILAT or 37.5° ILAT).
These differences might be attributed to the different stage of the
magnetic storm, which we clarify in upcoming sections.

3.3 Observations from Singapore, Batavia (Jakarta),
Rodriquez (Mauritius), Durban, and the Cocos (Keeling)
Islands

The auroral display may have been visible even farther equator-
ward. Chapman (1957a) states that the aurorae were observed at
Singapore, Batavia, the Cocos (or Keeling) Islands, and elsewhere.
Silverman (1995) revealed that all of these reports are based on
an article in the The West Australian (1909-09-27, p.7) newspaper
attributing possibly telegraph-related ‘phenomena’ to ‘the aurora’.
Philologically, the Nature (v.81, p.524) report cited in Chapman
(1957a) is hearsay of hearsay and is of questionable reliability, as
pointed out by Silverman (1995).

The original newspaper article in The West Australian (1909-
09-27, p.7) reads as follows: ‘Telegrams from the country, and
from the Eastern States show that the aurorae were observed in
all its richness throughout Australia, whilst cable advices received
by the Eastern Extension Company state that not only was the
phenomenon witnessed at Cocos Island, Batavia, Singapore, Ro-
driquez [Mauritius], and Durban, but the company’s lines were
affected by very strong and troublesome terrestrial currents due to
magnetic influences’, while Nature (v.81, p.524) reports ‘Mr W. E.
Cooke, Government astronomer, Western Australia, informs us that
the most magnificent aurora visible in Australia for half a century
occurred on 25 September. From reports in the West Australian, it
appears that the aurora was observed throughout Australia, as well
as at Cocos Island, Batavia, Singapore, Rodriquez, Durban, and
elsewhere. ... .

We use triangulation to evaluate the possibility that aurorae are
indeed visible from the observational sites listed in The Western
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Australia in the maximum phase of auroral display as witnessed
in Japan. The geographical coordinates of these sites are: Cocos
Islands (S12°07', E96°54"), Batavia (S06°08’, E106°49’), Singapore
(NO1°20', E103°50"), Rodriquez (S19°41’, E063°25"), and Durban
(S29°51’, E031°01"). Considering the location of contemporary
geomagnetic north pole determined by IGRF12 (Thébault et al.
2015), their MLATs are —23.2° at Cocos Islands, —17.5° at
Batavia, —10.0° at Singapore, —27.1° at Rodriquez, and —31.1°
at Durban.

Singapore is the most equatorward observational site in terms of
MLAT (—10.0° MLAT). Here, we make two assumptions. First, the
equatorward boundary of the auroral oval in the Japanese meridian
(31.6° ILAT or 37.7° ILAT) is the same as that in the meridian
of Singapore. Secondly, the auroral oval is symmetric about the
magnetic equator. In this case, the expected elevation angle of the
auroral display at Singapore would be 1.2° with the altitude of
400 km and 5.3° with the altitude of 800 km. Atmospheric refraction
could make it appear at a higher elevation angle. Thus, on the
calculation, one cannot rule out the possibility that aurorae were
seen from Singapore. The visibility at other observational sites is
more probable. For Batavia, the observational site with the second
lowest MLAT (—17.5°), we compute an expected elevation angle as
12° with the altitude of 400 km and 26° with the altitude of 800 km.

Therefore, we consider auroral displays might have been seen
in these observational sites at low elevation angles, assuming the
same equatorward boundary (31.6° ILAT or 37.7° ILAT at 16:40—
16:57 UT) as in the Japanese sector. Nevertheless, we need to note
that the two source documents currently available in the scientific
community are secondary records based on the hearsay as shown
in Silverman (1995). We note that all of the listed stations, Cocos
Islands, Batavia, Singapore, Rodriquez, and Durban, correspond to
the nodes on the Eastern Extension Company’s submarine cable
route (Fig. 3). We cannot rule out the possibility that aurorae were
observed at any of these sites, but we do permit the possibility
that the reports of aurorae in each case were based on a conflation
of aurorae with telegraph disturbance experienced at that location.
Therefore, further surveys for auroral reports for these observational
sites with lowest MLAT are needed to affirm these sources. We also
note that actual observations of aurorae at the Cocos Islands (—23.2°
MLAT), Rodriquez (—27.1° MLAT), and Durban (—31.1° MLAT)
would be compatible with the lowest latitude observations from
Japan and South Africa.

4 COMPARISON BETWEEN MAGNETIC AND
AURORAL DISTURBANCES

4.1 Magnetometer observations for 1909

Fig. 4(a) shows the traces of the H-component disturbances acquired
at the four stations (San Fernando, Spain (N36°28’, W006°12";41.0°
MLAT; Azcérate 1910); Vieques, Puerto Rico (N18°09, W065°27;
29.5° MLAT; Hazard 1912), Apia, Western Samoa (S13°49,
W171°47"; —16.1° MLAT; Wegener 1914), and Mauritius (S20°05,
E057°33'; —26.5° MLAT; Claxton & Walter 1913), together with
the Dst index (red line) constructed by Love, Hayakawa & Cliver
(2019). Love, Hayakawa & Cliver (2019), calculated a minimum
Dst value of —595nT for this event.

As noted by Love, Hayakawa & Cliver (2019), the H-component
magnetograms exhibit a marked asymmetry during the first ~1.5h
following the sudden commencement at ~11:40UT, with San
Fernando and Vieques exhibiting a strong negative excursion during
this interval and Apia showing a strong positive pulse, while the
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Figure 4. (a, above) H-component of magnetic disturbance at four stations
at low- and mid-latitudes (San Fernando, SFS; Vieques, VQS; Apia, API;
Mauritius, MRI) together with estimated Dst value (from Love, Hayakawa,
& Cliver 2019), and (b, below) duration of auroral visibility as a function
of the absolute value of MLAT and UT. Only the sites located within £40°
MLAT are shown. Their timing is converted to the universal time (UT).

Mauritius trace was relatively flat before dropping sharply. Love,
Hayakawa & Cliver (2019) interpreted this early behaviour in storm
evolution in terms of the effect of substorm-related currents on
the relatively low-latitude magnetograms. The early H-variation
at Tokyo (N35°41°, E139°46’; 25.5° MLAT) shown in Fig. 5 is
similar to that at Apia (strong positive pulse), while the variation at
Alibag (N18°39’, E072°52’; 9.6° MLAT) shows similarities to that
at Mauritius, with an early muted response (though in the opposite
direction from that at Mauritius) followed by a strong rapid negative
excursion.

4.2 Relative timing of magnetic disturbance and aurora

4.2.1 September 1909

Fig. 4(b) shows the duration of the auroral observations below £40°
MLAT, namely in Japan, South Africa, and northern Australia.
Aurorae were well-observed from Perth, Australia as well. Note
that the reports of the aurorae start to appear at ~12 UT, and end by
~18 UT. This duration corresponds to the storm main phase and the
early recovery phase as identified by the reconstructed Dst index
shown in Fig. 4(a). The equatorward most observation was made
near the Dst minimum.

Quoting from The West Australian newspaper, ‘Towards 9 o’clock
[13 uT] the sky from east to west in a southern sweep was observed
to be suffused with a strange white glow. To the north the sky was
clear and cloudless, but within the half-circle of the strange influence
weird luminous clouds appeared to rise from nowhere, to ascend
towards the zenith and vanish. The heavens seemed afire. Yet it
was a fire supernaturally regulated into a bewildering succession of
arches, through which a multiplicity of columns of white light rose
almost perpendicularly, converging very gradually to the horizon. At
one time, the whole empyrean seemed vanishing in a celestial fire,
[soon] greenish clouds rose as from a house burning in the heavens,
and then there came a suffusion of pink deepening into carmine,
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Figure 5. Magnetic records at Tokyo (TOK; top) and Alibag (ABG; bottom). The former shows declination, vertical and horizontal components, reproduced
from Uchida (1909). The geomagnetic field data at Alibag used in this paper was obtained in Alibag, and provided by the WDC for Geomagnetism, Kyoto
(http://wdc kugi.kyoto-u.ac.jp/wdc/Sec3.html). Note that the polarities of the magnetic record at Tokyo are opposite (positive downward).

till the sky was a restless sea of blood-red fire. ... The beauty of
the display fluctuated throughout the evening. Towards 10 o’clock
[14 UT] it was on the wane, and many who had spent a full hour
watching the phenomenon thought that the great transformation
scene was closing. But as midnight [16 h UT] approached the glow
became more brilliant, and glorious lights of all colours danced
across the trembling sky. Even at this late hour thousands were
feasting their eyes on the dazzling spectacle, but as again the
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quivering sky seemed to be losing the richness and brilliancy of
its colouring, they retired to their beds. It is related, however, that
once more in the early morning the aurorae developed in all its
magnificence. After that its splendours slowly faded away, not to
reappear for perhaps another 10yr. Throughout the metropolitan
area the visitation created profound excitement as well as a good
deal of mystery. The heavens were more intently studied for those
2 or 3h on Saturday night than they had been ever before’. Thus
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the early auroral behaviour in Perth (S31°57', E115°52"; —43.3°
MLAT) closely tracked the first sharp dip and recovery in the
magnetogram from Vieques (N18°09’, W65°27; 29.5° MLAT),
which is nearly antipodal geographically. The subsequent auroral
activity at Perth appears to be more closely related to ring current
evolution.

4.2.2 March 1989

Fig. 6 shows that the Dst variation during the March 1989 storm
(minimum Dst of —589 nT) was comparable to that of the storm in
September 1909 (estimated Dst of —595nT; Love, Hayakawa &
Cliver 2019). For the 1989 event, the low-latitude aurorac were
reported from the Cayman Islands (30.4° MLAT), Cancun, Mexico
(31.9° MLAT), Exmouth, Australia (—33.3° MLAT), and from the
ships Eland (—29.0° MLAT), Sentis (—29.5° MLAT), and London
Spirit (30.7° MLAT) (Silverman 2006a). The auroral electron
precipitation observed by the U. S. Defense Meteorology Satellite
Program extended, at least, down to 40.1° MLAT (Rich & Denig
1992), which is consistent with the ground-based reports, near the
time of the Dst minimum (see also Yokoyama et al. 1998). The
Akebono satellite observed the enhancement of the magnetospheric
convection electric field (Shinbori et al. 2005). The peak amplitude
of the electric field of 46mV/m was recorded at L = 2.3-3.3
near the plasmapause. The strong convection electric field may be
responsible for the earthward transport of the magnetospheric ions
and electrons. The earthward transport of the magnetospheric ions
results in the enhancement of the ring current as manifested by the
Dst index (e.g. Ebihara & Ejiri 2000), and the earthward transport
of the magnetospheric electrons (originating from the plasma sheet
and the plasmasphere) results in the equatorward displacement of
the auroral region (e.g. Ebihara et al. 2017). The UV imager onboard
the Dynamics Explorer (DE-1) satellite captured the aurorae (Allen
etal. 1989; Pulkinnen et al. 2012). On the basis of the auroral image
captured at 0151 UT on 14 March 1989 (just after the Dst minimum),
Allen et al. (1989) concluded that the auroral region extended to
Alabama, Georgia, and northern Florida and over Texas, Oklahoma,
and New Mexico. No details are given on the timing or elevation
angles of these observations, and further work will be required
to compare satellite observations and ground-based determinations
of the equatorward boundary of the overhead auroral oval in this
unique extreme storm for which both types of data are available.

4.3 Telegraph disturbance

According to Uchida (1909, p.702) operators in the telegraph
station at Tokyo (N35°41’, E139°46’; 25.5° MLAT) recorded
geomagnetically induced currents (GICs) at 22:35 LT (13:35UT)
in long-distance telegraph lines. Their communication with the
Ogasawara station (N27°06', E142°11’; 17.2 °“MLAT) upon the
telegraph line between Tokyo and Guam was also disturbed. They
first suspected local breakdowns and contacted the station at Guam
(N13°35/, E144°52"; 4.0° MLAT) for this telegraph disturbance
and confirmed disturbances with strong voltage on the submarine
telegraph cable lines around Guam. Indeed, Uchida (1909, p.710)
records the voltage between Tokyo and Yokkaichi as >110 at
22:35 LT (13:35uT). This voltage decreased to >70 at 22:42 LT
(13:42 UT) and finally to ~14 at 23:20 LT (14:20 UT). They found
another disturbance upon the Tokyo—Guam line from 25:40-26:20
LT (16:40-17:20 UT), while this disturbance did not affect telegraph
communications due to few communications during midnight. This
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report shows that such a major solar disturbance can affect social
infrastructures at low MLATs.

According to the Dst index reconstructed by Love, Hayakawa
& Cliver (2019), the interval of the telegraphic glitches taking
place between ~13:35UT and ~17:20 UT corresponds to the storm
main phase (Dst ~ —320nT to ~ —570nT). This interval also
corresponds to that of the low-latitude aurorae witnessed at many
points at <£40° MLAT. A large-amplitude of the GIC is induced
by magnetospheric and/or ionospheric current system. One possible
cause of the telegraphic disturbance is the storm-time ring current
that developed between ~11:40UT and ~17:40UT. Kappenman
(2004) has shown that the magnitude of GICs flowing in the
Japanese power grid increases with the magnitude of the Dst index.
Another possible cause is the substorm—current wedge system that
consists of field-aligned current and the tail current (McPherron,
Russell & Aubry 1973). Downward field-aligned current is con-
nected to the dawnside ionosphere, and upward field-aligned current
is connected to the duskside ionosphere. The pair of field-aligned
currents causes magnetic disturbances at mid- and low- latitudes
(Pytte, Mcpherron & Kokubun 1976). The magnetic disturbance
recorded at Tokyo (Fig. 5) shows a decrease in the H-component
and a positive excursion of the D-component during the interval of
~22-23 LT (~13-14 UT). Itis probable that Tokyo would be located
at southwest of the upward field-aligned current during this interval.
The D-component variation shows a few negative excursions during
~25:40-30:00LT (~16:40-21:00UT). Although the disturbance
of the H-component is unavailable during this interval, it can be
speculated that Tokyo was located at southeast of the downward
field-aligned current. In addition to the development of the ring
current, the formation of the substorm current wedge may also cause
the telegraphic disruption. By considering the above discussion, at
mid-latitude, we suggest that there are two regions where GICs can
be caused by field-aligned currents. One is southwest of the upward
field-aligned current, and the other is southeast of the downward
field-aligned current. In these regions, the H-component of the
magnetic field is expected to decrease significantly because of the
combination of the effects of the ring current and the current wedge.
Tokyo was probably situated in such hazardous regions during the
25 September 1909 storm.

5 SOLAR ACTIVITY ASSOCIATED WITH THE
25 SEPTEMBER 1909 MAGNETIC STORM

5.1 Solar flare observations

Astronomers recorded a major ‘solar disturbance’ on 24 September
1909 that was linked to the great storm on 25 September. Lockyer
(1909) made a series of solar photographs with his spectrohelio-
graph on 17-18, 20-22, and 24 September.

On 24 September, he observed significant intensity enhancements
in a sunspot group with approximate latitude 5° S and Carrington
longitude 305°. This group had its central meridian passage, the
optimum time for a solar eruption to produce a geomagnetic storm,
on 23 September at ~19 GMT (Jones 1955). At the time of the SFE
(~12 GMT on 24 September) the group would have been located at
~10W (Newton 1943). Lockyer (1909) obtained Ca 11 K heliograms
at 10:06, 10:11, 11:11, and 11:16 in GMT on 24 September that are
reproduced in Fig. 7 along with images taken at 12:12 GMT on
21 September and 10:42 GMT on 22 September for comparison.
Lockyer, who had routinely monitored the Sun in Call K line at
the South Kensington Solar Physics Observatory since July 1903,
described the ‘tremendous activity’ in the spot group near central
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Figure 6. Dst value of the magnetic storm on 13/14 March 1989, based on the value of H-component of the four Dst stations.The geomagnetic field
data used in this paper was obtained in Kakioka, Honolulu, Hermanus, San Juan, and Hermanus, and provided by the WDC for Geomagnetism, Kyoto
(http://wdc kugi.kyoto-u.ac.jp/wdc/Sec3.html). See the Dst value World Data Center for Geomagnetism, Kyoto et al. (2015).

meridian at ~10 GMT on 24 September — what we would term a
flare or eruptive flare today (Cliver 1995) — as being ‘quite unique
in the records made with the spectroheliograph of this observatory’.

Lockyer (1909) first noticed the disturbance on 24 September at
10:06 GMT and noted ‘The two most striking features are the great
increase in intensity, and the nearly complete change of form’. The
images in panels (c) and (d) in Fig. 7 from 24 September show a
‘complete transformation’ from those in (a) and (b) taken on the
22 September due to an ‘overhanging calcium cloud’ (flare ribbon
today) that nearly ‘obliterated’ the ‘two dark more or less elliptical
spots’. About 1h later, at 11:11 GMT (panel e), ‘The intensity of
the whole group is very considerably reduced . ..’, while at 11:16
GMT (panel f), ‘changes are still going on, but nothing so violent
as those which occurred previously’.

Other astronomers witnessed the eruption on 24 September.
Frederick Slocum was monitoring the Sun with the Rumford
spectroheliograph with Cant H line. Slocum (1910, pp. 27-28)
witnessed “The high-level calcium flocculi over the spot present a
marked spiral form, with several brilliant eruptions on the branches
and outside the spiral’ on 10:26:07 GMT. Edwin Holmes saw the
solar disc in H o (Fraunhofer C line; the line used for modern flare
patrols) roughly 1 h later, around 11:30 GMT. He states ‘I made an
attempt to see prominences, but getting the sunspot on the slit I saw
at once that when the spot-shade crossed the C line it was not dark
but brilliant, far more brilliant than the general surface of the Sun
there, for I was able to see it as a considerable-sized luminosity over
both members of the spot with slit open to a large extent. The time
was 11.30 a.m., and about an hour afterwards the brilliancy faded
somewhat” (Holmes 1909, p.396). Fowler (1909, p.396) of South
Kensington made an observation at 12:20 GMT and reported about
‘abrilliant reversal of the C line of hydrogen over one of the umbra’
and related this with a ‘very bright overlying prominence’. Lockyer
(1909) tentatively linked the solar disturbance near ~10 GMT with
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the magnetic storm on the 25 September. Newton (1943) used this
flare—storm association in the first statistical, rather than anecdotal,
study linking solar flares to geomagnetic storms.

The flare was accompanied by a geomagnetic crochet observed
at Greenwich with an H-component amplitude of ~—40nT from
~11-12.5 GMT (cf. Jones 1955, p.80) that can be seen in Fig. 1
from Love, Hayakawa & Cliver (2019). The time profile of the
SFE suggests that the intense brightening Holmes observed in H «
at ~11:30 GMT represented the most energetic component of the
flare activity Lockyer first observed at ~10 GMT. This coincidence
also gives timing closer to the 1859 event (~11.1-12 GMT; see
Cliver & Svalgaard 2004) facilitating comparison of the Greenwich
SFE amplitudes of the 1909 and 1859 events for determination of
SXR flare size (Cliver & Svalgaard 2004; Clarke et al. 2010; Cliver
& Dietrich 2013).

5.2 Sunspot observations

Fig. 8 shows the whole-disc sunspot drawings between 23 and 25
September 1909, obtained from the Kalocsa Observatory (N46°32/,
E018°59) in Hungary digitized by Baranyi, Gydri & Ludmaény
(2016). The large sunspot group near the disc centre, designated
Greenwich No. 6728 (Jones 1955), in which the flare activity after
10 GMT on 24 September originated had a mean-corrected whole
spot area of 619 millionths of a solar hemisphere (msh) with a value
of 631 msh on 24 September and a maximum whole spot area of
908 msh on 28 September.

The heliograms and descriptions in time show that the first flare
occurred on the above right (northwestern) side of the sunspot group.
We cannot determine the magnetic structure of the solar active
region since we do not have magnetic measurements. However,
this region is likely classified as a delta-type spot, which is the
most flare-productive spot category (Kiinzel 1960) as two umbrae

6102 1990J00 | U0 1saNB Aq G801 LZG/E80Y/E/Y8F/10BISR-9]0ILE/SEIUW/WOY"dNO"DIWSPED.//:SA)Y WO} PAPEOjUMOQ


http://wdc.kugi.kyoto-u.ac.jp/wdc/Sec3.html

September 1909 extreme space weather event 4093

1909
Sept. 24
10 h. 5m. 50s.

Sept. 21

12h. 12m. 10s. 10 h. 10 m. 59 5.

Sept. 22

10h 42m. 2s. Mh m 17s.

WEST.

MNh.16m. 245,

WEST.

Figure 7. Lockyer’s heliograms from 21 September (12 h 12 m 10 s) to 24 September (11 h 10 m 24 s).

~ o - o ' w1 —

£»

Figure 8. Sunspot drawings from Kalocsa Observatory on 23 (left) and 24 (right) September digitized by Baranyi, Gydri & Ludmany (2016).
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(frequently mentioned as ‘two elliptical umbra’ in the sunspot by
Lockyer 1909) share a penumbra in the sunspot drawing of the
Kalocsa Observatory.

Fig. 7 shows the two flare ribbons extended from the centre of two
umbrae to the outer edge of the sunspot group with a spiral shape.
This interpretation is also confirmed by Lockyer (1909, p.15) who
describes ‘the two dark elliptical umbra’ with ‘two bright portions
stretching across and nearly meeting in the centre’ at 11:11:47
GMT. This appearance may show us that the flare occurred along
the magnetic neutral line stretching from the spot centre to the spot
edge on the right-above side. If correct, this sunspot group should
be categorized as the Type 1 region of Zirin & Liggett (1987) and
the Spot—spot case of Toriumi et al. (2017).

5.3 Scaling the solar flare size

As shown above, flaring activity in Greenwich sunspot group 6728
lasted from ~10:05-12:20 GMT and was accompanied by an
~—40nT geomagnetic crochet observed at Greenwich from
~11:00-12:30 GMT (Love, Hayakawa & Cliver 2019). The sudden
commencement (SC) was observed at ~11:42-45 GMT (Fig. 5;
Jones 1955; Mayaud 1975). Mayaud (1975) reports an SC with an
amplitude of 101 nT observed at 11:42 GMT at Alibag Observatory.
Hale (1931) reports a storm onset at 11:43 GMT from Kew
Observatory. Fig. 5 reproduced from Uchida (1909) shows the
SC at ~20:45 LT (11:45UT). These reports yield the Sun—Earth
transit time (SFE to SC) of 24 h 42-45 m, and an average speed of
~1700kms~" (cf., Love, Hayakawa & Cliver 2019).

CMEs in interplanetary space are known to be decelerated mainly
due to dynamic drag force (Cargill et al. 1996; Manchester et al.
2004; Vrsnak et al. 2013, Takahashi & Shibata 2017). Takahashi
& Shibata (2017) showed that the deceleration is caused by the
accumulation of sheath plasmas ahead of the CMEs. They showed
an analytic expression of CME Sun—Earth travel time in terms of
its mass and speed near the Sun and validated their model with
observations.

Based on their model and the CME propagation time of 24 h
45min in the event, the lower limit of the CME Kkinetic energy
is estimated to be 1.5 x 10*erg, assuming that the upstream
solar wind is slow (350kms~") and dense (~9cm™>). For this
circumstance, a CME energy of 1.5 x 10* erg suggests that the
associated flare is of soft X-ray (SXR) class >X10, according to the
procedure of Takahashi & Shibata (2017). Alternatively, for a fast
(500kms~!) and rarified (1 cm™) ambient solar wind, the lower
limit of the CME kinetic energy is estimated to be 1.4 x 10%? erg,
which suggests that the SXR source flare was > X1 class.

The two modern solar-terrestrial events that are most similar
to the 1909 event in terms of their flare locations and CME
transit times to the Earth (based on Gopalswamy et al. 2005c)
were those with flares on 14 July 2000 (WO07; 27.9h; initial
CME speed = 1674 km s~ and 29 October 2003 (W09; 19.7 h;
initial CME speed = 2029kms~!) versus W10, 24.75 h, and
~1700kms~! for 24 September 1909. The Bastille Day flare in
2000 was an X5.7 event, while the second great flare in the 2003
Halloween sequence (Gopalswamy et al. 2005b) had an X10.0
SXR classification. The Bastille Day flare was preceded by an
X1 class flare and halo CME (1086 kms~!) from the same region
(AR9077) on 11 July 2000 (10:18UT) and the Halloween flare on
29 October was preceded by an X17 class flare and halo CME
(2459 kms~") on 28 October (11:10UT) also from the same active
region (AR10486) (Yashiro et al. 2004). The CMEs launched
from these earlier flares presumably assisted in the relatively rapid
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transit times to Earth of the 14 July 2000 CME (27.9h) and
the 29 October 2003 CME (19.7h) by clearing out the plasma
in its path. Time series for the geomagnetic aa index (Mayaud,
1972; http://www.geomag.bgs.ac.uk/cgi-bin/aaindex) as well as
solar wind data (https://omniweb.gsfc.nasa.gov/ow.html) for the 14
July 2000 (data unavailable for the 29 October 2003 event) suggest
that the Earth was in fast/rarified flows for both of these events. Thus
the estimated lower limit SXR class for both of these events from
the Takahashi & Shibata (2017) model is X1, somewhat below
the observed values of X5.7 (14 July 2000) and X10 (29 October
2003).

Jones (1955) and Hale (1931) reported the 24 September 1909
event as the first flare in his monitoring. No great magnetic storms
were recorded beforehand either (Jones 1955), unlike, e.g. 1859
(Jones 1955; Green & Boardsen 2006; Nevanlinna 2008; Hayakawa
et al. 2018b). (It should be noted that absence of evidence is not
evidence of absence, as flares may have been overlooked or the
associated CMEs were not geo-effective.) The aa record on 25
September, prior to the onset of the geomagnetic storm, shows
low activity, consistent with slow solar wind (Mayaud 1972). Thus,
based on the above transit time estimate of flare size for a slow dense
solar wind and the comparison of the crochet amplitude of ~—40nT
recorded at Greenwich for the 1909 flare with that observed for that
1859 Carrington flare [—110nT at nearly the same time (~11:15
GMT), with an inferred SXR class of X42 (see Fig. 1 in Clarke et
al. 2010)], we consider the 1909 flare as >X10 in SXR class.

6 DISCUSSION

6.1 Scale of magnetic storm and auroral oval

It is becoming increasingly clear that low-latitude auroral activity
is a standard feature of extreme geomagnetic storms, i.e. those
with minimum Dst values <—500nT (e.g. Yokoyama et al. 1998;
Shiokawa et al., 1997, 2002; Shiokawa, Ogawa & Kamide 2005).
The first clear indication that this was the case was for the Car-
rington storm of September 1859 for which Tsurutani et al. (2003)
reported a sharp negative excursion in the Colaba H-component to
—1600 =+ 10nT followed by an equally rapid recovery. While the
minimum Dst value those authors inferred for the 1859 event has
become a topic of debate (Siscoe et al. 2006, Green & Boardsen
2006; Cliver & Dietrich 2013; Ngwira et al. 2014; Lakhina &
Tsurutani 2016; Tsurutani et al. 2018), the reality and character
of the sharp negative spike that occurred at the beginning of the
storm in conjunction with low-latitude aurora, similar to the 1909
event, has not. For the March 1989 event, strong negative (or
positive) excursions in the H-traces of low-latitude magnetograms
did not occur near the beginning of the storm, but they did
appear near the peak of the storm (time of minimum Dst; Fig. 6)
concomitant with the most equatorward excursion of the aurora as
determined by satellite measurements of electron precipitation (see
Fig. 1 of Yokoyama et al. 1998). For the 1921 event (Silverman
& Cliver 2001; Kappenman 2006), an aurora observed by the
staff at Apia, Samoa magnetic station coincided with a strong
positive bay recorded at that observatory (Cliver & Dietrich 2013).
The occurrence of simultaneous sharp negative and positive H-
excursions at widely separated low-latitude observatories at the
same time as low-latitude aurora, such as was the case for the
1909 event (Love, Hayakawa & Cliver 2019), is more readily
explained in terms of field-aligned currents, polar cap currents,
and the auroral currents they drive than by ring currents that have
longer recovery time currents. While other possible explanations
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have been proposed (e.g. Li et al. 2006; Tsurutani et al. 2018) for
the concurrence of low-latitude aurora and concomitant negative
spikes in magnetometer H-traces, the 1909 event adds to the growing
evidence for the non-ring-current picture that was first strongly
advocated by Green & Boardsen (2006).

6.2 Colour and brightness of auroral display

The colour of this auroral display is described as mostly reddish,
as shown in Table 1. However, some auroral reports show appear-
ances in non-reddish colour. The records J1-1 and J12 (N41°58’,
E140°07’; 31.8° MLAT) state that Sawada saw a transition from
‘spherical light in bluish white colour through clouds’ to light
‘as reddish as pickled plums’ with ‘whitish striation’ later. His
description explicitly shows that the auroral display started without
a reddish component. Another record J3-6 (N43°04', E 141°20';
33.0° MLAT) also states a transition from ‘white light occupying
one region’ and ‘several strokes of twinkling blue-white flash’
since 24:00LT to ‘the sky became crimson’ around 03:00 LT (26
September). Another report (J3—11) states that the auroral display
‘shone in the sky seen like a fire, with its colour whitish’ at Date
(N42°20/, E140°59’; 32.2° MLAT).

The transition from ‘light in bluish white colour’ to light ‘as
reddish as pickled plums’ may be attributed to the transition from
the sunlit aurora to the usual reddish aurora. The sunlit aurora
can extend as high as 1100 km (Stgrmer 1955, pp.91-92; Hunten
2003), and the N,™ ING bands, including 427.8 nm, are dominant
(corresponding to the blue colour). Here, we use the height of
600km for sunlit aurora, as its occurrence frequency becomes
about 1/100 of its peak value at this height (Stgrmer 1955, pp.91-
92). The emission of the the N,™ ING bands in the sunlit aurora
is thought to come from fluorescent scattering of sunlight. One
mechanism for the sunlight aurora is as follows (Degen 1987): N,
is ionized by impact of precipitating electrons, and the solar-induced
fluorescence of the ionized N, is responsible for the emission at
427.8 nm. The ionization cross-section of N, peaks at ~100 eV
(Rees 1989). Another mechanism is as follows (T. Sakanoi, private
communication): O is ionized by impact of precipitating electrons,
and charge exchange between the metastable O™ and N, produces
N, ", which gives rise to the emission at 427.8 nm due to solar-
induced fluorescence. The ionization cross-section of O peaks at
~70eV (Rees 1989).

Fig. 9 shows the location of the terminator at the altitude
600 km (thick line) and the location at which the solar elevation
angle is —12° on the ground (thin line with ‘—12’, border of the
astronomical twilight on the ground) at 15:00 uT (24:00LT), and
17:00 UT (26:00LT). It is considered that the sunlit aurora would
have shone between the thick and thin lines if electrons were
precipitating. The ellipse-like line shows the limit at which the
aurora at altitude of 600 km is visible from the red point in Fig. 9,
Futoro (J3-6: N43°04’, E141°20’; 33.0° MLAT). It indicates that
the observers at Futoro (J3) and Otobe (J1-1) may plausibly have
seen the sunlit aurora. Note that the sunlit aurora could be visible
when the auroral height was at least 540 km. The ‘light in bluish
white colour’ started to appear at the latest at 15:00 UT (24:00 LT).
At this moment, the storm main phase was ongoing (Figs 4 and 5),
and soft electrons are thought to precipitate into the sunlit upper
atmosphere as low as around 55° ILAT, resulting in the generation
of the sunlit aurora. Then, as the storm main phase develops, the
electron precipitation region is thought to move to lower ILATSs
where the upper atmosphere is in the dark. These precipitating
electrons into the dark upper atmosphere could result in the reddish
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aurora dominated by 630.0 nm as is commonly seen at low latitudes
(Shiokawa, Ogawa & Kamide 2005).

Note that Tinsley et al. (1984) explain bluish low-latitude aurorae
‘without red tint’ as excitation of the N,™ first negative band by
heavy neutrals or ions of H and O without sunlight. This may be
a kind of ‘ring current aurora’, where precipitation of neutral H or
H' excites the N, ™ first negative band at low/mid latitudes during
large magnetic storms (Zhang et al. 2006). A possible problem with
this explanation is that ring current aurora is not bright and would
be difficult to see with naked eyes.

This 1909 auroral display was frequently compared with a ‘fire’
or ‘conflagration’. An observer at Sapporo Meteorological Obser-
vatory reported that he ‘at first considered it as a firelight reflected
in the sky’ (J2-1). An observer at Ishinomaki Meteorological
Observatory reported ‘the sky was totally burnt so that it was bright
enough to recognize objects’ (J2-6). The observer at Matsuyama
Meteorological Observatory (J2—8) wrote ‘The observatory consid-
ered this as a conflagration. However, following surveys told us there
were no conflagrations north from this place and saw newspapers

. and considered it as auroral borealis’.

It is known that bright auroral displays are frequently misinter-
preted as conflagrations or fires (Green et al. 2006; Odenwald 2007;
Silverman 2008; Vaquero et al. 2008; Hayakawa et al. 2016b).
We can classify auroral brightness in terms of the International
Brightness Coefficient (IBC) Class IV, whose total illumination on
the ground corresponds with that of the full moon (Chamberlain
1961). It should be noted that the lunar phase was 0.38 and close
to the full moon (0.5) on 29 September according to the code
of Kawamura et al. (2016). Thus the auroral display was bright
enough to compete with the notable moonlight. Ebihara et al. (2017)
examine a case of great auroral display on 17 September 1770
and consider precipitation of high-intensity low-energy electrons
in mid- to low-latitude area, as a probable cause of that extremely
bright display.

6.3 Context of this extreme space weather event

This event occurred two years after the solar cycle 14 with its
maximum in 1907 (Clette et al. 2014; Svalgaard & Schatten 2016).
Fig. 10 shows the plot of monthly mean value of international
sunspot number by the Sunspot Index and Long-term Solar Ob-
servation (Clette et al. 2014) for cycle 14. These plots show that
this space weather event occurred in a declining phase of the cycle
as expected for large space weather events (Lefevre et al. 2016),
while the cycle itself is relatively moderate even in its maximum
and considered as a space weather event by a relatively quiet Sun
(Kilpua et al. 2015).

Accordingly, the number of sunspot groups were only 3-5 on
24 September 1909 (Vaquero et al. 2016), and the sunspot area
of region 6728 was moderate (619 msh). However, even for this
moderate solar activity state, the Sun can cause a quite geo-effective
space weather event, if it has enough magnetic energy and emits a
CME from disc centre.

Moreover, the reports in time reveal the sunspot group 6728 was
active around this event. Lockyer (1909, p.14) reports increase of
‘the intensity of the flocculus’ at 12:12:10 UT on 21 September, and
at 10:42:02 UT on 22 September, suggesting the magnetic activity
of this sunspot group had been already intensive. Other reports
on ‘a bright crescent’ at 11:50:26 UT on 17 September and ‘two
umbrae separated by an unusual bright streak’ at 10:28:36 UT on
18 September might be interpreted as a jet eruption above the light
bridge (Roy 1973; Shimizu et al. 2009; Toriumi, Katsukawa &
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Figure 9. Location of the terminator at the altitude 600 km (thick line) and the location at which the solar elevation angle is —12° on the ground (thin line
with ‘—12’, border of the astronomical twilight) at 15:00 UT (24:00 LT), and 17:00 UT (26:00 LT) on 25 September.
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Figure 10. Context of the extreme space weather event on 25 September 1909, in comparison with the international sunspot number based on the data base
of SILSO (Clette et al. 2014). The vertical axis shows the international sunspot number and the horizontal axis shows time series. The timing of the extreme

space weather event on 25 September 1909, is shown by a red stroke.

Cheung 2015a,b), although its relationship with the eventual flare
is not clear. After the flare on 24 September, another flare was
reported on 28 September by Evershed (1910) at the Kodaikanal
Observatory (N10°14/, E077°28'). His first assistant Sitrama Aiyar
witnessed ‘an outburst directly over the umbra of the spot’” between
10:30 and 11:30 in Indian Standard Time, namely between 5h
and 6h in GMT. Therefore, we consider that this sunspot group
has emitted the flares and CMEs more than once as expected for
intensive active regions (e.g. Tsurutani et al., 2007, 2008; Cliver &
Dietrich 2013).

In terms of cycle phase and associated active region, the 1909
space weather event is comparable to largest storm of Halloween
2003 sequence (Gopalswamy et al. 2005a,b). The November 2003
storm occurred ~5 yr prior to the end of cycle 24, which is often
compared to cycle 14 during which the September 1909 storm
occurred ~4 yr before solar minimum. The 18 November 2003
eruption originated in an active region with total corrected spot
area of 410 msh and produced a storm with a minimum Dst value
of —422nT.

7 CONCLUSION

A comparison of magnetic records and ground-based auroral
observations for the great geomagnetic storm of 25 September
1909 (estimated Dst = —595nT; Love, Hayakawa & Cliver 2019)
shows that the mid- and low-latitude aurorae, which were observed
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down to ~23° MLAT in Japan and ~—32° MLAT at Carnarvon
Farm in South Africa, occurred during the main phase and the
early recovery phase of the magnetic storm. The Japanese reports
indicate that the equatorward boundary of the auroral oval (or
auroral region) extended to 31°-35° ILAT (based on an assumed
auroral height of 400 km), or 37°-38° (800 km). In Japan, bluish
colour was witnessed first, followed by a reddish one. The change
from the bluish colour to the reddish one can be attributed to
the transition from the sunlit aurora to the usual reddish aurora.
Telegraph communications were disturbed in the Japanese domestic
lines and the international line between Tokyo and Guam. The
telegraphic disruptions were probably caused by the intensification
of the storm-time ring current and the substorm current wedge.
The 13/14 March 1989 storm had a comparable minimum Dst
value of —589nT and an equatorward boundary of auroral oval
of 40° MLAT that was based on satellite measurements. From the
24.75 hour interval between the SFE and the SC for September
1909 space weather event— nd the inferred solar wind conditions
at Earth prior to the CME arrival nd the ~40 nT amplitude of the
flare-associated crochet, we estimate a SXR class of >X10 for the
eruptive flare on 24 September.
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