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Abstract. The validity of a technique developed by the au- 1 Introduction
thors to identify historical occurrences of intense geomag-
netic storms, which is based on finding approximately coin-|, 5 detailed investigation, Willis et al. (2005) used com-
cident observations of sunspots and aurorae recorded in Eagtahensive catalogues of ancient sunspot and auroral obser-
Asian histories, is corroborated using more modern sunspoations from East Asia (China, Japan and Korea) to iden-
and auroral observations. Scientific observations of auroragq, nossible historical occurrences of intense geomagnetic
in Japan during the interval 1957-2004 are used to identifysiorms in the interval 165 BC—AD 1910. These authors de-
geomagnetic storms that are sufficiently intense to producgjneq an historical geomagnetic storm in terms of an auro-
auroral displays at low geomagnetic latitudes. By exam-| ohservation that is apparently associated with a particu-
ining white-light images of the Sun obtained by the Royal |3r synspot observation, in the sense that the auroral obser-
Greenwich Observatory, the Big Bear Solar Observatory, the ation occurred within several days of the sunspot observa-
Debrecen Heliophysical Observatory and the Solar and Hesio,  More precisely, it was assumed that an historical ge-
liospheric Observatory spacecraft, it is found that a SU”SpOBmagnetic storm occurred if the time interval (measured
large enough to be seen with the unaided eye by an “experiy, gays) between the observation of a sunspot and the as-
enced” observer was located reasonably close to the central,ciated auroral display satisfies the conditiorcZ&+15.
solar meridian immediately before all but one of the 30 dis- This condition is based on three assumptions:_ (i)_a sunspot
tinct Japanese auroral events, which represents a 97% SURirge enough to be seen with the unaided eye could have been
cess rate. Even an “average” observer would probably havgpserved continually by the ancient East Asian observers if
been able to see a s.unspot with the unaided eye before 24 q)tf was within +5 days of crossing the central solar merid-
these 30 events, which represents an 80% success rate. Thig,. (i) the energetic solar feature producing the historical
corroboration of the validity of the technique used to identify geomagnetic storm occurred when the associated sunspot
historical occurences of intense geomagnetic storms is iMy4¢ within -4 days of the central meridian; and (i) the
portant because early unaided-eye observations of SUNSPOfghe gelay between the energetic solar feature and the on-
and aurorae provide the only possible means of identifyinggey of the historical geomagnetic storm was in the range 1 to
individual historical geomagnetic storms during the greaterg qays Searching the historical sunspot and auroral records
part of the past two millennia. from East Asia, using the condition <8 <+15, resulted

in the identification of nineteen putative historical geomag-
Keywords. Magnetospheric physics (Auroral phenomena; netic storms within the particular interval AD 1135-1650,
Storms and substorms) — Solar physics, astrophysics and agich is much shorter than the actual interval of contempo-
tronomy (Photosphere and chromosphere) raneous oriental sunspot and auroral observations (165 BC—
AD 1910). Willis et al. (2005) discussed the literary and
scientific reliabilities of the East Asian sunspot and auro-
ral records that define these nineteen storms in a set of ap-
Correspondence tdD. M. Willis pendices to their paper. In addition, a suggested time se-
(d.m.willis@rl.ac.uk) quence of events was presented for each geomagnetic storm,

Published by Copernicus GmbH on behalf of the European Geosciences Union.



2744 D. M. Willis et al.: Large sunspots and modern Japanese aurorae

including possible dates for both the central meridian passagday (24 h). Therefore, it is those specific sunspot and au-
of the sunspot and the occurrence of the energetic solar feaoral observations, for which an exact date is known (year,
ture, as well as the likely time delay between the solar evenimonth and dawll recorded precisely), that are crucially im-
and the onset of the historical geomagnetic storm. Moreoverportant in the identification of historical geomagnetic storms.
European telescopic sunspot drawings from the seventeentim addition, the historical sunspot records rarely give any in-
century were used to assess the credibility of some of thalication of the position of a sunspot (or sunspot group) on
later historical geomagnetic storms defined solely by the Easthe solar disk. In a few cases, it is stated that the sunspot was
Asian sunspot and auroral records. seen for several days, which implies that it must have been
An anonymous referee pointed out, quite constructively,observed throughout a significant part of its transit across
that the conclusions in Willis et al. (2005) would be much the solar disk. Conversely, on many occasions cloud cover
more convincing if it could be shown that the technique for or other adverse viewing conditions must have restricted the
identifying historical geomagnetic storms was equally suc-observation of a sunspot to just a single day and in the vast
cessful when applied to comparable modern sunspot and aunajority of such cases the sunspot is at an unknown position.
roral observations. Following this suggestion, the goal of theThe great advantage of using modern solar observations is
present paper is to show that essentially the same procedutiat the positions of sunspots (and sunspot groups) on the
can indeed be used successfully with modern data. In particsolar surface are essentially known at all times, as a result
ular, it is shown that a sunspot large enough to be seen witlof routine monitoring-type observations of the Sun, which
the unaided eye by an “experienced” observer was reasorsbviates the need for the assumption that sunspots can be ob-
ably close to the central solar meridian at the times of all butserved continually withiat5 days of the central solar merid-
one of the 43 modern auroral observations from Japan in théan.
interval 1957-2004. Some of these auroral displays were too
faint to be seen with the unaided eye and were detected in-
strumentally. This result is especially important because the2 Modern measurements of low-latitude aurorae in
modern auroral observations discussed in the present paper Japan
are from the same region of the world as the historical auro-
ral observations discussed in the paper by Willis et al. (2005).The auroral observations used in this study were obtained
In particular, the conclusions of both papers are based on awduring the interval AD 1957-2004 at a number of observ-
roral observations at low geomagnetic latitudes in East Asiaing stations in Japan, using a variety of scientific equipment
Moreover, the average frequency of auroral occurrence i§Huruhata, 1958, 1960; Hikosaka, 1958; Kakioka Magnetic
much lower in East Asia than in Europe. Statistical studiesObservatory, 1969; Miyaoka et al., 1990; Saito et al., 1994;
published several decades ago have indicated that the annu@hiokawa et al., 1994, 1995, 2001, 2005). Commencing with
frequency of occurrence of Japanese auroral displays (visiblghe International Geophysical Year in 1957, systematic sci-
with the unaided eye) should amount to no more than abouentific auroral observations have been made in Japan. For
one per decade (Vestine, 1944), which implies that Japanesgeveral decades prior to 1957, occasional auroral observa-
auroral observations are likely to be associated with intensd¢ions were made with a scientific motive but these sightings
geomagnetic storms. tended to be irregular or opportunistic rather than systematic,
The paper by Willis et al. (2005) provides further details and in most cases the observers had no specially designed
on the three crucial assumptions that result in the conditiorequipment. As we have discussed elsewhere (e.g. Willis and
—8<T <+15 for the identification of historical geomagnetic Stephenson, 2000; Willis et al., 2005), numerous auroral ob-
storms. Although this discussion need not be repeated heregervations were recorded in Chinese, Japanese and Korean
certain key facts regarding the ancient East Asian sunspadfistories as part of a culture and tradition extending back
and auroral observations should be emphasised before digver a few millennia (see also Nakazawa et al., 2004). At
cussing the modern observations. An important feature of althese earlier times, the motivation was mainly astrological
the East Asian catalogues of early sunspot and auroral obserather than scientific.
vations is the fact that the date of each observation is clearly The important properties of the scientific Japanese auro-
specified, although in some cases only the lunar month, theal observations are presented in Table 1, which is based on
season, the year, or even just the reign period, is recordedlable 2 in the paper by Shiokawa et al. (2005). These authors
Moreover, most early auroral records give only a very gen-have provided detailed scientific information on the mod-
eral time of night, if any indication at all. Similarly, most ern Japanese auroral observations in the interval 1989-2004.
early sunspot records give no indication of the time of day, Their Table 2 has been supplemented by earlier Japanese au-
although in a few cases there is a clear indication that theoral observations in the interval 1957-1960, resulting from
observation was made close to sunrise or sunset. As a resuhe increased emphasis on geophysical observations at the
of this limited temporal resolution, the shortest time inter- time of the International Geophysical Year (1957). Although
val that can be realistically considered in any investigationevery attempt has been made to present the earlier obser-
of the ancient sunspot and auroral observations is just ongations in essentially the same format as that employed by
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Shiokawa et al. (2005), some small differences are inevitablét seems likely that an “experienced” observer can detect
in view of the fact that the earlier observations are less desunspots with a penumbral diameter of about 25arc s under
tailed. The first column in Table 1 gives a reference num-optimal viewing conditions. Both criteria are used to assess
ber for each Japanese auroral observation; the second aride possibility of detecting a sunspot with the unaided eye
third columns give the date and duration (UT) of each ob-(in the absence of cloud cover) prior to each of the Japanese
servation. The fourth and fifth columns provide the nameauroral observations listed in Table 1. Column 10 in Table 1
of the observatory (or location) at which the auroral sight- summarises the results of an examination of white-light im-
ing was made and its geomagnetic (dipole) latitude. If theages of the Sun immediately before each of the distinct dates
observation is not specific to a particular observatory, as iof the auroral observations. The entry “Yes” in column 10
the case for some of the earlier observations, then the locasignifies that an “average” observer (and hence also an “ex-
tion or region of the observation(s) is given in parenthesegerienced” observer) would be able to detect at least one
(e.g. Hokkaido), together with the lowest geomagnetic lati-sunspot on the Sun’s surface with the unaided eye; the en-
tude at which the aurora was observed (also in parenthesedyy “Yes?” signifies that an “experienced” observer would
if known. The sixth, seventh and eighth columns record theprobably be able to detect at least one sunspot, whereas an
emission intensities in Rayleighs (R) at three wavelengths;average” observer might fail to detect any sunspots; and the
namely, 630.0 nm, 557.7 nm and 427.8 nm, whenever thesentry “No” signifies that neither “average” nor “experienced”
intensities are known. The ninth column provides the mini- observers would be able to detect any sunspots.
mum hourly value of théy, index during the course of the Newton (1958) and Howse (1975) have published detailed
associated geomagnetic storm. The tenth, and final, columdescriptions of the photoheliographs used in the programme
of Table 1 is discussed in the next section. of white-light solar observations maintained and organised
The footnotes to Table 1 provide all the necessary quali-for more than a century by the Royal Greenwich Obser-
fications to the various entries. The qualifications that applyvatory (RGO). The measured sunspot areas and positions
to the auroral observations in the interval 1989—2004 are thdiave been archived as the “Greenwich Photo-heliographic
same as those presented in Table 2 of the paper by Shiokawgesults, 1873-1976" (Greenwich Observations, 1873-1955;
et al. (2005), apart from insignificant changes of notation.Royal Observatory Bulletins, Series C, 1956-1961; Royal
The qualifications that apply to the auroral observations inObservatory Annals, 1962—-1976); further details are given
the interval 1957—1960 have been derived from the diversan the paper by Willis et al. (1996). The Debrecen Helio-
publications cited at the beginning of this section. In the physical Observatory (DHO) has employed essentially the
context of the present investigation, the most important en-same procedures as the RGO andfb¢t al. (2005) have
tries in Table 1 are the date and time of each Japanese aurordiscussed recent advances in the compilation of the Debre-
observation and the presence (or absence) of a sunspot largen sunspot catalogues, as well as the available sets of data
enough to be seen with the unaided eye, which is reasonablgnd images. Further information on the available BBSO
close to the central meridian immediately beforehand. Theand SOHO images can be found at the respective websites
precise physical characteristics of each auroral observatiofhttp://www.bbso.njit.edandhttp://soi.stanford.edu
are slightly less significant in terms of demonstrating that the The main source of the white-light solar images for any
technique developed for the identification of historical oc- auroral observation is presented in parentheses in Table 1,
currences of intense geomagnetic storms (Willis et al., 2005pccording to the following abbreviations: Royal Greenwich
is equally successful when used in conjunction with modernObservatory (RGO); Big Bear Solar Observatory (BBSO);
Japanese auroral observations. Debrecen Heliophysical Observatory (DHO); and Solar and
Heliospheric Observatory (SOHO). If a continuous sequence
of solar images for the appropriate six-day interval is not
3 White-light images of the Sun immediately prior to available from the same source, then images from another
the Japanese auroral observations source are used to fill gaps in the main sequence. The final
entry in column 10 of Table 1 is the number of the figure that
The goal in this section is to present white-light images of shows a continuous sequence of solar images for one to six
the Sun from 1 to 6 days before the onset of the Japanesdays before the date of eadrstinct Japanese auroral obser-
auroral observations discussed in Sect. 2 and summarised wation. In each figure (apart from Fig. 1a), the source of each
Table 1. The sizes of all sunspots on the solar disk can thewlaily solar image is indicated immediately below the appro-
be compared with the threshold size of a sunspot capable gfriate image (i.e. RGO, BBSO, DHO, SOHO), together with
being detected with the unaided eye. Following the discusthe date and time of the solar image.
sion in the paper by Willis et al. (2005), a distinction is made The time delay between an energetic solar feature and
between “average” and “experienced” sunspot observers. Ithe onset of a geomagnetic storm, and hence the onset of
is assumed that an “average” observer can routinely detecdn associated auroral display at low geomagnetic latitudes,
sunspots with umbral and umbral plus penumbral (whole-varies between about 1 and 5.5 days (Royal Greenwich Ob-
spot) diameters of 15 and 41arcs, respectively. Howeverservatory, 1955; Brueckner et al., 1998; Webb et al., 2000;
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Table 1. Dates, times, locations and emission intensities of low-latitude auroral observations in Japan during the interval AD 1957-2004
are listed chronologically (after Shiokawa et al., 2005). For convenience, a reference number precedes each auroral observation. If the
observation is not specific to a particular observatory, the location or region of the observation is given in parentheses (e.g. Hokkaido).
The geomagnetic (dipole) latitude of the place of observation, or the lowest geomagnetic latitude (in parentheses) at which the aurora was
observed (if known) in a specified region (in parentheses), as well as the minimum hourly valuelgf ihdex during the course of the
associated geomagnetic storm, are also presented. The final column shows whether or not (“Yes”, “N0”) a sunspot large enough to be seer
with the unaided eye was close to the central solar meridian at any time from one to six days before the auroral observation. The entry
“Yes” signifies that both “average” and “experienced” observers would be able to detect at least one sunspot; the entry “Yes?” signifies that
an “experienced” observer would probably be able to detect at least one sunspot, whereas an “average” observer might fail to detect any

sunspots; and the entry “No” signifies that neither “average” nor “experienced” observers would be able to detect any sunspots.

Ref. Date Time Station MLAT Emission Intensities (R) Min;  Visible Sunspot

No.  (Gregorian) uT) (Japan) (Dipole) 630.0nm 557.7nm 427.8nm (nT) (Unaided Eye)
01 1957 Mar 02 (Hokkaido) —255  Yes (RGO): Fig. 2a
02  1957Jul05  11:20-12:00 (Hokkaido) €39) —92  Yes (RGO): Fig. 2b
03 1957 Sep 13 09:30-14:30 (Hokkaido) 139 —427 Yes (RGO): Fig. 2c
04 1957 Sep21  13:50-14:08 (Hokkaido) 138 —165 Yes (RGO): Fig. 3a
05 1958 Feb 11  09:55-13:30 Memambetsu 30 83.6kR 1.2kR <0.2kR —426 Yes (RGO): Fig. 3b
06 1958 Dec13  09:10-09:20 (27 N) —108 Yes (RGO): Fig. 3¢
07 1960 Mar 30 (Hokkaido) —231  Yes (RGO): Fig. 4a
08 1960 Apr30  13:35-17:30 Memambetsu 340 1.5kR 0.2kR 0.2kR —325 Yes (RGO): Fig. 4b
09 1960 Nov 13 10:06-13:55 Memambetsu 30 9.1kR 0.6kR No obs. —339 Yes (RGO): Fig. 4c
10 1989 Oct21  11:35-14:25 Moshiri 358 >8.8kR? 4.0kR ND (<20R) —268 Yes (BBSO): Fig. 5a
11 1992 Feb26  18:35-19:40  Moshiri 355N >2.0kR?  0.1kR ND (<50 R) —174  Yes (BBSO): Fig. 5b
12 1992 Feb27  11:00-12:40 Moshiri 3518 >2.0kR®  0.1kR ND (<50R) —174  Yes (BBSO): Fig. 5b
13 1992Feb29  15:58-17:50  Moshiri 355N >1.0kR®  ND(<0.1kR) ND (<50R) —118  Yes (BBSO): Fig. 5¢
14 1992 May 10  12:09-13:00 Rikubetsu N No obs. No obs. No obs. —288 Yes? (BBSO): Fig. 6a
15  1993Sep13  10:22-11:13 Rikubetsu 37 ~25R No obs. No obs. —161  No (DHO): Fig. 6b

16 1999 Feb18  13:00-20:00  Rikubetsu 34.9N >08kR¢  0.7kR(NPE)  ND &2R) —123  Yes (DHO): Fig. 6¢

17 1999 May 13 15:00-17:40 Rikubetsu 349N 0.8kF 0.5kR 14R —49 Yes? (SOHO): Fig. 7a
18 2000 Apr06  17:00-18:40 Rikubetsu 349N >1.7kR® 0.5kR 14 R —288 Yes? (SOHO): Fig. 7b
19 2000 Apr07 12:00-16:00  Rikubetsu 34°N >42kR¢  0.2kR(NPE)  ND&2R) —288  Yes? (SOHO): Fig. 7b
20 2000 Nov 06  16:00-20:00 Rikubetsu 349N >2.2kR® 0.4kR (NPE) 11R —159 Yes? (SOHO): Fig. 7c
21 2000Nov29 11:20-17:00 Rikubetsu I 0.45kR 1.1kR (NPE)  ND<2R) —119  Yes (SOHO): Fig. 8a
22 2001Mar31 16:00-19:00" Moshiri 355N ~5.0kRPC  0.2kR:C 0.2kR>:C —387  Yes (SOHO): Fig. 8b
23 2001Mar31 10:00-19:00" Rikubetsu 349N >10kR®  0.3kR(NPE) 12F —387  Yes (SOHO): Fig. 8b
24 2001 Mar31  16:00-19:00  Shigaraki 25.4N >2.1kR? 0.4kR No obs. —387 Yes (SOHO): Fig. 8b
25  2001Apr28 14:30-18:00  Rikubetsu 34.9N >06kRE  0.1kR(NPE) NDE2R) —47  Yes (SOHO): Fig. 8¢
26 2001 Oct21  18:00-19:30  Rikubetsu 349N >1.0kR® >0.7kR® ND (<2R) —187 Yes (SOHO): Fig. 9a
27 2001 Nov 06  12:00-16:00 Moshiri 358 4.0kR ND (<0.5kR)  ND (<0.2kR) —292  Yes (SOHO): Fig. 9b
28 2001 Nov24 12:00-16:00 Moshiri 358 4.0kR 0.2kR ND &0.2kR) —221  Yes (SOHO): Fig. 9¢
29 2001 Nov24 12:00-20:00 Rikubetsu 34.9N 2.0kR 0.7kR No obs. —221  Yes (SOHO): Fig. 9c
30 2001 Nov24  16:00-18:00 Shigaraki 259N >0.3kR® 0.3kR No obs. —221 Yes (SOHO): Fig. 9c
31 2002 Apr17  15:00-18:20 Rikubetsu 34.9N 0.7kR 0.3kR (NPE) 10R —127  Yes (SOHO): Fig. 10a
32 2003 May 29 16:00-17:20  Rikubetsu 34.9N 0.7kR 0.8kF° 13R —144  Yes (SOHO): Fig. 10b
33 20030ct24  15:40-16:50 Rikubetsu 2\ 0.17kR 1.1kR (NPE)  ND<2R) —44  Yes (SOHO): Fig. 10c
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Table 1. Continued.

Ref. Date Time Station MLAT Emission Intensities (R) Min;  Visible Sunspot

No.  (Gregorian) uT) (Japan) (Dipole) 630.0nm  557.7nm 427.8nm (nT) (Unaided Eye)

34 20030ct29 10:20-19:30  Rikubetsu 34.9N 2.2kRC  >15kRRC 88 R:C —151  Yes (SOHO): Fig. 11a
35 20030ct29 08:30-12:00  Moshiri 355N 0.9kR 1.0kR ND &0.2kR) —151 Yes (SOHO): Fig. 11a
36 20030ct30 17:00-20:60  Moshiri 355N >35kR®  0.4kR ND (<0.2kR) —353  Yes (SOHO): Fig. 11a
37 20030ct30 11:00-19:40" Rikubetsu 34.9N >24kR¢ >16kR® 5R¢ —353  Yes (SOHO): Fig. 11a
38  20030ct30 18:00-19:00  Shigaraki 25.4N 0.1kR 0.4kR No obs. —353  Yes (SOHO): Fig. 11a
39 20030ct31 08:30-18:00  Moshiri 355N 40k 0.5kR ND (<0.2kR) —383  Yes (SOHO): Fig. 11a
40  20030ct31 08:30-19:40" Rikubetsu 349N 0.7k’ >1.2kR® ND (<2R) —383  Yes (SOHO): Fig. 11a
41 2003Nov20 18:00-20:30  Moshiri 358N 14kR  ND(<0.2kR) ND (<0.2kR) —422  Yes? (SOHO): Fig. 11b
42 2003Nov2l 13:30-18:40" Rikubetsu 349N 0.3kR  1.0kR ND (<2R) —422  Yes? (SOHO): Fig. 11b
43 2004 Nov 08  08:30-11:00 Rikubetsu 349N 2.2kR No obs. ND k4 R) —373  Yes (SOHO): Fig. 11c

Notes: Local Mean Time (LT) and Universal Time (UT) are related by the equation LT=UT+9 h. A superscript plus sign (+) following the
time indicates that the event may last longer (e.g. measurements were terminated due to sunrise or moonrise). ND signifies that emissior
at the associated wavelength is not detected (i.e. is less than the noise level of measurement). NPE signifies that there is no significan
enhancement in the northern direction (i.e. northward and southward intensities are comparable). No obs. signifies that no observations
are available. Superscript “a” indicates that the maximum intensity should be larger (instrumental saturation); superscript “b” indicates that
the maximum intensity should be larger (measurements through a cloudy sky); and superscript “c” indicates that the maximum intensity
should be larger (measurements were terminated due to sunrise or moonrise). Following advice received from K. Shiokawa (personal
communication, 2005), the tabulated emission intensities for each auroral event observed at Memambetsu are obtained by averaging thi
measured emission intensities at a zenith angle ®N7&akioka Magnetic Observatory, 1969) over the entire time interval. Final hourly
values of theDy; index (column 9) are available up to the end of 2003 and provisional values are available thereafter. The abbreviations
for the sources of the solar images (column 10) are as follows: Royal Greenwich Observatory (RGO); Big Bear Solar Observatory (BBSO);
Debrecen Heliophysical Observatory (DHO); and Solar and Heliospheric Observatory (SOHO).

Gopalswamy et al., 2000; Cane et al., 2000; Wang et al., The Solar and Heliospheric Observatory (SOHO) space-
2002; Gonalez-Esparza et al., 2003; Zhang et al., 2003; Sri-craft normally acquires more than one white-light image of
vastava and Venkatakrishnan, 2004). This time delay varieshe Sun on each day, frequently as many as four. The first
from storm to storm, depending on the exact location of theSOHO image examined for each of the appropriate Japanese
“geo-effective” plasma within the solar wind material. For auroral observations listed in Table 1 is the one that corre-
the purposes of the present investigation, it suffices to notesponds to a time (UT) as close as possible to, but greater
that several studies have indicated that coronal mass ejedhan, the limiting value of 17.5h before the time of onset
tions (CMEs) from the Sun (in particular magnetic clouds) (UT) of the associated auroral emission, which is consid-
are the main drivers of major geomagnetic storms (Gosling eered to occur on Day 0; this first SOHO image is labelled
al., 1991: Richardson et al., 2001; Gopalswamy et al., 2005Day-1. The five preceding SOHO images are those that cor-
Xie et al., 2006). The shortest known time delay between arrespond as closely as possible to the same time of day as the
energetic solar feature and the onset of a geomagnetic storfirst image, progressing backwards in time; these are labelled
is about 17.5h (Royal Greenwich Observatory, 1955); thisDay -2, Day -3, Day -4, Day -5, Day—6, respectively. As
time delay is associated with the first observation of a white-a result of operational constraints, it is not always possible
light flare on 1859 September 01 (Carrington, 1860; Hodg-to obtain a set of six daily SOHO images (Day -6, Day -5,
son, 1860) and the abrupt onset of a great geomagnetic storiday —4, Day -3, Day -2, and Day—1) separated by exactly
on the following day. This storm was the second in a pair of24 h. However, often only one or two SOHO images in a set
violent storms that produced brilliant auroral displays seenof six depart significantly from an approximate sequence of
from many parts of the world (Silverman, 2006). In the case24-h separations.
of historical geomagnetic storms, for which the best time res-
olution is one day (24 h), Willis et al. (2005) assumed thatthe In the case of white-light solar images acquired by ground-
time delay between the solar event and the onset of the hishased instrumentation (RGO, BBSO and DHO), there is usu-
torical geomagnetic storm was within the range 1 to 6 days. ally only one image per day. The first “ground-based” image
examined for each of the appropriate Japanese auroral obser-
vations listed in Table 1 is again the one that corresponds to
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Fig. 1. (2)Threshold areas for the detection of sunspots with the unaided eye for “average” and “experienced” observers (av obs and exp obs),
respectively. Successive pairs of images, which are all reduced to a common solar diameter, show the negligible variation of these thresholc
areas during the course of a year (i.e. for minimum, mean and maximum distances of the Sun from th€lBaattt)(c) Reconstructed

solar images for the six-day intervals immediately prior to the Japanese auroral events on 1957 July 05 and 1957 September 13, respectively

a time (UT) as close as possible to, but greater than, 17.5 lthe first, second and third pairs of images in Fig. 1a (viewed
before the time of onset (UT) of the associated auroral emisfrom the left) show the threshold areas for “average” and “ex-
sion; this image is again labelled Day—1. In the two caseserienced” observers, respectively, for the minimum, mean
for which the time of onset of the auroral emission is un- (or average) and maximum distances of the Sun from the
known (1957 March 02 and 1960 March 30), this onset timeEarth during the course of the year, if all images are reduced
is arbitrarily assumed to be 12:00 UT for the sake of defi-to a common solar diameter. It is clear from Fig. 1la that
niteness. The five preceding solar images in each six-day sehe apparent annual variation in the diameter of the Sun, as
quence are then the single daily solar images for the five dayseen from the Earth, makes a negligible difference to the ef-
before Day -1, although the time difference between succesfective threshold areas for both “average” and “experienced”
sive “ground-based” images may depart significantly fromobservers, at least on the scale of the set of solar images pre-
24 h. It is clear from Table 1 that Japanese auroral obsersented in this paper (Figs. 2-11). However, in a more quanti-
vations are sometimes made on consecutive nights. In suctative study of the presence of large sunspots near the central
instances, Day—1 is measured from firet day in the set  solar meridian at the times of geomagnetic storms, it might
of consecutive auroral observations. In the case of multi-be wise to allow for the small annual changes in the threshold
ple auroral observations on the same day, time is measuresunspot areas (as indicated schematically in Fig. 1a). More-
backwards from the start of the interval with the maximum over, because of foreshortening, the projected threshold ar-
emission intensity at 630 nm. eas shown in Fig. 1a would become elliptical and smaller if
hey were simply rotated away from the centre of the solar
isk. Therefore, thérue threshold areas of sunspots, which
re merely shown located at the centre of the solar disk in

Figure 1a shows the threshold areas for the detection o
sunspots with the unaided eye for “average” and “experi-

enced” observers, respectively. According to the threshol ig. 1a for convenience, must be used in comparisons with

areas quot_ed previously, Fig. 1a shows, aIternaterz a Slngl‘glctual sunspot areas, irrespective of the location of the latter
sunspot with umbral and umbral plus penumbral dlametersgn the solar disk

of 15 and 41 arcs, located at the centre of the solar disk, an
a single sunspot with just a penumbral area of 25 arc s, again As noted previously, the condition for the detection of an
located at the centre of the solar disk. For future referencehistorical geomagnetic storm is also based on the assumption
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Fig. 2. Reconstructed solar images for the six-day intervals immediately prior to the Japanese auroral evéatd @57 March 02;
(b) 1957 July 05; andc) 1957 September 13.

that the energetic solar feature producing the historical gehemispherical solar surface. The common centre of these
omagnetic storm must have occurred when the associatetivo circular areas is supposed to be located at the centre of
sunspot was withint4 days (or about-50° of heliographic  the sunspot group. This approach allows for foreshortening
longitude) of the central solar meridian (Willis et al., 2005). but is based on the assumption that the boundaries of the ob-
Therefore, in the context of testing the procedure for detectserved (i.e. projected) umbral and penumbral areas are exact
ing historical geomagnetic storms using modern sunspot anéllipses. An assumption of this type is an almost inevitable
auroral observations, a sunspot (or sunspot group) must natonsequence of the fact that no information on the irregu-
only be large enough to be seen with the unaided eye but itar shapes of individual sunspots, and only limited informa-
must also be withirt4 days of the central meridian. In order tion on the irregular distribution of spots within groups, has
to illustrate this additional criterion, Fig. 1a also shows dot- been archived in the “Greenwich Photo-heliographic Results,
ted lines (meridians) at 5C° of heliographic longitude with  1873-1976". Nevertheless, the procedure for reconstructing
respect to the central meridian. Sunspots (or sunspot groupsplar images provides an acceptably accurate visual repre-
that are closer to the central solar meridian than the dottedgentation of an individual sunspot that is not too close to the
lines, and also large enough to be seen with the unaided eyéimb of the Sun. In the case of a complex sunspot group,
can be associated meaningfully with Japanese auroral obselnowever, the procedure only provides an approximate visual
vations. Conversely, sunspots that are further from the cenrepresentation in the sense that the total umbral and penum-
tral meridian (i.e. closer to the solar limbs) than the dottedbral areas are correct but the assumed distribution of these
lines cannot be associated meaningfully with Japanese aur@reas on the solar surface is a rather extreme simplification.
ral observations, irrespective of their size, because the asso- Figures 1b and ¢ show the reconstructed solar images
ciated active solar region (and hence energetic solar featuretpr the six-day intervals immediately prior to the Japanese
is most unlikely to generate a terrestrial geomagnetic stormayroral events on 1957 July 05 and 1957 September 13
at least in a statistical sense. (Ref. Nos. 02 and 03 in Table 1). The date and time (UT)
Figures 1a, b and c have all been produced using the techsf each auroral event is presented at the right-hand side of
nique for reconstructing solar images developed previouslythe figure and the date and time of each solar observation is
(Willis et al., 1996). In this technique, it is assumed that presented immediately below the corresponding image. The
the umbral and umbral plus penumbral (whole-spot) areas ofimes of the solar observations are roundednto the near-
each sunspot group can be represented by concentric circulast minute. It is clear from Figs. 1a, b and c that at least
areas (or, more accurately, zones of one base) on the visiblene sunspot large enough to be seen easily by both “average”
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Fig. 5. Actual solar images for the six-day intervals immediately prior to the Japanese auroral evéajd689 October 21(b) 1992 Febru-
ary 26; andc) 1992 February 29.
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Fig. 7. Same as Fig. 5 but for the Japanese auroral event@ph999 May 13;(b) 2000 April 06; andc) 2000 November 06.

and “experienced” observers, and lying withis0° of heli- Photo-heliographic Results, 1873-1976", which have been
ographic longitude with respect to the central meridian, ex-corrected for foreshortening and are expressed in millionths
isted for all 6 days (Day—-6 to Day-1) immediately prior of the Sun’s visible hemisphere, simply by reversing the fore-
to the Japanese auroral observations on 1957 July 05 anshortening correction.
1957 September 13. These two sequences of reconstructed Figures 2—11 show either reconstructed or actual white-
solar images have been selected for presentation in Figs. fjyht images of the Sun for 6 days immediately before each
and ¢ because they correspond to the first two auroral evenig the distinct auroral events listed in Table 1. Regrettably,
for which the time of the auroral observation is known (|e |t has not proved possible to obtain d|g|t|sed images of the
Ref. Nos. 02 and 03 in Table 1). original Royal Greenwich Observatory (RGO) solar plates
Although the comparisons between the sunspot areas presn a realistic timescale. Therefore, reconstructed solar im-
sented in Figs. 1b and ¢ and the threshold areas presentedjes (similar to those shown in Figs. 1b and c) are presented
in Fig. la are implicitly visual, it is possible to validate in Figs. 2—4 for the six-day sequences of solar images imme-
numerically the statement that at least one sunspot largédiately before the Japanese auroral observations in the earlier
enough to be seen easily by both “average” and “experi-interval 1957-1960. For completeness, the reconstructed so-
enced” observers existed for all 6 days immediately priorlar images shown in Figs. 1b and ¢ are presented again in
to the Japanese auroral observations on 1957 July 05 anigs. 2b and c. The reconstructed solar images shown in
1957 September 13. Since itis assumed that an “average” ol-igs. 2—4 have been drawn using a digital dataset that con-
server can routinely detect sunspots with umbral and umbratains the sunspot positions and areas published by the RGO;
plus penumbral (whole-spot) diameters of 15 and 41 arc sthis dataset was distributed originally by World Data Cen-
respectively, the correspondimgeanthreshold areas are 61 ter A, Boulder, Colorado. For the purposes of the present
and 456 millionths of the Sun’s visible disk, taking the semi- investigation, it has been verified that the digital sunspot po-
diameter of the Sun at thmeanEarth distance to be approx- sitions and areas for the appropriate days in the years 1957,
imately 960 arcs (Cox, 2000). Likewise, since an “experi- 1958 and 1960 are in essential agreement with the printed
enced” observer can detect sunspots with a penumbral diamsalues in the relevant RGO publications (Royal Observatory
eter of about 25 arc s under optimal viewing conditions, theBulletins, Nos. 26, 60 and 132). [The only minor discrepancy
correspondingnean threshold area is 170 millionths of the detected is that a zero value of corrected umbral area in the
Sun’s visible disk. The actugrojectedumbral and umbral printed bulletins is often replaced by a non-zero area in the
plus penumbral (whole-spot) areas for any particular day cardigital dataset; this non-zero area varies between about 1 and
be derived from the corresponding areas in the “Greenwich6 millionths of the Sun’s visible hemisphere. This change,
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Fig. 8. Same as Fig. 5 but for the Japanese auroral event&@pa000 November 29b) 2001 March 31; andc) 2001 April 28.

which appears to have been made in a deliberate mannemost exacting test of the visibility of any actual sunspot with
only affects the very smallest sunspots and hence is unimthe unaided eye. Second, reconstructed solar images have a
portant in the present study.] much greater contrast than actual solar images, which makes

Actual white-light photographs of the Sun acquired by the comparisons difficult for the small-format solar images pre-
Big Bear Solar Observatory (BBSO), the Debrecen Helio-sented in the figures. [The authors have employed the practi-
physical Observatory (DHO) and the Solar and Heliosphericcal expediency of printing the threshold areas presented in
Observatory (SOHO) are presented in Figs. 5-11. ApartFig. 1a on a transparency and then overlaying this trans-
from the replacement of reconstructed images by actual imparency on the solar images.] Nevertheless, it seems prefer-
ages, the format in Figs. 5-11 is exactly the same as irgble to present all the relevant solar images, rather than just
Figs. 2—4. a selection, despite the fact that it is very difficult to detect

Despite the difficulties involved in making comparisons srr_lall sunspots in the small-format images. Third, the bound-
between the reconstructed threshold sunspot areas present@des of the reconstructed threshold areas are assumed to be
in Fig. 1a and the “experimentally recorded” areas of theCircular on the solar surface (but projected areas are elliptical
sunspots that appear in Figs. 5-11, it is still preferable to@Way from the Sun’s centre), whereas actual sunspot areas
present real solar images, whenever possible, because the@€ often distributed irregularly on the solar surface. Com-
are much closer to what an observer would actually see witiParisons are then slightly problematic if each of a pair of
the unaided eye. The difficulties in making such comparisonsslosely adjacent sunspots has an area less than the threshold
are threefold. First, as noted previously, Fig. 1a shows area but the combined area of the pair exceeds the threshold
threshold areas for “average” and “experienced” observersif€a.
for the case in which these threshold areas are located at Notwithstanding all these difficulties, it seems likely
the centre of the Sun. Owing to foreshortening, the depictedrom comparisons between Fig. 1a and Figs. 2-11 that an
threshold areas would decrease in size and become ellipticdexperienced” sunspot observer would have been able to
if the threshold sunspot area were simply rotated away fronsee a sunspot with the unaided eye before all but one of
the centre of the Sun. Fortunately, the foreshortening facthe 30 distinct Japanese auroral observations listed in Ta-
tor is not hugely significant provided the threshold sunspotble 1 and displayed (Day 0) in Figs. 2-11, which repre-
remains within about-50° of heliographic longitude with sents a 97% success rate. Clearly, even an “experienced”
respect to the central meridian (i.e. within the dotted linesobserver would have been unable to detect any sunspot dur-
shown in Fig. 1a). However, visual comparisons made usding the six-day interval immediately before the auroral event
ing thetrue threshold areas shown in Fig. 1a represent theon 1993 September 13 (Fig. 6b). Similarly, an “average”
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Fig. 9. Same as Fig. 5 but for the Japanese auroral event&@pA001 October 21(b) 2001 November 06; an@) 2001 November 24.

observer might also have been unable to see a sunspot fé&dovember 06 (Fig. 7c), which reflects the lack of major solar
the auroral events on 1992 May 10 (Fig. 6a), 1999 May 13activity in the correct time frames. However, it is known that
(Fig. 7a), 2000 April 06/07 (Fig. 7b), 2000 November 06 the geomagnetic storm and auroral event on 2003 Novem-
(Fig. 7c), and 2003 November 20/21 (Fig. 11b). However, ber 20 (Fig. 11b) was so intense because of a sustained strong
an “average” sunspot observer would still have been able tsouthward-directed interplanetary magnetic fieléQ nT) at

see a sunspot with the unaided eye before 24 of the 30 disthe Earth; there was also an associated fast CME that erupted
tinct Japanese auroral observations listed in Table 1, whicton November 18 (Gopalswamy et al., 2005).

represents an 80% success rate. If the auroral events on 2003

October 29 and 30 are regarded as being produced by three

separate geomagnetic storms, defined by the three distinct

minima in theD;, index, the success rates for both “experi- 4 Discussion and conclusions

enced” and “average” observers are marginally higher.

A few brief comments should be made on the possi-The main purpose of this paper is to show that the technique
ble reasons for a small number of Japanese auroral eventieveloped by Willis et al. (2005) to identify historical occur-
(and hence geomagnetic storms) not being associated withences of intense geomagnetic storms is equally successful
large sunspots near the central solar meridian, as noted iii applied to modern sunspot and auroral observations. The
the previous paragraph. Cane et al. (1996) have assockriterion for the detection of an historical geomagnetic storm
ated a cosmic-ray decrease on 1992 May 09, one day bes that the time intervall’ (measured in days), between the
fore the auroral event on May 10, with a solar event onobservation of a sunspot and the associated auroral display
May 08 (Day —2) that was in very close proximity to the bipo- should satisfy the condition <8 <+15. This condition is
lar pair of sunspots shown in Fig. 6a. Limited solar wind based on acceptable assumptions about the maximum dura-
data are available for the auroral event on 1993 Septembetion of continual sunspot visibility, the position of a sunspot
13 (Fig. 6b). Therefore, it is not clear whether the solar on the solar disk at the time of an energetic solar feature and
source was a transient or perhaps a co-rotating interplanthe time delay between the energetic solar feature and the on-
etary stream. Nor is it known if there were any coronal set of the historical geomagnetic storm. In the case of mod-
holes at the “correct” location. There is still considerable de-ern observations, the first assumption becomes superfluous
bate about the solar sources of the geomagnetic storms (arltecause the positions of sunspots are known at all times, as a
hence auroral events) on 2000 April 06/07 (Fig. 7b) and 2000result of routine monitoring of the Sun.
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Fig. 10. Same as Fig. 5 but for the Japanese auroral event{@p®002 April 17;(b) 2003 May 29; andc) 2003 October 24.

Table 1 lists the relevant properties of 43 modern Japanesenportant because the only historical observations that pro-
auroral observations acquired during the interval 1957-2004vide many precise dates (year, month and dyrecorded
The most important scientific properties of these observaexactly) over a time interval extending back over millennia
tions are the date and time of onset of each auroral displayare unaided eye observations of sunspots and aurorae from
Solar images are examined for an interval extending fromEast Asia. The radioisotopééC and1°Be, which are ex-
1 to 6 days before the onset of each Japanese auroral obsenteemely valuable in studies of long-term variations in solar
tion. Sunspots or sunspot groups that are withihdays (or  activity, have a time resolution of at least several weeks and
+50° of heliographic longitude) of the central solar merid- hence they cannot be used to identify individual geomagnetic
ian are compared with the threshold areas for the detection aftorms.
sunspots with the unaided eye. This comparison is performed Of course, there are numerous examples of large sunspots
for both “average” and “experienced” sunspot observers. Ithear the central solar meridian that are not followed by ge-
is inferred from the reconstructed threshold sunspot areagmagnetic storms and auroral displays. Many phenomena
shown in Flg la and either the reconstructed or actual SO'ahave been invoked to explain the generation and strength of
images presented in Figs. 2—11 that an “experienced” sunsp@feomagnetic storms, including solar flares, disappearing so-
observer would have been able to detect at least one sunspgir filaments (DSFs), coronal mass ejections (CMES), strong
with the unaided eye before all but one of the 30 distinctinterplanetary disturbances and shocks, fast streams originat-
Japanese auroral observations listed in Table 1, which repi'ng from coronal holes and sustained southward interp|ane-
resents a 97% success rate. Even an “average” sunspot ofgry magnetic fields (Sheeley et al, 1976; Klein and Burlaga,
server would have been able to detect at least one sunspag2: Crooker and Cliver, 1994; Tsurutani and Gonzalez,
with the unaided eye before 24 of the 30 distinct Japanesqggn Gonzalez et a|_, 1999, 2002; Crooker, 2000; Plun-
auroral observations listed in Table 1, which represents arkett et al., 2001; Webb et al., 2000, 2001; Wang et al.,
80% success rate. 2002; Zhang et al., 2003; Vilmer et al., 2003; Srivastava

On the basis of the present study of modern sunspot andnd Venkatakrishnan, 2004; Srivastava, 2005). However, it
auroral observations, it is concluded that the technique deis now generally believed that solar flares are not directly
veloped by Willis et al. (2005) for the identification of pos- responsible for generating geomagnetic storms, which are
sible historical occurrences of intense geomagnetic stormsnore usually associated with extended intervals (a few hours)
is valid, in the sense that essentially the same technique isf strong southward-directed interplanetary magnetic field
certainly successful when applied to modern auroral obser{e.g. Gopalswamy et al., 2005). Perhaps it should be em-
vations at low geomagnetic latitudes in Japan. This result igphasised at this point that it is not being claimed in this paper
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Day -6 Day -5 Day -4 Day -3 Day -2 Day -1 Day 0

(@)

2003-10-29 10:20

SOHO 2003-10-23 11:12 SOHO 2003-10-24 11:12 SOHO 2003-10-25 11:12 SOHO 2003-10-26 11:12 SOHO 2003-10-27 11:12 SOHO 2003-10-28 11:12

2003-11-20 18:00

SOHO 2003-11-14 17:36  SOHO 2003-11-15 17:36 SOHO 2003-11-16 17:36 SOHO 2003-11-17 17:36 SOHO 2003-11-18 17:36 SOHO 2003-11-19 17:36

2004-11-08 08:30

SOHO 2004-11-02 11:12 SOHO 2004-11-03 11:12 SOHO 2004-11-04 09:36 SOHO 2004-11-05 09:36 SOHO 2004-11-06 11:26 SOHO 2004-11-07 11:26

Fig. 11. Same as Fig. 5 but for the Japanese auroral event&@pa003 October 29(b) 2003 November 20; ane) 2004 November 08.

that sunspots cause mid-latitude auroral displays. Howevenvas a very large and complex sunspot group near the central
sunspots that are in the vicinity of the central solar merid-meridian immediately before the corresponding Japanese au-
ian and large enough to be seen with the unaided eye appeanral observations (see Figs. 8b and 11a), which is compat-
to indicate potential solar activity that is capable of produc-ible with a large magnetic active region close to the central
ing an intense geomagnetic storm and a concomitant auromeridian. The super-storm of 2003 November 20, for which
ral display at low geomagnetic latitudes. With our definition the corresponding sunspot group is appreciably smaller and
(Willis et al., 2005), the identification of an historical geo- essentially bipolar (see Fig. 11b), possibly owes its large
magnetic storm depends on the approximate coincidence of magnitude to the length of time for which a strong inter-
large sunspot and a conspicuous auroral display (both visibl@lanetary magnetic field{50 nT) was directed southwards
with the unaided eye). Therefore, large sunspots that are ndiGopalswamy et al., 2005; Srivastava, 2005).
associated with a geomagnetic storm and concomitant auro- In conclusion, the validity of the technique developed by
ral display are never identified by the selection procedure. Willis et al. (2005) for the identification of historical oc-
currences of intense geomagnetic storms, which is based on
In an attempt to identify the solar and interplanetary vari- the approximate coincidence of unaided-eye observations of
ables that influence the magnitude of resulting geomagnetigunspots and aurorae in East Asia, has been verified by ap-
storms, Srivastava (2005) has compared five geomagnetiglying the same technique to modern Japanese auroral obser-
super-storms R, <—300 nT) that have occurred during the vations in the interval 1957-2004 and the immediately pre-
current solar cycle (which commenced in May 1996) andceding white-light images of the Sun acquired by the Royal
hence after the launch of the SOHO spacecraft. Four of thesgreenwich Observatory (RGO), the Big Bear Solar Ob-
five super-storms, namely those on 2001 March 31, 2003 Ocservatory (BBSO), the Debrecen Heliophysical Observatory
tober 29, 2003 October 30 and 2003 November 20, are |n'(DHO) and the Solar and He"ospheric Observatory (SOHO)
cluded in the list of Japanese auroral observations present%bacecraft. Establishing the validity of the technique devel-
in Table 1. Apparently, the super-storm on 2000 July 15 didoped by Willis et al. (2005) is important because unaided-
not result in any recorded auroral displays in Japan. Srivaseye observations of sunspots and aurorae, recorded in histor-

tava (2005) concluded that the geomagnetic super-storms ojgal documents, provide the only possible means of identify-
2001 March 31, 2003 October 29 and 2003 October 30 wergng some of the individual historical geomagnetic storms that

associated with flares originating from large magnetic activehave occurred during the past two millennia.
regions located close to the central solar meridian at low he-
liographic latitudes. For all three of these super-storms, there
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