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Abstract. A further study is made of the validity of a tech- storms. This additional corroboration of the original tech-
nique developed by the authors to identify historical occur-nique is important because early unaided-eye observations
rences of intense geomagnetic storms, which is based onf sunspots and aurorae provide the only possible means of
finding approximately coincident observations of sunspotsidentifying individual geomagnetic storms during the greater
and aurorae recorded in East Asian histories. Previously, theart of the past two millennia.

validity of this technique was corroborated using scientific . . )
. . . . Keywords. Magnetospheric physics (Auroral phenomena;
observations of aurorae in Japan during the interval 1957 yworas 9 spheric physics (Au b

2004 and contemporaneous white-light images of the Su Storms and substorms) — Solar physics, astrophysics, and as-

obtained by the Royal Greenwich Observatory, the Big Bea?ronomy (Photosphere and chromosphere)

Solar Observatory, the Debrecen Heliophysical Observatory,
and the Solar and Heliospheric Observatory spacecraft. The

present investigation utilises a list of major geomagneticl Introduction

storms in the interval 1868—2008, which is based on the

magnitude of theAA* magnetic index, and reconstructed so- The validity of a technique developed by Willis et al. (2005)
lar images based on the sunspot observations acquired b identify historical occurrences of intense geomagnetic
the Royal Greenwich Observatory during the shorter inter-storms, which is based on finding approximately coincident
val 1874-1976. It is found that a sunspot large enough toPbservations of sunspots and aurorae recorded in East Asian
be seen with the unaided eye by an “experienced” observehistories, has been corroborated using more modern sunspot
was located reasonably close to the central solar meridia@nd auroral observations. In particular, Willis et al. (2006)
for almost 90% of these major geomagnetic storms. Evertised scientific observations of aurorae in Japan during the
an “average” observer would easily achieve a correspondindnterval 1957-2004 (Shiokawa et al., 2005) to identify geo-
success rate of 70% and this success rate increases to abdlagnetic storms that are sufficiently intense to produce au-
80% if a minority of ambiguous situations are interpreted roral displays at low geomagnetic latitudes. By examining
favourably. The use of information on major geomagnetic White-light images of the Sun obtained by the Royal Green-
storms, rather than modern auroral observations from Japanvich Observatory (RGO), the Big Bear Solar Observatory
provides a less direct corroboration of the technique for iden{BBSO), the Debrecen Heliophysical Observatory (DHO)
tifying historical occurrences of intense geomagnetic storms@and the Solar and Heliospheric Observatory (SOHO) space-
if only because major geomagnetic storms do not necessarilgraft, it was found that at least one sunspot large enough to
produce auroral displays over East Asia. Nevertheless, th&€ seen with the unaided eye by an “experienced” observer
present study provides further corroboration of the validity was located reasonably close to the central solar meridian
of the original technique for identifying intense geomagneticimmediately before all but one of the 30 distinct Japanese
auroral events in the interval 1957-2004; this represents a
97% success rate. Even an “average” observer would proba-

Correspondence td. M. Willis bly have been able to see at least one sunspot with the un-
BY

(d.m.willis@rl.ac.uk) aided eye before 24 of these 30 events, which represents
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an 80% success rate. As noted by Willis et al. (2006), this The method employed in this paper follows closely that
corroboration of the validity of the technique used to identify developed by Willis et al. (2006). However, the method has
historical occurrences of intense geomagnetic storms (Willisto be partly automated because of the large number (1074)
et al., 2005) is important because early unaided-eye obself major geomagnetic storms in the interval 1874 April 17—
vations of sunspots and aurorae provide the only possibld976 December 31. In particular, it is impracticable to show
means of identifying individual geomagnetic storms during all the solar images for the six-day intervals immediately be-
the greater part of the past two millennia. Indeed, this iden-fore these major storms, contrary to the situation in the paper
tification of geomagnetic storms is only feasible because thdy Willis et al. (2006), so statistical results have to be pre-
dates of many unaided-eye observations of sunspots and agented instead. The main statistical results, which are given
rorae during the last 2000 years are known precisely (yearin Table 2, are discussed in Sect. 5. However, two figures
month and day all recorded exactly). Conversely, the rasimilar to those published by Willis et al. (2006) are pre-
dioisotopes“C and1°Be, which are extremely valuable in sented in Sect. 6 to clarify the semi-automatic procedure for
studies of long-term variations in solar activity, have a time identifying sunspots large enough to be seen with the unaided
resolution of at least several weeks and hence these radiois@ye by “average” and “experienced” sunspot observers. The
topes cannot be used to identify historical occurrences of infmain conclusions are summarised briefly in Sect. 7.
dividual geomagnetic storms.

The historical sunspot observations from East Asia ex-
tend throughout the interval 165 BC-AD 1918 (Willis etal., 2 Geomagnetic storms defined by th&A*
2005), although a significant proportion of the early sunspot  magnetic index
observations do not have precise dates (i.e. year, month and
day are not all recorded exactly). Similarly, the historical In this study, the definition of a geomagnetic storm is based
auroral observations from East Asia extend throughout theon theaa magnetic index, which has been calculated retro-
interval 210 BC-AD 1911, although in this case many of the spectively from the year 1868 (Mayaud, 1972, 1973, 1980).
early auroral observations and also the single observation iThis index is defined by the average, for each 3-h interval, of
AD 1911 do not have precise dates. The modern Japanedbe K magnetic indices from two near-antipodal observato-
auroral observations used to validate the technique employetes after the transformation of these indices into amplitudes
in the identification of historical occurrences of intense ge-(nT). The two antipodal observatories used to form dlae
omagnetic storms (Willis et al., 2006) lie within the much index were initially Greenwich (1868—-1925) and Melbourne
shorter interval AD 1957-2004. However, the great merit of (1868-1919). In the Northern Hemisphere, the observations
using modern Japanese auroral observations is that these ot Greenwich were continued first at Abinger (1926—-1956)
servations are from the same region of the World as the hisand subsequently at Hartland (1957—present): in the South-
torical auroral observations (China, Japan and Korea). Thern Hemisphere, the observations at Melbourne were con-
purpose of the present paper is to investigate further the vatinued first at Toolangi (1920-1979) and then at Canberra
lidity of the technique used to identify historical occurrences (1980—present).
of intense geomagnetic storms, utilising a list of “modern” At each change of observatory, a site correction was made
geomagnetic storms in the interval AD 1868-2008 that isfor changes in geomagnetic latitude and local induction ef-
based on thé&A* magnetic index (Allen, 1982; Coffey and fects (Mayaud, 1972, 1973, 1980; Clilverd et al., 2005; Sval-
Erwin, 2001). The term “modern” is used here as a conve-gaard and Cliver, 2007). In the case of the northern observa-
nient converse of the term “historical”. tory, this was achieved by performing tl&&index scalings

An investigation of the presence of large sunspots near théor two years at a neighbouring observatory (for times before
central solar meridian at the times of modern geomagneti@and after the change of site), in order to estimate the calibra-
storms provides a slightly less direct validation of the tech-tion that is required to equalise the annual means of the old
nique used to identify historical occurrences of intense geo-and new observatories (Mayaud, 1973, 1980). In the case of
magnetic storms, at least in the sense that not all geomagnettbe southern observatory, no neighbouring observatory was
storms identified by th&A* magnetic index necessarily gen- available and hence the normalisation was performed with
erate auroral displays that are visible in East Asia. Howeveryespect to the normalised series for the northern observatory.
the geomagnetic storms identified by th&* magneticindex  However, it has been claimed by Svalgaard and Cliver (2007)
extend over a period of time (AD 1868-2008) that overlaps,that the observed annual means of #zindex before the
albeit briefly, the much longer period of historical auroral and year 1957 are too small by about 3nT, compared with val-
sunspot observations from East Asia. Comparisons betweeunes calculated from the inter-hourly variabilitHy/) index
the magnetic and sunspot data are restricted to the short&f geomagnetic activity (Svalgaard et al., 2004). Svalgaard
interval AD 1874-1976 because this study is based specifand Cliver (2007) interpret this discrepancy as an indication
ically on the Royal Greenwich Observatory (RGO) routine that the calibration of thaaindex is incorrect before 1957
programme of sunspot observations, which began in 1874see also Jarvis, 2005; Mursula and Matrtini, 2006; Rouillard
and ceased at the end of December in 1976. et al.,, 2007). Nevertheless, an increase of about 3 rdain
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(and hence iM\A*) is unlikely to be critical in the identifica- intervals, it should be noted that both the start and end times
tion of major geomagnetic storms. To remove local diurnal (UT) of a major geomagnetic storm are defined with respect
ionospheric effects, 8-point running meansaafare calcu-  to the beginning of a 3-h interval and hence the duration of
lated to generate (running) 24-h average values, which ar¢he storm is defined as the end time — the start time +3h. The
denoted here by the symb&A* (upper case letters are used only tabulated data used in the present paper are the start date
to indicate 24-h averages of eight three-howadyindices).  and onset time (UT) of each major geomagnetic storm.

The AA* magnetic index yields the largest 24-h running av-

erage during the course of a geomagnetic storm, denoted here

by AA*(max), which is derived independently of the startand 3 The Royal Greenwich Observatory sunspot data

end times (UT) of the day.

Different definitions of a geomagnetic storm have beenThe sunspot data used in this investigation are based entirely
propounded in terms of the magnitude of tAé&* mag-  on the white-light solar observations maintained and organ-
netic index. For example, in the investigation by Clil- ised for more than a century by the Royal Greenwich Obser-
verd et al. (1998) a geomagnetic storm was identified awatory (RGO). Newton (1958) and Howse (1975) have pub-
beginning whenAA*>40nT and was considered to end lished detailed descriptions of the photoheliographs used in
when AA* drops below 40nT for two consecutive 3-h in- this programme of solar observations and the paper by Willis
tervals. In the present study, a major geomagnetic stornet al. (1996) provides further details of the method of ex-
is defined to begin whe®A*>60nT and is considered tracting sunspot information from the solar photographs. The
to remain in progress untibA*<60nT. The reasons for measured values of sunspot areas and positions, derived from
using this particular definition of a major geomagnetic the solar photographs, have been archived as the “Greenwich
storm are twofold. First, a digital list of major geomag- Photo-heliographic Results, 1874—-1976" (Greenwich Obser-
netic storms in the interval AD 1868-2008 (the list cur- vations, 1874-1955; Royal Observatory Bulletins, Series C,
rently extends up to March 2008) that satisfy these par-1956-1961; Royal Observatory Annals, 1962-1976). These
ticular criteria already existsftp://ftp.ngdc.noaa.gov/STP/ RGO publications provide tabulations of the measured posi-
GEOMAGNETIC DATA/AASTAR/aastar.Ist.v). Second, tions and areas (both umbral areas and umbral plus penum-
it seems logical to consider major modern geomagnetidral areas) of every sunspot group for most days of the year.
storms in any attempt to justify the validity of the technique The measured projected areas are corrected for foreshort-
used by Willis et al. (2005) to identify historical occurrences ening and then expressed in millionths of the Sun’s visible
of intense geomagnetic storms using combined sunspot anbdemisphere.
auroral observations from East Asia (China, Japan and Ko- In the earlier discussion of the presence of large sunspots
rea). In this latter context, it should be noted that many ofnear the central solar meridian at the times of modern
the modern low-latitude aurorae observed in Japan do indeedapanese auroral observations (Willis et al., 2006), use was
occur during intense (or major) geomagnetic storms, as meaalso made of white-light images of the Sun acquired by the
sured by theéD,,; index (Shiokawa et al., 2005). It should also Big Bear Solar Observatory (BBSO), the Debrecen Helio-
be noted briefly that th&p* magnetic index has some advan- physical Observatory (DHO) and the Solar and Heliospheric
tages over théA* magnetic index in certain circumstances Observatory (SOHO) spacecraft. The inclusion of this addi-
(Coffey and Erwin, 2001) but the former index is only avail- tional solar information was essential for comparisons with
able from 1932. However, there is no systematic discrepancynodern Japanese auroral observations in the interval 1957—
between the observed and calculated valuegppnd hence  2004. In the present study, however, the discussion is deliber-
Ap*, contrary to the discrepancy¥@nT) for theaa index  ately restricted to the Royal Greenwich Observatory (RGO)
(Svalgaard and Cliver, 2007). sunspot observations in the interval 1874-1976. Although

The digital list of major geomagnetic storms defined by the RGO solar photographs were actually acquired at sev-
the AA* magnetic index provides the following tabulated eral different observatories (Willis et al., 1996), the deter-
information: the start date of the onset of the condition mination of the sunspot positions and areas was performed
AA*>60nT; the start time (UT) of the onset of this condi- to a common standard. Therefore, the RGO solar observa-
tion (i.e. the start time of the appropriate 3-h interval); the tions constitute an essentially homogeneous dataset through-
date on whichAA* attains its maximum value, denoted by out the interval 1874-1976. Following the closure of the
AA*(max); the start time (UT) of the 3-h interval during RGO programme of solar observations at the end of 1976,
which this maximum is attained; the end date of the storm;the homogeneity of the extended dataset is at least question-
the start time (UT) of the 3-h interval defining the end of able. Indeed, specific reservations have been expressed about
the storm (i.e. the onset é¢fA*<60 nT); the duration of the the continued homogeneity of the dataset in the years imme-
storm in hours; the numerical value AR*(max); the aver-  diately after 1976 (Foster, 2004). Nevertheless, the present
age numerical value AA* during the course of the storm, study could easily be extended up to 2008 (currentlyth&
denoted byAA*(avg); and the sum of the 3-hourdaindices  list of major geomagnetic storms extends up to March 2008)
throughout the storm (i.€2 aa). Sinceaais defined for 3-h  once a reliable and homogeneous digital dataset is available
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for the entire interval 1874—2008. However, it seems unlikelylications would be an enormous undertaking, which must be
that the inclusion of additional data for the interval 1977- deferred at least until a semi-automatic checking and correct-
2008 would alter the main conclusions of this paper. ing procedure can be developed.

A digital dataset that contains the sunspot positions and ar-
eas published (in printed form) by the RGO was distributed
many years ago by World Data Center A, Boulder, Colorado.4 Criteria for sunspot visibility with the unaided eye
This original dataset has been used in the present investiga-
tion because the projected sunspot areas are given explicitliollowing the approach adopted in the study of the presence
and do not have to be re-derived from the corrected sunspd?f large sunspots near the central solar meridian at the times
areas. However, a more detailed digital dataset, which als®f modern Japanese auroral observations (Willis et al., 2006),
includes facular positions and areas, has subsequently bedhe goal in this paper is to consider the size and position of
prepared under the auspices of the NOAA National Geophysall sunspots on the solar disk from 1 to 6 days before the on-
ical Data Center (NGDC), Boulder, Colorado. This secondset of the major geomagnetic storms defined and discussed in
dataset has been of slightly more limited value to the scienSect. 2. The time interval over which sunspots are examined
tific community because, in its original form, it did not con- is based on the assumption (in the identification of an his-
tain digital data for a few of the earlier years. At the inception torical geomagnetic storm) that the time delay between the
of the NGDC project, the relevant RGO printed publications occurrence of the energetic solar feature producing the geo-
for the interval 1878—1885 were not immediately available magnetic storm and the onset of the storm itself lies within
but this omission has since been rectified by the inclusion othe range 1 to 6 days. The shortest known time delay be-
digital data prepared separately by a contractor sponsored bjyveen an energetic solar feature and the onset of a geomag-
an individual scientist. It must be conceded, however, thatnetic stormis about 17.5 h. This time delay is associated with
neither digital dataset (either with or without facular infor- the first observation of a white-light flare on 1859 September
mation) has yet been subjected to the most rigorous tests i (Carrington, 1860; Hodgson, 1860) and the abrupt onset of
terms of quality assurance. Indeed, it is known that both dig-2 great geomagnetic storm on the following day. Therefore,
ital datasets definitely contain errors. More specifically, it as in the study of the presence of large sunspots near the cen-
is known that during the early years (before about 1918) thdral solar meridian at the times of modern Japanese auroral
position of a sunspot sometimes appears to change anomabservations (Willis et al., 2006), the six days immediately
lously (or discontinuously) in the original digital dataset, before the onset of a major geomagnetic storm are defined
which only contains sunspot information. Such “anomalies” in such a way that the time of the RGO solar observation on
occur in the projected co-ordinates, namely radial distancéhe “first” day before the day of the onset of the geomagnetic
and polar angle, but not in the heliographic co-ordinates,storm is as close as possible to, but greater than, this limiting
namely heliographic latitude and longitude. Similarly, there value of 17.5h.
are some typographical errors in the second dataset contain- The sizes of all sunspots on the solar disk can be compared
ing facular data, particularly during the (initially) “missing” with the threshold size of a sunspot capable of being detected
years (1878-1885). Procedures are now being implementedith the unaided eye. As in previous papers (Willis et al.,
to correct both digital datasets. 2005, 2006), a distinction is made between “average” and

Rather than provide a long and discursive discussion orfexperienced” sunspot observers. Specifically, it is assumed
the provenance and accuracy of the two digital datasets, ththat an “average” observer can routinely detect sunspots with
policy adopted in this study is to check visually the positions umbral and umbral plus penumbral (whole—spot) diameters
of all sunspots on the solar disk (in both projected and he-of 15 and 41 arc s, respectively. However, it seems likely
liographic co-ordinates) for the relevant six days precedingthat an “experienced” observer can detect sunspots with a
each of the 1074 major geomagnetic storms in the intervapenumbral diameter of about 25 arc s under optimal viewing
1874-1976. This visual check is achieved by displaying se-conditions. Both criteria are used to assess the possibility of
guentially on a monitor the appropriate daily reconstructeddetecting a sunspot with the unaided eye (in the absence of
solar images, using the reconstruction technique developedloud cover) before each of the major geomagnetic storms
by Willis et al. (1996); see Sect. 4 for further details of this re- defined in Sect. 2.
construction process. A semi-automatic procedure has been In the search for large sunspots near the central solar
developed to examine these daily solar images, in order taneridian at the times of modern Japanese auroral observa-
ensure that in the early years a minority of anomalous (ortions (Willis et al., 2006), the sizes of sunspots present in
discontinuous) changes of sunspot position in the originalwhite-light images of the Sun were compared with the sizes
digital dataset (in just the projected co-ordinates) does nobf the threshold areas for the detection of sunspots with
invalidate any of the conclusions of this paper. It must be em-the unaided eye by both “average” and “experienced” ob-
phasised, however, that the task of checking the entire digitatervers. However, since there are only 30 distinct Japanese
dataset containing the measured positions and areas of bo#turoral events in the interval 1957-2004, it is quite feasi-
sunspots and faculae against the printed data in the RGO puliple to present actual solar images for the six-day intervals
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Table 1. The characteristic variation of the threshold sunspot areas during the course of the year is exemplified by presenting approximate
numerical values of these projected areas for the minimum, mean and maximum distances of the Sun from the Earth. Numerical values
of the projected umbral and whole-spot (umbral + penumbral) threshold areas, measured in millionths of the solar disk, are given for both

“average” and “experienced” sunspot observers. For brevity, the syrblgadeid Wg (=Ug+ Pg) are used to denote the umbral and whole-

spot threshold areas. The uncertainties associated with the threshold areas are based on characteristic unceri@ithiestbé threshold

sunspot dimensions (see Sects. 4 and 5 for further details); the first and second numbers in [square] parentheses correspond, respective
to increases and decreases of 10% in the threshold sunspot dimensions quoted in arc seconds. These uncertainties are realistic illustratiy
“errors”, not absolute bounds on the “errors”.

Threshold areas (millionths of the Sun'’s visible disk)

Umbral Ug) or Whole-spot g) area Distance of Sun from Earth

(average or experienced observer) Minimum Mean Maximum
Up (average observer) 59 [+1211] 61[+13,—-12] 63 [+13,—12]
Wo (average observer) 440 [+9284] 455[+96,—86] 470 [+99,—89]
Wo (experienced observer) 164 [+3431] 169[+36,—32] 175[+37,—33]

immediately prior to each of these 30 auroral events. Presermensions in arc seconds, as discussed in Sect. 5, the changes
tation of actual solar images is clearly impracticable for thein threshold sunspot areas associated with annual variations
large number £1000) of major geomagnetic storms in the in the apparent semi-diameter of the Sun are still significant.

interval 1874 April 17-1976 December 31. Therefore, the \oreover, because of foreshortening, the projected thresh-
procedure employed previously has to be semi-automatedy|g areas shown in Fig. 1a of the paper by Willis et al. (2006)
Although the comparisons between actual sunspot areas angloyld become elliptical and smaller if they were simply ro-
threshold sunspot areas at the times of modern Japanese aydieq away from the centre of the solar disk. Therefore, the
roral obs_ervations are largely visual, it is obviously possiblet,e threshold areas of sunspots, which are merely depicted
to quantify the procedure. at the centre of the solar disk for convenience, must be used
Figure 1a in the paper by Willis et al. (2006) shows in comparisons with actual sunqut areas, irrespective of the
schematically the threshold areas for the detection ofiocation of the latter on the solar disk.
sunspots with the unaided eye for both “average” and “expe- The condition for the detection of an historical geomag-
rienced” sunspot observers. This figure is intended to emphanetic storm is also based on the assumption that the en-
sise (at least conceptually) the fact that there is a small variergetic solar feature producing the historical geomagnetic
ation of these threshold areas during the course of the yeastorm must have occurred when the associated sunspot was
According to the threshold areas quoted previously, Fig. 1awithin +4 days (or aboutt50° of heliographic longitude)
(Willis et al., 2006) shows, alternately, a single sunspotof the central solar meridian (Willis et al., 2005). There-
with umbral and umbral plus penumbral diameters of 15 andfore, in the context of testing the procedure for identifying
41 arcs, located at the centre of the solar disk, and a singl&istorical occurrences of geomagnetic storms, using modern
sunspot with just a penumbral area of 25 arc s, again locatedbservations of sunspots and major geomagnetic storms, a
at the centre of the solar disk. The first, second and thirdsunspot (or sunspot group) must not only be large enough
pairs of images in this figure (viewed from the left) show to be seen with the unaided eye but it must also be within
sequentially the corresponding threshold areas for “average’*4 days of the central solar meridian. To illustrate this ad-
and “experienced” observers, respectively, for the minimum,ditional criterion, each (reconstructed) solar image in Fig. 1a
mean and maximum distances of the Sun from the Earth duref the paper by Willis et al. (2006) also shows dotted lines
ing the course of the year, if all images are reduced to a com{meridians) at=50° of heliographic longitude with respect
mon solar diameter. Numerical values of these threshold arto the central meridian. Based on the statistical evidence for
eas are presented in Table 1. Although the annual variation in association between the heliographic location of an active
the semi-diameter of the Sun, as seen from the Earth, makesolar region and the subsequent onset of a geomagnetic storm
an undetectable visual difference in the threshold areas (fo(Hudson et al., 1998; Webb et al., 2000; Cane et al., 2000;
both “average” and “experienced” observers), at least on théerdichevsky et al., 2002; Cane and Richardson, 2003; Sri-
scale of all displayed figures (cf. Willis et al., 2006), this an- vastava and Venkatakrishnan, 2004; Kim et al., 2005; Gopal-
nual variation in the apparent semi-diameter of the Sun isswamy et al., 2005, 2007; Schwenn et al., 2005; Kang et al.,
allowed for in the quantitative calculations (Sect. 5). Despite2006; Zhang et al., 2007a, b; Tsurutani et al., 2008), sunspot
the fact that larger changes in the sunspot threshold areagroups that are closer to the central meridian than the dotted
arise from uncertainties10%) in the threshold sunspot di- lines, and also large enough to be seen with the unaided eye,
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are likely to be associated with major geomagnetic stormsfined an active solar region near to the central meridian im-
Conversely, sunspot groups that are further from the centramediately before the corresponding Japanese auroral obser-
meridian than the dotted lines are unlikely be associated withvation(s). Essentially the same procedure is how used to in-
major geomagnetic storms, irrespective of their size. In thisvestigate the presence of large sunspots near the central solar
latter case, the corresponding active solar region (and hencaeridian at the times of modern geomagnetic storms.
energetic solar feature) is usually too far from the central so-
lar meridian to generate a major geomagnetic storm.

In the search for large sunspots near the central solab The presence of large sunspots immediately before
meridian at the times of modern Japanese auroral obser- major geomagnetic storms
vations (Willis et al., 2006), solar images in the interval
1957-1960 had to be reconstructed from the archived RG@A\s noted in Sect. 4, the apparent semi-diameter of the Sun
data — using the technique developed previously by Willisvaries during the course of the year. Although this annual
et al. (1996) — because it was not possible to obtain digi-variation is small (amounting to a difference of only 32 arcs
tised images of the original RGO solar plates on a realisticoetween January and July), it is allowed for in the present in-
timescale. This reconstruction of solar images is based owestigation because the projected threshold areas (measured
the assumption that the umbral and umbral plus penumbrain millionths of the solar disk), corresponding to a “constant”
(whole-spot) areas of each sunspot group can be representdareshold dimension quoted in arc seconds (see Sect. 4), do
by concentric circular areas (or, more accurately, zones o¥ary slightly during the year (Table 1). The semi-diameter
one base) on the visible hemispherical solar surface. Th@f the Sun has been calculated using a simple computer pro-
common centre of these two circular areas is supposed to bgram, which is based on the principal terms in the solar the-
located at the centre of the sunspot group. This approach aRry developed long ago by Newcomb (1898). Purely ellip-
lows for foreshortening but is based on the assumption thatical motion of the Earth in its orbit is assumed and no al-
the boundaries of the observed (i.e. projected) umbral andowance is made for planetary terms. The adopted semi-
penumbral areas are exact ellipses. An assumption of thigiameter at unit distance is taken to be 961.18 arcs, which
type is an almost inevitable consequence of the fact that nés an enhanced value that includes an allowance for irra-
information on the irregular shapes of individual sunspots,diation (Explanatory Supplement to The Astronomical Al-
and only limited information on the irregular distribution of manac, 1992). (It is standard practice to use a smaller value
spots within groups (i.e. a tenfold classification scheme rangof the semi-diameter at unit distance (95968 the calcu-
ing from a single spot to a pair of clusters of spots or a com-lation of eclipses.) The adopted value (9618 that used
posite group of spots), has been archived in the “Greenwichin “The Nautical Almanac” for years immediately preced-
Photo-heliographic Results, 1874-1976". ing 1960 and differs from that used before 1960 (961) &

The technique for reconstructing solar images forms the‘The American Ephemeris” because of a different allowance
basis of a semi-automated search for large sunspots near tfier irradiation.
central solar meridian at the times of major geomagnetic A sample check against data in “The Astronomical
storms. In practice, the measured sunspot areas are confephemeris” for the penultimate year (1975) of the RGO pro-
pared with the threshold sunspot areas for the six days imgramme of solar observations indicates that when computa-
mediately before each of the major geomagnetic storms detions are made using the simple computer program there is a
fined in Sect. 2. Conceptually, this approach is the quantypical error of about 0.1arcs (i.e. about 1 part in 10 000) in
titative equivalent of the essentially qualitative comparisonsthe solar semi-diameter: such an error is insignificant in the
made in the paper by Willis et al. (2006), which compared context of the present study. In addition, a more comprehen-
the threshold areas shown in their Fig. 1a with both actualsive computer program, which includes planetary terms, has
and reconstructed solar images immediately before moderbeen used to check the accuracy of the simple program. The
Japanese auroral observations. The results were presentethgnitude of the discrepancy between the results obtained by
as a sequence of solar images on the relevant six days inthe two programs is less than 0.11 arc s throughout the inter-
mediately before the 30 distinct auroral events and the visuaval 1874-1976, which is again insignificant in the context of
comparisons were performed for both “average” and “experi-present study. However, owing to the ellipticity of the Earth’s
enced” observers. If the observed area of a sunspot exceedeubit, the solar semi-diameter can change by up to 0.27 arcs
the true threshold sunspot area, it was concluded that thién 24 h (notably in April and October). Therefore, in order to
sunspot would have been large enough to be seen with thealculate true threshold areas accurately, it is important to in-
unaided eye by either an “average” or “experienced” ancientput the time (UT) of the solar photograph, when known. On
observer in East Asia, depending on which of the variousdays when no sunspots were observed on the solar disk and
threshold areas was exceeded. If the sunspot was also withimo time is recorded in the original digital dataset, the time of
+50 of heliographic longitude with respect to the central the photograph is arbitrarily assumed to be 12:00 UT.
meridian (i.e. within the dotted lines shown in Fig. 1a of the  Of course, the accuracy quoted in the previous para-
earlier paper), it was further concluded that the sunspot degraph is partly spurious. The “constant” threshold angular
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dimensions quoted previously for the detection of sunspotsn degrees. Both the technique for the identification of an his-
by “average” and “experienced” observers (namely 15 andorical geomagnetic storm (Willis et al., 2005), and the sub-
41 arcs, and 25arcs, respectively) are characteristic valuesequent verification of the technique using modern Japanese
not absolute values. Moreover, the semi-diameter of the Suauroral observations (Willis et al., 2006), requitreo satisfy
was used in the measurement of sunspot areas on the sthe condition —50<A <+50°. The numbers and percentages
lar plates (photo-heliograms). All publications of the Royal of major geomagnetic storms in the interval 1874-1976 that
Greenwich Observatory that discuss the measurement dfatisfy the various criteria for sunspot visibility, specified in
sunspot areas on the photographs refer to the “tabular semterms of the quantitied, U, W, Ug and Wy, are presented
diameter of the Sun in arc” without further explanation. Itis in Table 2, where the additional symbols S, A, a, F and f
assumed here that these tabular values of the semi-diametare used to signify “success” (S), “ambiguity” (A or a) and
were taken from “The Nautical Almanac” or “The Astronom- “failure” (F or f), respectively.
ical Ephemeris”, since it seems unlikely that semi-diameters The exact definitions of the symbols S, A, a, F and f
would have been calculated again solely to derive sunspot arare given explicitly in the footnotes to Table 2. There are
eas. Even in the earliest years, values of the semi-diametdwo types of “ambiguity” and “failure” for an “average”
published in “The Nautical Almanac” exceed those obtainedsunspot observer. In particular, the symbol “A” signifies
from the computer program by less than 1arcs. From thelU >Up andW <Wy, whereas the symbol “a” signifiés<Ug
beginning of the twentieth century, the magnitude of the dis-and W>Wy. Likewise, the symbol “F’ signified/ <Up
crepancy is less than 0.25arcs. and W <Wy, whereas the symbol “f” signifiea <—50° or
Table 1 shows the characteristic variation of the thresh-A>+50° (which is a “failure” irrespective of the values of
old sunspot areas during the course of the year. Approxi{/ and W). Similar definitions apply to an “experienced”
mate numerical values of these threshold sunspot areas aseinspot observer, although ambiguities do not arise in this
presented for the minimum, mean and maximum distancegsase. For brevity, the symbul (from logic and set theory)
of the Sun from the Earth. Projected umbral and whole-is used to signify “for all values of” or, more accurately, “ir-
spot (umbral + penumbral) threshold areas, expressed in milrespective of the values of” the qualified variables (Le.
lionths of the solar disk, are given for both “average” and and W). The changes in the numbers of major geomag-
“experienced” sunspot observers. For brevity, the symbolsmetic storms that satisfy the various sunspot visibility criteria,
Up, Py and Wy (=Uo+ Pp) are used to denote the umbral, arising from characteristic uncertainties-6£0% in thresh-
penumbral and whole-spot (= umbral + penumbral) thresh-old sunspot dimensions in arc seconds, are given in [square]
old areas. The uncertainties associated with the thresholgarentheses.
areas, which are presented in [square] parentheses, are esti-It is clear from the numbers presented in Table 2 that an
mates based on a characteristic uncertaint®9% in the  “experienced” sunspot observer achieves a success rate (un-
threshold sunspot dimensions quoted in arc seconds. Thiadjusted) of almost 90% (87.5%). Since no sunspot data are
characteristic uncertainty is consistent with the results founcavailable for 23 of these 1074 major geomagnetic storms, the
by Keller and Friedli (1992) in a case study involving 10 ex- adjusted success rate is indeed very close to 90% (89.4%).
perienced sunspot observers, using the mean visibility limitEven an “average” sunspot observer achieves an unadjusted
of the three best observers. These authors concluded thaticcess rate greater than 70% (71.2%). Moreover, if the two
the determining factor for detecting a sunspot with the un-ambiguous cases (A and a) presented in Table 2 are regarded
aided eye is the contrast ratio between the brightness oés successes, and allowance is again made for the fact that no
the (unresolved) combination of umbra and penumbra andunspot data are available for 23 of these major geomagnetic
the brightness of the surrounding photosphere. It should bstorms, the adjusted success rate for an “average” sunspot
noted that the uncertainties'10%) in the threshold sunspot observer just exceeds 80%.
dimensions are much larger than the maximum uncertainty The numbers in [square] parentheses in Table 2 show the
(~0.1%) in the semi-diameter of the Sun. However, it is clearvariations in the number of major geomagnetic storms sat-
from the numbers presented in Table 1 that the contributiorisfying the various sunspot visibility criteria if the thresh-
to changes in threshold sunspot areas arising from the amld sunspot dimensions (in arc seconds) are assumed to have
nual variation in the apparent semi-diameter of the Sun (i.echaracteristic uncertainties @f10%. It should be noted that
32arcs) is just significant. there is no change in the number of cases that fail to sat-
As noted in Sect. 4, the condition for the detection of theisfy the condition—50°<A <+50° and that the cases which
historical occurrence of a geomagnetic storm is also basedo satisfy this condition are merely redistributed among the
on the assumption that the energetic solar feature producindifferent sunspot visibility criteria, as is obvious logically.
the historical geomagnetic storm must have occurred wherit follows from the numbers presented in Table 2 that, if
the associated sunspot was withid days (or about-50° the threshold sunspot dimensions are increased by 10%, an
of heliographic longitude) of the central solar meridian. It is “experienced” sunspot observer would still achieve an ad-
convenient to introduce the symhalto denote longitudinal  justed success rate of 88% and an “average” sunspot observer
distance from the central solar meridian, which is measuredvould achieve an adjusted success rate of 68%, even if the
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Table 2. Numbers and percentages of major geomagnetic storms in the interval 1874—-1976 for which the different sunspot visibility criteria
defined in Sect. 5 are satisfied. In the case of “average” sunspot observers, the five conditions (sets of inequalities or conditions) defined
in the footnotes to the table are considered sequentially for each sunspot group on the solar disk, during the six-day interval immediately
before the onset of each major geomagnetic storm. Similarly, in the case of “experienced” sunspot observers, the three conditions (single
inequalities) defined in the footnotes are considered sequentially. For each major geomagnetic storm, a single success (S), ambiguity (A ol
a) or failure (F or f) is recorded (accumulated in the table) as soon as one of the sequential conditions is satisfied. Th&/gwméiilg

(=Uop+ Pp) are again used to denote the umbral and whole-spot threshold areasdemdbtes angular longitudinal distance from the central

solar meridian. For brevity, the symbe{U, W) signifies “for all values ot/ andW” (or “irrespective of the values df andW”); similarly,

V(W) signifies “for all values of#” (or “irrespective of the value o”). The variations in the number of major geomagnetic storms that
satisfy the different sunspot visibility criteria, associated with characteristic uncertainties086 in the threshold sunspot dimensions in

arc seconds, are presented in [square] parentheses.

Average sunspot observers

Sunspot visibility criterion Number of major Percentage of total Variation in number of storms
geomagnetic storms  number of storms +1D% threshold sunspot dimensions]

S (Success) 765 71.2 —[@9, +53]

A (Ambiguity) 70 6.5 [+0,—15]

a (ambiguity) 9 0.8 [+2:-6]

F (Failure) 199 18.5 [+47+-32]

f (failure) 8 0.8 [+0,—0]

No sunspot data 23 2.1 -

Total 1074 99.9 -

Experienced sunspot observers

Sunspot visibility criterion Number of major Percentage of total Variation in number of storms
geomagnetic storms  number of storms +1D% threshold sunspot dimensions]

S (Success) 940 87.5 —[L4, +25]

F (Failure) 103 9.6 [+14:-25]

f (failure) 8 0.8 [+0,—0]

No Sunspot Data 23 21 -

Total 1074 100.0 -

Definitions: The sunspot visibility criteria (S, A, a, F, and f) for “average” observers are defined as follows: “S” implés A <+50°,
U>Up (avg) andW > W (avg); “A” implies —50° <A <+50°, U > Uy (avg) andW <Wq (avg); “a” implies—50° <A <+50°, U <Uy (avg)
andW > Wy (avg); “F” implies —50° <A <+50°, U <Ug (avg) andW < Wq (avg); and “f” impliesA <—50° or A>+50°, V(U, W). Similarly,
the sunspot visibility criteria for “experienced” observers are defined as follows: “S” impb&8< A <+50° andW > Wy (exp); “F” implies
—50° <A <+50° andW < W (exp); and “f" impliesA <—50° or A>+5C°, V(W).

ambiguous cases (A and a) are ignored. If the threshold—50°<A <+50°) during an interval extending over 1-6
sunspot dimensions are increased by 20%, the correspondlays prior to the onset time of most of the major geomag-
ing adjusted success rates are 86% and 63%. Likewise, theetic stormsAA*>60nT) in the interval 1874-1976 (Allen,
adjusted success rates do not depend markedly on the a&982; Coffey and Erwin, 200%tp://ftp.ngdc.noaa.gov/STP/
ceptable range of longitudes with respect to the central solaGEOMAGNETIC DATA/AASTAR/aastar.Ist.v}. In partic-
meridian, namely-Ag<A <+Ag, provided thatAo>30°, a ular, the success rate for an “experienced” sunspot observer
condition that is clearly satisfied by the representative valuevould have been almost 90% and the success rate for an
Ao=5C used in this investigation and in the previous studies“average” sunspot observer would have been about 70%.
(Willis et al., 2005, 2006). Obviously, in the limito—0, In a similar investigation, using Japanese auroral observa-
the success rate tends to zero. tions in the interval 1957—2004 (Willis et al., 2006), the cor-
responding success rates for “experienced” and “average”
sunspot observers were found to be 97% and 80%. Both in-
6 Discussion vestigations confirm the validity of the technique developed
by Willis et al. (2005) to identify historical occurrences of

The results presented in this paper indicate that at leasfltense geomagnetic storms, which is based on finding ap-
one sunspot large enough to be seen with the unaide@roximately coincident observations of sunspots and aurorae

eye was reasonably close to the central solar meridiadecorded in East Asian histories.
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Fig. 1. Reconstructed solar images for the six-day intervals immediately before the major geomagnetic storms that commi@)deeian:
March 14;(b) 1957 October 13; anft) 1975 February 10.

As noted in the introduction, the method used to detectlarge enough to be seen with the unaided eye by both “av-
sunspots large enough to be seen with the unaided eye hasage” and “experienced” solar observers is present on the
to be semi-automated because of the large number (1074olar disk for at least one of the six days immediately before
of major geomagnetic storms in the interval 1874 April 17— the day of the onset of each of the three geomagnetic storms
1976 December 31. Similarly, it is impracticable to show all depicted in Fig. 1, which counts as an overall success (S).
the solar images, so statistical results have to be presented The three panels in Fig. 1 can also be discussed individ-
instead (Table 2). However, it is instructive to present a fewually on a daily basis. Panel (a) shows a very large (gi-
illustrations of sunspots on the solar disk for the six daysant) sunspot and a large sunspot on the solar disk through-
before the day of the onset of a major geomagnetic stormout the six-day interval before the geomagnetic storm that
Figure 1 shows reconstructed solar images (see Willis et al.commenced on 1947 March 14. Panel (b) shows at least one
1996) for the six-day intervals immediately before the threelarge sunspot on the solar disk throughout the six-day inter-
major geomagnetic storms that commenced on 1947 Marclyal before the geomagnetic storm that commenced on 1957
14, 1957 October 13 and 1975 February 10. The date an@®ctober 13. The large sunspots on the solar disk before these
time (UT) of the onset of each geomagnetic storm is pre-two storms can be detected easily by both “average” and “ex-
sented at the right-hand side of the figure (Day 0) and theperienced” sunspot observers. Panel (c) shows one sunspot
date and time of each solar observation is presented immedjust large enough to be detected by both “average” and “ex-
ately below the corresponding solar image (D& to Day  perienced” observers for the two days immediately before
—1). For consistency, the format of Fig. 1 (and Fig. 2) is the geomagnetic storm that commenced on 1975 February
exactly the same as that employed for the figures presentetld. An “experienced” observer can also detect a sunspot on
in the earlier paper on the presence of large sunspots neahe third and fourth days before the onset of this storm (S),
the central solar meridian at the times of modern Japanes@hereas for an “average” observer the detection of a sunspot
auroral observations (Willis et al., 2006). All three exam- is ambiguous on the third day before the storm {ax Uy,
ples of major geomagnetic storms shown in Fig. 1 represenW > W) and impossible (failure) on the fourth day before
an overall success (S) in terms of the various classificationthe storm (F:U <Uy, W<Wp). Neither an “average” nor
criteria introduced in Sect. 5 and employed in Table 2 (seean “experienced” sunspot observer can detect a sunspot on
footnotes). These classifications are: success (S), ambiguityhe fifth and sixth days before the onset of this geomagnetic
(A or a) and failure (F or f). Therefore, at least one sunspotstorm (F:U <Ug, W <Wg).
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Fig. 2. Reconstructed solar images for the six-day intervals immediately before the major geomagnetic storms that commi@)de€d bn:
November 16y(b) 1963 January 30; an@t) 1975 March 9. No sunspots were present on the solar disk on 1975 March 5 (and hence no
information is stored in the sunspot digital dataset for this particular day).

Similarly, Fig. 2 shows reconstructed solar images for the(f: A<—50°). Panel (c) shows that there are no sunspots on
six-day intervals immediately before the three major geo-the solar disk large enough to be seen by either “average” or
magnetic storms that commenced on 1915 November 16;experienced” observers on the first and sixth days before the
1963 January 30 and 1975 March 9. These particular stormgeomagnetic storm that commenced on 1975 March 9. On
have been chosen deliberately to illustrate three different sitthe second, third and fifth days before the storm, there are
uations that are not an overall success (S) from the viewpoinho sunspots within 50of the central meridian (fA<—50°
of both “average” and “experienced” sunspot observers. Theor A>+50°). No sunspots were observed on the solar disk
three panels in Fig. 2 can again be discussed individually oron the fourth day before the storm. (Therefore, this particu-
a daily basis. Panel (a) shows a sunspot large enough to bar day should really be regarded as separate type of “failure”
seen by only an “experienced” observer, but more than 50 because no information is stored in the digital sunspot dataset
from the central meridian (fA>+50), on the day immedi- on days when no sunspots were observed on the solar disk.)
ately before the geomagnetic storm that commenced on 1915 A success, ambiguity or failure symbol (S, A, a, F or f) is
November 16. On the second to sixth days before this stormassigned to every sunspot on the solar disk for each of the
an “experienced” observer is capable of detecting a sunspadix days preceding each major geomagnetic storm in the in-
(S: W>Wy), whereas for an “average” observer the detec-terval 1874-1976; this is done separately for “average” and
tion of a sunspot is ambiguous throughout these five daySexperienced” sunspot observers. For both types of sunspot
(A: U>Uo, W <Wp). Panel (b) shows a sunspot large enoughobserver, an overall classification symbol is then assigned to
to be seen by an “experienced” observer on the day immedieach storm by selecting the highest-ranked (sunspot) symbol
ately before the geomagnetic storm that commenced on 196githin the six-day period, if these symbols are ranked in the
January 30, whereas for an “average” observer the detectiostrict priority order S, A, a, F, and f. For 23 of these six-day
of a sunspot on this day is ambiguous (a<Up, W>Wo). intervals, no RGO sunspot data are available for any day, so
On the second, fourth, fifth and sixth days before the onsethe number of major geomagnetic storms that can be given
of this storm, there are no sunspots large enough to be seefiich an overall classification is 1051, which accounts for the
by either “average” or “experienced” observers (FxUo,  use of the term “adjusted success rate” in Sect. 5. The num-

W <Wp); on the third day before this storm, the only sunspot pers of major geomagnetic storms in the various categories
on the solar disk is more than 5@om the central meridian  are presented in Table 2.
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Examples of major geomagnetic storms that occur when It should be noted that a number of assumptions have
the corresponding solar photographs show sunspots too smddeen made in this investigation. For example, assumptions
to be detected with the unaided eye (or even show the totahave been made about the threshold dimensions for the de-
absence of sunspots), as exemplified in panels (b) and (c) dkction of sunspots with the unaided eye by both “average”
Fig. 2, require further consideration. The 23 major geomag-and “experienced” observers (Sect. 4), although allowance
netic storms for which no sunspot information is archived has been made fat10% uncertainties in these dimensions
in the printed RGO publications (Sect. 5 and Table 2) — on(Sect. 5). Similarly, some uncertainty exists regarding the
all six days before the onset of each storm — occur neawalue of the semi-diameter of the Sun used to analyse the
sunspot minimum, without exception. This suggests thatRGO photo-heliograms (Sect. 5), although it has been shown
the absence of archived information correctly implies the ab-that this particular uncertainty is insignificant. Likewise, the
sence of sunspots. Furthermore, by considering the dates @hain calculations have been performed on the assumption
major geomagnetic storms that immediately precede or folthat a sunspot can only be associated meaningfully with a
low these 23 geomagnetic storms, it is evident that some ofnajor geomagnetic storm if the angular distanag ¢f the
these particular storms are examples of recurrent geomagsunspot from the central solar meridian satisfies the condi-
netic storms. Recurrent storms are normally associated witlion —50° <A <+50° (Sect. 4). However, it has been found
co-rotating solar wind streams or co-rotating interaction re-that this assumption is acceptable provided thgt30° in
gions (Crooker and Cliver, 1994; Tsurutani et al., 2006). Inthe inequality—Ag<A<+Ag. In defining the six-day inter-
particular, it is known that solar-wind fast streams emanat-val imnmediately before a major geomagnetic storm, it is as-
ing from coronal holes cause recurrent, moderate intensitysumed that the onset time of the storm is the beginning of the
geomagnetic activity at the Earth. Moreover, co-rotating in- appropriate the 3-h interval of thA* magnetic index. This
teraction regions (CIRs) are regions of intense magnetic fieldassumption introduces a timing uncertainty because the time
formed when high-speed solar wind streams overtake slovwofthe RGO solar observation on the “first” day before the on-
solar wind streams as they propagate away from the Surset of the geomagnetic storm is taken to be as close as possi-
Geomagnetic storms produced by co-rotating interaction reble to, but greater than, the limiting value of 17.5 h (Sect. 4).
gions are generally weaker than those produced by corondrurthermore, on days for which no sunspots exist on the solar
mass ejections (Tsurutani et al., 2006; Alves et al., 2006disk, no information is stored in the digital sunspot dataset.
Denton et al., 2006; Borovsky and Denton, 2006; Richard-In such cases, it is assumed for determinateness that the so-
son et al., 2006), although there are some notable exceptiorlar observations were actually made at 12:00 UT (Sect. 5).
(Richardson et al., 2006). However, a detailed discussiorDespite these largely inevitable assumptions, the results pre-
of the different types of solar activity that result in recurrent sented in Table 2 provide conclusive statistical evidence for
and non-recurrent geomagnetic storms is well beyond the inthe presence of large sunspots near the central solar meridian
tended scope of the present paper. at the times of major geomagnetic storms.

Of course, there are numerous examples of large sunspot
groups observed near the central solar meridian that are not
accompanied by either a geomagnetic storm or an auroral Conclusions
display. There may be several different reasons for the lack
of any concomitant geomagnetic or auroral activity. In many The present paper provides further support for the validity
cases, transient solar activity associated with a large sunspaf the technique developed by Willis et al. (2005) for the
group does not occur when the group is near the central soladentification of historical occurrences of intense geomag-
meridian and hence does not result in a coronal mass ejectionetic storms, which is based on finding approximately coin-
(CME) that is directed towards the Earth. Moreover, even if cident observations of sunspots and aurorae recorded in East
the CME is directed towards the Earth, the severity of the re-Asian histories. Previously, Willis et al. (2006) provided di-
sulting geomagnetic storm depends crucially on the amountect confirmation of the validity of this technique using mod-
of southward-directed magnetic flug{) carried to the Earth  ern Japanese auroral observations in the interval 1957-2004.
(Gonzalez et al., 1999; Richardson et al., 2006; Zhang et al.The new study reported here utilises a list of major geomag-
2007a). In the limit of negligible southward-directed mag- netic storms that occurred in the interval 1868—2008 to in-
netic flux impinging on the Earth’'s magnetosphere, a ma-vestigate the presence or absence of large sunspots near the
jor geomagnetic storm would not be generated. Althoughcentral solar meridian during the shorter interval 1874-1976,
this limiting situation would be rare, since the interplanetary which is determined solely by the availability of homoge-
magnetic field varies considerably with time, it is relatively neous sunspot data acquired by the Royal Greenwich Obser-
easy to provide physical explanations for solar activity notvatory. The use of information on major geomagnetic storms,
resulting in geomagnetic or auroral activity. Conversely, it rather than modern auroral observations from Japan, pro-
is rather more difficult to explain the small number of major vides a less direct corroboration of the technique for detect-
geomagnetic storms that are apparently not associated witing historical occurrences of intense geomagnetic storms, if
any obvious manifestation of solar activity. only because geomagnetic storms do not necessarily produce
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