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A B S T R A C T 

The geomagnetic ‘solar flare effect’ (SFE) results from excess ionization produced by solar X-ray and EUV radiation in the 
Earth’s upper atmosphere. The simultaneous detection of an SFE at the time of the Carrington flare in 1859 allows us to 

calibrate this event on the (revised) modern GOES X-ray scale. For this purpose, we make a basic correlation analysis of SFEs 
recorded at 1-min averaging at a single geomagnetic observatory, the Hartland station, as the site closest to London and the two 

original observing stations (Kew and Greenwich). We find the equivalent GOES magnitude of the Carrington event to have been 

X105+ 41 , −24 based on a sample of 39 X-class flare events observable as SFEs, with the estimate limited by systematic errors 
in the interpretation of the modern data. This estimate agrees with estimates based on the visual observations of the flare. This 
suggests that the Carrington flare was not a ‘superflare’ in the sense that it required physics beyond that needed for ordinary 

flares. 

Key words: Sun: corona – Sun: UV radiation – Sun: X-rays. 
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 I N T RO D U C T I O N  

he first reported optical observation of a flare (Carrington 1859 )
as accompanied by the earliest reported case of a ‘solar flare

ffect’ (SFE) (Stewart 1861 ). The SFE phenomenon (also termed
he ‘magnetic crochet’ ) remains useful as a proxy for solar X-ray
nd Extreme Ultraviolet (EUV) emissions (Cliver & Svalgaard 2004 ;
larke et al. 2010 ; Curto 2020 ). The Carrington event certainly was
 powerful flare, and it has caught the public imagination as the
mbodiment of a ‘superflare’ (Schaefer, King & Deliyannis 2000 ,
ho set this arbitrarily at an event total energy threshold of 1033 

rg), capable of causing great damage to human society (e.g. Cliver
t al. 2022 ). Two recent discoveries have further piqued interest
n superflares: the tree-ring events (Miyake et al. 2012 ) and the
owerful stellar flares from apparently solar-type stars (Maehara
t al. 2012 ). The radioisotope events discovered in ancient tree-rings
nd ice cores suggest occasional solar sources of energetic particles
Usoskin et al. 2023 ) greatly outstripping even a huge solar eruption
uch as that of the flare SOL1956-02-23 (Meyer, Parker & Simpson
956 ; McCracken, Shea & Smart 2023 ; Hayakawa et al. 2024 ). This
vent had the greatest high-energy particle fluence recorded since
uch observations began in the early 1940s. The Carrington event (as
 ‘superflare’) notionally lies between the family of eruptive solar
 E-mail: christopher.osborne@glasgow.ac.uk 
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ares, and perhaps the physically different historic events inferred
rom radioisotope records and stellar photometry. 

The optical observations of the Carrington flare (Carrington 1859 ;
odgson 1859 ) fortuitously occurred shortly after the installation
f the first recording magnetometers at Kew and Greenwich in the
icinity of London, with independently developed instrumentation.
outine observations at Kew had only begun in 1858 (Stewart
860 ). The occurrence and morphology of the SFE had been noted
mmediately by Stewart, but the deeper implications only became
lear once systematic flare observations had begun and we had
chieved some understanding of the ionosphere (Bartels 1937 ).
he original SFE records from Kew and Greenwich have survived,
nd recently Beggan et al. ( 2024 ) have made the data from both
ites available in digital form. 1 Our data reduction assumes the
Bhor = −131 ± 10 nT, as taken from the Kew observations; this

s significantly different from the commonly accepted value of
110 nT (Newton 1943 , et seq. ). In this paper, we use the new

alue and a statistical sample of modern events to estimate the
eostationary Operational Environmental Satellite (GOES) soft X-

ay magnitude 2 of the Carrington event. Section 2 describes the
ata, both historical and modern, and Section 3 discusses how to
xtrapolate the observed correlations to make a best estimate for
 https://doi.org/10.5285/c03ec758- d74d- 4267- 97fe- 1be409f4c366 
 This work uses the recently revised GOES magnitudes (Machol et al. 2022 ; 
udson et al. 2024 ). 
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Carrington event 1993

Figure 1. Digitized traces of the original paper recordings from the Kew and 
Greenwich magnetometers at the time of the Carrington event. The vertical 
dotted lines show Carrington’s start and stop times for flare detection. 

t
s
R

2

2

T  

r
S
c
e
o
r
w
t
n
T
r  

w  

m
a  

d
K
t
d
m

T
s
a
r
m
a  

m
i  

n  

e
o
l

Table 1. Event List. 

IAU identifier Classa �Bhor Season 

SOL1991-12-24T10:24 X2.00 −6.3 W 

SOL1992-02-16T12:37 X2.10 −5.7 W 

SOL1997-11-06T11:55 X13.2 −20.0 W 

SOL1997-11-27T13:17 X3.80 −10.0 W 

SOL1998-05-02T13:42 X1.60 11.7 S 
SOL2000-06-06T13:39 X1.70 −11.0 S 
SOL2000-07-11T13:10 X1.50 3.4 S 
SOL2000-07-12T10:37 X3.00 2.0 S 
SOL2000-07-14T10:24 X8.80 0.3 S 
SOL2001-03-29T10:15 X2.70 0.5 S 
SOL2001-04-02T10:14 X2.00 0.3 S 
SOL2001-04-02T11:36 X1.50 −8.0 S 
SOL2001-04-12T10:28 X3.00 9.4 S 
SOL2001-04-15T13:50 X21.2 −40.0 S 
SOL2001-09-24T10:38b X3.70 −36.0 W 

SOL2002-08-30T13:29 X2.20 9.2 S 
SOL2003-03-18T12:08 X2.20 4.7 W 

SOL2003-10-28T11:10 X25.8 −37.0 W 

SOL2004-07-16T10:41 X1.60 −0.4 S 
SOL2004-07-16T13:55 X5.50 −1.3 S 
SOL2004-10-30T11:46 X1.80 −2.3 W 

SOL2005-07-14T10:55b X1.90 −4.0 S 
SOL2006-12-05T10:35 X13.1 −10.0 W 

SOL2011-09-22T11:01 X2.00 −5.4 W 

SOL2013-11-19T10:26 X1.50 −4.5 W 

SOL2014-06-10T11:42 X3.30 −3.8 S 
SOL2014-06-10T12:52 X2.20 3.0 S 
SOL2014-10-26T10:56 X2.80 −13.0 W 

SOL2017-09-06T12:02 X14.8 −9.9 S 
SOL2022-04-30T13:47 X1.10 −2.2 S 
SOL2022-05-03T13:25 X1.10 −4.6 S 
SOL2022-05-10T13:55 X1.50 −5.7 S 
SOL2024-02-09T13:14 X3.30 −11.0 W 

SOL2024-05-05T11:54 X1.20 0.6 S 
SOL2024-05-11T11:44b X1.50 167.0 S 
SOL2024-05-14T16:51 X8.70 −4.1 S 
SOL2024-06-10T11:08 X1.50 0.7 S 
SOL2024-07-16T13:26 X1.90 3.3 S 
SOL2024-08-05T13:40 X1.70 −1.6 S 
SOL2024-10-03T12:18 X9.00 −23.0 W 

SOL2024-11-06T13:40 X2.30 −0.8 W 

SOL2025-01-03T11:39 X1.20 −6.5 W 

Notes. a Revised classifications (Hudson et al. 2024 ). 
b Discarded. 
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4 HAD 51.0N,4.5W; GRW 51.5N,0.0E; KEW 51.5N,0.3W. 
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he X-ray magnitude. Generally, our analysis consists of a statistical 
urvey of the ‘slow’ component of SFE response, as identified by 
ichmond & Venkateswaran ( 1971 ) with soft X-rays. 

 DATA  

.1 The Carrington event, 1859 

he Beggan et al. ( 2024 ) digitization of the original geomagnetic
ecords from the Kew and Greenwich observatories places the 
FE magnitude at about −131 nT in the geomagnetic horizontal 
omponent Bhor . Measurements of all three components of the field 
xist, but the Bhor variation usually provides the cleanest signature 
f an SFE and is the commonly adopted observable. The early 
ecording systems consisted of rotating clockwork-driven drums to 
hich photographically sensitive paper was fixed; light beams from 

he variometers wrote directly to this paper medium, which then 
eeded chemical development to produce a permanent visible record. 
his type of recording produced detailed and permanent geomagnetic 

ecords, and it had only begun in 1858 (Stewart 1860 ) at Kew. This
as just prior to the great solar activity in 1859 (Stewart 1861 ). The
ethods for calibration and characterization of this analogue system 

re imperfectly known, but fig. 1, from the Beggan et al. ( 2024 )
igitization, shows that the independent but similar instruments at 
ew and Greenwich produced very comparable results. Indeed, the 

ight similarity of the two independent time series shows that the 
amping times were short enough to capture variations faster than a 
inute. 
Fig. 1 also illustrates some of the problems with the metadata. 

he displacement of the two peak times from one another indicates 
ome clock error. Carrington’s flare observation began at 11:18 
nd ended at 11:23 Greenwich mean time, as indicated, and match 
easonably well within our imperfect knowledge of the physical 
echanisms involved; he estimated the precision of his time marks 

t 15 s (Carrington 1859 ). Note that the time on the Greenwich
agnetogram has been revised and the time on the Kew magnetogram 

s only known via a handwritten start and end time. Finally, we can
ote the behaviour of the two magnetometer records just prior to the
vent. The Greenwich line appears to have greater smoothing, based 
n the small fluctuations in this interval. This suggests a somewhat 
onger damping time in its mechanism. 
.2 The Hartland SFE events, 1991–2025 

he Hartland observatory (HAD) of the British Geological Survey 
s the intermagnet 3 site geographically closest 4 to the Kew and 
reenwich observatories, the sites of the original geomagnetic 
bservations (Stewart 1861 ). We have accordingly based our analysis 
n this site (HAD) as the best proxy. Since 1991 HAD reported
bservations during 42 X-class (original scale; see Hudson et al. 
024 ) flares, based on the current National Oceanic and Atmospheric
dministration (NOAA) flare lists and restricting the soft X-ray 
eak times to the range 10:00–14:00 UT . Table 1 lists the selected
vents, with Class giving the peak GOES flux on the modern scale,
ackground-subtracted as in Hudson et al. ( 2024 ), and Season W
or winter, S for summer. We have chosen to use 1-min sampling
MNRAS 544, 1992–1998 (2025)
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Figure 2. The most extreme flare of our sample, SOL2003-10-28 (X25.8 
adjusted), which occurred during geomagnetically disturbed conditions but 
which none the less shows good coincidence with at least the initial 
development of the SFE. The dotted lines show the GOES times, and we 
note that NOAA’s definition of end time is just at the 50 per cent peak level. 
The GOES data here are from 2-s sampling, but the reference times are based 
on 1-min data. 
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Figure 3. A more typical major event, SOL2024-10-03 (X9.0 adjusted), 
which occurred during less-disturbed geomagnetic conditions and actually 
resolves more of the SFE time structure with 1-s data cadence from the HAD 

observatory. Here, for uniformity, we use the GOES-16 1-min data. See the 
text for some further comments about this interesting event. These plots have 
the same scaling as Fig. 2 , but on only a quarter of the time span. 

Figure 4. This figure gives a more detailed view of the SOL2003-10-28 
event, using 1-s HAD geomagnetic records for this event (X25.8 adjusted). 
It shows 3 d of geomagnetic data, during which the geomagnetic storm on 
October 29 would have obscured even this major event. 
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or uniformity and have discarded three events because of high
eomagnetic activity, as marked in the table. 
This simplistic approach assumes that soft X-rays contribute

trongly to SFE occurrence, even though many of the weaker
OES events in Table 1 did not produce events in the International
ssociation of Geomagnetism and Aeronomy (IAGA) ‘rapid events’
ata base 5 (Curto et al. 2023 ). Our analysis thus avoids the need
or morphological classification and allows non-detections to be
ntegrated statistically, based on their estimated uncertainties. Our
odel explictly ignores the known importance of EUV contributions

o SFE (e.g. Curto et al. 1994 ) since reliable data bases have only
ecently begun; this is a recognized limitation contributing variance
o our estimation. 

Fig. 2 shows an exceptional case of this correlation; the well-
nown event SOL2003-10-28 (X25.8 new scale) was the most
nergetic one in our sample and occurred during geomagnetically
isturbed conditions. We also show a more typical major event
SOL2024-10-03) in Fig. 3 . This is on the same amplitude scale
s in Fig. 2 but for a briefer time interval. Here, the geomagnetic
ackground fluctuations are much smaller. Fig. 4 , based on 1-s
eomagnetic data, illustrates how geomagnetic variability interferes
ith the SFE estimations across all time-scales, showing three

onsecutive days of HAD records. For this event our algorithm (pre-
are variability over 10 min) found an uncertainty estimation of only
.2 nT, missing the significant variance on longer time-scales. 
We note also that the event in Fig. 3 has some interesting properties.

ne can see the flare’s QPP (quasi-periodic pulsations, as described
or this event by Li 2025 ) as wiggles near the peak of the SFE signal,
ndicating an effective recombination time for the excess ionization
hat must be no longer than the major pulsation period of some tens
f seconds; see also O’Hare et al. ( 2025 ) in this context. 
In the analysis, we have used the assumption of an approximate

ime correlation between an SFE and the related GOES soft X-ray
urst in the following ways: we define a (geomagnetic) background
nterval as the 10-min period just prior to the listed GOES start time,
NRAS 544, 1992–1998 (2025)
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w  

a  

g

nd �Bh as the minimum of Bh (1-min sampling) during the interval
etween the listed GOES maximum and end times. We also estimate
n uncertainty for each �Bh as the standard deviation of the 10-point
re-flare sample. This captures some of the unpredictable variance
f the geomagnetic field in an approximate way but is reproducible
nd not subject to selection bias. The 10-min interval approximately
atches the typical time-scale of an SFE. On the assumption of
OES correlation, we down-select from 42 to 39 events by requiring

he SFE peak time to be within 6 min of the GOES maximum time
nd by rejecting events with extreme geomagnetic conditions. The
ell-studied ‘Bastille Day’ flare, SOL2000-07-14 (X8.8) in Table 1 ,

ppeared at the right time for HAD, but with extremely disturbed
eomagnetic conditions. 

https://www.obsebre.es/en/variations/rapid
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Table 2. Data fits, �Bhor = A + BX, Summer/Winter. 

Data N GOES −�Bh A B 

X1a nT nT nT/Xb 

S 24 3 . 97 3.56 + 1 . 59 ± 0 . 100 −1 . 63 ± 0 . 018 
W 15 5.74 7.89 −5 . 30 ± 0 . 089 −0 . 86 ± 0 . 014 
All 39 4.65 6.22 −2 . 24 ± 0 . 067 −1 . 22 ± 0 . 011 

Notes. a Mean values of corrected GOES class. 
b Xn = n × 10−4 W/m2 . 
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Figure 5. Linear fits to the correlation between GOES peak flux and SFE 

magnitude. The dashed line at bottom shows the SFE magnitude for the 
Carrington event (Beggan et al. 2024 ) at �Bhor = −131 nT, with dotted lines 
at ±10 nT. The black fit line refers to the full data set (shown as points 
with errors, mostly smaller than the symbol widths; the blue (upper) and red 
(lower) lines are for fits to the Winter and Summer subsets, repectively. The 
lower panel shows the same linear fits but with log scaling on the X-axis. The 
square boxes show the mean values. 
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 E X T R A P O L AT I O N  

e seek to extrapolate from the modern data base of SFEs to the
agnitude of the Carrington SFE. In addition to the uncertainties 

n measurement, usually of order 0.4 nT for an INTERMAG- 
ET observatory (e.g. Lesur et al. 2017 ), we have the problem
f a small sample size (only 10 events for which �Bhor < −10
T). The SFE process overall has many uncertainties in terms 
f ionospheric/magnetospheric electrodynamics, atmospheric chem- 
stry and wind patterns, and local geology. In addition a simple linear
xtrapolation may not be correct in any case, since SFE current mag-
itudes for major events can exceed those of the background quiet- 
ime diurnal variation (henceforth Sq, e.g. Curto 2020 ). Nevertheless 
ll of the events have signals consistent with a negative �Bhor . In
ll of our estimates here, we assume linearity and also simultaneity 
ith the GOES 1–8 Å flare. In the following, we describe in detail 
ur approach to establishing the estimation and its uncertainties. 
The cleanly observed event SOL2024-10-03 (Fig. 3 ) by itself 

ould suggest a proportional factor of about −2.5 nT/Xn for this X9
vent, scaling the Carrington event to ∼X52 based on the Carrington
FE at �Bhor = −131 ±10 nT, with only small measurement errors.
aking the means for the 39/42 selected events gives the result
B/Xn ≈ −1 . 34 nT/Xn, as shown in Table 2 , putting the Carrington
agnitude at X98. These two estimates do not agree within error

ncertainties, consistent with the presence of other factors affecting 
he variance in our sample. 

We made weighted two-parameter linear fits (Table 2 ) to the 
orrelation between GOES peak flux and SFE magnitude for the 39 
alid events, as shown in Fig. 5 . The uncertainties of the geomagnetic
easurements come mainly from various forms of dynamic activity 

n the ionosphere and the magnetosphere, and these can have broad- 
and and unpredictable variability over and above the regular Sq 
iurnal variation (Graham 1724 ; Svalgaard 2016 ; Yamazaki & Maute 
017 ). We have chosen to estimate the magnitude of the flare-time
eomagnetic fluctuations by taking the 10 min prior to the NOAA 

tart time for each flare, and using its variance as a proxy. Over the
9 selected events, this estimate had a mean of 2.4 nT but a median
f only 1.0 nT, reflecting the presence of increased but unavoidable 
eomagnetic activity on some of the flare days. These variations 
hould have no direct correlation with the SFE physics itself, and so
e use them but weight the flare values accordingly. 

.1 Ensemble results 

he results in Fig. 5 confirm the roughly linear dependence of
FE magnitude with soft X-ray flux (Sastri & Murthy 1975 ). For
ur 39-event sample, we calculate a Pearson correlation coefficient 
or unweighted data of ρ = −0 . 36 (0 . 027), roughly a 95 per cent
onfidence level. The figure shows the uncertainties of the individual 
easurements at ±3 σ , frequently smaller than the symbol size in 

he graphic. The scatter relative to the linear fit therefore reflects 
trong systematic uncertainties that could come from any number 
f effects. As listed in Table 1 , we have divided the events by the
atitude of the subsolar point: Winter (15 events) and Summer (24
vents), noting that the Carrington event itself occurred in summer, 
ut less than a month from the equinox. For this sample the fits are
trikingly different, though in each case with only small formal errors. 
he best fit for all 39 events without selection predicts a Carrington
agnitude of X105 ±2 based upon formal errors, assuming a two-

arameter weighted fit to the linear function Bhor = A + BX. This
recision has no relevance to our final result owing to the presence
f uncontrolled systematic errors, but it does suggest that a more
ophisticated statistical survey can do better. 

The data in Fig. 5 show considerable scatter, well in excess of
he formal errors. This scatter also appears in the zenith-angle ( Z)
ependence of the SFE magnitudes (Fig. 6 ). For our 39-event sample,
e find the linear fit �Bhor = 2 . 35 ± 0 . 18 − (0 . 156 ± 0 . 003) Z nT,

ormally significant but with the correlation heavily confused by sys- 
ematic errors. The mean values are [Z , �Bhor ] = [50 . 6◦, −6 . 22 ±
 . 05 nT]. Note that our time window of ±2 h permitted zenith angles
s great as 76◦. 

Based on the presence of this large scatter, we resort to a basic sub-
ivision of the data set into two roughly equal parts, and have chosen a
MNRAS 544, 1992–1998 (2025)
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Figure 6. Zenith-angle dependence (see the text for fit values). Note that the 
error flags are 3 σ for clarity. The dotted line shows the two-parameter linear 
fit (see the text), and the dashed line the simple proportional scaling. 

Figure 7. Histogram of predicted Carrington X-class from groups of 38 
SFEs, omitting each of the 39 selected events one by one. 
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Figure 8. Comparison of the geomagnetic and X-ray data for the two 
exceptional events. The red and blue geomagnetic data are from the day 
before the event and the day after the event, with all three curves normalized 
to a pre-GOES start time interval. The X-ray data are the standard GOES 1–8 
Å band on a linear scale. 
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ummer/winter separation for this purpose. Any such subdivision can
llustrate the effects of other known and unknown sources of variance
n the complicated chain of processes involved in producing an SFE
e.g. Richmond & Venkateswaran 1971 ; Richmond 2019 ). Direct
orrections for some of these effects could be sought, but might not
liminate much of the variance. These would include effects such as
he dependence on zenith angle, Sq vortex centre location, EUV or X-
ay spectral variations, upper-atmospheric tides and winds, etc . Our
ample of 39 events, using HAD only to match the 1859 geomagnetic
bservations as closely as possible, thus suffers from small-number
tatistics, in the sense that the data are too few to subdivide in efforts
o correlate with possibly sources of systematic error. 

.2 Uncertainties 

e exhibit the effects of small-number statistics via Fig. 7 , which
hows the histogram of the predicted class of the Carrington event
or sets of 38 flares, omitting each individual SFE in turn and thereby
xamining its effect on the ensemble analysis. 
NRAS 544, 1992–1998 (2025)
We can clearly identify the preferred extrapolation result of about
105 from Fig. 5 , but we can also see two specific flares (identified

s SOL2001-04-15 and SOL2006-12-05) as the extreme outliers at
he high and low values, respectively. These individual well-observed
vents each grossly alter the extrapolation result and together suggest
he broad range X74–X149, comparable to the X81-X146 result
rom the ensemble analysis. Fig. 8 shows these events in detail,
ncluding comparisons with previous and following days to help
nderstand the background geomagnetic variability. Our algorithm
or error estimation, based on 10-min samples just prior to the GOES
tart time, can only reflect rapid variability on this time-scale, and
lower variations will be ignored. This uncertainty clearly shows up
n the upper panel (SOL2001-04-15), where the day-before diurnal
attern differs by almost 20 nT from that of the following day. The
otsdam Kp-index values (Matzka et al. 2021 ) were [3+ , 4+ , 2−] on

hese 3 d. For SOL2005-12-06 we find [4+ , 3−, 2], so for both of
hese anomalous events we note moderately disturbed geomagnetic
onditions. 

The conclusion from this exercise is that the two anomalous events
ay have larger uncertainties than our algorithm estimates, but in

act this does not matter, since the fits actually omit the questionable
vents in each case. At this level of analysis, we must make the
onservative conclusion and accept the large variance they add
o our 39-event sample. The final Carrington event classification
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Figure 9. Estimates of the Carrington flare’s X-ray magnitude, in GOES X- 
class units, as listed in Table 3 , with the present result shown with formal errors 
as well as best estimates. The earlier estimates are in blue as published. The red 
points show the same after adjustment for the new GOES classification scale, 
and to the Beggan et al. ( 2024 ) estimate of the Carrington SFE magnitude. 

t  

X
t
1  

(

4
E

T  

o  

w
n
(  

s  

e
w
e  

e  

X  

T
a  

a  

M  

f
 

t
b  

r  

a
p
e
r  

C
(  

m
(  

m

o
a  

Table 3. SFE-based estimatesa . 

Reference Original Adjusted 
(Xn) (Xn) 

Cliver & Svalgaard ( 2004 ) > 10 > 17 
Boteler ( 2006 ) 45 77 
Clarke et al. ( 2010 ) > 48−27 > 75−42 

Cliver & Dietrich ( 2013 )b 45+ 5 , −5 77+ 9 , −9 

Curto et al. ( 2016 )b 46+ 2 , −2 95+ 5 , −5 

This work (2025) 105+ 41 , −24 

Notes. a Adjusted to the modern GOES scale and to a Carrington event 
magnitude �Bhor = −131 nT. 
b Our adjustment to this result is a simple linear approximation. 
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herefore comes from the event subsets shown in Fig. 5 , which is
105+ 41 , −24 . The formal errors are smaller, roughly comparable with 

hose adopted for the Carrington-event data in Fig. 1 (approximately 
0 nT, corresponding to about 7 X units), as reported by Beggan et al.
 2024 ). 

 IMP LIC ATIONS  F O R  T H E  C A R R I N G TO N  

V E N T  

he two relevant records from the time of the original Carrington
bservations are those of Carrington ( 1859 ) and Hodgson ( 1859 ),
hich describe the visual appearance of the flare, and the geomag- 
etic recordings we have studied here. Recently Hayakawa et al. 
 2023 ) have revisited the visual data, relating them to the GOES flare
cale via scalings based on total flare energy to obtain a GOES class
stimate of X80+ 46 , −34 . The magnetic and visual estimates thus agree 
ithin uncertainties. Our new SFE-based results roughly double the 

stimated X class of the Carrington event, as based on earlier similar
stimates, and are a factor of six above the conservative lower limit of
17 (corrected) originally set by Cliver & Svalgaard ( 2004 ) (Fig. 9 ).
able 3 lists the estimates with linear adjustments for GOES scaling 
nd with the uniform assumption of �Bhor = −131 nT. This is only
 rough approximation for the physics of the Curto, Castell & Del
oral ( 2016 ) model, but it places the various estimates on an even

ooting based on the basic extensive parameters. 
The event magnitude X105 needs to be placed in the context of

he occurrence distribution function of major flares. As compiled 
y Hudson et al. ( 2024 ) for GOES events in the 1975–2024 time
ange, this distribution follows a clean power law up to about X10,
nd then steepens significantly. This means that fewer extremely 
owerful events should be expected, as compared with the numbers 
stimated from simple extension of the power law. The expected 
eturn time of about 500 yr is roughly consistent with the age of the
arrington event. Using extreme-value theory Elvidge & Angling 
 2018 ) suggest a range X43–X129 (modern scale) for 150-yr return
agnitude, and using an empirical distribution suggested by Sakurai 

 2022 ), Hudson et al. ( 2024 ) give X60–X115 for a 100-yr return
agnitude. Our result fits within these broad ranges. 
The large uncertainties in the predicted event magnitude reflect 

ur ignorance of the environmental parameters for individual events, 
s well as the SFE physics itself, and also reflect the small size of the
ata sample. Because we restricted our study to the single magnetic
bservatory (HAD) closest to Kew and Greenwhich, a future study 
ould greatly increase the data available – by extending the local-time 
ange alone, by a factor of about six. Within a larger data set, it should
e possible to discover correlations that could help to improve the
rediction. On the solar side, this work has explicitly assumed that
oft X-rays produce SFEs, but the spectral distribution of the X-rays
as not considered. We also now have much-improved Lyman-alpha 
easurements, and a future statistical study could make a much 
ore detailed prescription of the actual SFE causation. We note that
urto et al. ( 2016 ) have already incorporated EUV data in a detailed
odel comparing the Carrington event with the ‘Halloween’ event 
OL2003-11-04, including an estimate of return time consistent with 
ur statistical results. 

 C O N C L U S I O N  

n this article, we have described a simple re-interpretation of the
-ray magnitude of the Carrington flare. We have used a modern-

ra set of 39 X-class flares observed at the Hartland geomagnetic 
bservatory, the closest site to London (Kew and Greenwich). 
ith the assumption that SFEs have a strong association with 
OES soft X-rays, we have found an (anti)correlation between the 
OES 1–8 Å peak flux and the SFE magnitude �Bhor . Based on 
 recent digitization and study of the permanent records from the
riginal Kew observations, which assign an SFE magnitude for the 
arrington event to be �Bhor = −131 ± 10 nT, we have extrapolated

o find a Carrington flare soft X-ray magnitude of X105+ 41 , −24 , 
s limited by systematic errors in the modern data. This result is
roadly consistent with independent estimates from visual records, 
80+ 46 , −X34 (Hayakawa et al. 2023 ) and with earlier estimates based 
n the Carrington SFE. Better control of uncertainties should be 
ossible in the future and would lead to a more exact result, but
e can already recognize that the Carrington flare does not deserve

he name ‘superflare’ in the sense that its occurrence matches the
xpectation from the best possible characterization of the occurrence 
istribution function of GOES X-ray fluxes. 
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