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[1] To calculate the probability of extreme magnetic storms in the solar cycle 24, cumulative distribution
functions are investigated using an 89 year list of magnetic storms recorded at Kakioka Magnetic
Observatory. It is found that the probability of occurrence of extreme magnetic storms can be modeled
as a function of maximum sunspot number of a solar cycle, and the probability of another Carrington
storm occurring within the next decade is estimated to be 4–6%.
Citation: Kataoka, R. (2013), Probability of occurrence of extreme magnetic storms, Space Weather,
11, doi:10.1002/swe.20044.

[3] The somewhat high probability of 12% is likely to be
overestimated for the current weak solar cycle 24, since the
statistical analysis of Riley [2012] was based on a 55 year
long record of Dst index when solar and geomagnetic
activities were relatively high. The weak polar ﬁeld
strength observed during the last solar minimum [Kataoka
and Miyoshi, 2010] has resulted in the weak interplanetary
magnetic ﬁeld in the solar cycle 24, which can be the
smallest in the last 100 years [Svalgaard et al., 2005]. In fact,
geomagnetic activity has been unprecedentedly quiet
since the beginning of the solar cycle 24, and the
provisional and real-time Dst indices have not exceeded
150 nT so far at the time of writing of this paper (March
2013). The maximum sunspot number of solar cycle 24 is
expected to be smaller than that of the previous cycle,
and the possible rapid decrease in the cycle-averaged
sunspot number may even be indicative that we are about
to enter another grand minimum in solar activity, a period
of prolonged sunspot absence, for the next several decades
[Lockwood et al., 2011]. The motivation of this paper is to
reevaluate the probability of another Carrington storm
by incorporating weak solar cycle 24, which will likely be
of great interest to a broad space weather community. To
estimate a more realistic probability, it is important to
include geophysical data obtained during a similarly weak
solar cycle as to the solar cycle 24 into our analysis.
[4] Kakioka Magnetic Observatory, Japan, is located at
27 magnetic latitude and has an 89 year record of
magnetic storms since February 1924. This year 2013 is
the hundredth anniversary of the Kakioka Magnetic
Observatory, but all of the data before 1924 were burned
out in Tokyo during the Great Kanto earthquake of 1923.
The unique data set is used to extend the statistical analysis of Riley [2012], including the solar cycle 16 (1923–1933)
which was the weakest solar cycle in the last 100 years.
Kakioka Magnetic Observatory identiﬁes two types of
magnetic storms, i.e., Ssc (sudden commencement) storms
and Sg (gradual commencement) storms. An Ssc storm is

1. Introduction
[2] The Carrington event of 1859 [Carrington, 1859] is the
largest known example of extreme space weather events
that we have not experienced within the space era. Auroral
activities were globally enhanced on 1–2 September 1859,
including the sightings of aurora at as low as 23 magnetic
latitude (Hawaii and Santiago) [Kimball, 1960], in association with the negative H-component excursion of
dH = 1600 nT recorded at Bombay magnetogram [Tsurutani
et al., 2003]. The minimum Dst index of the Carrington
storm has been estimated to be approximately 850 nT,
only a half of the dH excursion [Siscoe et al., 2006]. Since
the beginning of the space age in 1958, the largest magnetic storm reached the minimum Dst index of 589 nT
on 13 March 1989, which led to the collapse of the
Hydro-Quebec high-voltage power transmission system
in Canada [Bolduc, 2002]. The March 1989 storm is estimated to occur once every 60 years [Tsubouchi and Omura,
2007]. The probability of occurrence of such extreme
events has been of great interest for the space weather
community, and it was reported recently that the probability of another Carrington event occurring within the
next decade could be as high as 12% [Riley, 2012]. The
Poisson occurrence probability of Riley [2012] is the most
likely estimate by extrapolating from smaller events, and
the uncertainties associated with these types of statistical
analyses are warranted by Love [2012].
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Figure 1. Cumulative distribution functions of magnetic storms as a function of the dH amplitude for the time intervals of (a) all data, (b) solar maximum, (c) early declining phase, and (d)
solar minimum. The solid straight line is a ﬁt to the data above the lower threshold xmin = 100 nT.

2. Method

identiﬁed when the K-index is greater than or equal to
5 and dH is greater than or equal to 40 nT in conjunction
with a storm sudden commencement. If no sudden commencement occurs, an Sg storm is registered when the
K-index is greater than or equal to 5 at least twice and
dH is greater than or equal to 50 nT. Both Ssc and Sg are
used in this study without discrimination because large
storms are not always preceded by interplanetary shocks
or sudden commencements [Kataoka and Miyoshi, 2006].
The magnitude of magnetic storms is ranked by the amplitude of the dH excursion. For example, dH = 644 nT on
13 March 1989, which is also the largest event after the
space age, and the third largest in the list. The largest
storm registered dH > 700 nT on 4 July 1941, and the
second largest registered dH = 661 nT on 24 March 1940.
Although the data are local, one important advantage in
terms of space weather forecast is that it can be more
directly compared to geomagnetically induced currents
in Japan, which is roughly proportional to the amplitude
of horizontal magnetic ﬁeld rather than the time derivatives [Watari et al., 2009; Pulkkinen et al., 2010].
[5] In this paper, a new statistical model of cumulative
distribution functions is constructed based on the 89 year
list of magnetic storms recorded at Kakioka Magnetic
Observatory. Using the dependence of a cumulative distribution function on the maximum sunspot number of a solar
cycle, a more realistic probability of extreme magnetic
storms is estimated.

[6] As also shown by Riley [2012], a superior method of
plotting the data is to calculate a cumulative distribution
function. Instead of plotting a simple histogram of magnetic
storms, it is useful to make a plot of probability P(x) that x
has a value greater than or equal to x:
Z

1

PðxÞ ¼

pðx0 Þdx0 :

(1)

x

[7] If the distribution follows a power law p(x) = Cxa, then
PðxÞ ¼

C ða1Þ
x
:
a1

(2)

[8] Thus, the cumulative distribution function P(x) also
follows a power law, but with a different exponent a  1.
The normalization requirement gives the constant C = (a  1)
xmina  1. A simple ﬁtting method for extracting the exponent
a is to employ the formula
"
a¼1þn

n
X
i¼1

ln

xi
x min

#1
:

(3)

[9] Here the quantities xi, i = 1,. . .,n are the measured
values of x and xmin is the minimum value of x. In this study,
xmin corresponds not to the smallest value of x measured but
to the smallest for which the power-law behavior holds. An
2

KATAOKA: PROBABILITY OF EXTREME MAGNETIC STORMS

Figure 2. As Figure 1 except that the time intervals are for solar cycles 16–23. The yearly
averaged maximum sunspot number is shown at the upper right of each panel.
estimate of the expected statistical error on equation (3) is
given by
"
#1
n
pﬃﬃﬃ X
xi
a1
s¼ n
ln
¼ pﬃﬃﬃ :
x
n
min
i¼1

[10] The derivation of these formulas is given in Newman
[2005].
[11] Assuming that the events occur independently of
one another, the Poisson distribution can be used to infer
the probability of the events greater than xcrit occurring
during some time Δt:

(4)
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Figure 3. (a) The slope a of the power law and the error s for solar cycles 16–23. (b) The number of intense storms divided by the cycle length for solar cycles 16–23. The straight lines
show the least square ﬁt as a function of maximum sunspot number.
Δt

PC ðx ≥ xcrit ; t ¼ Δt Þ ¼ 1  en t Pðxcrit Þ ;

reﬂect various kinds of complicated saturation processes
working in the magnetosphere during super storms as
discussed by Kataoka et al. [2005, and references therein].
[13] In Figure 2, the cumulative distribution functions are
calculated for each solar cycle to see the cycle to cycle variation. It is found that the cumulative distribution function can
be well modeled as a power law in every solar cycle, and the
distribution deviates when there are only a few events. It is
also found that the number of intense storms (dH > 100 nT)
is roughly proportional to the maximum sunspot number
of a solar cycle, while the slope of the power law does not
dramatically change over the eight solar cycles.
[14] The cycle to cycle variations can be summarized as
follows. In Figure 3, it is found that the slope a shows a
weak dependence on the maximum sunspot number,
while the number of intense storms (dH > 100 nT) divided
by the cycle length is more clearly proportional to the
maximum sunspot number of a solar cycle. Using the
results of the least square ﬁt, we formulate the probability
of super storms, i.e., equation (5), as a function of the slope
a and the number of intense storms n (dH > 100 nT)
divided by the cycle length t, where both parameters are
described to be linearly proportional to the maximum
sunspot number NS as follows:

(5)

where t is the total time interval of the data set. The set of
equations (2)–(5) is a robust method for computing the
probability that an event exceeding xcrit will occur within
the next Δt years. More detailed discussion of the method
of analysis was described in Riley [2012].

3. Results and Discussion
[12] The cumulative distribution function of magnetic
storms is calculated as a function of the dH amplitude using
the whole 89 year data set in Figure 1a. The solid straight line
is a ﬁt to the data above the lower threshold xmin = 100 nT
using equation (3). It is found that the cumulative distribution function can be modeled as a power law. The total number of intense storms (dH > 100 nT) is 1204, and the ﬁtted
slope is a = 3.48. Using these parameters and equation (5),
the probability of another Carrington storm (dH = 1600 nT)
within the next decade (Δt = 10 years) is estimated to be
13%, which is consistent with the results of Riley [2012]
who also discussed the consistency with other space
weather events (ﬂare intensity, coronal mass ejection
speeds, Dst, proton events as inferred from nitrate records).
Since the actual cumulative distribution function is always
lower than the ﬁtted power law at super storms of dH > 300
nT, the estimated probability of 13% gives the upper limit.
Although time stationary has been assumed, another problematic limitation is that the distribution largely changes
within a solar cycle, depending on the phase of a solar cycle
as shown in Figures 1b–1d. The probabilities of another
Carrington storm within the next decade are estimated to
be 32.6%, 24.7%, and 0.8% with regard to Figures 1b, 1c,
and 1d, respectively. It is therefore found that the probability of super storm occurrence is overestimated for solar
minimum and is underestimated for solar maximum and
declining phase. It is also found from Figure 1d that the
signiﬁcant deviation from the power law at dH > 300 nT
in Figure 1a is mainly caused by the lack of such events
during the solar minimum. The gradual deviation from
the power law at dH > 300 nT in Figures 1c and 1d may

nðdH > 100 nTÞ
¼ 0:85 þ 0:09NS ;
t
 x
ð2:740:0018NS Þ
crit
:
Pðxcrit Þ ¼
100 nT

(7)
(8)

[15] Although the actual maximum sunspot number
will be determined in a few years, we need to select the
maximum sunspot number for solar cycle 24 from some
predicted values to apply this statistical model. The maximum sunspot number of the solar cycle 24 was predicted
to be as low as 75 by Svalgaard et al. [2005], while based
on a precursor method, it was predicted to be 84 [Yoshida
and Yamagishi, 2010]. Although many other predictions
are reviewed by Pesnell [2012], it is noteworthy that the
prediction method by Yoshida and Yamagishi [2010] is one
of the simplest, and it is consistent with many important
4
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observations of the weak polar ﬁeld [Svalgaard et al., 2005]
as well as the cycle length [Hathaway et al., 2002; Watari,
2008]. It is also consistent with the longer-term
observation of cycle length as reconstructed from tree
rings, i.e., a roughly 14 year cycle length was found in 14C
content of tree rings formed during the Maunder
Minimum when the sunspots mostly disappeared, while
a 9 year length was found during the Early Medieval
Maximum Period (ninth to tenth century) when the
solar activity was estimated to be persistently higher
than average [Miyahara et al., 2004, 2007, 2008]. Taking
the expected maximum sunspot number of 84 for the
solar cycle 24, and using equations (5), (7), and (8), the
probability of another Carrington storm (dH = 1600 nT)
occurring within the next decade (Δt = 10 years) is estimated to be 6%. Even if the solar maximum had already
passed, and using the yearly averaged sunspot number
58 of 2012 as the maximum sunspot number for solar
cycle 24, the probability of another Carrington storm is
estimated to be 4%. It is therefore found that the probability
of extreme magnetic storms is still not negligibly small even
for the current weak solar cycle 24, although the probability
is predicted to be less than a half of the 12% previously
estimated by Riley [2012].
[16] Torahiko Terada (1878–1935), who carefully selected the location of Kakioka Magnetic Observatory
100 years ago, has been a popular physicist in Japan by
leaving words like “We are unprepared because natural
disasters are simply very rare, so just when we have forgotten one mistake we get ready to make another.” Two
years have passed since the 3.11 earthquake of 2011, the
words sound meaningfully again. We recently experienced a surprising event on 15 February 2013 when
more than 1000 people have been injured by shock
waves of a small asteroid over Chelyabinsk, by chance
at a close timing of the 45 m asteroid 2012DA14 ﬂyby.
It has been estimated that objects as large as 50 m
(comparable with the asteroid causing the Tunguska
event of 1908) hit the Earth roughly once every thousand
years [Chapman and Morrison, 1994], and the probability
of such an impact over the next decade can be estimated
to be 1% [Riley, 2012], which is slightly smaller than the
revised probability of another Carrington event in
this paper. It would be worthwhile to compare these
two scenarios to consider the policy against another
Carrington event. Although the occurrence rates are
now clear for both scenarios, possible damages of
another Carrington event are relatively unclear due to
the complicated mechanisms. As a next step, we are
trying to obtain realistic space weather simulations to
understand the complicated physical mechanism of
extreme events, which can contribute to shift the present
high-tech society to more robust directions.
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