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perspective to modern view
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Abstract 

The history of geomagnetism is more than 400 years old. Geomagnetic storms as we know them were discovered 

about 210 years ago. There has been keen interest in understanding Sun–Earth connection events, such as solar flares, 

CMEs, and concomitant magnetic storms in recent times. Magnetic storms are the most important component of 

space weather effects on Earth. We give an overview of the historical aspects of geomagnetic storms and the progress 

made during the past two centuries. Super magnetic storms can cause life-threatening power outages and satellite 

damage, communication failures and navigational problems. The data for such super magnetic storms that occurred 

in the last 50 years during the space era is sparce. Research on historical geomagnetic storms can help to create a 

database for intense and super magnetic storms. New knowledge of interplanetary and solar causes of magnetic 

storms gained from spaceage observations will be used to review the super magnetic storm of September 1–2, 1859. 

We discuss the occurrence probability of such super magnetic storms, and the maximum possible intensity for the 

effects of a perfect ICME: extreme super magnetic storm, extreme magnetospheric compression, and extreme mag-

netospheric electric fields.
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Introduction: historical perspective

In 1600 A. D., William Gilbert published De Magnete pro-

posing that the Earth acts as a great magnet (Gilbert 1600). 

�is led to the birth of Geomagnetism, a new branch of 

science at that time, with a great potential for ship navi-

gation. By the beginning of the eighteenth century, the 

first map of magnetic field declination was prepared by 

Edmund Halley. �e phenomenon of a magnetic storm 

was discovered by Alexander von Humboldt. He under-

took the task of recording the local magnetic declination 

in Berlin, every half hour from midnight to morning, for 

the period starting from May 1806 until June 1807. On 

the night of December 21, 1806, von Humboldt observed 

strong magnetic deflections for six consecutive hours and 

noted the presence of correlated northern lights (aurora) 

overhead. He found that when the aurora disappeared 

at dawn, so did the magnetic perturbations. From these 

observations, von Humboldt concluded that the magnetic 

disturbances on the ground and the auroras in the polar 

sky were related to the same phenomenon. He called this 

phenomenon the “Magnetische Ungewitter” or a magnetic 

storm (von Humboldt 1808). Much later on, the worldwide 

network of magnetic observatories, which von Humboldt 

helped to setup, confirmed that such “magnetic storms” 

were worldwide phenomena (Schröder 1997).

In the beginning of the nineteenth century, research 

on geomagnetic activity and solar activity, namely, sun-

spot observations, were being studied independently. 

From 1826, S. Heinrich Schwabe, an amateur German 

astronomer, started observations of sunspots. In 1843, 

he reported a ~10-year periodic variation of sunspots 

(Schwabe 1843). In 1851, Lamont reported a ~10-year 

periodicity in the daily variation of magnetic declination 

at the Munich Observatory, but he did not relate it to 

the sunspot cycle (Lamont 1867; Schröder 1997). Sabine 

from his extensive studies (Sabine 1851, 1852), was the 

first to discover that geomagnetic activity paralleled the 

then recently discovered sunspot cycle. �is established a 

connection between geomagnetic activity and sunspots.
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While studying a big group of sunspots in the morning of 

September 1, 1859, Richard Carrington was taken by sur-

prise when he noticed the sudden appearance of “two bril-

liant beads of blinding white light” over the sunspots. �e 

beads intensified with time for a while and then their inten-

sity diminished, and finally they disappeared (Carrington 

1859). �is was the first well-documented observation of a 

white light (visible) solar flare on record. �e September 1, 

1859 solar flare was also observed by R. Hodgson (1859). 

However, more recently, the 1859 flare came to be known 

as the Carrington flare. On the very next day, a severe geo-

magnetic storm was observed. �is geomagnetic storm was 

recorded by the Kew observatory, and some other obser-

vatories worldwide, especially Colaba, Bombay. Carrington 

knew about and noted the occurrence of the magnetic 

storm but he avoided connecting it with the solar flare. He 

wrote “one swallow does not make a summer” (Carrington 

1859). It took nearly a century of concerted efforts by the 

scientific community to gather sufficient statistics to make 

a convincing case for an association between large solar 

flares and severe magnetic storms (Hale 1931; Chapman 

and Bartels 1600; Newton 1943).

With the advent of space era, there has been a tremen-

dous impetus to understand solar-terrestrial relation-

ships, including geomagnetic storms and their solar and 

interplanetary causes. A new branch of space sciences, 

namely, Space Weather has recently emerged. �e regime 

of space weather extends over a vast region of the helio-

sphere, including the Sun, interplanetary space, planetary 

magnetospheres, ionospheres, atmospheres, and the 

ground. Geomagnetic storms form the core component 

of space weather. According to the modern definition, a 

geomagnetic storm is characterized by a main phase dur-

ing which the horizontal component of the Earth’s low-

latitude magnetic fields are significantly depressed over 

a time span of one to a few hours followed by its recov-

ery, which may extend over several days (Rostoker et al. 

1997). �e cause of the storm is the intensification of the 

ring current (10–300 keV magnetospheric electrons and 

ions) and its movement closer to the Earth, thus, produc-

ing a depression in the geomagnetic field H-component. 

�e cause of the recovery phase is the decay of the ring 

current (loss of the energetic particles) due to charge 

exchange, Coulomb collisions, wave-particle interac-

tions, and ring current energetic particle convection out 

of the magnetopause. �e intensity of a geomagnetic 

storm is measured by the disturbance storm time (Dst) 

index or by the SYM-H index which is a measure of the 

symmetric ring current intensity (Iyemori 1990). Dst is 

an hourly index expressing the intensity of the ring cur-

rent. �e SYM-H index is the same as the Dst index—but 

computed at a higher time resolution of 1 min instead of 

1 h used for Dst.

Super magnetic storms (SMSs) ( with Dst < −500 nT ) 

are relatively rare. In the space age (since 1958), only one 

true SMS has occurred. It occurred on 13–14 March 1989 

and had an intensity of Dst = −589 nT (SYM-H = −710 

nT). Intense ionospheric currents during the SMS caused 

the Canadian Hydro-Quebec system to fail (Allen et  al. 

1989; Bolduc 2002). On November 20, 2003 there was 

a magnetic storm with Dst ~ −490 nT which almost 

reached the SMS level. �ese two are the only possible 

SMS events during the space age.

However, before this, a regularly maintained magnetic 

observatory network has been in existence for the past 

~175  years. Research on historical geomagnetic storms 

can help to create an excellent database for magnetic 

storms of super intensities (Lakhina et al. 2005).

In this review, we first summarize the knowledge 

gained during the space era about the solar and inter-

planetary drivers of geomagnetic storms. �en, we dis-

cuss the case history of the super magnetic storm of 

September 1–2, 1859 (the Carrington event). �is is 

followed with the discussion of the maximum possible 

intensity for a geomagnetic storm, the occurrence prob-

ability of super magnetic storms, and the conclusions.

Review: modern view

Solar and interplanetary drivers of geomagnetic storms

�e immediate manifestations of solar (flare) events on 

the Earth are due to flare photons. �e X-rays, extreme 

ultra violet (EUV) and ultraviolet (UV) emissions from 

solar flares are the first phenomenon to cause dayside 

ionization of the Earth’s atmosphere (Mitra 1974; Tsuru-

tani et al. 2005). �e photons take only ~8 min to travel 

from the Sun to the Earth. Somewhat later, the flare ener-

getic particles and particles accelerated at the interplane-

tary coronal mass ejection (ICME) shocks, travel through 

space at nearly the speed of light and arrive at Earth (Tsu-

rutani and Lin 1985; Cane et al. 1986; Kallenrode 2003). 

However, because the particles have to travel along the 

Parker magnetic field lines, their distance of travel is 

much greater than 1 AU, and thus they are delayed from 

the photons. �e most energetic particles arrive in 10 s of 

min, but the greatest fluxes arrive in ~h. �ese energetic 

particles have access to the Earth’s polar regions, causing 

ionization in those regions and worldwide radio black-

outs (Tsurutani et al. 2009). �e particles with sufficient 

intensities can cause satellite damage and radiation haz-

ards for man in space as well (National Research Coun-

cil report 2008; Royal Academy of Engineering report 

2013). A much greater delayed effect is the ICME which 

can take a fraction of a day (Vaisberg and Zastenker 1976; 

Tsurutani et  al. 2009) to days (Gonzalez and Tsurutani 

1987; Gonzalez et  al. 1989; Feynman and Gabriel 2000; 

Mannucci et al. 2005) to reach the Earth. With conditions 
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of southwardly directed IMFs, the ICME and its sheath 

can cause geomagnetic storms and substorms (Rostoker 

and Falthammar 1967; Tsurutani and Meng 1972; Gon-

zalez et al. 1989; Echer and Gonzalez 2008a; Echer et al. 

2008b). SMSs can cause increased drag of low Earth-

orbiting (LEO) satellites due to increased heating of the 

auroral zone atmosphere (Lei et  al. 2008; �ayer et  al. 

2008) and uplift of the near-equatorial ionosphere (Man-

nucci et al. 2005; Tsurutani et al. 2012).

�ere is no one-to-one relationship between the 

occurrence of solar flares and CMEs or strong associa-

tion between the strengths of the flares and the speed 

and magnetic intensities of the ICMEs. Intense (−250 

nT <  Dst <  −100 nT) ICME-related magnetic storms 

not associated with solar flares have been reported ear-

lier by Tsurutani et  al. (1988), Tang et  al. (1989) and 

Tang and Tsurutani (1990), and recently by Kamide and 

Kusano (2015). It has also been shown that magnetic 

storms with intensities Dst <   −250 nT are only caused 

by the magnetic cloud (MC) portions of ICMEs and not 

their upstream sheaths (Tsurutani et al. 1992; Echer and 

Gonzalez 2008a). CIRs do not cause such intense storms 

either (Tsurutani et  al. 1995a, 1995b). However, for the 

super magnetic storms (Dst < −500 nT) which we con-

sider in this paper, large solar flares (energies ~1024 to 

1025 J ) always occur together with CME releases (Bur-

laga et al. 1981; Klein and Burlaga 1982). �is is because 

magnetic reconnection at the Sun is responsible for both 

phenomena at these intense levels (Shibata et  al. 1995; 

Magara et  al. 1995; Benz 2008; Chen 2011; Shibata and 

Magara 2011).

CMEs may have speeds up to 3000  km s−1 near the 

Sun (Yashiro et  al. 2004; Schrijver et  al. 2012). If such 

an interplanetary CME (ICME) with intense southward 

interplanetary magnetic fields collide with the Earth’s 

magnetosphere, it will cause an SMS (Tsurutani et  al. 

1992; Echer and Gonzalez 2008a). It is believed that the 

Carrington magnetic storm, the most intense magnetic 

storm (Dst = −1760 nT) in recorded history, was caused 

by an ICME that collided with the Earth on September 

1–2, 1859 (Tsurutani et  al. 2003; Lakhina et  al. 2012). 

�e Carrington storm caused auroras to be visible down 

to ±23° magnetic latitude, at Hawaii and Santiago, Chile 

(Kimball 1960). It was presumably the auroral electrojet 

which came down to middle latitudes that induced cur-

rents at ground level over the United States and Europe, 

which in turn caused electrical shocks and fires by elec-

trical arcing from telegraph wires (Loomis 1861; Tsuru-

tani et al. 2015).

Modern society is becoming ever increasingly depend-

ent on space technology for daily routine functions, 

such as communication, ship and satellite navigation, 

data transmission, global surveillance of resources, and 

atmospheric weather. However, if a Carrington-type 

storm (or a greater intensity one) were to occur now, it 

could cause much more damage to society than in 1859 

when the telegraph was the latest technology of the 

time. �erefore, it is crucial to have knowledge about the 

occurrence of extreme events, and their causes in order 

to assess their possible impacts on society (Tsurutani 

et  al. 2003; Cliver and Svalgaard 2004; Vasyliunas 2011; 

Lakhina et al. 2012; Hapgood 2012; Riley 2012; Cliver and 

Dietrich 2013; Cid et al. 2014).

Case history: super magnetic storm of September 1–2, 

1859

�e September 01, 1859 solar flare was reported together 

by Carrington (1859) and Hodgson (1859) in the Monthly 

Notices of the Royal Astronomical Society. �e Car-

rington paper was the first thorough reportage of a white 

light (visible) solar flare. �e solar flare was followed by 

a magnetic storm on September 1–2, 1859 at the Earth. 

�e time delay between the flare time and the magnetic 

storm was ~17  h and 40 min (Carrington 1859). �is 

storm is the biggest magnetic storm in the recorded his-

tory. Tsurutani et  al. (2003) reduced the Colaba Obser-

vatory (Mumbai, India) ground magnetometer data of 

September 1–3, 1859 and presented it to the scientific 

public. �e auroral reports based on newspapers and 

personal correspondences with Sydney Chapman (Kim-

ball 1960; Loomis 1861), and recently obtained (space 

age) knowledge of interplanetary causes of intense 

storms were applied to determine the probable causes 

of this super magnetic storm event. Here, we will briefly 

review the main characteristics of this storm (Tsurutani 

et al. 2003; Lakhina et al. 2005, 2012).

Figure  1 shows the deduced horizontal component 

magnetogram of September 1–2, 1859 from the Colaba 

Observatory recordings. �e sudden impulse (SI+) pre-

ceding the storm had an intensity of ~ +120  nT. �e 

maximum H-component depression during the storm 

main phase was ΔH  ≈  −1600 nT. �e duration of the 

main phase of the storm (corresponding to the presumed 

plasma injection) was ~1.5 h.

�e Earth’s plasmapause location during the storm main 

phase was estimated to be at L =  1.3 deduced from the 

auroral observational information. �is information was 

used to determine the magnetospheric convection elec-

tric field, Ec ~ 20 mV m−1. If one assumes a 10 % magnetic 

reconnection efficiency (Gonzalez et al. 1989), one gets an 

interplanetary solar wind electric field of E ~ 200 mV m−1.

�e average shock transit speed of Vshock = 2380 km 

s−1 is readily deduced from the knowledge that the 

transit time of the ICME from the Sun to the Earth was 

~17 h and 40 min. �en, using the empirical relation-

ships between Vsw (the solar wind speed at 1 AU) and 
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shock transit speed (Cliver et  al. 1990), and the mag-

netic field B of the ejecta at 1 AU (Gonzalez et al. 1998), 

we get a solar wind speed  Vsw   ~ 1850 km s−1 and the 

magnetic cloud magnetic field magnitude B  ~  90 nT 

at 1 AU. �e maximum possible electric field for this 

extremely fast ICME was calculated to be E ~ 160 mV 

m−1. �is value compares well with the above estimate 

based on auroral location and reconnection efficiency 

(E ~ 200 mV m−1).

�e empirical relation for the evolution of the ring 

current given by Burton et al. (1975) along with the ring 

current decay time of 1.5 h is used to estimate the peak 

intensity for this SMS event, giving Dst = −1760 nT, a 

value consistent with the Colaba local measurement of 

ΔH = −1600 nT.

It was concluded by Tsurutani et  al. (2003) that a 

likely mechanism for the Carrington storm was intense 

Bs (southward) magnetic fields within a magnetic cloud 

(MC). �e MC is one part of a CME, with coronal loops 

and a filament being the other two parts (Illing and Hun-

dhausen 1986). �e second and third depressions in Dst 

in Fig.  1 were probably caused by the new ring current 

injections from the successive ICMEs near the end of the 

fast recovery phase of the main storm, thus prolonging 

the overall “recovery” of the complex storm (Lakhina 

et al. 2012).

More recently, another possible scenario for the inter-

planetary cause of the Carrington storm has arisen. Li 

et  al. (2006) performed computer simulations which 

suggested that a high density plasma plug could repro-

duce such a short time-scale storm event with a very fast 

recovery after the main phase of the storm. �e authors 

did not identify the nature of this plasma at the time of 

their article. What could this “plasma plug” be? Kozyra 

et  al. (2013) have found that high plasma density solar 

filaments (the most sunward part of CMEs) play promi-

nent roles in extreme ICME events. Perhaps with more 

detailed research and simulations we will eventually 

know the answer of whether this hypothesis or another 

one can explain the 1859 storm in detail. An ICME 

sheath hypothesis can be ruled out because the magnetic 

field magnitudes within sheaths are far too weak to create 

SMS events (Echer and Gonzalez 2008a; Tsurutani et al. 

1992; Kennel et al. 1985).

Is the very fast recovery after the main phase of the 

H-component at Colaba for the Carrington storm 

unique? Cid et  al. (2014) have shown that a less-than-

one-hour recovery after the main phase is not uncom-

mon in intense magnetic storms. �ey studied individual 

magnetic records of storm events of April 16, 1938 in 

Niemegk (NGK), March 14, 1989 in Borok (BOX), and 

October 29, 2003 in Tihany (THY), and discovered 

Fig. 1 The Colaba (Bombay) magnetogram for the September 1–2, 1859 magnetic storm. From Tsurutani et al. (2003)
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that these three events had magnetograms very simi-

lar in profile (but not magnitude) to the September 

1–2, 1859 Carrington event recorded at Colaba, and all 

had very fast recovery after the main phases (see their 

Fig.  4). Cid et  al. (2015) have analyzed the Carrington-

like event on October 29, 2003 at Tihany in detail. Based 

on their results of the October 29, 2003 event at Tihany, 

they have offered a re-interpretation of the 1859 event. 

According to the authors, the large drop in H recorded 

at Colaba during the Carrington storm could be caused 

by field-aligned currents, and not by the ring current. 

Whereas their hypothesis that field-aligned current 

caused the sharp decrease in H-component at Tihany 

for the October 29, 2003 event seems to be plausible, it 

should be noted that Tihany is a midlatitude (~46°) sta-

tion potentially vulnerable to strong magnetic signatures 

caused by ionospheric currents. �e Cid et al. (2015) re-

interpretation that field-aligned currents are the main 

cause for the 1859 Carrrington storm does not appear to 

be convincing as the Colaba Observatory is a near-equa-

torial (~10°) station, located away from the equatorial 

electrojet influence and far away from severe storm-time 

auroral ionospheric current influences (Tsurutani et  al. 

2005).

It should be noted that the issue of the possibility of 

ionospheric currents causing the Colaba magnetic signa-

ture has already been addressed in the exchange between 

Akasofu and Kamide (2005) and Tsurutani et al. (2005). 

�e former authors (Akasofu and Kamide 2005) stated 

“Magnetic changes of similar characteristics were, in 

fact, observed during some of the most intense magnetic 

storms, e.g., 11 February 1958 at Kakioka, Japan, and 

15–16 July 1959 at Hermanus, South Africa. For example, 

Kakioka recorded an impulsive change of −1000 nT, last-

ing 1 h during the former storm, versus −500 nT in the 

minimum Dst value.” Tsurutani et  al. (2005) responded: 

“It should be noted that Kakioka, Japan (27° magnetic 

latitude) and Hermanus, South Africa (−34° magnetic 

latitude), are located at middle latitudes and are poten-

tially vulnerable to strong magnetic signatures caused by 

ionospheric currents. �ey would be useful for studying 

moderate-intensity magnetic storms but not extreme 

events such as the one in 1859.”

Earlier, Cid et  al. (2013) have found that a hyperbolic 

function, rather than the usual exponential function, can 

reproduce the recovery phase of the largest magnetic 

storms listed in Table  1 of Tsurutani et  al. (2003). �e 

hyperbolic function suggests that the losses of energy in 

the magnetosphere might be proportional to the square 

of the energy content and not to the energy content itself 

as implied by the exponential function decay. One possi-

ble physical mechanism for the rapid loss of ring current 

could be convection across the dayside magnetopause.

 Maximum possible intensity for a geomagnetic storm

Although the Carrington storm is the most intense storm 

in recorded history, many of its associated properties are 

not the most extreme. �at is because the relationship 

between flare energy, flare particle energy, CME speed, 

magnetic storm intensity, etc., are only loosely related. 

For example, the August 4, 1972 ICME was faster than 

that of 1859 ICME, with the highest ICME shock transit 

speed of 2850 km s−1 on record (Vaisberg and Zastenker 

1976). �e ICME transit time from the Sun to the Earth 

was 14.6 h. Similarly, the ICME associated with the solar 

flare of October 28, 2003 had an average speed of ~2000 

km s−1 and a transit time of ~19 h (Mannucci et al. 2005; 

Skoug et al. 2004), but it could produce only an intense 

magnetic storm with Dst = −358 nT. It is clear that the 

ICME that caused the Carrington storm was not unique 

in terms of speed. As pointed out earlier, it is the south-

ward component of the magnetic fields, and not just the 

energy of the solar flare and speed of the ejecta, which 

control the strength of the geomagnetic storm. �erefore, 

fast ICMEs with strong southward magnetic fields in the 

magnetic cloud regions do have the potential to produce 

SMSs with intensities comparable or higher than the Car-

rington storms.

It is interesting to point out an event of a very fast CME 

with an initial speed of 2500 km s−1, but directed away 

from the Earth, as observed by STEREO-A on July 23, 

2012. At 1 AU, the magnetic cloud of this ICME had an 

average transit speed of 1910 km s−1 and a peak magnetic 

field strength of 109 nT. �is event has renewed interest 

in the study of extreme geomagnetic storms due to their 

potential impact on space- and ground-based technolo-

gies (Baker et  al. 2013; Russell et  al. 2013; Ngwira et  al. 

2013a, b). Had this powerful interplanetary event been 

Earthward directed, it would have produced a super 

intense magnetic storm with Dst  =  −1182 nT (Baker 

et al. 2013; Russell et al. 2013; Ngwira et al. 2013a, b). It 

has been suggested that strong magnetic cloud magnetic 

field was created by an interaction of two CMEs, where a 

shock driven by the second CME overtook the first CME 

from behind before the direct compression of the second 

CME occurred (Liu et al. 2014). �is could have been the 

most intense magnetic storm of the space era, and could 

have caused severe hazardous space weather effects at 

Earth.

It is important to know the maximum possible effects 

a CME can cause so that damage to space and ground 

technologies can be protected. �is problem has been 

analyzed recently by Tsurutani and Lakhina (2014). �ey 

explored the effects of a possible extreme CME when it 

hits the magnetosphere (storm intensity, SI+, electric 

fields, etc.). We shall briefly describe highlights of their 

model. Tsurutani and Lakhina (2014) considered the 
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extreme value of CME speeds to be 3000 km s−1 near the 

Sun (Yashiro et al. 2004; Schrijver et al. 2012). �e CME 

will be decelerated due to drag interaction with the high 

density slow solar wind in its propagation path. Solar 

active regions (ARs) generate multiple CME releases (and 

multiple flares) (Tsurutani et al. 2008, 2014) and the asso-

ciated ICMEs tend to create a low interplanetary drag 

environment by “cleaning out” the upstream solar wind 

plasma. Under such a situation, Tsurutani and Lakhina 

(2014) took a ~ 10 % decrease as a maximum drag of the 

ICME, or a speed ~2700 km s−1 at Earth. �ey then esti-

mated the maximum values of the interplanetary shock 

strength, magnetospheric compression, the magneto-

spheric and ground electric and magnetic field pulses, 

and the magnetic storm intensity.

From the Rankine–Hugoniot conservation conditions 

(Tsurutani and Lin 1985), a shock speed Vs =  3480  km 

s−1 relative to the spacecraft frame was obtained for the 

case of an upstream slow solar wind having the speed of 

350 km s−1 and a proton number density of 5 × 106 m−3 

and a downstream density value of 20 × 10 6 m−3 [a pos-

sible maximum jump of ~ 4 times as theoretically pre-

dicted by Kennel et al. (1985)]. Such a fast ICME shock 

can transit the 1 AU distance from the Sun to the Earth 

in ~ 12.0 h. �e Alfvén and magnetosonic Mach numbers 

of this shock were found to be ~63 and ~45, respectively. 

�e ram pressure downstream of the ICME shock during 

impingement on the magnetosphere will push the mag-

netopause inwards from its quiet time position of ~11.9 

Re to a new subsolar position at ~ 5.0 Re from the center 

of the Earth, where a Re is an Earth radius (6371 km). �e 

resulting sudden impulse SI+ amplitude was estimated 

to be ΔH of ~234 nT which exceeds the SI+ amplitude of 

202 nT SI+ recorded at Kakioka, Japan on March 24, 1991 

(Araki et al. 1997). �e passage of the shock through the 

magnetosphere produced fast time variations in the mag-

netic field, of the order of dB/dt ~30 nT s−1. �is could 

cause a maximum magnetospheric electric field of the 

order of 1.9 V m−1. �is is a remarkable result in view of 

the fact that a new radiation belt composed of ~15 MeV 

electrons was created low in the magnetosphere when 

an interplanetary shock hit the Earth’s magnetosphere 

on March 24, 1991 (Blake et al. 1992; Li et al. 1993). �e 

electric field amplitude for this event was estimated by 

Wygant et al. (1993) to be ~300 mV m−1. Since the above 

hypothesized maximum SMS event will have an electric 

field ~6 times the intensity of the 1991 case, it could pro-

duce a much stronger new radiation belt.

Tsurutani and Lakhina (2014) estimated the magnetic 

cloud field strength of ~127 nT from the empirical rela-

tionship between the speed and magnetic field strength 

of the ICME at 1  AU (Gonzalez et  al. 1998). Assuming 

that the MC magnetic field is directed entirely southward, 

the interplanetary electric field strength of ~340 mV m−1 

was deduced. �is is nearly twice the estimated value 

for the Carrington storm (Tsurutani et  al. 2003). Since 

the magnetic storm intensity has been found to scale 

approximately linearly with the interplanetary electric 

field amplitude (Burton et  al. 1975; Echer et  al. 2008b), 

the maximum intensity of the magnetic storm could be 

twice the Carrington storm intensity, i.e., Dst ~ −3500 

nT. However, there is a maximum possible Dst limit of 

−2500 nT derived by Vasyliunas (2011) from an analy-

sis based on plasma beta arguments. �us, the maxi-

mum intensity of the magnetic storm associated with this 

extreme event will possibly be limited to Dst ≥ −2500 

nT. �is is an interesting prediction, as none of the SMSs, 

either past or present, has been close to this limit.

Super magnetic storms and their Dst pro�les

Super magnetic storms are caused by solar ejecta (due 

only to CMEs as far as we know) having unusually intense 

southward magnetic fields, and high solar wind speeds 

near the Earth. Sheaths in general cannot cause storms of 

intensities at the SMS level, but can cause lesser intensity 

major storms. Dst profiles of different SMSs are, however, 

found to be dissimilar because of the different nature of 

the ICMEs causing them.

From Fig.  1, it is clear that the Carrington storm 

(Dst  =  −1760 nT) was a single-step magnetic storm 

probably caused by an ICME magnetic cloud having 

intense southward magnetic fields (Tsurutani et al. 2003). 

�e SMS has a short main phase of only an hour and a 

half.

In contrast, the March 13–14, 1989 storm, the only 

SMS event that occurred in the space age (Allen et  al. 

1989), was quite complex and had a long and complex 

main phase. Unfortunately, there was no interplanetary 

spacecraft/data upstream of the Earth’s magnetosphere 

during this event. All that is available for analyses are 

the ground magnetograms. Figure  2 shows the SYM-H 

plot for this event. �e maximum SYM-H value was 

~ −710  nT. �e corresponding peak Dst value was 

−589 nT. �e storm main phase extends from ~02   UT 

13 March to ~01 UT 14 March, with an interval of ~23 h.

�ere are two clear SI+ events, one at the beginning 

of the event at ~02 UT 13 March and a second event at 

~0830 UT on the same day. �e first had a magnitude of 

~ +40 nT, and the second ~ +80 nT. �ere appears to be 

two more likely SI+ events at ~ 11 UT and 16 UT with 

magnitudes of ~ +50 and +65 nT, respectively. All the SI+s 

were most likely caused by interplanetary shocks lead-

ing sheaths or sheath compressions. Six clear intervals of 

decreasing SYM-H can be identified. �e first main phase 

of the storm from ~0230 UT to up until ~09   UT, which 

produced SYM-H = −150 nT, was probably due to sheath 
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magnetic fields (Kamide et  al. 1998). During the second 

main phase of the storm from ~11 UT–12 UT there is a 

sharp negative increase to SYM-H ~ −260 nT. �e sharp, 

smooth drop was most likely due to a MC southward Bz 

component. �e third main phase of the storm has multi-

ple sharp SYM-H negative excursions at ~ 18 UT (SYM-H 

~ −350 nT), ~21 UT (SYM-H ~ −580 nT), and ~22 UT 

(SYM-H ~ −625 nT). �e storm was clearly quite complex. 

�ese sharp SYM-H negative increases may have been 

generated by multiple MC southward magnetic fields. 

Near and at the peak of the multiple main phase storm, 

from ~23 UT 13 March to 01 UT 14 March, the main 

phase becomes more monotonic ending at a peak SYM-H 

value of −710 nT. �is peak is followed by a recovery from 

~01 to 06 UT 14 March. �e SMS peak and recovery could 

have been generated by a south-north MC event.

�e intense magnetic storms of October 29–30, 2003 

have been suggested to have been caused by two fast 

ICMEs with speeds ~2000  km s−1 (Mannucci et  al. 

2005; Alex et al. 2006). �e first ICME and its upstream 

sheath caused a double storm with first depression in 

Dst ~ −200 nT ( due to southward sheath magnetic 

field) occurring around ~0900 UT on 29 October and 

the second depression due to southward MC field of 

Dst = −350 nT at ~0125 UT on 30 October. �e duration 

of the storm main phase was ~18 h. Before this storm’s 

recovery was complete, strong southward MC magnetic 

fields of the second ICME caused a new single step storm 

with a Dst ~ −400 nT at 2315 UT on October 30, 2003 

(Mannucci et al. 2005). �e duration of the main phase of 

this storm was ~5 h.

Lastly, we consider the Dst profile of the super mag-

netic storm of November 20, 2003 (Alex et  al. 2006; 

Mannucci et  al. 2008). �is was a single-step storm 

(Dst = −490 nT) caused by the intense southward mag-

netic field of the MC associated with an ICME traveling 

with a speed of about 1100 km s−1. �e main phase lasted 

for about 8  h. From the above arguments, we conclude 

that it is not just the amplitudes of the southward mag-

netic fields associated with ICMEs, but their duration 

too, play an important part in causing the the severity of 

the magnetic storms.

What will be the Dst profile of the possible extreme 

magnetic storm? It is not possible to predict it with cer-

tainty. However, we postulate that it will have a short sin-

gle phase, somewhat like the Carrington storm, caused 

by the intense southward field of the MC associated with 

the extreme ICME. �e sheath field, if southwardly ori-

ented, could provide a small precursor storm to the larger 

MC-driven storm.

Probability of super magnetic storms

It is difficult to answer the questions: “how often can 

SMSs occur?” or “Can one assign probabilities to the 
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occurrence of Carrington-type storms or SMSs?” To 

answer the first question, the ICME associated with one 

big flare (energy ~1025 J) per solar cycle (11 years) (Kane 

et  al. 1995, 2005; Schrijver et  al. 2012) has the potential 

for creating an SMS with an intensity similar to the 1859 

storm. But, in reality, we know that the Carrington mag-

netic storm was the largest storm in the last 155  years 

(about 14 solar cycles). �us, either no such big flare fol-

lowed by an extreme ICME has occurred in the past, or 

if it did, it was not geoeffective. �e answer to the ques-

tion about the predictability of similar or greater intensity 

events requires knowledge of either the full understand-

ing of the physical processes causing extreme ICMEs and 

magnetic storms or good empirical statistics of the tail of 

their distributions. Since we neither fully understand the 

physical processes, nor have good data of the tail distribu-

tions, in our opinion, it is not possible at this time to esti-

mate their probabilities of occurrence with any reasonable 

accuracy. However, others have attempted to make some 

predictions, given caveats.

Tsubouchi and Omura (2007) have analyzed a 45-year-

long Dst dataset from 1957 to 2001 using the extreme 

value theory. �eir model predicts an occurrence fre-

quency of a March 1989 storm intensity (Dst  =  −589 

nT)or greater as once in 60 years. �ey also calculate the 

occurrence rate of a Carrington-type magnetic storm 

(Dst = −1760 nT) from their model, and they obtain one 

event every ~40,000 years.

Riley (2012) has predicted the probability of storms 

with Dst < −850 nT occurring within the next decade 

to be about ~12 % based on the assumption that the fre-

quency of occurrence scales  as an inverse power of the 

intensity of the event.

Love (2012) has estimated the most likely Poisson 

occurrence probability for another Carrington-type event 

in the next 10 years as 0.063. Recently, Love et al. (2015) 

have applied the lognormal statistics to the Dst time series 

for the years 1957–2012, and predicted the maximum 

likelihood for a magnetic storm with intensity exceeding 

Dst < −850 nT to be about 1.13 times per century.

Kataoka (2013) has used a new statistical model of 

cumulative distribution functions based on the 89  year 

list of magnetic storms recorded at the Kakioka Magnetic 

Observatory to calculate the probability of extreme mag-

netic storms in solar cycle 24. He estimates the probabil-

ity of another Carrington-type storm occurring within 

the next decade to be 4–6 %.

Willis et al. (1997) have applied extreme value statistics 

to the first, second, and third largest geomagnetic storms 

per solar cycle for 14 solar cycles (1844–1993) using the 

daily aa indices. �ey predict a 99  % probability that 

there will not be a storm with aa > 550 for the next 100 

solar cycles.

Recent statistical analysis by Yermolaev et  al. (2013) 

shows that occurrence frequency of Carrington-type 

storms cannot be higher than once every 500 years.

Conclusions

�ere has been tremendous progress in our understand-

ing of the causes of intense magnetic storms during the 

past 50  years. We have applied the knowledge gained 

from the study of intense magnetic storms to identify 

the solar and interplanetary driver of the September 1–2, 

1859 magnetic storm, the most intense magnetic storm 

in recorded history. A similar procedure can be adopted 

to study other SMSs where no interplanetary data is 

available. We have shown that the Dst or SYM-H pro-

file of a SMS can possibly tell us about the nature of the 

interplanetary drivers that cause storms. Analysis of the 

SYM-H profile of the March 13–14, 1989 super magnetic 

storm was used to illustrate this point.

At this stage, it is not possible to make any accurate 

prediction of when or how often an extreme storm with 

similar or higher intensity than that of the September 

1–2, 1859 event could occur. We have tried to answer 

here “what could the maximum intensity of a storm be?” 

by considering the case of an extreme CME having speed 

of 3000 km s−1 near the Sun, and a ~10 % decrease as a 

maximum ICME drag during its passage through the 

slow solar wind plasma from the Sun to 1 AU. Under ideal 

conditions, the upper limit of an ICME shock transit time 

from the Sun to the Earth is estimated to be ~12.0 h. �e 

sheath impingement of the magnetosphere will push the 

magnetopause in to a distance of 5.0 Re from the center 

of the Earth, thus, exposing all geosynchronous space-

craft (r = 6.6 Re) and outer magnetospheric spacecraft to 

the full brunt of solar wind and solar flare particles. �e 

maximum interplanetary electric field at Earth is esti-

mated to be ~340 mV m−1. �e magnetic storm intensity 

could reach at least the saturation value of Dst = −2500 

nT predicted by Vasyliunas (2011).

However, we must emphasize that the above scenario 

would change if the energy of the interplanetary shock 

driven by the kinetic flow of the ICME goes primarily 

into shock acceleration of particles. �is would lead to 

a deceleration of the ICME. If that happened then the 

extreme CME would be less geoeffective in creating a 

magnetic storm.

Furthermore, we have not taken into consideration the 

possibility of superflares ( flares exceeding the energy of 

1025 J) from the Sun. Schrijver et al. (2012) predict a prob-

ability of at most 10 %  for a solar flare exceeding energy 

of 1026 J in the next 30 years. Analyses of tree rings have 

identified large 14C and 10Be enhancement events in 

AD774-5 (Miyake et al. 2012; Usoskin and Kovaltsov 2012) 

and in AD992-3 (Miyake et al. 2013). If these events can 
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be verified as true solar particle events (SPEs), then the 

particle energies will be ~1026 –1028 J. �e occurrence 

rate of such large SPEs has been estimated as 10−4–10−3 

per year (Usoskin and Kovaltsov 2012). Recently, Maehara 

et al. (2012) have analyzed the Kepler space telescope data 

and reported that Sun-like stars can have superflares with 

energies up to 1028 J, occurring once every 5000 years. On 

the other hand, the superflares with energies of 1026 J are 

found to have an average occurrence rate of about once in 

500–600 years (Maehara et  al. 2015). If such superflares 

were to occur on the Sun, the accompanying CMEs could 

be much more extreme than considered here, thus causing 

even stronger interplanetary and magnetospheric effects. 

�is will have important implications for the Sun–Earth 

system. It should be mentioned that if superflares were 

associated with CME speeds higher than 3000 km s−1 at 

the Sun, then all of the interplanetary features (CME shock 

speed, energetic particle fluxes) and magnetospheric fea-

tures (magnetospheric compression, SI+, magnetospheric 

electric fields, etc.) would scale accordingly.
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