
Geomagnetic solar flare effects: a review

Juan José Curto*

Observatori de l’Ebre (OE) CSIC – Universitat Ramon Llull, 43520 Roquetes, Spain

Received 3 December 2019 / Accepted 15 May 2020

Abstract –Solar flare effects (Sfe) are rapid variations in the Earth’s magnetic field and are related to the
enhancement of the amount of radiation produced during Solar flare events. They mainly appear in the
Earth’s sunlit hemisphere at the same time as the flare observation and have a crochet-like shape. Much
progress has been made since Carrington’s first observations in 1859 which are considered to represent
the first direct evidence of the connection between the Sun and the Earth’s environment but there is still
much to discover. In this paper, we review state-of-the-art developments and the advances made in the
knowledge concerning Sfe phenomena while also looking at the challenges that lie ahead. First, we offer
a historical approach with a comprehensive description that allows for a better understanding of the main
characteristics of Sfe. This frames specific topics like the puzzling reversed-Sfe or the nighttime Sfe. The
role played by the Service of Rapid Magnetic variations (SRMV) is also assessed, followed by a discussion
of the main current limiting factors in the process of detection and proposed ways to overcome chal-
lenges such as by creating an automatic detection method. The paper clarifies some aspects related to
the geo-effectiveness of the solar flares producing magnetic disturbances. The importance of the global
modelling studies covering critical aspects needed to understand this Sun–Earth system is assessed. Also,
we provide an overview of the temporal evolution of the electric currents producing Sfe. The importance of
key subjects such as the dynamic aspects of Sfe is developed in another section. Finally, estimations of the
size of large flares using ionospheric and magnetic data are reviewed as well as the prospects of these large
flare events putting technological systems in danger.

Keywords: solar flare / solar flare effects / history / review / crochet

1 History

1.1 Discovery of Sfe

The first time a geomagnetic variation was observed as a
result of a solar flare was during the course of the great solar
event of September 1, 1859. Mr. Richard C. Carrington observed
areas of white light in the solar disk at 11 h 18 m that day, and
later he noticed that geomagnetic records at Kew Observatory
simultaneously showed a sudden jump in the three geomagnetic
elements (Carrington, 1860; Stewart, 1861; Chapman & Bartels,
1940; Mitra, 1952). Mr. Richard Hodgson also independently
observed the flare and compiled a report (Hodgson, 1860) which
was published side-by-side to that of R.C. Carrington in the
Monthly Notices of the Royal Astronomical Society. Unfortu-
nately, this historical event did not attract the attention of most
scientists of that time who tended to consider the coincidence
as fortuitous. Only a few of them, such as Balfour Stewart
(1861) or Carrington himself, inferred the connection. It was

not until much later, when radio-communication disturbances
were noticed, that this interpretation of the event was unani-
mously accepted as a Sun–Earth relationship.

The existence of electric currents circulating in a layer of the
high atmosphere had already been considered by Stewart in
1882 to explain the diurnal variation of the geomagnetic field.
However, a series of important historical events including the
success in radio communications by Marconi (1899), the predic-
tion of the existence of the ionosphere by both Kennelly (1902)
and Heaviside (1902), and the ionosphere probes of Appleton &
Barnett (1925) and Breit & Tuve (1925) opened the door to the
studies of ionosphere physics and wireless communications
engineering.

The phenomena of high frequency radio signals fading out
(short wave fade-out or SWF) were first observed by Mögel
between 1927 and 1930. Mögel (1930) found an increase in
electron content due to an excessive ionization in the ionosphere
during a “fade-out”.

During the 1930s, Dellinger (1935) carefully studied
the fading of high-frequency radio waves (“fade-out”) over
Europe and North America. For the event of May 12, 1935,
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11 h 57m–12 h 00 m, he discovered a correspondence with solar
activity. He was able to confirm, with several examples, that the
fade-out followed the solar chromospheric flares.

The effect of a geomagnetic variation produced by a solar
flare as a phenomenon associated with a fading radio signal
was found by Fleming (1936) in the event of August 25,
1936. McNish (1937a, 1937b) was the first to draw the current
maps corresponding to the geomagnetic variation during solar
flares, and he also found a sudden variation in the telluric
currents. In these works, Fleming and McNish interpreted the
geomagnetic effect of solar flares as being due to the fact that
ultraviolet light emitted in the solar chromosphere at the time
of a solar eruption produces an additional atmospheric ioniza-
tion, which intensifies the normal diurnal variation of the geo-
magnetic field, although only in the hemisphere illuminated
by the sun. The types of geomagnetic effects of solar flares
and their relationship with the Sq field (Solar quiet = diurnal
geomagnetic variation on the days of least magnetic activity;
Matsushita & Campbell, 1967) were examined by Imamiti
(1938, 1940) at different observatories. The results of this test
reaffirmed McNish’s conclusion. His interpretation that the geo-
magnetic effects of solar flares are linked to an increase in Sq
has been held true for a long time.

On the other hand, analyses of many events with the sudden
fading of radio waves in relation to the associated geophysical
phenomena were carried out (Berkner & Wells, 1937a;
Dellinger, 1937). The vertical structure of the ionosphere was
discussed by Berkner & Wells (1937b) with the help of auto-
matic multi-frequency ionospheric sounding techniques. These
authors showed that the effects of the flares were large in
region D and lower, but still appreciable, in region E. In the
F-region they were insignificant. In addition, they found that
the predominant increase in ionization in these cases occurred
below 100 km and extended to the E-region. They concluded
that it must be there that the geomagnetic effects and simultane-
ous ionospheric effects observed were caused. Since then, most
of the studies of the ionospheric effects of solar flares have
mostly concentrated on the effects within the D-region. Thus,
Gavrilov et al. (2018) recently studied the interrelation and
space-temporal distribution of geophysical disturbances induced
by a flare and their influence on the accuracy of the positioning
of global navigation satellite systems. He suggested that the
effect of magnetic crochet that arises when the conductivity in
the D-region changes can serve as an indicator of changes in
the properties of the lower ionosphere as a whole. The term
“crochet” from the French word for hook – that is its common
shape, (Fig. 1) – was the initial name of this phenomena but,
little by little, it has been substituted by the term “solar flare
effect” (Sfe), moving the emphasis from the morphology of
the effect (seen on the magnetograms) to the location of the
cause. In this work, both terms will be used.

In addition to SWF, several types of ionospheric effects (now
called sudden ionospheric disturbances (SIDs)) have been
found: sudden cosmic noise absorption (SCNA), sudden
enhancement of atmospherics (SEA) and sudden phase
anomalies (SPA). Thanks to the study of these phenomena, the
structure of the low ionosphere is now understood much better.

As for the geomagnetic effects of solar flares as a transitory
phenomenon, the effects of electromagnetic induction within the
Earth and self-induction in the ionosphere had already been
noted. Rikitake (1950) showed that about one third of the

geomagnetic changes observed on land originated in the interior
of the Earth, and this relationship was almost the same as that
for the case of Sq and other transient geomagnetic variations.
This ratio was confirmed in several works (Siscoe et al.,
1968; Tanskanen et al., 2001; Marsal et al., 2016) but modu-
lated by the rapidity of the magnetic change. Nagata (1952)
showed that the time of establishment of the geomagnetic effect
of solar flares is explainable from an electromagnetic induction
in the ionosphere, when its electrical conductivity suddenly
increases at the time of a solar flare.

At that time, the possibility that the origin of the effects of
solar flares were the X-rays of the solar corona emitted simulta-
neously with the intense visible light and ultraviolet rays of the
solar chromosphere was also considered. Thus, Friedman &
Chubb (1954) pointed out the quantitative difficulty of justify-
ing the large excess of ionization in the D-region during a solar
flare with only the electrons produced by the Ha emission of the
Lyman series.

The effect of a solar flare in the F-region was first seen by
Dieminger & Geisweid (1950) in the great event of November
19, 1949, accompanied by an extraordinary increase in the
intensity of cosmic rays. Subsequent analyses on the F2 layer
with more events were carried out by Minnis & Bazzard
(1958) proving the statistical significance of the association of
these two phenomena.

Dodson & Hedeman (1958) noted that Sfe tended to be
associated with intense flares in the solar limb observed in the
Ha line of the Balmer series.

Fig. 1. Fragment of a magnetogram recorded at Ebro Observatory
displaying an Sfe which happened close to 11:00 (LT).

J.J. Curto: J. Space Weather Space Clim. 2020, 10, 27

Page 2 of 15



The development of rockets made it possible to explore the
outer space of Earth and many discoveries soon followed. The
dynamo currents of the ionosphere were located in the E-region
(Maple et al., 1950; Singer et al., 1951; Cahill, 1959). Solar
X-rays were detected for the first time in a period of low solar
activity in 1949 (Friedman et al., 1951) and later it was
observed that, during a solar flare, the intensity of X-ray flux
increased considerably compared to light in other wavelengths.
Friedman et al. concluded, after his direct measurements of
solar radiation in space vehicles, that the main ionizing agent
of the effects of solar flare was X-rays with wavelengths
between 1 and 100 Å.

1.2 First global studies

Comparing the geomagnetic change during a solar flare with
respect to the Sq vector in several magnetic observatories,
Volland & Taubenhein (1958) found that the geomagnetic
effects of a solar flare were not a mere increase in normal
Sq. They assumed that the systematic difference in the forms
that current systems regularly adopted (the geomagnetic effects
of solar flare with respect to the Sq variation) could be attributed
to differences in the level of the layers that supported the
currents of both systems. According to their estimate, the
contribution of the electric currents of layers D and E during
a geomagnetic effect of solar flare were practically the same.
Another important fact was that, in certain cases, the current
system Sfe was delayed between 15� and 30� in longitude
behind the current system Sq. Subsequent studies (i.e., Curto
et al., 1994a) confirmed these facts.

During 1957, the International Geophysical Year, it was pro-
vided valuable magnetic data from around the world. Using
these data, Veldkamp&Van Sabben (1960), Yasuhara &Maeda
(1961), and Van Sabben (1961) showed some examples of the
ionospheric current systems responsible for the geomagnetic
effects of solar flares. Veldkamp and Van Sabben interpreted
them as residing in a layer lower than the ordinary dynamo
current, thus supporting Volland and Taubenheim’s ideas. Van
Sabben (1961, 1968) obtained a quantitative description of
Sfe. He also discussed the asymmetry of the current circuits with
respect to the magnetic equator. The current vortex of the north-
ern hemisphere was generally centred west of the current vortex
of the southern hemisphere and was relatively more intense in
the northern summer than in the southern summer. The current
systems of the diurnal variation at the time of the Sfe showed
the same difference in length between the North and South
vortices. However, these centres were located at a lower latitude
and farther west than those corresponding to the Sfe currents.

1.3 Transients in the development of the Sfe

Ohshio et al. (1963), Ohshio (1964), Greenfield &
Venkateswaran (1968), and Richmond & Venkateswaran
(1971) attempted to trace the temporal evolution of the currents
for the different stages in the progress of a flare.

Ohshio (1964) studied the temporal phase shift between the
maximum phase of crochets worldwide using 15 selected cases
from the International Geophysical Year. For each case, he
determined the distribution of the moment of the maximum
intensity of the Sfe at different observatories from around the
world. The time at which maximum development was reached

was not simultaneous around the world; the delay increased, the
further it was from the subsolar point. In the study of these
cases, he found a change in the position of the main focus on
the longitude-latitude plane (vortex migration) as the flares
progressed. The position was closer to the focus of the Sq at
the time of the maximum phase.

Greenfield & Venkateswaran (1968) observed that the
change in the forms of the currents that they deduced from
several Sfe was mostly the result of the temporal variation of
the spectrum of the incident radiation of the flare in an iono-
sphere with variable winds in height. They also presented
evidence that the spectrum of flare intensified in the initial
stages of the event of August 28, 1966, which they analysed.
For this same event, they found an Sfe vortex migration similar
to that described by Ohshio.

Regarding the theoretical investigation of the effects of
induction, Roy (1977, 1979) studied the transients of the cur-
rents with a two-layer superimposed model (in regions D and
E) and analytically calculated the effects of mutual induction
between them. Compared to the model of single layer, constant
conductivity and effects only from self-induction prepared by
Rikitake & Yukutake (1962), Roy was able to explain in a
somewhat better way certain morphological characteristics of
the transients of the currents during a flare, such as the move-
ment of the focus in the longitude–latitude plane as the flare
progressed.

2 Correlation with other physical phenomena

2.1 Sfe and solar flares

Nagata (1966) studied the temporal phase shift between the
maximum phases of the currents of crochets and those of other
ionospheric disturbances. However, a shortage of stations in the
ionospheric observation network and uncertainty in the mea-
surements meant he could not reach any conclusions. Regarding
the amplitudes, he found a direct relationship qualitatively
between the amplitudes of the Sfe and those of other SIDs.
However, he could not establish a quantitative relationship
due to the wide dispersion in the magnitudes of both.

Sastri & Murthy (1975a) investigated the relationship
between the characteristics of Sfe and those of X-rays andmicro-
wave bursts of the sun. For the studied cases (Sfe observed at
Kodaikanal during 1966–1971), they found that large increases
in flow were necessary (120–130 � 10�5 erg cm�2 s�1 in the
band 0.5–3 Å) to produce an Sfe. This contrasted with other
SID phenomena with significantly lower triggering levels
(1–3 � 10�5 erg cm�2 s�1 in the same band) (Deshpande
et al., 1972). The fact that the other SIDs are much more
sensitive to flares with X-radiation than the Sfe would explain
the relative low frequency of occurrence of Sfe compared to
other SIDs. They found a linear correlation between the peak
intensity of the X-rays in the band 1–20 Å and the amplitude
of the Sfe, in contrast to other SIDs such as SPAs and SCNAs
where the correlation is exponential. They also found a correla-
tion between the amplitude of the Sfe and the radio “bursts”
coming from the sun in the 2000–3700 MHz frequency range.
The Sfe were primarily associated with the spectral-type radio
bursts A (the peak of flow increases with the frequency). They
also differed from the SWF, SCNA, SPA, SEA, and SES that
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were associated with those of type-C (the variation of the flow
peak with the frequency is maximum in the covered frequency
range) and M (the variation of the peak of zigzag flow).
However, Sastri (1977) showed that the association between
magnetic crochet and solar microwave “bursts” depends on
the frequency of observation (in the range of 1–17 GHz). While
at over 4995 MHz magnetic crochets are better correlated with
impulse-type bursts (Das Gupta & Sarkar, 1971), over
2000 MHz the correlation is better with those of complex-type
ones (Sastri, 1977).

In line with the characterization of Sfe according to the
nature of the flares, there are studies by Subrahmanyan (1964)
on relativistic flares (ground level enhancement (GLE)) and
Pintér (1967) and Sastri et al. (1975) on proton flares (polar
cap absorption (PCA) events). Comparing these effects with
the Sfe produced by flares that we could call normal (not
relativistic or protonic ones), they found greater amplitudes
in the Sfe produced by GLE-generating flares and longer
establishment times and total duration in the Sfe produced by
PCA-generating flares.

2.2 Sfe and equatorial electrojet

Nagata (1952) showed that the amplitude of the
H-component of a magnetic crochet is abnormally large at
Huancayo and other low latitude stations. Rastogi et al.
(1965) found that this equatorial increase in amplitude is more
pronounced in the American zone than in India. Srivastava
(1974) observed that in the event of May 3, 1973, the
H-component of the Sfe in equatorial stations was relatively
low compared to that seen at the stations outside the electrojet.
This was attributed to the presence at that time of a counter-
electrojet current. Rastogi et al. (1975) and Sastri (1975c) found
another case, that of July 6, 1968, in which, within the area of
the magnetic equator, there was not only a decrease in the
amplitude of the Sfe but even a change of direction. Rangarajan
& Rastogi (1981), using a similar case (June 4, 1980), estimated
the longitudinal extension of the reversion phenomenon as
being less than 45�. Rastogi et al. (1999) studied solar flare
effects for the Indo-USSR chain of magnetic observatories
extending from the magnetic latitudes 0�–45� N during strong
and normal electrojet periods, during a counter electrojet period
and also during a partial counter electrojet period. Finally, in
Villante & Regi (2008), in agreement with model predictions
for normal electrojet conditions given by Rastogi et al. (1999)
and Rastogi (2001, 2003), the Sfe studied offered a maximum
manifestation in the central part of the day and at equatorial
latitudes, where they were basically characterised by positive
H variations.

2.3 Sfe and micro-pulsations

Through induction magnetometers, Kato et al. (1959)
observed geomagnetic pulsations with large periods (from 70
to 100 s) accompanying Sfe in large flares. They suggested that
hydro-magnetic oscillations excited by an increase in radiation
in the outermost layers of the atmosphere could be a possible
cause. Pintér (1968) observed the simultaneity of the beginning
of the pulsations with the Sfe coinciding with the impulsive
phase of the development of X-radiation. Kuwashima & Uwai

(1985) found a correlation between the Sfe growth ratio and
its effectiveness in pulsation excitation.

2.4 Night Sfe

The first evidence of the possibility of Sfe occurring in the
dark hemisphere was presented by Ohshio (1964). This author
noted that the amplitude of nocturnal Sfe was small (between
1/10 and 1/20 of those recorded near the subsolar point) and that
the shape at the maximum was not very different from that
presented by Sfe in the lit part of the world. He also found that
the effects of an Sfe were detectable in the polar zone. He inter-
preted that these geomagnetic effects of solar flares were due to
induction currents that were forced to flow into the dark part of
the Earth’s ionosphere due to sudden increases in the conductiv-
ity of the illuminated hemisphere. Later, other observations by
Pintér (1969) and Srivastava & Abbas (1975) also confirmed
this idea.

Using data between 1969 and 1971 from the equatorial
station at Kodaikanal and also from Huancayo and Kakioka,
Sastri & Murthy (1975c) and Sastri (1975a, 1975b) found
amplitudes greater than those found by Ohshio (1964). They
also reported rise and fall times of the nocturnal Sfe as being
greater than those of the daytime events. The delay time
between the maximum X-ray flux and the maximum of the
nocturnal Sfe ranged between 1 and 52 min, also greater than
times predicted by Ohshio’s calculations. These same authors
(Sastri & Murthy, 1975b) found another indication of the exis-
tence of night Sfe when analysing the event of October 15,
1967, when an X-ray flare was recorded simultaneously with
the Sco X-1 satellite (in the lit part) and with a balloon (in
the dark part). Villante & Regi (2008) studied the Sfe occur-
rence of a case in the dayside geomagnetic field, and at the same
time they identified explicit signatures of the event at several
stations which were also in the dark sector.

The subject is of great complexity and interest. It is a subject
still open and awaiting further morphological studies. This will
require careful selection of events and the use of a greater
number of stations than in previous studies, in both night and
day sectors.

3 Morphology of Sfe

3.1 General characteristics

In a schematic way, we can say that the main characteristics
of Sfe can be summarised as: (1) morphology: a crochet shape
(Fig. 1); (2) vision: simultaneously in the Earth’s sunlit hemi-
sphere; (3) beginning: simultaneous to the flare observation;
(4) duration: a few minutes (Fig. 2); (5) amplitude: a few
nanoTeslas.

In fact, the main characteristics of the Sfe were found
through statistical studies by Grafe (1958), Nagata (1952),
and Pintér (1967). At the Ebro Observatory, research on the
geomagnetic effects of chromospheric flares began with the
work of Princep (1947). He confirmed that the flare frequency
curve approximately follows the solar cycle curve given by
Wolf’s numbers, with the most likely ones being those of
importance 1 (Sect. 4.2). Those of importance 3 occurred almost
exclusively in active years.
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In an unpublished work, Bolufer and Cardús (priv.
commun.) presented at the XX IAGA Assembly in Helsinki
the daily and annual variation of the intensity and direction of
the Sfe observed at Ebro Observatory during the period
1949–1957. They found a main maximum of occurrence near
noon (12–13 h) and another secondary one in the morning
(8–9 h). They observed a hibernal minimum and an equinoctial
maximum which was not very well-defined. In the declination
component, the passage from East to West occurred approxi-
mately 1 h later in the Sfe than in the Sq. These results were
similar to those obtained for Abinger Observatory (Newton,
1946), Lerwick and Eskdalemuir (McIntosh, 1951) and Lövo
(Eleman, 1961). The phase difference between the vectors Sfe
and Sq had a maximum between 10� and 11� with an angle
value of about 13� and a minimum between 15 and 17 h with
an angle of only 12�.

Using a longer series of Sfe events recorded at Ebro
Observatory, Curto et al. (1994a) performed a statistical analysis
to determine the main morphological characteristics. Sfe at Ebro
have a mean duration of 16 min and a mean rise time of 4 min
and a mean decay time of 12 min. The mean amplitude of Sfe is

14 nT. It represents about 30% of the amplitude of the diurnal
variation at Sfe time, and is in good agreement with former
works.

3.2 Reversed Sfe

Although Sfe are mostly believed to be an effect of a simple
increase of the Sq currents, in some cases they produce
magnetic variations in the contrary sense of Sq (Fig. 3). These
puzzling situations have been called reversed Sfe. Reversed Sfe
are not a rare or sporadic phenomenon at Ebro; in fact, they
occur quite frequently (compared to the appearance of Sfe).
Bolufer and Cardús (priv. commun.) determined a diurnal vari-
ation in the number of reversed Sfe phenomena, and found a
clear maximum between 10 and 11 h. This contrasted with
the fact that the number of reversed Sfe in Abinger and
Lerwick–Eskdalemuir was very low, and there were none at
Huancayo. They also found that reversed Sfe occur more often
during equinoctial months and the correlation with solar activity
is weaker than that found for regular Sfe. Curto et al. (1994a,
1994b) modelled the Sfe currents and obtained a convincing

Fig. 3. Reversed Sfe recorded at Ebro Observatory at 11-07-1978. D component is represented by a solid red line, zero line (nocturnal level) by
a black dashed line, and the regular variation (interpolated) during the Sfe by a blue dotted line. At the moment of the Sfe (10:56) Sq variation
presented negative values (Sq focus was on the West) while Sfe presented positive values (Sfe focus was on the East).

Fig. 2. Distribution of the rise time, T1 (the time from the commencement to the maximum) on the left, and the decay time, T2 (the time from
the maximum to the end) on the right from Sfe data obtained during the period 1953 to 1985 at Ebro Observatory.
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explanation for the genesis of these phenomena: the large phase
shift of the magnetic vector observed before noon, resulting
from a descent of the “centre of gravity” of the conducting mass
that, combined with a very different regime of neutral winds in
the lower and in the middle parts of the dynamo region, produce
a change in the direction of the integrated currents.

4 Service of rapid magnetic variations

4.1 History of the service

The International Association of Geomagnetism and
Aeronomy, IAGA, belonging to the International Union of
Geodesy and Geophysics, IUGG, can in fact be considered
the highest organ of Geophysics worldwide. Among its compe-
tencies, it is responsible for the study of the Earth’s magnetic
field and its variations. In order to characterise the short-term
variations that the geomagnetic field undergoes, the Service of
Rapid Magnetic Variations (SRMV) was created at the Assem-
bly of Rome in 1954, initially framed under Committee No. 10.
The leadership of this Service has been entrusted to the Ebro
Observatory since its creation (Curto et al., 2007) with Father
A. Romañá, director of the Ebro Observatory, assumed the first
presidency. At the Copenhagen Symposium (1957), a definition
for Sfe and the study of reversed Sfe were proposed. At the
Utrech Symposium (1959), a provisional atlas was delivered
(IAGA, 1959). Here, Veldkamp presented his work on Sfe
currents. Collaborating observatories (whose number had grown
to 92 by then) were requested to indicate the means used for
their selection of Sfe.

At St. Gall Assembly (1967) it was specified that Commis-
sion IV should promote the study of transient magnetic
variations (Sfe, SSC, bays, and pulsations) as well as regular
recurring variations (Sq, L) and should develop knowledge
regarding their origins. The group concerned with Rapid varia-
tion morphology was consolidated as part of the permanent
International Service of Geomagnetic Indices with the capacity
to collect the necessary data and calculate and publish the
indexes and records of outstanding rapid variation events.
Within Commission IV, this body became part of the working
group n1-1 “Morphology and indexes” whose objective was
to obtain an image of the distribution in time and space of rapid
variations and their characteristics. Regarding the Sfe, the diffi-
culty of their observation was noted again due to the lack of
their own characteristic shape. The use of two qualifiers in the
“checking-lists” (lists of events already qualified by the observa-
tories) was proposed to increase the accuracy of the information
on the phenomenon.

At the Madrid Assembly (1969), the work of Van Sabben
was commented on again and the results of the statistics
regarding the interest of the publication of the Sfe (among other
phenomena) in the IAGA newsletters within the scientific
community were given. Information on the SSC and Sfe was
the most appreciated. At the Assembly of Grenoble (1975), in
resolutions 5 and 6, the importance of the lists of rapid varia-
tions established by the Ebro Observatory and published in
the IAGA series of bulletins was recognized and it was recom-
mended that this observatory continue with this work, especially
in relation to the SSC and Sfe phenomena.

At the Edinburgh Assembly (1981), Father Cardús who had
taken over the responsibility of the SRMV in 1980, pointed out
an alarming scarcity of observatories reporting Sfe and their
poor geographical distribution. This fact resulted, on the one
hand, in difficulties in discerning the reality of the event and,
on the other hand, in not detecting many Sfe. He also pointed
out in successive Assemblies the difficulty of determining Sfe,
due to the lack of a clear definition of their morphology. He also
explained that some observatories reported consistently very
clear Sfe during their local night, contrary to what would be
theoretically expected.

Father Alberca succeeded Father Cardús in 2000 as
chairperson of the Service of Rapid Magnetic Variations and
J.J. Curto took over this responsibility in 2018. By taking
advantage of the new facilities in data access provided by the
INTERMAGNET network, a modification was introduced into
the procedure of data treatment. The “checking lists” were no
longer used for determining Sfe. As a first step, the events
taking place at times when no solar flare had been reported at
all were rejected from the lists sent by the reporting observato-
ries. The remaining data were confirmed with a study of the
registers of INTERMAGNET network accessible to the Ebro
Observatory. The SRMV carried out the classification of the
phenomenon with the traditional letters and numbers formerly
provided by the reporting observatories. In this way, the dis-
cerning criterion was more uniform. To determine the region
where the phenomenon was observable, global maps showing
the light and dark zones were constructed. Finally, with all this
data, the event was classified.

At the Vienna (1991), Upsala (1997), and Montreal (2019)
Assemblies, it was recommended once again that the lists of
rapid variations and in particular those of the Sfe be continued,
given their usefulness as a reference for many geophysical
works. It is worth noting that during its almost 90 years of
existence, in addition to its regular daily activities of providing
reliable lists of events and updating normatives with regards to
the current state-of-art, the SRMV has aimed to focus the inter-
est of the scientific community on this field and to promote the
study of the physics of these variations. Advances in the phys-
ical understanding of the rapid variations, including Sfe, have
enabled improvements to the definitions, the determination
methods used, and the quality of the data sets produced.

4.2 IAGA bulletins

The bulletins published annually by the IAGA refer to the
global magnetic activity indices as well as the rapid variations
of the magnetic field in particular Sfe (IAGA, 1954–1990).

The procedure to draw up the Sfe lists is as follows: using
the reports that a network of observatories distributed through-
out the world send monthly to the Service of Rapid Magnetic
Variations regarding any movement suspected of being an Sfe
and, where appropriate, its ionospheric, solar or radioelectric
confirmation, a list of selected events is prepared where those
events that coincide with other clearly established magnetic
phenomena are removed from the list, as well as those events
that, having no other confirmation, are reported by only one
observatory without the other observatories in their neighbour-
hood recording any movement. Until 2000, these master lists
(checking lists) were forwarded to the collaborating centres to
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confirm and qualify the events. The observatories responded in
a concerted manner according to a fixed scheme. They used an
index letter that refers to the existence of the movement
(Table 1).

A complementary number referring to the opinion of the
observer regarding what the type of movement might have been
was also given (Table 2).

Based on all these observatory data, a world map was made
of the zonal distribution of these observations of the magnetic
traces of the phenomenon. In addition, a synoptic study of the
ionospheric (SID), solar Ha, and radioelectric (microwave) data
was made. With all this information, a final qualification of the
phenomenon was made, with the possibility that they may be
(a) true, (b) doubtful, or (c) rejected. Finally, the definitive lists
of certain and doubtful Sfe were put in order of time. For each
event, the start time (average value) and the observatories (with
their three-letter IAGA code) were given together with the qual-
ification of the event. The observatories that answer differently
from D and were in the night zone at the time of the Sfe were
given in parentheses; if they were in the twilight zone, this was
indicated with dotted parentheses. These agreements, however,
changed over time. An Sfe was considered doubtful when most
well-located stations (with respect to the subsolar point) did not
report any movement or when almost all the stations around the
world reported a clear movement. This also applies when all
data were masked by a planetary scale disturbance or when
the solar, radioelectric, and ionospheric registers did not show
any clear effect that could be associated with an Sfe. Nowadays,
the method has been simplified and a second round of forward-
ing the checking lists to the observatories is no longer carried
out. It is difficult to remove subjectivity entirely from the
process and some uncertainty in the results is inevitable.

5 Detection of Sfe

5.1 The origin of the Sfe lists

Several rapid magnetic variations attracted the attention of
scientists from an early moment. As mentioned previously, at
the IAGA General Assembly (Rome, 1954) a new committee
was created on rapid variations and Earth currents with
A. Romañá from the Ebro Observatory elected as chairperson.
The task of the committee was to create lists of events, includ-
ing sudden storm commencements (SSC), pulsations during

sudden commencements (PSC), sudden impulses (SI), and solar
flare effects (Sfe), which were to be published in the IAGA
annual bulletins (Curto et al., 2007). Since then, the working
procedure for detecting Sfe events has been more or less the
same and is still based on manual methods. These consist of
visual identification on the observatory magnetograms using
the observers’ experience of previous events for each observa-
tory’s location. The recently successful automatic detection of
SSC was probably due to the fact that they mostly have a com-
mon morphological pattern: the main signal, a sudden increase
in the H-component, is similar around the world. However, this
is not true for Sfe. They are elusive, so previous attempts at an
automatic detection of Sfe failed and until now there have been
few references in scientific literature regarding this possibility.

5.2 Difficulties in Sfe detection

The first and most obvious difficulty in Sfe detection is
that they do not have a definite morphological pattern. The
Provisional Atlas of Rapid Variations (Romañá, 1959), which
explains the first attempts at a systematic overview of the
morphology of Sfe, states: “It is almost impossible to give com-
prehensive examples of Sfe, their aspect changing considerably
with circumstances (magnetic or telluric component, moment of
the diurnal variation, sun’s altitude, intensity, etc.)”. As a com-
ment on some presented examples, it concludes: “But the
following examples, taken also from cases confirmed by direct
observation of the solar flare, have an aspect rather confusing”.
No one looking at only one single magnetogram can conclude
whether a movement is or is not, in fact, an Sfe because
this is only a partial view of the whole process (Curto &
Gaya-Piqué, 2009a, 2009b). Sfe can appear only in the
X-magnetic component, only in the Y-magnetic component, in
both components, or in neither of them. Their shapes are irreg-
ular and unpredictable. Sometimes they are like a crochet, and
on other occasions they look more like a “V-valley” shape.
Sometimes they are steep, and at other times they are smooth.
According to Curto et al. (2016b), this is due to the temporal
variations in the radiation, which have irregular shapes in their
origin: the solar disturbances. Moreover, Sfe events are the
result of the action of several radiation bands (X and UV) that
occur at different heights of the sun, so they could be synchronic
or not. They also have different relaxation times (Richmond &
Venkateswaran, 1971). Thus, to achieve a certain degree of
certainty in the Service of Rapid Magnetic Variations (Curto
et al., 2007), other contemporary ionospheric effects are usually
sought out (Tsurutani et al., 2009). To this end, García-Rigo
et al. (2007) developed a solar flare detector using the Global
Positioning System (GPS) capabilities to monitor the iono-
spheric total electron content (TEC). This detector is able to
automatically identify sudden changes of the ionospheric ioniza-
tion. Also, Meza et al. (2009), analysing an Sfe case, considered
the quantitative and qualitative relations between a solar flare

Table 1. Codes used to qualify the type of movement in the magnetogram.

Code A B C D E X

Movement Very clear Clear, normal Very weak Not observed, although registration
is satisfactory (calm)

Great magnetic
stirring (disturbed)

No record

Table 2. Opinion of the observer regarding the likelihood of this
movement being an Sfe.

Code 0 1 2 3

Appreciation Nonexistent Unlikely Likely True Sfe

J.J. Curto: J. Space Weather Space Clim. 2020, 10, 27

Page 7 of 15



and the ionospheric and geomagnetic variations that it produces.
The ionospheric effect of the solar flare effect was analysed from
the variation in the vertical total electron content (vTEC) data
obtained from GPS. They concluded that for Sfe detection, the
distance between the subsolar point and each observatory is
not the only parameter to be considered in detection; for an
Sfe, the intensity and position of the currents overhead should
also be considered. The maximum geomagnetic variation is
always simultaneous to or a little later than the maximum inten-
sity of the X-ray and the maximum vTEC is generally later than
both of them.

On the other hand, Selvakumaran et al. (2015) also studied
the relationship between the solar-flare-induced D-region iono-
spheric and geomagnetic perturbations through the change in
the VLF amplitude. During the flare time, electron density esti-
mated by using the D-region reference height (H0) and sharp-
ness factor (b) for each class of solar flare shows a maximum
increase in the order of 80 times as compared to the normal
day values. Electron density was found to increase exponen-
tially with increases in the solar flux intensity. At the equatorial
station of Tirunelveli, they found a maximum increase in the
horizontal component of the Earth’s magnetic field of 8.5%
for M-class solar flares. Finally, Curto et al. (2018) analysed
the impact of X9 flares on the magnetic field but also on the
ionosphere as registered on the vertical incidence ionospheric
sounder located at Ebro Observatory. They put the emphasis
on the use of this instrument to detect solar flares by means
of the absorption observed in its ionograms.

Curto & Gaya-Piqué (2009b) carried out an in-depth analysis
of some limiting factors in the detection process. One of these
factors is the natural noise caused by disturbances in the geomag-
netic field masking Sfe variations, especially those of small
amplitude. Another factor limiting the efficiency in the detection
is the irregular distribution of the magnetic observatories. Due to
the reduced area of manifestation of Sfe, the method used to
detect them is highly dependent on the availability of multiple
observation points. Some areas like North America, despite good
observatory coverage, appear as “blind” zones since observato-
ries do not carry out the required work for Sfe detection. Others
areas, such as most oceans and some parts of the southern
hemisphere, have very scarce observatory coverage.

A detailed attempt to provide a means of confirming Sfe was
made by Curto et al. (2019). They constructed a Solar flare mon-
itor based on GNSS and trimmed it to confirm the presence of
ionospheric ionization which is able to produce solar flare effects
(Sfe) in geomagnetism. They analysed a period of 11 years
(2008–2018) and imposed some conditions to adjust the
GNSS-SF detector so as to produce a list of candidates that match
the Sfe lists provided by the SRMV. Optimal values of the
threshold to minimize false positive rates and to maximise the
true positive rates were found. Also, the number of candidates
to be revised played an important role in their decision. Finally,
these authors revised the limitations of both methods. Back-
ground noise, suddenness, temporal and spatial blind windows,
or spectral unbalance conditioned the detection. They found that
suddenness in the variation is a key factor for detection.

5.3 Automatic detection

Regarding their detection using an automated procedure,
Sfe have been very elusive. As mentioned above, their small

amplitude, close to the level of noise produced by other natural
phenomena, and their highly variable irregular shapes make it
extremely difficult to apply pre-designed patterns. Automated
Sfe detection is a topic that remains relevant today and, if
successful, would be a valuable tool for the observatory com-
munity. Curto et al. (2017), taking advantage of the special
characteristics of Sfe, including their spherical symmetry around
the vortex and different time durations between Sfe and other
natural variations with similar spatial distributions like Sq, were
able to separate the Sfe signal from other natural disturbances.
They defined an Sfe index by taking into account the derivative
of the radial contribution of the Sfe disturbances with respect to
the vortex of the current system responsible for the Sfe varia-
tion. Finally, using this they have constructed an Sfe detector,
which is now in a test phase.

6 Progress of Sfe study

6.1 Geo-effectiveness

6.1.1 Past studies

Regarding the production of geomagnetic crochets, Princep
(1947) found that their probability of occurrence depended on
the importance of the flare and its position on the solar disk,
as well as on the height of the sun over the horizon. It also
depended on the instantaneous phase of the diurnal variation,
which conditioned the appearance of the geomagnetic crochet.
However, the data coverage was limited. Cardús (1952)
resumed the study using data collected between 1949 and
1951 from many observatories around the world. Cardús found
the heliographic position of solar flares bore no influence on the
effectiveness of the production of Sfe. Cid (1960) extended the
same study to use data from the years 1949 to 1956 and
confirmed Cardus’ results.

Using Lovö data, Eleman (1961) verified that only a small
number of solar flares had an appreciable effect on the magne-
tograms. This was attributed to the magnetic noise almost
always present at high latitudes. He pointed out the necessity
to analyse the spectral radiation of the flares to understand their
efficiency. Finally, he found an East to West asymmetry in the
flares producing Sfe in agreement with what Grafe (1958) had
observed in Potsdam–Niemegk.

6.1.2 Recent studies

Curto & Gaya-Piqué (2009a) studied the influence that the
spectral nature and solar flares’ position on the solar disk have
on the production of Sfe. They found that the probability of a
flare producing Sfe depends on the spectral band in which we
observe it, and is higher when the flare is important both in
Ha and X-ray emissions. In any case, X-ray flares are better
markers than Ha flares for producing Sfe. Ha and X-ray emis-
sions were considered in many different divisions of the solar
surface and their effectiveness on Sfe production were com-
pared. They found that no region is more favored than another
on the solar disk for Sfe production. Hence, the results Princep
(1947) obtained could be down to the small dataset the author
had to work with. Curto & Gaya-Piqué (2009a) produced their
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statistics from a much larger dataset, with more than 30 years of
data.

Furthermore, Van Zele & Meza (2011) undertook the task
of evaluating the efficiency of geomagnetic solar flare effects
in X-ray solar flare detection. They concluded that the identifi-
cation of solar flares using Sfe is affected by: the intensity and
average growth rate of solar flare radiation – the quicker it is, the
more easily the solar flare is detected as Sfe; the position of the
geomagnetic observatory, as observatories placed in the summer
hemisphere identify the solar flare more easily, so the uneven
geographical distribution of observatories makes solar flare
identification difficult; the existing geomagnetic perturbation
previous to a solar flare; and the likeness between the Sfe and
other geomagnetic variations. A more uniform spatial distribu-
tion of observatories would improve the identification of solar
flares as well as the simultaneous use of other magnetic and
ionospheric confirming parameters.

6.2 Physical models

6.2.1 Past studies

In 1957, Pratap solved the ionospheric dynamo equation for
a conductivity produced by solar-flare ultraviolet radiation from
the sun. He computed the amplitude of the geomagnetic hori-
zontal component of the crochet and compared it with observa-
tions in Abinger and Alibag. Later, other attempts to model Sfe
used theoretical parameters instead, due to the lack of direct
observations. Ohshio (1964), with a model of solar radiation
with X-rays at wavelengths between 1 and 20 Å as the main
ionizing agent, calculated the height distribution of the elec-
tronic density and obtained, worldwide, a reasonable explana-
tion of the magnetic effects of the flare. Later, Richmond &
Venkateswaran (1971) analysed several Sfe events with a com-
posed structure model of two spatial and temporally separated
magnetic field potentials. They associated a “fast” component
related to EUV radiation (100–1000 Å) and another “slow”
component related to soft X-rays (1–100 Å).They also tested
a simulation of these currents with a simple model of radiation,
ionization, and neutral wind. However, this model could not
explain the asymmetries observed in the contours of the current
systems.

6.2.2 Recent studies

Curto et al. (1994a) modelled the occurrence of reversed Sfe
(with respect to Sq) with a parametric model they constructed.
With this model, reversed Sfe are seen to be a physical conse-
quence of the ionospheric current system geometry and are due
to the displacement that the Sfe system undergoes in longitude
and/or latitude with respect to the Sq system. Reversed Sfe must
appear in zones between the focus of both vortices. The geomet-
ric space for phase differences greater than 90� is another ellipse
whose major axis is aligned with the segment that links both
vortices. According to their model, which is essentially valid
for the central hours of the day, only a few observatories placed
inside a narrow band of mid-latitudes and only at certain hours
and seasons of the year, will be able to record reversed Sfe.
Most observatories will be outside this strip, so that the phase
differences between the Sfe and Sq vectors at these sites will
be too small for reversed Sfe. Hence, it also becomes clear

why reversed Sfe phenomena are less commonly seen. It is
the unique location of Ebro, in relation to the Sq foci, which
enables this investigation to be carried out.

Following the above, Curto et al. (1994b) undertook a more
complex task: to construct a model for Sfe phenomena combin-
ing several semi-empirical models derived from satellite and
radar data obtained during the previous two decades. They used
Heroux et al. (1974) for regular and Donnelly (1976) for flare
flux radiation, Ohshio et al. (1966) for optical depth, Hedin
(1987) for neutral composition and Oliver (1975) for ion com-
position, Dymek (1989) for ion production rates, Stubbe (1968)
for collision frequencies, Bernard (1978) for neutral winds,
Blanc & Amayenc (1979) for the electric fields and Mazaudier
& Blanc (1982) for electric currents. This unidimensional phys-
ical model allowed them to reproduce the main characteristics of
the Sfe at the Ebro Observatory and quantify the phase differ-
ence between the Sfe and Sq vectors. In particular, it explained
the large phase shift of the magnetic vector observed before
noon, resulting from a descent of the “centre of gravity” of
the conducting mass that combined with a very different regime
of neutral winds in the lower and middle parts of the dynamo
region, produce a change in the direction of the integrated cur-
rents. This physical integrated model allowed them to give an
explanation of the reversed Sfe occurrence.

Curto et al. (2006) checked the physical model for Sfe by
modelling the opposite situation: the temporary cutoff of the
ionizing solar radiations during an eclipse. Previously, they
had evaluated the radiative profile of the photosphere and cor-
ona layers for frequencies of radiation responsible for ionizing
the Earth’s upper atmosphere and then constructed a model to
determine the flux distribution for places in the shadow path
at any time of the event. Afterwards, they applied it to a model
based on the equivalent electric current schema to predict its
magnetic effect on Earth.

Even with the strong simplifications used, the model man-
aged to reproduce the real magnetic disturbances produced by
the solar eclipse.

6.3 Temporal evolution of the electric currents
producing Sfe

6.3.1 Past studies

Tracing the temporal evolution of the currents producing
Sfe had already been attempted by some authors (Veldkamp
& Van Sabben, 1960; Van Sabben, 1961). With a limited num-
ber of observatories, they only achieved quantitative descrip-
tions of the current systems responsible for the Sfe
disturbances. Later, Curto et al. (1994a), using data from 67
observatories, performed a global study of an Sfe event, which
was observed at Ebro as a reversed Sfe. In this case, in the
Northern Hemisphere the Sfe equivalent current system was
about 1 h local time eastward of the Sq system and it formed
4� higher in latitude. However, the method used for drawing
the path of the currents was rather simple and followed the clas-
sical method of Chapman & Bartels (1940).

6.3.2 Recent studies

Amore sophisticated attempt was carried out by Gaya-Piqué
et al. (2008). They analysed the prompt Sfe associated with a
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strong X-ray flare that occurred on December 5, 2006, by using
a spherical cap harmonic analysis (SCHA) on a network of
European magnetic observatories. They modelled the iono-
spheric equivalent current system responsible for the Sfe, as well
as for the regular diurnal variation Sq on that day allowing simul-
taneous space and time interpretation. They found that the Sfe
equivalent current whorl was distinct from that of the Sq; its size
was much smaller, it appeared to the north (between 3� and 10�),
and around forty minutes earlier in local time with respect to that
of the Sq. This confirmed previous results found by authors for
different Sfe (Van Sabben, 1961; Curto et al., 1994a). There are
some limitations to the use of this method, however, such as the
difficulty to discriminate between internal-external sources and
the need for a careful selection of the size of the cap to get
coherent results. The authors had to perform different tests,
such as modifying the adopted temporal basis functions or the
maximum spatial and temporal expansion degrees, all of which
resulted in a somewhat cumbersome procedure. It would
therefore be impractical for processing large data sets that would
be necessary, for example, in the automatic detection of Sfe
events.

Using the Spherical Elementary Current Systems method,
Curto et al. (2018) were able to model the whole episode of
Sfe corresponding to a X9 flare (Fig. 4). They analysed the
impacts of this flare on the Earth’s magnetic field and the
temporal evolution of this event, tracing the current system evo-
lution during the Sfe lifetime in detail. As expected from other
previous works, e.g. Richmond & Venkateswaran (1971), a
sharp increase in current intensities occurred at the beginning.
The peak of the disturbance was reached after a few minutes,
when hard X-rays were dominant, while a slow decay followed
the advent of soft X-rays and EUV rays. The modelled current
systems appeared abnormally displaced in longitude with
respect to the subsolar point. The northern vortex showed up
about 2 h in advance of the subsolar point meridian, while
the southern vortex was about 3 h behind it. Both remained

static, showing no significant shift over the whole episode.
Although this event occurred during the equinox, a clear preva-
lence of the northern hemisphere was observed.

Annadurai et al. (2018), using a spherical harmonic analysis
of two geomagnetic crochets near the magnetic equator, found a
very different response in the ionospheric currents between
these two events. The equivalent current system of the geomag-
netic crochets for the September 24, 2011, event showed a
similar pattern with the background Sq current system while
the crochet current system for the August 9, 2011, event
revealed a different pattern from the background Sq current
system in both northern and southern hemispheres. Annadurai
et al. concluded that this unusual geomagnetic crochet event
was dominated by the ionospheric currents at D-region altitudes,
unlike that of the E-region Sq current system.

6.4 Dynamic aspects

In their worldwide analysis of the 2003 Halloween episode,
Villante & Regi (2008) corroborate that Sfe characteristics were
basically controlled by the zenith angle of the observing
stations. The Sfe onset and initial phase reveal a close corre-
spondence with those of the EUV flux while, at higher latitudes,
the geomagnetic traces show some correspondence with the
behavior of the X-ray flux. The relationship suggests a deeper
penetration of the X-ray flux. In any case, it was seen that
Sfe were not a mere increase of the pre-flare current system.

Curto et al. (2016b) analysed the temporal response of the
Earth’s magnetic field to sudden large energy releases by study-
ing the driver mechanisms involved in the decay of Sfe. The
decay time is strongly dependent on the balance in X- and
UV-ray contributions. Only the most energetic period of the
X-ray enhancement is actively producing Sfe. They identified
the time constant as an important factor for detection because
it restricts the detected events to those having a sharp shape with
an abrupt change of slope.

Fig. 4. SECS-derived equivalent current system flowing at ionospheric heights at 12:04 06-Sep-2017. Black arrows represent the measured Sfe
field, while white arrows show the modelled Sfe field using the SECS technique. The dotted red line represents the terminator.
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7 Revisiting large historical flares

Large flares soon attracted the attention of researchers.
Eleman (1961) analysed the two giant flares of July 3, 1957,
and March 23, 1958, and the magnetic crochets produced by
them. Recently, the interest in extreme Space Weather events
has been increasing for both practical and theoretical reasons
(Gopalswamy et al., 2005). Using indirect measures of iono-
spheric disturbances some authors sized big solar flares when
direct measures were not available due to the non-existence of
data or a saturation of the detector. Thomson et al. (2004,
2005) were the first to estimate the X-ray peak time and magni-
tude of the 4 Nov 2003 flare using the ionospheric disturbance.
They concluded that the flare peaked between 19:45 and
19:46 UT, and that its magnitude was X45 ± 5. Brodrick
(2005) used observations of attenuation of the galactic radio
background from 20.1 MHz riometers to estimate the X-ray
magnitude of the same solar flare. The best fit gave a peak flux
of 4.0 mW/m2 (X40), peaking at 19:46 UT. Kiplinger & García
(2004) investigated the flares of AR486 Oct–Nov 2003, refer-
ring to those other flares with similar time profiles from the
same active region to estimate the peak magnitude of this flare.

The August 28–September 7, 1859, episode, known as the
Carrington event, is undoubtedly an obligatory reference in
any Space Weather summary (Carrington, 1860; Stewart,
1861; Cliver & Svalgaard, 2004; Boteler, 2006). The Carrington
flare emitted such a large quantity of radiation in the visible
range that it became the first flare ever reported and the first
to be linked to a terrestrial response (Carrington, 1860; Stewart,
1861). This led to the re-examination of various aspects of the
Carrington event, especially the flare size. Thus, in Boteler
(2006), the Carrington flare magnitude was inferred to be of
similar magnitude to the 4 November 2003 one since the Sfe
recorded at Victoria was 100 nT and Victoria was of a similar
geomagnetic latitude to London and the local times of the
two flares were similar. Clarke et al. (2010) were the first to
attempt to establish an empirical relationship between the vari-
ation peak of Sfe (magnetic field) and the maximum radiation
(X-ray flux). They used more than 300 observations of Sfe.
From the relationship established, they estimated the Carrington
flare magnitude as ~X42 (based on Greenwich Sfe) and ~X48
(based on Kew Sfe). Then, Cliver & Dietrich (2013) adopted
a combined estimate from Boteler (2006) and Clarke et al.
(2010), of X45 (±5) as the classification that they carried for-
ward within their own study, which was about various physical
limits for extreme events/storms. Most of these studies agree
that the Carrington flare may have been a very large solar flare.

On the other hand, as previously mentioned, the radiation
during the large solar flare of 4 November 2003 saturated the
X-ray radiometer. Hence, Curto et al. (2016a) used an alterna-
tive approach to try and determine these values (Fig. 5).They
estimated the values from the perturbations they produced in
the Earth’s Sfe. Firstly, and similar to Clarke et al. (2010), they
established an empirical relationship between the variation in
the radiation (cause) and its effect on the magnetism (conse-
quence). Then, using the inverse function, they estimated the
energy flux of both events, the 4 November 2003 flare and
the 1 September 1859 flare. They found that both flares can
actually be classified as being a little larger than the previously
reported X45.

Recent papers looking at several other parameters (Barnard
et al., 2011; Ruzmaikin et al., 2011), including observed CME
speeds and the strength of the equatorial current system in the
Earth’s magnetosphere, concluded that the risk of an extreme
space weather episode could be as high as 12% in a decade
(Riley, 2012). From this result, the UK Royal Academy of
Engineering issued a report on extreme space weather in 2013
(Cannon, 2013). They deduced a return period or recurrence
interval of 79 years for a super-storm. On the other hand,
Thomson et al. (2011) quantified the probability of having
extreme behavior in geomagnetic activity as ranging from 100
to 200 years. Curto et al. (2016a) also computed the return
period for a Carrington-like flare. Assuming that this event
had X45 intensity they estimated the return period to be
90 years. Thus, different approaches converge to lead to the
conclusion that extreme events are very rare and we do not
expect one to happen in the near future.

Conclusions

In this work, we present a comprehensive review of the
current status of Sfe research. We started by revising the evolu-
tion, principles, and categorisation of the events recorded during
solar activity. We described how the progress in our knowledge
of geomagnetic flare effects has advanced alongside and
together with the advances in Space Weather as they mutually
reinforce each other. We discussed several key points in the
understanding of Sfe such as their dynamic aspects or their
geo-effectiveness. In the last section, we attempted to sum-
marise recent strategies used to estimate big historical events
and the probability of them happening again. This is a big

Fig. 5. X-ray flux of Carrington event on 1 September 1858
modelled using a mathematical method, with a maximum of
X45.7 ± 2.2 at 11:15 (from Curto et al., 2016a).
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challenge in a technical society like ours which is so sensitive to
these phenomena.

Finally, we can now discuss perspectives and summarise
challenges that need to be addressed in future investigations.
Specifically, future improvements to models can be expected,
as density of data coverage, accuracy, reliability, and the tempo-
ral resolution and quality of the data get better. Thus, these
improvements will contribute to further progress in the under-
standing of these phenomena. Furthermore, recent works on
automatic detection show promising results and should provide
a more exhaustive catalogue of events that could be used as the
base of future studies. In this sense, we must emphasise the
important role played by the Service of Rapid Variations in pro-
moting the interest of the scientific community in this field and
the study of the physics of these variations.

As mentioned before, there are still “boundary” issues as
Reversed Sfe or Night Sfe that deserve more studies to find their
origin. Hence, we can conclude that, we are not at the final point
in Sfe studies yet, but rather at the starting one.
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