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Abstract We present a review on the interplanetary causes of intense geomagnetic storms
(Dst < —100 nT), that occurred during solar cycle 23 (1997-2005). It was reported that the
most common interplanetary structures leading to the development of intense storms were:
magnetic clouds, sheath fields, sheath fields followed by a magnetic cloud and corotating
interaction regions at the leading fronts of high speed streams. However, the relative impor-
tance of each of those driving structures has been shown to vary with the solar cycle phase.
Superintense storms (Dst < —250 nT) have been also studied in more detail for solar cy-
cle 23, confirming initial studies done about their main interplanetary causes. The storms
are associated with magnetic clouds and sheath fields following interplanetary shocks, al-
though they frequently involve consecutive and complex ICME structures. Concerning ex-
treme storms (Dst < —400 nT), due to the poor statistics of their occurrence during the
space era, only some indications about their main interplanetary causes are known. For the
most extreme events, we review the Carrington event and also discuss the distribution of
historical and space era extreme events in the context of the sunspot and Gleissberg solar
activity cycles, highlighting a discussion about the eventual occurrence of more Carrington-
type storms.

Keywords Intense geomagnetic storms - Geomagnetic activity - Extreme geomagnetic
storms

1 Introduction

Intense geomagnetic storms are those for which the storm Dst index achieves values

< —100 nT (Gonzalez et al. 1994). Superstorms are those events for which Dst ob-
tains values less than —250 nT (e.g. Tsurutani et al. 1992a; Gonzalez et al. 2002;
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Echer et al. 2008b) and extreme storms are those for which the Dst values become less
than —400 nT (Gonzalez et al. 2010). During the space era (since 1957) there have been
only five extreme storms, as seen in Table 2, and during the last solar cycle (# 23) there has
been only one extreme storm that occurred on November 20, 2003.

Gonzalez and Tsurutani (1987) and Tsurutani et al. (1988) studied the interplanetary
causes of intense geomagnetic storms (Dst < —100 nT) for the peak interval of the maxi-
mum phase of solar cycle 21 and found that approximately half of the storms were associated
with magnetic clouds and half with sheath field regions behind interplanetary shocks. Later,
several authors have studied the geoeffectiveness of magnetic clouds for longer time inter-
vals (Gosling et al. 1991; Echer et al. 2005) and of other interplanetary structures for several
levels of the intensity of magnetic storms, also involving superstorms (Gonzalez et al. 1994,
1999, 2002; Huttunen et al. 2002; Echer et al. 2004; Srivastava 2005; Zhang et al. 2006;
Richardson et al. 2006; Alves et al. 2006; Gonzalez et al. 2007; Echer et al. 2008a, 2008b).

Tsurutani et al. (2003) reported extreme historical storms, for which the Carrington storm
of September 2, 1859 was the most intense. Whereas during the space era the most extreme
recorded storm was that of March 13, 1989, with a peak Dst index of nearly —600 nT,
the historical storms listed on Table 1 of Tsurutani et al. (2003) had associated peak-ring
current intensity values < —600 nT. We can not be certain about the associated peak Dst
values for the historical storms since the Dst index started to be constructed and published
only since 1957. However, judging from the peak A H-incursion values observed in the
low latitude magnetograms of the historical storms (see also Lakhina et al. 2005), one can
claim that the associated Dst values would have been at times almost as large as the proper
A H-incursions (Echer and Gonzalez 2007). Gonzalez et al. (2010) have extended the study
of extreme storms with respect to their association with the sunspot and Gleissberg cycles
of solar activity and have discussed the apparent occurrence tendency of Carrington-type
extreme storms during the Gleissberg cycles.

In Sect. 2 of this review we summarize some of the main findings concerning the in-
terplanetary origin of intense storms. In Sect. 3, we present some of the recently reported
interplanetary structures associated with superintense storms, mainly for solar cycle 23. Fi-
nally, in Sect. 4, some interplanetary and magnetospheric features associated with extreme
storms are described.

2 Intense Storms

Gonzalez et al. (2007) and Echer et al. (2008b) investigated the interplanetary causes of 87
intense storms (Dst < —100 nT) during solar cycle 23. For identification, they followed the
nomenclature and definitions given by Burlaga et al. (1987), Tsurutani et al. (1988, 1995),
Gonzalez et al. (1999), Balogh et al. (1999). Table 1 gives the yearly distribution of those
intense storms according to their interplanetary causes. “CIR” stands for corotating interac-
tion region (associated with a high speed stream), “MC” for a magnetic cloud (a common
type of a ICME driver), “Sh + MC” for a sheath B; (B, southward) field followed by a
magnetic cloud, “SBC” for a sector boundary crossing, “S compr MC” for a magnetic cloud
compressed by a shock, and Complex for a case in which none of the other cases were
identified.

The category of sheath fields corresponds to By fields in the sheath region that follow an
interplanetary shock without any other B structure behind the sheath region that could also
be responsible for the development of the storm’ s main phase. In the category of Sh+MC, a
magnetic cloud (also with a B; field) following the sheath region was observed to be partly
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Fig. 1 Distribution of the four main interplanetary structures causing intense magnetic storms according to
the phase of the solar cycle 23

responsible for the development of the storm. The category of “ICMEs” (interplanetary
coronal mass ejections) corresponds to several types of structures (e.g., Tsurutani et al. 1988;
Gonzalez et al. 1999) that are not magnetic clouds, namely that do not have the typical
signatures for magnetic clouds (Burlaga et al. 1987).

One can see in Table 1 that the four most common interplanetary structures responsi-
ble for the development of intense storms were MC, Sh + MC, Sh, and CIR, with a total
number of 21, 12, 21 and 11 cases, respectively. Thus, among these, MCs and Sheath fields
were the most common driving structures. From Table 1, one can compute that the four most
common structures represent a total of 75% of the interplanetary structures causing intense
storms during solar cycle 23, with MCs causing 24%, sheath fields 24%, sheath + MCs 14%
and CIRs 13% of the storms. Although in Table 1 the category of ICMEs has a relatively
substantial contribution (8 cases), they were not selected among the top driving structures
because they correspond to several types of By structures that appear to be driving an inter-
planetary shock and, therefore, do not belong to a single structure, as the selected top four
structures do.

Gonzalez et al. (2007) studied the distribution of the four main interplanetary causes
according to the selected solar cycle phases R (rising), M (maximum) and D (declining),
and represented it with the histograms of Fig. 1, in which the blue color stands for MCs,
green for Sheath fields, red for Sh + MC and black for CIRs. For the rising phase, one can
observe that the largest fraction of storms are due to magnetic clouds, second to sheath fields
and third to the combination of sheath fields followed by magnetic clouds (CIRs represent
only a minor contribution to this phase). For the maximum phase, the largest fraction of

@ Springer



Interplanetary Origin of Intense, Superintense and Extreme 73

storms are associated with sheath fields, second with sheath fields followed by magnetic
clouds and third with magnetic clouds (again for this phase, CIRs represent only a minor
contribution). For the declining phase, more storms are related to magnetic clouds, second
to CIRs and third to sheath fields (a minor contribution is due to sheath fields followed by
magnetic clouds).

Figure 2 is an example of an intense storm that occurred in July 26-29, 2004, for which
the main phase development was associated with By fields in the sheath and MC regions of
an ICME. This is also an example of a two-step main phase storm (Kamide et al. 1998).
Although most of the intense storms studied for the solar cycle 23 by Gonzalez et al. (2007)
and by Echer et al. (2008b) were found to have a single interplanetary cause, e.g., only
one ICME, associated with the development of the main phase, Zhang et al. (2007), Yer-
molaev and Yermolaev (2008), and Cid et al. (2008) believe that several intense storms
of cycle 23 were associated with complex interplanetary structures, involving two or more
ICMEs. In fact, some of the intense storms have been later associated with such a com-
plex interplanetary origin, especially the most intense ones (e.g. Gonzalez et al. 2008;
Tsurutani et al. 2008), as discussed in the following section.

Figure 3 shows histograms for the occurrence distribution of the peak values of the in-
terplanetary magnetic field and electric field parameters B, and E, for the intense storms
of cycle 23. One can see in these histograms that the peak B, values are mostly distributed
between 10 and 20 nT, with the corresponding peak E, values distributed mostly between
5 and 10 mV/m. The lower limits of these intervals correspond to the criteria values for
intense storms given by Gonzalez and Tsurutani (1987).

Figure 4 shows correlations between peak values of some interplanetary parameters with
peak Dst for the intense storms of cycle 23 (Echer et al. 2008a). One can see that the
parameters that correlate better are the B, and E| fields. However, for more intense storms,
it will be noted that the duration of By, and especially of E,, together with their peak values
(namely their time integrals), appear to have better correlations with peak Dst. In this figure
one can also see that B, peak value of the IMF, has a large correlation with peak Dst,
almost as large as that between peak Dst and peak By. This may be due to the fact that, for
intense storms, peak B, is a substantial fraction of peak B, with an average value of 70%,
as discussed by Gonzalez et al. (2004). Also peak B, shows a moderate correlation with
peak Dst in this figure, which may indicate that magnetopause reconnection is influenced
by large values of B,, leading to a tilted reconnection line (e.g. Gonzalez and Mozer 1974).

3 Superintense Storms

Although there is no extensive study of superstorms for the whole space era, some of the
main reported results are mentioned below. Table 2 shows the list of superstorms of the
space era, with their dates of occurrence and peak Dst values.

Figure 5a shows the solar cycle distribution of the yearly number of superstorms of Ta-
ble 2. We can see from this figure that superstorms occurred during all phases of the solar
cycle, although with a higher tendency around solar maximum and at the early descending
phase of the cycle. Figure 5b shows the average solar cycle distribution of that shown in
Fig. 5a. This figure clearly shows a dual-peak distribution of superintense storms, as it was
also found before for intense storms (Gonzalez et al. 1990a). The first peak occurs at solar
maximum and the second one at the descending part of the solar cycle.

Figure 5c shows the seasonal distribution of superstorms for the space era (Gonzalez
et al. 2010), in which we can see the equinoctial peaks and also some indication of the July
peak, initially found for the distribution of intense storms (Clia de Gonzalez et al. 2001).
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Fig. 2 Example of an intense magnetic storm caused by MC + Sheath fields for July, 26-29, 2004. The
figure shows interplanetary parameters measured by the ACE satellite and the Dst index. Panels are, from
top to bottom, solar wind proton temperature (7)), solar wind speed (Vjy,), proton density (Np), magnetic
field magnitude (B), and components (By, By, B;) in GSM, plasma beta parameter (Beta), dynamic pressure
(Pdyn), dawn-dusk electric field component (Ey), and Dst index
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Fig. 3 Peak B; and peak Ey occurrence histograms for intense storms of solar cycle 23

Table 3 shows the results of a limited study about the solar wind parameters associated
with the superintense storms of the space era, for which solar wind data were available
(marked with an asterisk in Table 2). We show the average peak values of Dst of the solar
wind speed, of the IMF intensity, of the southward component of the IMF (B;) and of the
interplanetary electric field (E,), together with their corresponding standard deviations and
median values. As expected for superstorms, the solar wind speed, density and dynamic
pressure and the IMF attain relatively large values, of about 800 km/s, 25 cm~3, 26 nPa and
42 nT, respectively. Also the B, and E, parameters attained large values, of —34 nT and
24 mV/m, respectively. The average time delay between peak E, and peak B, with peak
Dst was of about 1.5 hours (because no time correctionshift between L, and the Bow shock
was applied for the solar wind data measured by ISEE — 3, WIND and ACE satellites).
The implication of these large interplanetary values for the occurrence of superstorms is
discussed below.

Echer et al. (2008a) studied the superstorms (Dst < —250 nT) that occurred during
solar cycle 23. Among their results, they concluded that the main interplanetary causes
of those storms were large and sustained B; fields in magnetic clouds, sheath regions
of ICMEs and their combined structures. Similar results were reported before by Tsu-
rutani et al. (1992a) also for superintense storms, studied for the interval of 1971 to
1986. However, for the category of superstorms, the percentage of storms associated with
more than one ICME was notably larger than for intense storms (e.g. Cid et al. 2008;
Tsurutani et al. 2008). Figure 6 is an example of a superstorm (March 31, 2001), in which
the main phase becomes intensified as a result of a combination of two interacting ICMEs.
The second ICME compresses the first ICME and, as a result, the southward part of the B,
field in the first magnetic cloud becomes more intense, thus leading to a more intense storm
(see also Dal Lago et al. 2004). Similarly, Tsurutani et al. (2008) studied the superstorm of
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Fig. 4 Correlation between peak Dst and peak interplanetary parameters: By (negative B;), Ey
(Y-component of the solar wind electric field), By+ (dawn to dusk values of the By component of the
IMF), By, Bp (peak value of the IMF), Py, (dynamic pressure of the solar wind), N, (peak value of the
solar wind density), and Vg, (solar wind speed), for the intense storms of solar cycle 23

November 7-8, 2004, in which several interplanetary features from a complex set of ICMEs
played a role in the development of the main phase of this storm. Among those features,
Tsurutani et al. (2008) discussed the presence of fast forward shocks, interplanetary direc-
tional discontinuities and reverse waves besides a magnetic cloud. Echer et al. (2008a) also
showed correlations between peak Dst and peak values of V,,, B, Bs, E, and the time inte-
gral of E, (during the main phase). They found that the time integral of E,, rather than peak
By or peak Ey, had the best correlation with peak Dst. A similar result was also obtained
by Srivastava (2005).

4 Extreme Storms

During the space era there were only five extreme storms (Dst < —400 nT), as seen in
Table 2. They occurred on September 13, 1957, February 11, 1958, July 15, 1958, March
13, 1989, and November 20, 2003.

Figure 7 shows the interplanetary data for the extreme storm of November 2003, which
is the only extreme storm with a full set of measured interplanetary parameters. One can
see from this figure that this extreme storm was caused by the magnetic cloud of a single-
well behaved ICME. The five extreme storms of the space era had peak Dst values mostly
near —400 nT, with only the storm of March 1989 having a substantially larger peak Dst
(= —600 nT).
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Table 2 List of superstorms

(Dst 250 nT) during the space Date Dst Date Dst

era. The events with asterisk are

those for which solar wind 1957/01/21 —250 1989/03/14 —589

measurements were available 1957/03/02 —255 1989/09/19 —255
1957/09/05 —324 1989/10/21 —267
1957/09/13 —427 1989/11/17 —266
1957/09/23 —303 1990/04/10 —281
1958/02/11 —426 1991/03/25 —298
1958/07/08 —330 1991/10/29* —254
1958/09/04 —-302 1991/11/09 —354
1958/07/15 —429 1992/05/10 —288
1960/04/01 —327 2000/04/07* —288
1960/04/30 —325 2000/07/16%* —301
1960/10/07 —287 2001/03/31* —387
1960/11/13 —339 2001/04/11* =271
1961/10/28 —272 2001/11/06* —292
1967/05/26 —387 2003/10/30%* —353
1970/03/08* —284 2003/10/30%* —383
1981/04/13* =311 2003/11/20* —422
1982/07/14* —325 2004/11/08* —373
1982/09/06* —289 2004/11/10* —289
1986/02/09 —307 2005/05/15%* —263

Table 3 Average of peak values

of Dst and of some Parameter Average of peak Standard Median

. ) values deviation

interplanetary parameters

associated with superstorms of Dst (nT) 3243 67.3 302.0

th

© space era Vw (km/s) 799.1 160.6 743.0

Binag (nT) 41.7 10.8 39.1
B (nT) 34.3 13.5 27.2
Ey (mV/m) 23.5 11.6 16.9
Np (em™3) 24.7 13.7 21.6
Pgyn (nPa) 25.7 14.8 21.3

Thus, in order to gain knowledge about extreme storms with larger peak intensities, one
can try to look for them among historical extreme storms, as recorded only from ground
observations, such as those studied by Tsurutani et al. (2003). Table 4 is a list of historical
extreme storms (Table 1 of Tsurutani et al. 2003), for which the reported A H incursions at
low geomagnetic latitude stations were < —500 nT.

Among the historical storms that occurred before 1957, as seen from Table 4, only the
Carrington storm of September 2, 1859, has been extensively studied in terms of their solar
origin and magnetospheric consequences (e.g. special issue of Advances of Space Research,
edited by Clauer and Siscoe (2009)), due to the availability of solar and geomagnetic activity
records. Such an extensive study was also motivated by the extremely large incursion of
the AH component of the geomagnetic field, recorded at the Colaba/Bombay low latitude
magnetic station (Tsurutani et al. 2003).
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since 1957. (b) Average solar cycle distribution for the superstorms shown in (a). (¢) Seasonal distribution of
the superstorms for the space era

The historical storms discussed by Tsurutani et al. (2003) and reproduced in Table 4
involve the “remarkable” storms since 1857, described by Ellis (1900), Moos (1910) and by
Chapman and Bartels (1940). The Chapman and Bartels listing is reproduced in Table 1 with
the addition of Bombay and Alibag—India, magnetometer data, as described by Tsurutani
et al. (2003) and by Alex et al. (2006).

One can see in Table 4 that extreme historical storms have A H excursions of at least
450 nT, which is close to our defined extreme storm threshold for the Dst index (—400 nT).
Since the historical storms had recorded A H values only at one low latitude station, we
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can not make a direct comparison with the proper Dst index threshold. Nevertheless, as
mentioned above, Echer and Gonzalez (2007) have shown that peak AH and peak Dst
values are frequently comparable, at least for the range of superstorms and extreme storms
studied during the space era.

4.1 The Carrington Storm

A very intense solar flare was observed by Carrington (1859) on September 1, 1859, a day
before the extreme storm event. Many intense auroral events were observed on Septem-
ber 2, 1859 (Kimbal 1960) in association with the extreme A H incursion of approximately
—1600 nT recorded at the Colaba/Bombay low latitude magnetic station.

With this information, Tsurutani et al. (2003) constructed a chain of associated
processes/events in interplanetary space and in the magnetosphere after the intense solar
flare observed by Carrington.

For that purpose, the authors used the following assumptions and information collected
from the published literature:

— Travel time of 17.5 hours of the solar ejecta to the magnetosphere, as given by Carrington
(1859).

— Function of solar wind speed at L1 in terms of the average ejecta/shock speed between
the Sun and 1 AU, as studied by Cliver et al. (1990).

— Estimate of peak IMF intensity in terms of peak solar wind speed for ICMEs, as studied
by Gonzalez et al. (1998).

— Estimate of peak value of the B; component of the IMF for intense ICMEs, as studied by
Gonzalez et al. (2004).

— Estimate of the reconnection/convection electric field, using studies about the efficiency
of solar wind-magnetosphere coupling functions (Gonzalez et al. 1989).

— Observation of a very fast recovery of the large AH incursion, as measured by the Co-
laba/Bombay magnetometer (Tsurutani et al. 2003).
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Fig. 6 Super intense storm of March 31, 2001, probably associated with a complex interplanetary cause
involving at least two interacting clouds. The storm main phase (marked by dotted lines) was apparently
influenced (compressed) by the second cloud

— Observations of auroras recorded at very low latitudes (Kimbal 1960).

Figure 8 summarizes the main results of the Tsurutani et al. (2003) study. A convection
electric field of about 20 mV/m, obtained through the chain of processes listed on this figure,
was used to study the ring current intensification and the inner magnetospheric dynamics re-
lated with the ring current and plasmapause positions. These values are in a good agreement
with the latitudinal positions of the low latitude auroras observed during that event. These
ring current and plasmapause positions were estimated by Tsurutani et al. (2003) from cold
and hot plasma population limits obtained from a general expression for the inner magne-
tospheric electric potential, once the convection electric field was determined.

The estimated peak Dst value of about —1160 nT (Gonzalez et al. 2010) is in a fairly
good agreement with the measured peak “Dst” value of —1050 nT, obtained when the
reported 15 min average values of AH from the Colaba magnetometer were averaged for
one hour, as it is usually done for the Dst index (although, of course, one is still dealing
with the limitation of having only one low latitude station).

4.2 The 1972 Storm
Vaisberg and Zastenker (1976) determined the average speed of the August 1972 ejecta by
measuring the time delay between the flare onset to the shock detection at 1 AU. Their

average speed estimate was 2850 km/s, leading to a delay time of 14.6 hours, which is less
than that for the Carrington storm. Thus, with the methodology described in the discussion of
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Fig.7 ACE solar wind and Dst index for the largest geomagnetic storm of the solar cycle 23 Dstp =422 nT,
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(Np), magnetic field magnitude (B), and components (By, By, B;) in GSM, plasma beta parameter (Beta),
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Table 4 Chronological list of extreme magnetic storms?®

Storm Year Month Day H ranged Dst Station Geomagnetic®  Geomagnetic®
nT nT latitude N longitude E

1 1859 September 1-2 1720 Bombay 9.87° 142.7°
September  1-2 >700P-¢ Kew 54.47° 82.5°
2 1859  October 12 980 Bombay 9.87° 142.7°
3 1872  February 4 1020 Bombay 9.87° 142.7°
4 1882 November 17 450 Bombay 9.87° 142.7°
November 17 >1090°¢ Greenwich  54.40° 82.2°
5 1903 October 31 820 Bombay 9.87° 142.7
October 31 >950b-¢ Postdam 52.66° 96.2°
1909  September 25 >15000-¢ Postdam 52.66° 96.2°
7 1921 May 13-16 =700 Alibag 9.61° 142.7
May 13-16 1060 Postdam 52.66° 96.2°
8 1928  July 7 780 Alibag 9.61° 142.7°
9 1938 April 16 530 Alibag 9.61° 142.7°
April 16 1900° Postdam  52.66° 96.2°
10 1957 September 13 580 —467  Alibag 9.61° 142.7°
11 1958  February 11 660 —426  Alibag 9.61° 142.7°
12 1989  March 13 640 —589  Kakioka 25.97° 205.1°

4The list includes the “Remarkable magnetic storms” described by Moos (1910) and Chapman and Bartels
(1940)

PThe values recorded at the mid-latitude stations could have an ionospheric component associated with the
activity

CSaturation of the instrument

dg -range is defined as the difference between the maximum and the minimum value of H during the storm
event

€Geomagnetic coordinates for all the observatories are computed for the year 1940 based on the IGRF model
(courtesy NGDC site)

Fig. 8, one could estimate an associated reconnection/convection electric field of 25 mV/m
for the 1972 event.

Unfortunately there was no IMF measurement for the 1972 storm near 1 AU, but Tsu-
rutani et al. (1992b), examining in detail the Pioneer 10 data at ~2 AU, observed that the
magnetic cloud responsible for this event had its axis highly tilted from the ecliptic. Tsuru-
tani et al. (2003) also suggested that the IMF intensity, extrapolated back to the Earth from
its point of measurement by Pioneer 10, could have been as large as 80 nT or more.

Figure 9 shows the polarities of magnetic clouds with rotations (a) in the XZ plane,
as regular geoeffective magnetic clouds usually have, and (b) in the XY plane, as it could
have been the case for the 1972 event. Since the B, field of the 1972 cloud was observed
northward by Pioneer 10, the polarity of the cloud probably was as that depicted in Fig. 9
(counterclockwise). However, if the rotation of the cloud could have been in the opposite
direction (clockwise), the associated B, field would have been southward, which could have
produced an extreme storm at Earth.

Thus, if the 1972 event would have involved an ICME with its axis on the ecliptic or a
rotation of the cloud in the clockwise sense, the resulting storm at Earth would have been as
intense as the Carrington event or perhaps even more (because the ejecta speed was larger).

@ Springer



Interplanetary Origin of Intense, Superintense and Extreme 83

Fig. 8 Summary of the main Carrington Storm (September 1-2, 1859)
results obtained by Tsurutani
et al. (2003), using the
assumptions and information SUN Intense Flare/CME
published in the literature, as
described in the text. The
resulting magnetic fields are 17.5 hours (travel time)
shown. The given magnitudes are
peak values

(L1) Vi = 2400 km/s

Bgw = 0.05 Vg, — 120nT
B; = 0.7B— 80nT
Esw = 190 mV/m
Magnetopause Eg = 0.1 Eg, =20 mV/m

u

Convection E = 20 mV/m
Ring current intensity:
Peak Dst= 1 (0. E)
T measured by the Colaba magnetometer
a is a dimensional parameter
Dst= 1160 nT

Peak measured AH of Colaba = 1600 nT
(using 15 min averages)

Peak “Dst” = 1050 nT (using 1 hr average)

4.3 Solar Activity Dependence of Extreme Storms

Figure 10 shows the space era extreme storm intensities plotted with the sunspot number
against time. The recorded events occurred since solar cycle 9. Before that time there is little
useful data due to the lack of reliable measurements. In this figure, the height of the vertical
bars indicate the measured range of A H for the historical events, as listed on Table 4, or the
measured peak Dst for the events of the space era.

From Fig. 10 one can observe the following:

— There is at least one extreme event for almost every solar cycle, with the exceptions of
cycles 13 and 18. In 1958 there were 2 events (shown only as one event in this figure).
From the 13 extreme events of this figure, 9 events occurred around solar maximum or at
the early descending phase of the cycles, whereas 2 occurred during the ascending phase
and 2 at the late descending phase of the cycles. None occurred at solar minimum.

— There is a tendency for the intensity of the events to have been larger for most of the
historical events as compared with the intensity of the recent extreme events, although
this apparent tendency could be related to the fact that we have plotted only the range of
AH for the historical storms, whereas for the space era events the real Dst values were
given.

Hoyt and Schatten (1997) have studied the Gleissberg solar modulation of the sunspot
solar cycles, with a duration of 8 to 10 solar cycles between consecutive minima of the
modulation. These authors place the last two Gleissberg minima centered approximately
around 1900 and 2010, with the maxima centered approximately at 1840 and 1960. Hoyt
and Schatten (1997) also indicate the occurrence of secondary Gleissberg maxima during
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Fig. 9 Polarities of magnetic clouds, (a) for a cloud with a rotation in the X-Z plane, (b) for a cloud with a
rotation (counter clockwise) in the X-Y plane

solar cycles # 11 and # 21 for the last two Gleissberg cycles. The dotted lines in Fig. 10
illustrate the two Gleissberg modulations.

The Carrington extreme storm occurred in cycle # 10, right before the cycle with the
secondary maximum of the former Gleissberg cycle. It is interesting to note that the 1972
storm, which could have been as intense as the Carrington event, occurred on cycle # 20,
also one cycle before that with the secondary maximum of the last Gleissberg cycle. Further,
these cycles (# 10 and # 20) had similar peak amplitudes in their sunspot numbers (around
100), and two extreme storms with peak A H (Dst) values of < —500 nT occurring during
their previous cycles (# 9 and # 19).

5 Discussion

As shown in Table 1, the four main interplanetary structures that caused intense geomagnetic
storms during solar cycle 23 were those that have been previously discussed in the literature
(e.g. Tsurutani et al. 1995, 2006; Gonzalez et al. 1999) as being the most common sources
of intense storms, although these authors presented their results only for separate phases
(maximum or declining) of the solar cycle. Table 1 also shows that the two most common
structures driving intense storms for the full solar cycle were magnetic clouds and sheath
fields. These results are in agreement with those anticipated in the works by Gonzalez and
Tsurutani (1987) and Tsurutani et al. (1988). One can see in Fig. 1 that the four dominant
interplanetary structures driving intense storms during solar cycle 23 vary according to the
phase of the cycle, being magnetic clouds, then sheath fields, and then sheath fields fol-
lowed by a magnetic cloud for the rising phase; sheath fields, then sheath fields followed by
a magnetic cloud and then magnetic clouds for the maximum phase; and magnetic clouds,
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Fig. 10 Solar cycle distribution of the historical and space era extreme storms, with the bar heights indicating
the observed A H or Dst intensity incursions. The dotted lines join the years of maximum and minimum of
the last two Gleissberg cycles of solar activity. The dashed vertical line indicates the failed Carrington-type
storm of August 1972

then CIRs and then sheath fields for the declining phase. Figure 1 also shows that magnetic
clouds are the top dominant structures, both for the rising as for the declining phases, to
drive intense storms, whereas sheath fields are the dominant structures during solar maxi-
mum. Since intense sheath fields are associated with intense shocks, this latter result is in
agreement with the expected intensification of the occurrence of CMEs during solar maxi-
mum (e.g. Gonzalez et al. 1999). During the declining phase, another important and abun-
dant interplanetary structure driving intense storms are CIRs, as expected from the larger
presence of the associated high speed streams during this phase of the solar cycle (Tsurutani
et al. 2006). However, such structures are less geoeffective, leading to storms with peak Dst
values > —150 nT. Figure 1 also shows that CIRs have only a minor contribution during the
rising and maximum phases.

The yearly distribution of intense storms for solar cycle 23, as seen in the histograms
of peak Dst values of Fig. 3, shows the expected dual-peak distribution (Gonzalez et al.
1990a), with the first peak appearing at solar maximum and the second peak in the early
part of the declining phase. From the information obtained in Fig. 1, the first peak could be
associated with sheath fields as the main driving structures, while magnetic clouds appear
to be the main responsible structures for the second peak.

Echer et al. (2008a) have found that all intense storms studied for solar cycle 23 were
caused by IMF B; fields. Both linear correlation and multiple linear correlation showed
much higher dependence of Dst on B,(E,) than on other interplanetary parameters. These
results indicate that the possibility that intense storms are caused by intense solar wind
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pressure (shocks), high speed streams, or IMF B, with B, north conditions, is small or
nonexistent. Thus, magnetic reconnection due to intense southward IMFs is the dominant
mechanism (Gonzalez et al. 1994). Echer et al. (2008b) also tested the empirical interplane-
tary criteria of long duration (23 h) B; 2 10 nT or E, 2 5 mV/m, leading to intense storms
(Gonzalez and Tsurutani 1987). They found that more than 70% of the studied storms satis-
fied these criteria.

For four out of the five extreme storms of the space era, we unfortunately can not study
their associated geoeffective interplanetary structures because of lack of data. For the three
events of 1957 and 1958 there were no interplanetary monitors yet, and for the March 1989
event no solar wind data was recorded due to the strong saturation of the instruments. Only
the extreme storm of November 2003 had solar wind data (Fig. 5b), showing a magnetic
cloud as the interplanetary structure responsible for the storm development. Such a mag-
netic cloud had its axis normal to the ecliptic, as in the 1972 event, with the polarity of the
cloud having a clockwise rotation, thus producing an intense southward B, field, opposite
to what occurred in the 1972 event. This reinforces the considerations made above about
the 1972 event, as being a failed Carrington-type storm. In the November 2003 event the
cloud speed had peak values of only 800 km/s, whereas the 1972 cloud speed attained val-
ues of ~2800 km/s. Considering the B—V relationship studied by Gonzalez et al. (1998) for
magnetic clouds, this difference in the cloud speeds between the 2003 and the 1972 extreme
storms could imply in a peak Dst storm of ~ —1400 nT for the 1972 event, since the storm
of 2003 reached a peak Dst value of only —400 nT. Thus, if the magnetic cloud of the 1972
event would have carried a polarity with a clockwise rotation, the ensuing extreme storm
could have been even more intense than the Carrington storm (that apparently reached a
peak Dst value of only —1100 nT).

The solar and seasonal distributions of superintense storms displayed in Figs. 5b and 5c
show similar results as those obtained before for intense storms, namely that they have
a dual-type distribution in the solar cycle, one at solar maximum and the second at the
descending phase of the cycle (Gonzalez et al. 1990a), and a seasonal distribution showing
the equinoctial peaks and an additional peak in July (Clda de Gonzalez et al. 2001).

The average peak values of the solar wind parameters involved in the superintense storms,
as shown in Table 3, indicate the presence of fairly large values of the solar wind speed,
density and dynamic pressure, of the IMF intensity and of the By field. These large val-
ues certainly indicate that the reconnection process at the magnetopause also becomes
very intense, leading into large values of the convection electric field and of the con-
sequent large energization of the ring current (Gonzalez et al. 1994). Intensities of the
ring current (Dst) as large as —1000 nT, as in the Carrington event, can be expected
from theory (Vasyliunas 2010). Also, the ring current intensity does not seem to saturate
with large values of the solar wind parameters (speed and By), although the polar cap
electric potential seems to do so (e.g. Hairston et al. 2003, 2005; Shepherd et al. 2002;
Lopez et al. 2009).

From the considerations made on the 1972 intense storm, we learn that magnetic clouds
accompanying very fast ejecta can lead to the occurrence of extreme events depending on the
polarity of the cloud. If the axis of the cloud is in the ecliptic the chances to have an extreme
storm are large, whereas if the axis is more transverse to the ecliptic, as in the 1972 case,
an extreme event can be expected only when the polarity of rotation of the cloud is such
that a large B, field is produced. For the 1972 case, the polarity was counter-clockwise,
thus producing a large northward B, field. If the polarity would have been clockwise, a
large southward B, field could have existed, thus leading to the development of an extreme
storm. This polarity may depend on some solar cycle features that are worth investigating.
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For clouds with the axis on the ecliptic, such a polarity could depend on the polar magnetic
polarity of the Sun which alternate from cycle to cycle. For these the difference in polarity
only leads to a different sequence of north-south B, or south-north B, in the approaching
cloud, leading to some differences in the magnetospheric response and in the intensity of
the developing storm (Gonzalez et al. 1990b).

If the 1972 event would have involved a magnetic cloud with an appropriate polarity, the
consequential storm would have been an extreme event, with an intensity as large as that
of the Carrington storm or perhaps even larger. We were lucky, since the ground electric
technology present in 1972 was certainly much more vulnerable than that of 1859. It is
known that in 1859, the very intense ionospheric currents at middle latitudes produced very
intense geomagnetic induction currents that burned many telegraph systems in Europe and
in the US (e.g. Loomis 1891; Kappenman 2006). The dashed vertical line in Fig. 10 indicates
the failed Carrington-type storm of August 1972.

If the considerations mentioned in Sect. 4 with respect to the possible occurrence of
Carrington-type storms is reasonable, by comparing the time of occurrence of the Carrington
storm and of the failed extreme storm of 1972 with respect to the Gleissberg cycle of solar
activity, one could suggest that extreme events of that intensity can be expected to occur
once in a century, with a tendency to appear before and close to the secondary maximum of
the descending phase of the Gleissberg cycle. Thus, according to this reasoning, and since
we are presently at a minimum of a Gleissberg cycle, we may still be at nearly six solar
cycles distant from the next possible Carrington-type storm.

One final comment refers to the abnormally extended minimum of the last solar cycle.
From Fig. 10 one can notice that this minimum coincides with a Gleissberg minimum (Hoyt
and Schatten 1997). This combination could explain in part this abnormality and also the
probable low peak sunspot number expected for coming years.
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