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Abstract

We revisit previous studies in which the characteristics of the solar and interplanetary sources of intense geomagnetic storms have
been discussed. In this particular analysis, using the Dst time series, we consider the very intense geomagnetic storms that occurred
during Solar Cycle 23 by setting a value of Dsty;, < —200 nT as threshold. After carefully examining the set of available solar and
in situ observations from instruments aboard the Solar and Heliospheric Observatory (SOHO) and the Advanced Composition
Explorer (ACE), complemented with data from the ground, we have identified and characterized the solar and interplanetary sources
of each storm. That is to say, we determine the time, angular width, plane-of-the-sky, lateral expansion, and radial velocities of the
source coronal mass ejection (CME), the type and heliographic location of the CME solar source region (including the characteristics
of the sunspot groups), and the time duration of the associated flare. After this, we investigate the overall characteristics of the inter-
planetary (IP) main-phase storm driver, including the time arrival of the shock/disturbance at 1 AU, the type of associated IP struc-
ture/ejecta, the origin of a prolonged and enhanced southward component (B,) of the IP field, and other characteristics related to the
energy injected into the magnetosphere during the storm (i.e. the solar wind maximum convected electric field, £,). The analyzed set
consists of 20 events, some of these are complex and present two or more Dst minima that are, in general, due to consecutive solar
events. The 20 storms are distributed along Solar Cycle 23 (which is a double-peak cycle) in such a way that 15% occurs during the
rising phase of the cycle, 45% during both cycle maxima, and, surprisingly, 40% during the cycle descending phase. This latter set
includes half of the superstorms and the only cycle extreme event. 85% of the storms are associated to full halo CMEs and 10%
to partial halo events. One of the storms occurred at the time contact with SOHO was lost. The CME solar sources of all analyzed
storms, but one, are active regions (ARs). The source of the remaining CME is a bipolar low-field region where a long and curved
filament erupts. The ARs where the CMEs originate show, in general, high magnetic complexity; J spots are present in 74% of the
ARs, 10% are formed by several bipolar sunspot groups, and only 16% present a single bipolar sunspot group. All CMEs are asso-
ciated to long duration events (LDEs), exceeding 3 h in all cases, with around 75% lasting more than 5 h. The associated flares are, in
general, intense events, classified as M or X in soft X-rays; only 3 of them fall in the C class, with the one happening in the bipolar
low field region hardly reaching the C level. We calculate the lateral expansion velocity for most of the CMEs. The values found
exceed in all cases but one the fast solar wind speed (=750 km s~ !). The average lateral expansion velocity is 2400 km s~!. The spatial
distribution of the solar CME sources on the solar disk shows an evident asymmetry; while there are no sources located more east-
ward than 12° in longitude, there are 7 events more westward than 12°. Nevertheless, the bulk of the solar sources are located near
Sun center, i.e. at less than 20° in longitude or latitude. Considering the IP structures responsible for a long and enhanced B;, we find
that 35% correspond to magnetic clouds (MCs) or ICME fields, 30% to sheath fields, and 30% to combined sheath and MC or ICME
fields. For only one storm the origin of By is related to the back compression of an ICME by a high speed stream coming from a
coronal hole in the neighborhood of the corresponding CME source region. We have also found that for this particular set of storms
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the linear relation between E, and the storm intensity holds (with a correlation coefficient of 0.73). These results complement and

extend those of other works in the literature.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Geomagnetic storms are characterized by a sudden
enhancement of the ring electric current circulating around
the Earth. This current is mainly transported by protons,
oxygen ions, and electrons (in the 10-200 keV energy
range) during their drift motion. The ring current is located
between 2 and 7 Earth radii (see Gonzalez et al., 1994, and
references therein). Due to the orientation of the Earth’s
magnetic field, when the interplanetary (IP) field reaches
the Earth’s bow shock with a southward orientation, a
reconnection process can take place. This process implies
the topological change of oppositely directed magnetic
structures that are pushed against each other and allows
for the mixing of the ensuing flows. As a result, energetic
particles coming from the Sun with the solar wind are free
to enter the magnetosphere and, after a period of storage,
some are injected into the ring current system. The ring
current induces a magnetic field, which opposes the dipolar
geomagnetic field at the Earth’s surface. The geomagnetic
disturbance storm time index, Dst, was introduced as a
measure of the ring current magnetic field and, therefore,
it can be used to quantify the strength of a geomagnetic
storm. The Dst index is calculated from measurements of
the horizontal component of the magnetic field recorded
at several low-latitude observatories (at ground level) and
represents the global horizontal component of the geomag-
netic field. Independently of their origin, the disturbances
to the geomagnetic field have been studied for more than
two centuries (e.g. von Humboldt, 1808; Chapman and
Bartels, 1940; Rostoker and Félthammar, 1967; Gonzalez
et al., 1994; Tsurutani et al., 1997).

It is now well established that major geomagnetic storms
are the consequence of a sequence of events that originate
in the Sun and result in a geoeffective solar wind flow near
Earth (see examples in Brueckner et al., 1998; Webb et al.,
2000; Dal Lago et al., 2004a; Gopalswamy et al., 2005;
Harra et al., 2007; Dasso et al., 2009; Rodriguez et al.,
2009; Chandra et al., 2010). Broadly speaking, the geoeffec-
tive solar wind disturbances can be separated in two types.
One of them is associated to IP coronal mass ejections
(ICMEs). ICMEs are the counterparts of CMEs in the IP
medium. The definition of an ICME is based on several cri-
teria depending on the author and, thus, there is some free-
dom in their characterization (see e.g. Gosling et al., 1973;
Borrini et al., 1982; Gosling et al., 1987, Wang et al., 2005;
Liu et al., 2005). However, within ICMEs a particular sub-
set, called magnetic clouds (MCs), fulfills more stringent

criteria such as: a smooth and large rotation of the mag-
netic field vector, a field intensity larger than the surround-
ing IP field, a low proton temperature, and a low proton
plasma f (rate of the proton to the magnetic pressure)
(Burlaga et al., 1981; Klein and Burlaga, 1982). The other
type of geoeffective solar wind disturbance is associated to
the fast solar wind coming from solar coronal holes; this
flow interact with the preceeding slow solar wind in zones
called corotating interaction regions (CIRs). Several recent
works have found that major geomagnetic storms may be
driven by either ICMEs/MCs or CIRs (see Echer et al.,
2008b, and references therein). However, regardless its
solar origin, the geoeffective solar wind flow should be
accompanied by a long period of enchanced southward
directed IP magnetic field (B,) to allow for an efficient
energy injection into the Earth’s magnetosphere and, thus,
a storm (Gonzalez et al., 1994). Such period of time can
occur at the front or back of an ICME, MC or CIR (see
Echer et al., 2008b, and references therein).

According to their Dst,;, value, major geomagnetic
storms can be classified as: intense, those for which
Dst,in < —100 nT (Gonzalez et al., 1994), super intense,
when Dst,,;, < —250 nT (Tsurutani et al., 1992; Gonzalez
et al., 2002; Echer et al., 2008a,b; Cid et al., 2008), or
extreme, events for which Dst,,;, < —400nT (Gonzalez
et al., 2011a). The latest are very uncommon, only five
extreme storms have been registered since 1957 (see Table
2 in Gonzalez et al., 2011b). During Solar Cycle 23, 11
events were classified as superstorms and only one qualified
as an extreme storm.

Solar Cycle 23 is unique in the sense that it is the first of
the space age during which the Sun has been imaged almost
continuously. The Large Angle and Spectrometric Corona-
graph (LASCO, Brueckner et al., 1995), on board the Solar
and Heliospheric Observatory (SOHO), has provided a
long-term set of observations of coronal mass ejections
(CMEs) for which several characteristic parameters have
been catalogued in a comprehensive data base (http://
cdaw.gsf.nasa.gov/CME _list/, Gopalswamy et al., 2009).
The combination of LASCO data with observations from
other SOHO instruments, such as the Extreme-ultraviolet
Imaging Telescope (EIT, Delaboudiniere et al., 1995) and
the Michelson Doppler Imager (MDI, Scherrer et al.,
1995), allows us to determine the solar CME source region
and its magnetic characteristics. In addition to this, the
plasma and magnetic field experiments on board the
Advanced Composition Explorer (ACE) and Wind give
the opportunity of full in situ data coverage in the same
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period of time. This combination of observations has moti-
vated various statistical studies concerning the solar and IP
origin of major storms for their obvious implications on
space weather prediction. In particular, we refer the reader
to the work by Zhang et al. (2007), and references therein,
for a statistical global analysis of solar and IP sources of
intense geomagnetic storms, as well as, to the comprehen-
sive paper by Echer et al. (2008b), and references therein,
for a statistical analysis of the IP origin of intense storms.
Due to the relevance of the subject and the difficulty of
establishing clear one to one associations between solar,
IP events, and geomagnetic storms, in this paper we revisit
in a systematic way previous statistical works by selecting
only the very intense storms (those for which Dsty;, <
—200 nT) that occurred during Solar Cycle 23. For each
storm we determine the time, angular width, plane-of-the-
sky, lateral expansion, and radial velocities of the source
CME, the type and heliographic location of the CME solar
source region (including the characteristics of sunspot
groups), and the time duration of the associated flare. After
this, we investigate the overall characteristics of the IP main-
phase storm driver including the time arrival of the shock/
disturbance at 1 AU, the type of associated IP structure/
ejecta, the origin of a prolonged and enhanced southward
component (By) of the IP field, and other characteristics
related to the energy injected into the magnetosphere during
the storm (i.e. the solar wind maximum convected electric
field, E,). Our analysis, thus, complements and extends
those of other works in the literature.

The outline of this paper is as follows: Section 2 presents
the geomagnetic data and the selection criteria, Section 3
refers to the solar sources associated to each geomagnetic
event and the methodology that allows us to relate these
phenomena, in Section 4 we identify and characterize the
IP source that triggers each storm. Finally, in Section 5,
we summarize and discuss the results of this work.

2. Geomagnetic data and selection criteria

We use the Dst final values from the World Data Center
for Geomagnetism (http://wdc.kugi.kyoto-u.ac.jp/dstdir/
index.html) to select the events in our set. The temporal
extension of Solar Cycle 23 was taken from October 1996
to December 2008 (see e.g. http://www.ips.gov.au/solar).
The hourly averaged Dst data are analyzed and plotted
to select storms for which Dst,;, < —200 nT. We found
19 cases that comply with our selection criterion and one
case for which Dst,;, = —197 nT. Taking into account that
the data are averaged over one hour, we have decided to
include this marginal case in our set. Table 1 shows all
the selected events. The columns in the table are the event
number, the date and time when Dst reached its minimum
value and the corresponding Dst,,;, value.

The development of a typical geomagnetic storm related
to an ICME and its shock can be described as follows: i) a
sudden storm commencement, characterized by a vigorous
Dst enhancement due to the compression of the magneto-

Table 1

Very intense geomagnetic storms during Solar Cycle 23.

# Date and time Dsty;, Dstpyin (nT)
1 04 May 1998-05:00 UT —205
2 25 Sep 1998-09:00 UT -207
3 22 Oct 1999-06:00 UT -237
4 06 Apr 2000-23:00 UT —287
5 16 Jul 2000-00:00 UT -301
6 12 Aug 2000-09:00 UT —235
7 17 Sep 2000-23:00 UT -201
8 31 Mar 2001-08:00 UT —387
9 31 Mar 2001-21:00 UT —284
10 11 Apr 2001-23:00 UT -271
11 06 Nov 2001-06:00 UT -292
12 24 Nov 2001-16:00 UT -221
13 30 Oct 2003-00:00 UT —353
14 30 Oct 2003-22:00 UT —383
15 20 Nov 2003-20:00 UT —422
16 27 Jul 2004-13:00 UT -197
17 08 Nov 2004-06:00 UT -373
18 10 Nov 2004-10:00 UT —289
19 15 May 2005-08:00 UT —263
20 24 Aug 2005-11:00 UT -216

sphere by the shock wave impinging on the Earth’s field,
ii) a main phase during which Dst decreases as a response
to the ring current increase, iii) a recovery phase that can
last up to several days, characterized by a decay of the ring
current due to a combination of different energy loss mech-
anisms (e.g. Fok et al., 1995). Several of the storms in our
set follow the previous description and display a single
minimum during their development; however, some have
more complex Dst profiles with several consecutive min-
ima. If during a period of strong solar activity we observe
multiple Dst values < —200 nT, we assign them to different
geomagnetic storms if we are able to identify both their
solar origin and the IP cause of By. This is the case for
events number 13 and 14 and 17 and 18 that are separated
in time by almost one day and more than two days, respec-
tively. Events 8 and 9 seem to consitute a two-step single
geomagnetic storm, as we will discuss in Section 4; how-
ever, we will keep them as separated events in this table.
During Solar Cycle 23, most of the storms showing these
characteristics occurred either during solar maximum or
during the “Halloween” time in October—November 2003
(see Gopalswamy et al., 2005, for a global description of
the extreme solar activity in this period).

Fig. 1 show, at the top, the distribution of the intensity of
the analyzed events and, at the bottom, their occurrence
rate per year. If we consider the classification discussed in
Section 1, we see that 60% of all the very intense storms
of Cycle 23 were super intense storms (or superstorms),
including an extreme event. More surprising is the distribu-
tion of these very intense storms along the solar cycle. Solar
Cycle 23 was a clearly double-peak cycle, with one maxi-
mum in 2000 and a second one in 2002 (see Fig. 1, bottom).
Fig. 1 (bottom) shows that 15% of the events occurred dur-
ing the cycle rising-phase. All these events are very intense
storms. During the first cycle maximum the number of very
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Fig. 1. Top: Histogram showing the distribution of Dst,,, for very intense
geomagnetic storms (in 50 nT bin sizes). Bottom: Storm occurrence rate
per year (vertical left-hand axis). The overlaid dotted line shows the
monthly averaged sunspot numbers, as indicated in the right-hand vertical
axis. In both figures, different shadings and hatchings correspond to Dsty;,
values separated in 50 nT ranges. The storm with Dst;, = 197 nT will be
included, from now on, in the set that ranges between-250 and-200 nT.

intense storms increased to 20%. During the second cycle
maximum it reached 25% with all of them, but one, being
superstorms. However, half of all superstorms (6), including
one extreme event, occurred during the cycle descending
phase.

3. The solar sources: CMEs and their origin at the Sun

To identify the solar source event and the region from
which it originates at Sun’s surface, we have proceeded
by tracking the possible solar candidate from Sun to Earth
and, in several ambiguous cases, back from Earth to Sun,
as we discussed below.

We have predominantly used observations from instru-
ments aboard SOHO. These data are available at the time
of 19 out of the 20 analyzed events; one of the events in our
list occurred when contact with SOHO was lost. During
Solar Cycle 23, CMEs have been mostly seen near the
Sun by LASCO C2 and C3 coronagraphs that cover the
range from &2 to 30 solar radii measured from Sun center.
We have extensively used LASCO data base at http://
cdaw.gsf.nasa.gov/CME _list/. The location and character-
istics of the event on the Sun are determined using mainly
EIT observations in the 195 A passband, which are the
ones in EIT data base with the largest temporal coverage.
We have also used data in other passbands, e.g. 171 A
and 304 A, in particular, the daily movies at http://
www.ias.u-psud.fr/eit/movies/. These data are comple-
mented with magnetic and white light observations from
MDI data base (http://soi.stanford.edu/data/), that we
use to characterize the degree of magnetic complexity of
the region. The class, both in soft X-rays (1-8 A) and Ho,
and duration of the flares associated to the CMEs are taken
from Solar Geophysical Data (SGD) reports or directly
from the Geostationary Operational Environmental Satel-
lites (GOES) data base, when we find some inconsistency in
the determination of the flare duration. We have also used
data from ground based observatories, in particular, Ho
observations from public data bases (e.g. http://bas-
$2000.0bspm.fr/home.php).

Our procedure to identify the solar source event is as fol-
lows. We first consider a time window between 24 h (transit
CME speed from Sun to Earth ~1800 kms™') and 120 h
(transit CME speed ~350 km s~ ') previous to the geomag-
netic event to select a candidate CME. This time window
roughly takes into account the range of plausible CME
speeds measured in coronagraph data. In order to decrease
the possible number of candidates, we first consider only
frontside full halo CMEs and, in a second step, partial halo
CMEs with a large “apparent” angular width
(AW = 150°). We do so because the source region of a
geoeffective solar event is expected to be close to disk cen-
ter. This implies a large angular width, attributed both to
projection effects and to a large intrisic width, indicating
that the CME is likely directed along the Sun-Earth line.
Nevertheless, there are exceptions to a central disk location
with extreme cases being launched at the limb or even in
the Sun’s back side (Zhang et al., 2003). We then use the
CME speed reported in LASCO catalogue by a second
order fitting to C2 and C3 observations to identify by for-
ward timing (from Sun to Earth) the possible solar source
candidate.

The previous discussed search does not provide, in gen-
eral, a one-to-one correspondence; more than one solar
CME can be linked to a particular geomagnetic storm.
Therefore, to further constrain our search, we estimate
the CME transit time (backward timing, from Earth to
Sun) using the solar wind radial velocity of the IP structure
identified as source of By (v, in Table 3, see Section 4). We
proceed in this way because, as indicated in several reviews
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Table 3

Interplanetary structures that gave rise to very intense geomagnetic storms during Solar Cycle 23.

# Shock/disturbance IP structure B, origin v, (km/s)
1 04 May 98-02:10 UT ICME sheath 780
2 24 Sep 98-23:15 UT ICME/MC sheath+MC 800
3 21 Oct 99-01:34 UT ICME back compression ICME 500
4 06 Apr 00-16:02 UT ICME sheath 680
5 15 Jul 00-14:18 UT ICME/MC MC 800
6 11 Aug 00-18:19 UT ICME/MC sheath+MC 650
7 17 Sep 00-17:00 UT?* ICME/MC MC 800
8 31 Mar 01-00:14 UT® ICME/MC? sheath+MC? 700
9 MC?

10 11 Apr 01-15:18 UT ICME/MC sheat+MC 750

11 05 Nov 01-16:30 UT* ICME sheath 400

12 24 Nov 01-05:30 UT ICME/MC sheath 900

13 29 Oct 03-06:00 UT ICME/MC MC 1500

14 30 Oct 03-16:10 UT ICME/MC sheath 1300

15 20 Nov 03-07:20 UT ICME/MC MC 720

16 26 Jul 04-20:00 UT ICME/MC sheath+MC 900

17 07 Nov 04-18:00 UT ICME/MC? MC? 720

18 09 Nov 04-18:20 UT ICME/MC sheath+MC 800

19 15 May 05-02:00 UT two MCs MC 900

20 24 Aug 05-05:30 UT ICME sheath 600

% The presence of a shock is not clear.

® See text for a discussion on the geoeffective IP structures for this two-step storm. When an interrogation mark is indicated by the letters MC, it means

that the cloud signatures are marginal.

that discuss the association between CMEs and ICMEs
(e.g. Démoulin, 2008), this velocity is closer to the transit
speed from Sun to Earth when considered as constant.
Since fast CMEs tend to decelerate when travelling in the
slower solar wind, this will give an upper estimate for the
transit time. For slow CMEs this method is not useful, as
initially slow CMEs may be accelerated by the ambient
solar wind. To these timings, we also add the consideration
of the CME solar source location given by the eruptive fea-
tures observed in EIT images, ie. flare brightenings, post-
flare arcades, or coronal dimmings (see Attrill et al.,
2006, and references therein). We favour sources located
close to disk center with respect to near-limb sources,
though, as mentioned before, this is not a severe constraint.
The combination of these procedures has allowed us to
associate a CME to a selected storm and even to each value
of Dstpin < —200nT, when two are found within a time
difference of around one day. We show an example of such
an association in Fig. 2. Our results show that 85% of the
storms in our set are associated to full halo CMEs and 10%
to partial halos with an AW > 200°. The remaining storm
occurred when contact with SOHO was lost.

Once the source CME and the location on the Sun from
which it originates are determined, we identify the AR, the
class (in soft X-rays and Ha) and duration of the associated
flare using SGD reports and GOES data, and the degree of
magnetic complexity of the AR using MDI data. The flare
duration is taken from the time of impulsive soft X-ray
increase to the time when the flux returns either to its
pre-flare level or another flare occurrs in a different or
the same AR, being clearly distinguishable from the
CME associated flare. All these characteristics are listed

in Table 2, in which: the first column corresponds to the
number of event as in Table 1, the second column gives
the AR NOAA number and its heliographic location, the
third column corresponds to the standard sunspot group
classification at the time of CME occurrence, the fourth
column gives the time of maximum soft X-ray flux for
the associated flare from which the X-ray classification is
derived (this is shown together with the Ha class in the fifth
column), the sixth column corresponds to the flare dura-
tion computed as already discussed, the seventh, eigth,
and ninth columns provide information from the LASCO
CME catalogue and show the time of first appearance in
C2, the CME type, and its velocity (second order fitting
to C2 and C3 data). We have also added the CME lateral
expansion and radial velocities that we determine as dis-
cussed in the next paragraph.

The CME speed projected on the plane-of-the-sky (v in
Table 2) does not represent the real CME earthward direc-
ted speed. In order to estimate the radial Sun-Earth speed,
v, we first calculate the CME lateral expansion velocity
(vexp) and apply the phenomenological relation found by
Dal Lago et al. (2003) to infer its value. The relation
between these velocities is vy, = 0.880,,,. The method to
compute the CME lateral expansion velocity for limb and
partial halo CME:s is described in Dal Lago et al. (2003),
while Dal Lago et al. (2004b) do it for full halo CMEs.
The v,y, values are listed in the tenth column of Table 2,
while its eleventh column shows those of v,,. Rows without
data in columns 10 and 11 indicate that there are not
enough data points in C2 and C3 fields of view for a reli-
able determination of v,,,. The average lateral expansion
velocity value is 2400 kms™'. In all cases, v, is much
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Fig. 2. GOES light curve in 1-8 A for the solar flares on 28 and 29 October 2003 (bottom) and the associated geomagnetic storms (top), events 13 and 14 in

Table 1.

higher than the projected plane-of-the-sky velocity,
indicating that CMEs can be much faster when leaving
the Sun and up to a distance equivalent to ~30 solar radii.
It is also evident, when v,, is compared to v, in Table 3,
that all fast CMEs are strongly decelerated during their
transit to 1 AU; while slow CMEs (see e.g. event number
3) are accelerated by the ambient solar wind, as previously
discussed.

The CME solar sources of all analyzed storms, but one,
are ARs. The source of the remaining CME is a bipolar low-
field region. A long and curved filament lies along the polar-
ity inversion line in this region and extends in the quiet Sun
(QS), between its trailing polarity and the leading polarity
of a nearby decayed region to the east. This filament erupts
on 17 October 1999 at around 23:20 UT and a partial halo
CME is seen in C2 on 18 October at 00:06 UT. The filament
is visible in Ho images from Paris Observatory in Meudon
on 17 October and has disappeared on the next day. A
C1.2 class flare is registered by GOES. The emission in soft
X-rays decays to class B after one hour, but the loops in the
region continue being bright in EUV until 4:00 UT on 18

October; it 1s the duration of this emission the one listed
in column 6 for this event. Even though this is the weakest
flare, it occurs in a spotless low intensity magnetic field
region, and the associated CME is the slowest, it produced
a very intense storm that reached a Dsty;, = —237 nT (see
also Dal Lago et al., 2004a).

The ARs where the CMEs originate show, in general,
high magnetic complexity; ¢ spots are present in 74% of
the cases, 10% are formed by several bipolar sunspot
groups, and only 16% present a single bipolar sunspot
group. All CMEs are associated to long duration events
(LDEs), exceeding 3 h in all cases, with around 75% lasting
more than 5 h. The associated flares are, in general, intense
events, classified as M or X in soft X-rays; only 3 of them
fall in the C class, with the one discussed in the previous
paragraph reaching only class C1.2.

Fig. 3 shows the spatial distribution of the CME source
regions on the solar disk. There is an evident asymmetry,
while there are no sources located more eastward than
12° in longitude, there are 7 events more westward than
12°. Despite this asymmetry, the bulk of the solar sources
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are located near Sun center, i.e. at less than 20° in longitude
or latitude.

4. The associated interplanetary medium events

Since storms are driven by the solar wind magnetic field
and plasma impinging on the Earth’s magnetosphere, we
use here in situ data from instruments aboard ACE to iden-
tify the IP structures responsible for each goemagnetic
storm. In particular, we have used plasma data from the
Solar Wind Electron Proton and Alpha Monitor (SWE-
PAM, McComas et al., 1998) and magnetic field data from
the Magnetic Fields Experiment (MAG, Smith et al., 1998).

Taking into account their magnetic and plasma signa-
tures, we are able to identify various types of structures
associated with the very intense geomagnetic storms of
Cycle 23. These structures include ICMEs, ICMEs contain-
ing a flux tube with MC properties, the sheath between the
CME driven shock and the ICME, and regions with clear
signatures of interaction between ICMEs and high speed
streams from coronal holes. Table 3 lists the results of this
association, the first column corresponds to the geomag-
netic event number, the second column to the arrival date
and time of the shock or disturbance at 1 AU, the third
column to the characteristics of the IP structure, the fourth
column indicates the origin of the prolonged and enhanced
By, and the fifth column lists the average radial solar wind
velocity (v,) during the storm main phase. If the IP

structure has ICME signatures and no MC characteristics
are present within it, we only indicate ICME in column 3,
if conversly MC characteristics are present we Wwrite
ICME/MC.

Fig. 4 illustrate the way we have proceeded in this iden-
tification. The plots correspond to the storm with
Dst,,;, = =263 nT on 15 May 2005 at 08:00 UT. From
top to bottom the figure shows, the IP magnetic field inten-
sity, the southward component of the IP field, the solar
wind radial velocity, the proton temperature and density,
the proton plasma f parameter, and the geomagnetic storm
profile. The presence of a MC is evident from these figures.
In fact, the detailed analysis by Dasso et al. (2009) shows
that two MCs, that interacted during their travel from
the Sun to 1 AU, are present between the second and third
vertical dashed-dotted lines. These two clouds are the result
of two consecutive eruptions of two portions of the AR
region filament that resulted in the longest LDE in the flare
list of Table 2. The time between the first and second ver-
tical dashed-dotted lines corresponds to the sheath
(between 15 May 02:11 UT and 05:42 UT). After the
sheath, a first cloud is observed between 15 May 05:42
UT and 10:20 UT; this structure is evident by the large
coherent rotation of B. that goes from south to north.
After this period there is a change in the rotation and dis-
continuity in the field. The period of time between 15 May
10:20 UT and 14:10 UT has the characteristics of a flux
rope back, defined by Dasso et al. (2006). Later, between
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Fig. 4. Interplanetary, geomagnetic, and solar data related to event number 19 in Table 1, Dst,,;, = —263 on 15 May 2005 at 08:00 UT. The figure shows,
from top to bottom, the IP magnetic field intensity, the southward component of the IP field in GSM coordinates, the solar wind radial velocity, the
proton temperature and density, the proton plasma f parameter, and the geomagnetic storm profile. The meaning of the vertical lines is explained in the
text. The three images at the bottom illustrate the location of the source AR (pointed with an arrow) in an MDI magnetogram, the EUV flare in EIT, and
the LASCO C2 field of view at 17:22 UT.

15 May 14:10 UT and 16 May 04:10 UT (last vertical line  description of the MCs and other IP structures can be
in Fig. 4) there is a second very extended structure in which ~ found in Dasso et al. (2009). It is clear from the figure that
the field rotates coherently, displays a low proton plasma f  the origin of B, and, therefore, the cause of the storm is the
and (except for a bump in the curve) a low proton temper-  first MC field. These two interacting MCs produced a
ature. These timings and a magnetic field model and  single-step storm as they started travelling together, with-



N.S. Szajko et al. | Advances in Space Research 51 (2013) 1842—-1856 1851

1.2 3 45
|

=

IIIIIIF§1 IIIIIIII Ly

00:00 08:00 16:00

00:00 08:00 16:00

Stort time: 30 Mor 2001 20:00 UT

MDI 28 Mar 2001 12:48 UT

EIT 195 A 28 Mar 2001 12:48 UT LASCO C2 28 Mar 2001 12:50 UT

Fig. 5. Same data as on Fig. 4 for event number 8 and 9 in Table 1. The meaning of the vertical lines is explained in the text. The three images at the
bottom illustrate the location of the source AR (pointed with an arrow) in an MDI magnetogram, the EUV flare in EIT (pointed with an arrow), and the

LASCO C2 field of view at 12:50 UT.

out merging (see the previous mentioned work and also
Bisi et al., 2010), preceeded by a single shock as shown in
Fig. 12 of Dasso et al. (2009).

In the case of events 8 and 9 from Table 1, we have two
solar flares and two associated CMEs, with the second one
being faster than the first one. This velocity difference
would imply that they encounter in their travel from Sun

to Earth, but probably still preserve their own characteris-
tics when arriving at 1 AU. Fig. 5 displays the same IP
parameters as Fig. 4. At around 00:15 UT on 31 March
2001, a fast increase of the IP magnetic field is evident.
Sheath fields with an average southward component of
the IP field (except for a short period of time) are present
after 02:24 UT, this time corresponds to the storm
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commencement and part of it main phase (for a detailed
analysis see Wang et al., 2003). After that and until the first
Dst,,.;, value, ICME fields are responsible for B,. Though a
clear smooth and long rotation of the field is seen until
around 12:31 UT, accompanied by a low proton plasma
p value, the proton temperature stays high; that is why,
we have added a question mark by the letters MC in Table
3, as one requesite for this structure to be a MC is missing.
A magnetic discontinuity is present at that time and the
proton plasma f increases, to decrease later. An enhanced
magnetic field is present after this discontinuity with a
southward component of the field starting at 14:01 UT
and until after the second Dst,,,, at around 21:00 UT.
Although the first shock sheath and ICME B field caused
the first deepest Dst,,;,, it is possible that a second ICME
may have interacted with the first one and played a role
in this event causing the second Dst,,;, during this two-step
storm. The IP magnetic field evolution shown in Fig. 4,
together with the Dst profile during this complex geomag-
netic storm, are fully compatible with those derived from
the numerical simulations of Xiong et al. (2009) (see also
Xiong et al., 2007) for the interaction of two ICMEs during
their transit from Sun to Earth.

Empirical studies of geomagnetic storms, in general,
have shown that their primary IP cause is the dawn-to-
dusk electric field associated to the passage of a southward
B, field (Gonzalez et al., 1994). To investigate this for the
set very intense storms during Solar Cycle 23, we study
the correlation between the maximum convected electric
field (E,) during the storm main phase and the Dst,,;, value.
The average solar wind radial velocity (v,), during the
storm main phase, has been used together with the B, peak
value to obtain an estimate of the maximum E, value for
each storm. Fig. 6 shows the corresponding scatter plot.
A linear relation with a correlation coefficient of 0.73
holds, indicating that, as for geomagnetic storms in gen-
eral, the physical mechanism behind the cause of very
intense ones seems to be associated to the dawn-to-dusk
electric field.

Considering the IP structures responsible for a long and
enhanced B,, from Table 3, we find that 35% corresponds
to magnetic clouds (MCs) or ICME fields, 30% to sheath
fields, and 30% to combined sheath and MC or ICME
fields. This latter type of storms shows a two-step develop-
ment of their main phase, being the first Dst,,; value
related to the B, sheath field, followed by a partial recovery
short period and a more intense Dst minimum related to
the MC or ICME B; field. However, see the description
of events 8 and 9 in the previous paragraph. Event number
3 is the only one for which the origin of Bj is related to the
back compression of an ICME by a high speed stream
coming from the coronal hole in the neighborhood of the
CME source region (see a detailed analysis in Dal Lago
et al., 2006). This is the storm whose solar origin is a weak
and spotless magnetic region. Compared to all our
examples, this event is peculiar both for its solar and IP
origin.
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Fig. 6. Correlation between Dst,,;,, and the maximum electric field
convected by the solar wind (E)).

5. Summary and discussion

We have analyzed the full set of very intense geomag-
netic storms that occurred during Solar Cycle 23 in search
of their solar and interplanetary origin.

Our results globally agree with those of previous statis-
tical works such as those by Zhang et al. (2007), and refer-
ences therein, and Echer et al. (2008b), and references
therein. However, there are some differences in the inter-
pretation of the origin of some of the events. In our anal-
ysis we have computed the expansion and radial
velocities of the source CME and several characteristics
of the CME source region and associated flare. We have
also profit from our own analysis of particular cases (Dal
Lago et al., 2004a; Dal Lago et al., 2006; Harra et al.,
2007; Dasso et al., 2009; Mandrini et al., 2007; Chandra
et al., 2010) to further constrain our results.

When we investigate the distribution of very intense
storms along Solar Cycle 23, which was double peaked,
we see that 15% of the events occurs during the cycle ris-
ing-phase. All these events are very intense storms. During
the first cycle maximum, the number of very intense storms
increases to 20%. During the second cycle maximum, it
reaches 25% with all of them, but one, being superstorms.
However, 40% of the very intense storms with half of all
superstorms (6), including one extreme event, occurs dur-
ing the cycle descending phase. These results, then, show
that the distribution of very intense storms, as that of
intense storms along the cycle (see Echer et al., 2008b;
Gonzalez et al., 2011b, and references therein) presents
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two peaks: one during cycle maximum and another one
during the descending phase. These results have been pre-
sented in a very recent paper by Gonzalez et al. (2011b)
(and references therein). These authors have put into his-
torical context all superstorms and extreme events of the
space era.

Being the conditions at the Sun the ultimate cause of
major geomagnetic disturbances, the question now arises
about the existence of those peaks. The presence of the first
peak is, in principle, related to the presence of a larger
number of ARs on the solar disk implying, then, a higher
probability for the occurrence of solar active events, a sub-
set of which will be geoeffective. However, the peak during
the descending phase may be related, not to the number of
ARs (as this is decreasing), but to other characteristics. For
Solar Cycle 23, the 6 superstorms (with one exteme event)
in this phase occur during 2003, 2004, and 2005. The asso-
ciated solar flares/CMEs in 2003 originated from the most
complex and intense field AR (AR10486) during the time
period of the famous “Halloween” events, and from the
only notorious complex region on the Sun (AR 10501) in
November, that was the return of the previous solar rota-
tion AR 10484 (see Mandrini et al., 2006; Mandrini
et al., 2007; Chandra et al., 2010, for an analysis and mod-
elling of the solar events and associated MC). The latter is
the source to the solar flare/CME producing the extreme
storm. The associated solar flares/CMEs in 2004 are all
related to the only highly magnetically complex AR
(AR10696) seen in November, that during one of the events
interacted via reconnection (accompanied by the formation
of transequatorial loops) with a decayed region in the
opposite solar hemisphere (AR10695) (see Harra et al.,
2007). The superstorm in 2005 is associated to the only very
intense field region on the Sun at that time, AR 10759.
Though this AR is bipolar, its complexity derives from
the emergence of several bipoles with the same field orien-
tation, which resulted in a very extended and curved mag-
netic inversion line (see Dasso et al., 2009, and Fig. 4).
Then, it seems that, though the number of ARs is decreas-
ing, this stage of the solar cycle is characterized by the pres-
ence of some very complex and intense field regions.
Furthermore, it is worth recalling the case AR 7978, called
the “the last best old-cycle region” by Hudson et al. (1998),
that by the end of Solar Cycle 22 was the only sizeble AR
on the solar disk during five solar rotations (July 1996-
November 1996). This AR produced 26 visible CMEs dur-
ing its lifetime (van Driel-Gesztelyi, 1998; Démoulin et al.,
2002; Mandrini et al., 2004). It is, then, worth investigating,
and we propose to do so, if this is also the case for all pre-
ceeding cycles for which magnetic field observations are
available. The results of such an analysis should set con-
straints on solar dynamo models.

All CME sources of the IP disturbances causing very
intense geomagnetic storms are either full halo CMEs or
partial halos with a large angular width as, in principle,
expected. The calculated average lateral expansion velocity
of the CMEs is ~2400 km s~'. In all cases, the derived

Sun-Earth line velocity is much higher than the projected
plane-of-the-sky speed. All the observed CMEs, but one,
are really fast events with radial velocities reaching
4000 km s~' with an average value of ~2200 km s~ '. It is
also evident from our analysis that all fast CMEs are
strongly decelerated during their transit to 1 AU, while slow
CMEs (see e.g. event number 3) are accelerated by the ambi-
ent solar wind.

The CME solar sources of all analyzed storms, but one,
are ARs. The ARs where the CMEs originate show, in gen-
eral, high magnetic complexity (see the discussion above); 0
spots are present in 74% of the cases, 10% are formed by
several bipolar sunspot groups, and only 16% present a sin-
gle bipolar sunspot group. This is not surprising as it is
well-known that ARs contaning ¢ spots display a high level
of activity (see Zirin and Liggett, 1987; Poisson et al.,
2011). Numerical simulations of magnetic flux emergence
(Linton et al., 1998; Fan et al., 1999; Fan, 2009) suggest
that ¢ spots could be the manifestation of the emergence
of magnetic flux tubes that have been deformed by the
development of a kink instability. Such a magnetic config-
uration is related to a high degree of magnetic twist. This
twist transfers from the field lines that form the main mag-
netic flux tube, representing the AR, to its axis; therefore,
such configurations imply a high magnetic free energy con-
tent. The source of only one CME is a low-field region
where a long and curved filament erupted. The consequent
CME has a propagation direction considerably out of the
Sun-Earth direction, it is the slowest, and its associated
flare is the less intense. However, this event produced a
very intense storm (Dsty, = —237nT). At the IP, the
ICME was compressed from behind by a high speed stream
coming form a near by coronal hole, clearly visible in the
Soft X-ray Telescope (SXT, Tsuneta et al., 1991) images
aboard the Yohkoh satellite (see http://ylstone.phys-
ics.montana.edu/ylegacy/). It is probably this compression
that makes the IP magnetic field raise in intensity (in par-
ticular, its southward directed component) at the back of
the ICME, thus, increasing its geoeffectivenes.

All CMEs are associated to LDEs, exceeding 3 h in all
cases, with around 75% lasting more than 5 h. The associ-
ated flares are, in general, intense events, classified as M or
X in soft X-rays; only 3 of them fall in the C class. LDEs
are strongly linked to classical two-ribbon flares, which
develop after filament eruptions (see Sheeley et al., 1983;
Webb and Hundhausen, 1987). The brightenings in these
flares are connected by flare loops, which represent field
lines reconnected in the current sheet formed in the wake
of the erupting filament. This ongoing reconnection pro-
cess lasts several hours and, therefore, it is not surprinsing
that all our events are associated to LDEs, which have a
strong link to CMEs (see also Feminella and Storini, 1997).

When we look for the location of the CME source
regions producing very intense storms, we find that 75%
are located at a distance smaller than half a solar radius
(see Fig. 3) (one flare/CME is not observed by SOHO). If
we separate this restricted set in Dst,,;, ranges, the ones
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in the ranges with lower absolute values have source
regions at larger distances from Sun center. In four of these
cases the AR is closer to the western limb, with two events
at a longitude <60°. As indicated previously by Wang et al.
(2002); Zhang et al. (2003); Zhao et al. (2006); and Zhang
et al. (2007) for different sets of analyzed data, there is a a
remarkable east-west assimetry in the geoeffective-CME
distribution. In a strict sense, our results show that there
are more western than eastern CMEs associated to very
intense storms since as shown by Cane et al. (2000) and
Wang et al. (2002) Earth-impacting CMEs are uniformly
distributed in longitude over the solar disk. The origin of
this assymetry has been discussed and modelled by Siscoe
et al. (2007). These auhtors showed that the effect of the
prevailing Parker spiral orientation of the field on the drap-
ing of the sheath around the ICME body could account for
the greater geoeffectiveness of west hemisphere CMEs com-
pared with east hemisphere CMEs.

Finally, considering the IP structures responsible for a
long and enhanced B,, we find that 35% are MCs or ICME
fields, 30% sheath fields, and 30% combined sheath and
MC or ICME fields. Therefore, for this particular set,
any of these structures is equally important. We have found
no storm originated by CIR fields, only one storm is related
to the compression of an ICME by a high speed stream
coming from a coronal hole. Strictly speaking, this is not
a CIR as it is not a region of interaction between the slow
and the fast solar wind. We have also found that the linear
relation between the maximum value of E, and the storm
intensity holds (with a correlation coefficient of 0.73). No
correlation is found with By or v,, separately and Dst;,.
More stringent criteria, as that propose by Gonzalez and
Tsurutani (1987), have been tested by Echer et al.
(2008Db), see also Ontiveros and Gonzalez-Esparza (2010).
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