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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 Dst min 6 �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 (Bs) 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, Ey). 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; d 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�1). The average lateral expansion velocity is 2400 km s�1. 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 Bs, 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 Bs 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 Ey 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. Intr oduction 

Geoma gneti c storms are charact erized by a su dden 
enhan cement of the ring electric current circul ating around 
the Earth. This current is mainly trans ported by pro tons, 
oxygen ions, and elect rons (in the 10–200 keV energy 
range) during their drift motion. The ring current is located 
betwe en 2 and 7 Earth rad ii (see Gonzal ez et al., 1994 , and 
refere nces therein ). Due to the orient ation of the Earth’s 
magnet ic field, when the interplanet ary (IP) field reaches 
the Ear th’s bow shock with a so uthward orientati on, a
reconn ection process can take place. This process impl ies 
the topologi cal ch ange of oppos itely direct ed magnet ic 
struc tures that are pushed agains t each other and allows 
for the mixin g of the ensuing flows. As a resul t, energet ic 
partic les coming from the Sun wi th the solar win d are free 
to en ter the magnet osphere and, after a period of stora ge, 
some are injec ted into the ring cu rrent system. The ring 
current induces a magnet ic field, whi ch oppos es the dipolar 
geomagnet ic field at the Ear th’s surface. The geo magnet ic 
distu rbance storm tim e index, Dst, was intro duced as a
measur e of the ring cu rrent magn etic field and, theref ore, 
it can be used to quantify the strength of a geo magnetic 
storm . The Dst ind ex is calcul ated from measur ements of 
the horizont al co mponent of the magn etic field recorded 
at severa l low -latitud e observat ories (at ground level ) and 
repres ents the global horizon tal comp onent of the geomag- 
netic field. Independ ently of their origin , the dist urbance s
to the geomagne tic field hav e been studi ed for more than 
two cen turies (e.g. von Humb oldt, 1808; Chapm an and 
Bartel s, 1940; Rost oker and Fa ¨ltham mar, 1967; Gonz alez 
et al., 1994; Ts urutani et al., 1997 ).

It is now well establ ished that major geomagnet ic storm s
are the conseq uence of a sequence of even ts that origin ate 
in the Sun and result in a geo effective solar wind flow ne ar 
Earth (see exampl es in Brueck ner et al., 1998; Webb et al., 
2000; Dal Lag o et al., 2004a; Gopals wamy et al., 20 05; 
Harr a et al., 2007; Dasso et al., 200 9; Rodri guez et al., 
2009; Chandr a et al., 2010 ). Broadly spea king, the geoeffec- 
tive so lar win d distu rbances can be sep arated in tw o types. 
One of them is associated to IP coronal mass ejections 
(ICMEs). ICM Es are the co unterpar ts of CMEs in the IP 
medium . The definition of an ICM E is based on severa l cri- 
teria de pending on the author an d, thus, there is some free- 
dom in their ch aracteriza tion (see e.g. Go sling et al., 1973; 
Borrini et al., 1982; Gosling et al., 1987; Wang et al., 2005; 
Liu et al., 2005 ). How ever, within ICMEs a pa rticular su b- 
set, called magnet ic clouds (MCs), fulfills more stringen t
criteri a such as: a smooth and large rotation of the mag- 
netic field vector, a field intens ity large r than the surround- 
ing IP field, a low proton tempe ratur e, and a low proton 
plasma b (rate of the pr oton to the magnet ic pressur e)
(Bur laga et al., 198 1; Klein and Bur laga, 1982 ). The other 
type of geoeffective solar wind disturban ce is associ ated to 
the fast solar win d co ming from solar co ronal holes; this 
flow interact with the preceedi ng slow solar wind in zones 
called corotat ing inter actio n regions (CIRs). Several recent 
works have found that major geomagnet ic storm s may be 
driven by either ICMEs /MCs or CIRs (see Eche r et al., 
2008b, an d references therein ). However, regardless its 
solar origi n, the geoeffective solar win d flow sho uld be 
accompani ed by a lon g period of enchanced southw ard 
directed IP magnet ic field (Bs) to allow for an efficient 
energy injec tion into the Ear th’s magn etospher e and, thu s, 
a storm (Gonzal ez 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 , an d refer ences therein).

Accord ing to their Dst min value, major geomagn etic 
storms can be class ified as: intens e, those for whi ch 
Dstmin 6 �100 nT (Gonzal ez et al., 1994 ), su per intense, 
when Dst mi n 6 �250 nT (Tsu rutani et al., 1992; Gonzal ez 
et al., 2002; Eche r et al., 2008a, b; Cid et al., 2008 ), or 
extreme, events for whi ch Dst mi n 6 �400 nT (Gonzal ez 
et al., 2011a ). The latest are very unc ommon, only five
extreme storm s have be en regis tered since 1957 (see Table 
2 in Gonzal ez et al., 2011b ). During Solar Cycle 23, 11 
events were classified as sup erstorms and only one qualified
as an extre me storm .

Solar Cycle 23 is unique in the sense that it is the first of 
the space age during whi ch the Sun has been imaged almost 
continuous ly. The Large Angle and Spe ctrometri c Corona -
graph (LASCO, Bru eckner et al., 1995 ), on boa rd the Solar 
and Heli ospheri c Observator y (SOHO), has pro vided a
long-term set of observat ions of coron al mass ejections 
(CMEs) for which severa l ch aracteris tic parame ters have 
been ca talogued in a co mprehens ive data base (http://
cdaw.gsf .nasa.go v/CME_l ist/, Gopals wamy et al., 2009 ).
The combination of LASC O data with observat ions from 
other SOHO inst rument s, such as the Ext reme-ult raviolet 
Imaging Tel escope (EIT, Delab oudinier e et al., 1995 ) an d
the Michel son Doppler Imager (MDI, Scherrer et al., 
1995), allows us to determ ine the solar CME source region 
and its magne tic ch aracteris tics. In addition to this , the 
plasma an d magnetic field experi ments on board the 
Advance d Com posit ion Explorer (ACE) and Wind give 
the oppor tunit y of full in situ data coverage in the same 



Table 1
Very intense geomagn etic storms during Solar Cycle 23. 

# Date and time Dst min Dstmin ðnTÞ
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
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period of time. This comb ination of observat ions has moti -
vated various stat istical studies co ncerning the solar an d IP 
origin of major storms for their obvious implicat ions on 
space weather predict ion. In parti cular, we refer the reader 
to the work by Zhang et al. (2007), and references therein, 
for a statistica l global analys is of solar and IP sources of 
intens e geomagnet ic storms, as wel l as, to the comprehen- 
sive paper by Eche r et al. (2008b), and refere nces therein, 
for a statist ical analys is of the IP origin of intense storm s. 
Due to the relevance of the subject and the difficulty of 
establis hing clear one to one associati ons betw een solar ,
IP events, and geomagnet ic storms, in this paper we revis it 
in a systemat ic way previous statistica l works by selec ting 
only the very intens e storms (those for whi ch Dst min 6

�200 nT) that oc curred during Solar Cycle 23. For each 
storm we determ ine the time, angular wid th, plane- of-the -
sky, lateral expan sion, an d radial velocitie s of the source 
CME, the type an d he liographic location of the CME solar 
source region (including the ch aracteris tics of sunspo t
groups), and the time dur ation of the associ ated flare. After 
this, we investiga te the overal l charact eristics of the IP main- 
phase storm dr iver includi ng the time arrival of the sho ck/ 
distu rbance at 1 AU, the type of associated IP structure/ 
ejecta, the or igin of a prolon ged and enhanced sou thward 
compon ent (Bs) of the IP field, an d other charact eristics 
related to the energy injec ted into the magnet osphere during 
the storm (i.e. the solar win d maximum convected electric 
field, Ey). Our ana lysis, thus, complem ents and extends 
those of other works in the lit erature. 

The outlin e of this paper is as follo ws: Se ction 2 presents
the geo magnetic data and the selection criteria, Section 3
refers to the solar sources associ ated to eac h geomagn etic 
event and the methodol ogy that allows us to relate these 
phen omena, in Secti on 4 we identi fy and ch aracterize the 
IP source that triggers each storm. Finall y, in Secti on 5,
we summ arize and discus s the resul ts of this work. 

2. Geom agnetic data and selection criteria 

We us e the Dst final values from the World Data Center 
for Geoma gnetism (http://wdc.kugi .kyoto- u.ac.jp/d stdir/ 
index. html) to selec t the events in our set. The tempor al 
extens ion of Solar Cycl e 23 was taken from Oct ober 1996 
to Decem ber 2008 (see e.g. http: //www.ips .gov. au/solar ).
The hourly average d Dst data are an alyzed and plott ed 
to selec t storm s for whi ch Dst min 6 �200 nT. We found 
19 cases that co mply with our selection crit erion and one 
case for whi ch Dst min ¼ �197 nT. Taki ng into accou nt that 
the data are average d over one hour, we ha ve decided to 
include this margin al case in our set. Table 1 shows all 
the selec ted events . The columns in the table are the even t
number, the date and time when Dst reach ed its minimum 
value and the corres pondin g Dst min value.

The develop ment of a typical geomagnet ic storm related 
to an ICM E and its shock can be descri bed as foll ows: i) a
sudden storm commenc ement, charact erize d by a vigorous 
Dst enh ancement due to the compres sion of the magn eto- 
sphere by the shock wave impin ging on the Earth’ s field,
ii) a main pha se dur ing whi ch Dst de creases as a response 
to the ring current increase, iii) a recover y pha se that ca n
last up to several days, ch aracterize d by a decay of the ring 
current due to a combinat ion of different en ergy loss mech- 
anisms (e.g. Fok et al., 1995 ). Several of the storms in our 
set foll ow the previous de scription an d displ ay a singl e
minimum during their de velopm ent; howeve r, some have 
more complex Dst profiles with severa l consecu tive min- 
ima. If dur ing a period of strong solar acti vity we observe 
multiple Dst values 6 �200 nT, we assi gn them to different
geomagnet ic storms if we are able to identify both their 
solar origin an d the IP cau se of Bs. This is the case for 
events number 13 and 14 and 17 and 18 that are separat ed 
in tim e by almos t one day and more than two days, respec- 
tively. Events 8 and 9 seem to con situte a two -step singl e
geomagnet ic storm , as we will discus s in Se ction 4; how- 
ever, we wi ll keep them as separat ed events in this table .
During Solar Cycle 23, most of the storms sho wing these 
characte ristics occurred eithe r dur ing solar maximu m or 
during the “Hallow een ” tim e in Octob er–November 2003 
(see Gopalswam y et al., 2005 , for a global descrip tion of 
the extre me solar ac tivity in this pe riod).

Fi g. 1 show, at the top, the dist ribution of the intensit y of 
the analyze d events and, at the bottom , their oc currence 
rate pe r year. If we con sider the classification discus sed in 
Section 1, we see that 60% of all the very intense storm s
of Cycl e 23 were super intens e storms (or superst orms),
includin g an ex treme event. More surprising is the distribu- 
tion of these very intense storms along the solar cycle. Solar 
Cycle 23 was a clearly doubl e-peak cyc le, with one maxi -
mum in 2000 an d a second one in 2002 (see Fig. 1, bottom ).
Fig. 1 (bottom) shows that 15% of the events occu rred dur- 
ing the cycle rising-phas e. All these events are very intens e
storms. During the first cycle maximum the number of very 



Fig. 1. Top: Histogram showin g the distribution of Dst min 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-han d vertical 
axis. In both figures, different shadings and hatchings correspo nd to Dst min

values separated in 50 nT ranges. The storm with Dst min ¼ 197 nT will be 
included, from now on, in the set that ranges between-250 and-200 nT. 
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intens e storm s increa sed to 20%. Durin g the secon d cycle 
maxi mum it reached 25% with all of them, but one, being 
superst orms. How ever, half of all sup erstorms (6), includi ng 
one extre me even t, occurred during the cycle descending 
phase.

3. The solar source s: CMEs and their origi n at the Sun 

To identify the solar so urce event an d the region from 
which it origi nates at Sun’ s surfa ce, we ha ve pro ceeded 
by trackin g the possibl e solar ca ndidate from Sun to Ear th 
and, in severa l amb iguous cases, ba ck from Earth to Sun, 
as we discussed below .
We have pr edominant ly used observat ions from instru- 
ments aboard SOHO. Thes e data are available at the time 
of 19 out of the 20 an alyzed events; one of the even ts in our 
list occurred when contact with SOHO was lost. Duri ng 
Solar Cycle 23, CMEs have been mo stly seen near the 
Sun by LASC O C2 an d C3 coronagra phs that cov er the 
range from �2 to 30 solar radii measured from Sun center. 
We ha ve extens ivel y used LASC O data ba se at http: // 
cdaw.gsf .nasa.go v/CME_l ist/. The locat ion and charact er- 
istics of the even t on the Sun are determ ined using mainly 
EIT observat ions in the 195 Å passband, whi ch are the 
ones in EIT data base with the largest tempor al coverage .
We have also used data in other passbands , e.g. 171 Å
and 304 Å, in particular , the daily movie s at http:/ /
www.ia s.u-psud .fr/eit/m ovies/. Thes e data are comple- 
mente d with magnet ic and white light obs ervations from 
MDI data base (http://soi.st anford. edu/da ta/), that we 
use to ch aracterize the de gree of magnet ic complex ity of 
the region. The class, both in soft X-rays (1-8 Å) and Ha,
and duratio n of the flares associa ted to the CMEs are taken 
from Solar Geop hysical Data (SGD) report s or directly 
from the Geost ationa ry Opera tional Enviro nmenta l Satel- 
lites (GOES) data ba se, when we find some inconsi stency in 
the determ ination of the flare dur ation. We have also used 
data from groun d based observat ories , in parti cular, Ha
observat ions from publ ic data bases (e.g. http: //bas- 
s2000.o bspm.fr/ho me.php).

Our procedu re to identify the solar source event is as fol- 
lows. We first consider a tim e windo w betw een 24 h (transit 
CME sp eed from Sun to Ear th �1800 km s�1) and 120 h
(transit CME speed �350 km s�1) pre vious to the geomag- 
netic event to selec t a cand idate CME. This time windo w
roughly takes into accoun t the range of plau sible CME 
speeds measur ed in co ronagraph data. In ord er to decreas e
the possible num ber of candidat es, we first consider only 
frontside full halo CMEs and, in a seco nd step, partial halo 
CMEs with a large “apparent” angular width 
ðAW P 150�Þ. We do so becau se the source region of a
geoeffective solar event is expecte d to be close to disk cen- 
ter. This implies a large angular width, attribut ed both to 
projection effects and to a large intrisic width, indicating 
that the CME is likel y directe d along the Sun-E arth line. 
Never theless, there are excepti ons to a centra l disk locat ion 
with extreme cases be ing laun ched at the limb or even in 
the Sun’ s back side (Zhang et al., 2003 ). We then use the 
CME speed report ed in LA SCO catal ogue by a second 
order fitting to C2 an d C3 observat ions to iden tify by for- 
ward timing (from Sun to Ear th) the possibl e solar source 
candidat e. 

The previous discus sed search doe s not pro vide, in gen- 
eral, a one-to-o ne corres ponden ce; more than one solar 
CME can be linked to a particu lar geomagn etic storm. 
Therefor e, to furth er con strain our search, we estimat e
the CME transit time (backward timing, from Earth to 
Sun) using the solar wi nd radial veloci ty of the IP structure 
identified as sou rce of Bs (vsr in Tabl e 3, see Section 4). We 
proceed in this way because, as indica ted in severa l revie ws 
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Table 3
Interplanet ary structures that gave rise to very intense geomagnetic storms during Solar Cycle 23. 

# Shock/dis turbance IP structure Bs origin vrs (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 compressio n 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 a ICME /MC MC 800 
8 31 Mar 01-00:14 UT b ICME /MC? sheath+MC ? 700 
9 MC? 

10 11 Apr 01-15:18 UT ICME /MC sheat+M C 750 
11 05 Nov 01-16:30 UT a 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 

a The presence of a shock is not clear. 
b See text for a discussion on the geoeffective IP structures for this two-step storm. When an interrogatio n mark is indicated by the letters MC, it means 

that the cloud signatures are marginal. 
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that discus s the associ ation betw een CMEs and ICM Es 
(e.g. De ´moulin, 2008 ), this ve locity is closer to the trans it 
speed from Sun to Ear th when co nsider ed as constant. 
Since fast CMEs tend to deceler ate when trave lling in the 
slower solar wind, this will give an upper estimat e for the 
trans it time. For slow CMEs this method is not useful , as 
initial ly slow CMEs may be accele rated by the ambient 
solar wind. To these tim ings, we also add the consider ation 
of the CME solar source locat ion given by the erup tive fea- 
tures observed in EIT images, i.e. flare bright enings, post- 
flare arcades , or coronal dimmings (see Attrill et al., 
2006, an d refer ences therein). We favour sources locat ed 
close to disk center with respect to near-lim b sources ,
though , as mentioned be fore, this is not a severe con straint. 
The combinat ion of these pro cedures has allow ed us to 
associ ate a CME to a selected storm and even to each value 
of Dst min 6 �200 nT, when two are found wi thin a time 
difference of aroun d one day. We sho w an examp le of such 
an associati on in Fi g. 2. Our results show that 85% of the 
storm s in our set are associ ated to full halo CME s and 10 %
to parti al halos with an AW P 200�. The remain ing storm 
occurred when contact with SOHO was lost. 

Once the source CME and the locat ion on the Sun from 
which it origi nates are determ ined, we identi fy the AR, the 
class (in soft X-rays and Ha) and dur ation of the associated 
flare using SG D report s and GOES data, and the degree of 
magnet ic complex ity of the AR using MDI da ta. The flare 
durati on is taken from the time of impulsive soft X-ray 
increa se to the time when the flux retur ns either to its 
pre-flare level or another flare occurrs in a different or 
the same AR, being clear ly dist inguish able from the 
CME associ ated flare. All these charact eristic s are listed 
in Table 2, in which : the first column co rresponds to the 
number of event as in Tabl e 1, the second column gives 
the AR NOA A num ber and its heliograp hic locat ion, the 
third column corres ponds to the standar d sunspo t grou p
classification at the time of CME occurrence , the fourt h
column gives the time of maxi mum soft X-ray flux for 
the associ ated flare from whi ch the X-r ay classification is 
derive d (this is shown toget her wi th the Ha class in the fifth
column), the sixth column corres ponds to the flare dura- 
tion computed as already discussed , the seventh , eigth, 
and ninth columns provide infor mation from the LA SCO 
CME catalo gue and show the time of first ap pearance in 
C2, the CME type, and its velocity (second order fitting 
to C2 and C3 data). We ha ve also added the CME late ral 
expansi on and radial velocitie s that we determ ine as dis- 
cussed in the ne xt paragra ph. 

The CME speed projected on the plane- of-the-s ky (v in
Table 2) doe s not represen t the real CME earthw ard direc- 
ted speed. In order to estimat e the radial Sun- Earth speed, 
vre, we first calculate the CME lateral expansi on velocity 
ðvexpÞ and apply the phe nomeno logical relation found by 
Dal Lag o et al. (2003) to infer its value. The relat ion 
between these veloci ties is vre ¼ 0:88vexp. The method to 
compute the CME late ral exp ansion velocity for lim b and 
partial halo CMEs is describ ed in Dal Lag o et al. (2003),
while Dal Lag o et al. (2004b) do it for full halo CMEs. 
The vexp values are listed in the tenth co lumn of Table 2,
while its elevent h co lumn shows those of vre. Row s 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 determinat ion of vexp. The ave rage late ral ex pansion 
velocity value is 2400 km s�1. In all cases, vre is much 



Fig. 2. GOES light curve in 1-8 Å for the solar flares on 28 and 29 October 2003 (bottom) and the associated geomagnetic storms (top), events 13 and 14 in 
Table 1.

1848 N.S. Szajko et al. / Advances in Space Research 51 (2013) 1842–1856
higher than the project ed plan e-of-the-sk y veloci ty, 
indica ting that CMEs can be much faster when leavi ng 
the Sun and up to a distan ce equival ent to �30 solar radii .
It is also evident , when vre is compared to vrs in Table 3,
that all fast CMEs are strongly deceler ated during their 
trans it to 1 AU; while slow CMEs (see e.g. event number 
3) are accele rated by the ambie nt solar wind, as previous ly 
discus sed. 

The CME solar sources of all an alyzed storm s, but one ,
are ARs. The source of the remai ning CME is a bipolar low -
field region. A long and curved filament lies along the polar- 
ity invers ion line in this region and extends in the quiet Sun 
(QS), be tween its traili ng pol arity an d the leading polari ty 
of a ne arby decayed region to the east. This filament erupts 
on 17 October 1999 at aroun d 23:20 UT and a pa rtial halo 
CME is seen in C2 on 18 Oct ober at 00:06 UT. The filament
is visib le in Ha imag es from Paris Obser vatory in Meu don 
on 17 Oct ober an d has disappea red on the next day. A
C1.2 class flare is register ed by GOES. The emission in soft 
X-rays deca ys to class B after one hour, but the loops in the 
region co ntinue being bright in EUV until 4:00 UT on 18 
October; it is the dur ation of this emis sion the one listed 
in column 6 for this event. Eve n thou gh this is the weakest 
flare, it oc curs in a spotl ess low intens ity magnet ic field
region, and the associ ated CME is the slowest , it prod uced 
a very intens e storm that reached a Dst min ¼ �237 nT (see
also Dal Lag o et al., 2004a ).

The ARs where the CMEs origin ate show, in gen eral, 
high magnet ic complex ity; d spots are present in 74% of 
the cases, 10% are form ed by severa l bipolar sunspot 
groups, an d only 16% present a single bipolar sunspot 
group. All CMEs are associated to lon g dur ation events 
(LDEs), excee ding 3 h in all cases, wi th around 75% lasting 
more than 5 h. The associated flares are, in general , intens e
events, class ified as M or X in soft X-rays; only 3 of them 
fall in the C class, with the one discus sed in the previous 
paragra ph reachi ng only class C1.2. 

Fi g. 3 shows the spati al distribut ion of the CME source 
regions on the solar disk. There is an evident asymm etry, 
while there are no sou rces locat ed more eastwar d than 
12� in longit ude, there are 7 events more wes tward than 
12�. Despi te this asymm etry, the bulk of the solar sources 



Fig. 3. Heliographi c distribu tion of source regions produc ing the CMEs that originate very intense storms during Solar Cycle 23 (R stands for the solar 
radius).
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are locat ed near Sun cen ter, i.e. at less than 20 � in lon gitude 
or latitude. 

4. The associ ated inte rplanetar y medi um events 

Since storms are driven by the so lar wind magnet ic field 
and plasma impi nging on the Earth’ s magnet osphere, we 
use here in situ data from inst rument s abo ard ACE to iden- 
tify the IP structures responsi ble for each go emagnetic 
storm . In parti cular, we ha ve used plasma data from the 
Solar Wind Electro n Pro ton and Alpha Monitor (SWE-
PAM, McCom as et al., 1998 ) an d magnet ic field data from 
the Magneti c Fields Experim ent (MAG, Smith et al., 1998 ).

Taking into account their magnet ic an d plasm a signa- 
tures , we are able to iden tify various types of struc tures 
associ ated with the very intens e geo magnet ic storms of 
Cycle 23. These structures include ICMEs, ICM Es contai n- 
ing a flux tube with MC pro perties, the sheath between the 
CME driven sho ck an d the ICM E, an d regions with clear 
signat ures of inter action betwee n ICM Es and high speed 
streams from coron al holes. Table 3 lists the resul ts of this 
associ ation, the first column corres ponds to the geo mag- 
netic event number, the second column to the arri val da te 
and time of the shock or dist urbance at 1 AU, the third 
column to the charact eristic s of the IP structure, the fourth 
column indica tes the origin of the pro longed and en hanced 
Bs, and the fifth co lumn lists the average radial so lar wi nd 
veloci ty ðvrsÞ dur ing the storm main phase. If the IP 
structure has ICM E signatu res and no MC ch aracteris tics 
are present within it, we only indica te ICME in column 3, 
if co nversly MC ch aracteris tics are presen t we write 
ICME/MC .

Fig. 4 illustrate the way we have proceeded in this iden- 
tification. The plots corres pond to the storm with 
Dstmin ¼ �263 nT on 15 May 2005 at 08:00 UT . From 
top to bottom the figure shows, the IP magnet ic field inten- 
sity, the southw ard compon ent of the IP field, the solar 
wind radial veloci ty, the proton tempe ratur e and density, 
the pro ton plasma b parame ter, and the geomagnet ic storm 
profile. The presence of a MC is evident from these figures. 
In fact, the detai led analys is by Dass o et al. (2009) sho ws 
that two MCs, that interacted dur ing their travel from 
the Sun to 1 AU, are present be tween the second and thir d
vertical dashed-dot ted lines . Thes e two clouds are the result 
of tw o co nsecutive erupti ons of tw o portion s of the AR 
region filament that resul ted in the longest LD E in the flare
list of Table 2. The time betw een the first and second ver- 
tical dashed-dot ted lines corresp onds to the sheath 
(between 15 May 02:11 UT and 05 :42 UT). After the 
sheath, a first cloud is obs erved betw een 15 May 05:42 
UT and 10:20 UT; this struc ture is evident by the large 
coherent rotat ion of Bz that go es from south to nor th. 
After this period there is a ch ange in the rotat ion an d dis- 
continui ty in the field. The period of time betwe en 15 May 
10:20 UT and 14:10 UT has the charact eristic s of a flux
rope back, defined by Dass o et al. (2006). Later, betw een 



Fig. 4. Interplanet ary, geomagn etic, and solar data related to event numbe r 19 in Table 1, Dst min ¼ �263 on 15 May 2005 at 08:00 UT. The figure shows, 
from top to bottom, the IP magnetic field intensity , the southward compo nent of the IP field in GSM coordinat es, the solar wind radial velocity, the 
proton temperature and density, the proton plasma b 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. 
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15 May 14:10 UT and 16 May 04:10 UT (last vertical line 
in Fig . 4) there is a secon d very extended struc ture in which 
the field rotates coherentl y, displ ays a low pr oton plasma b
and (except for a bump in the curve) a low pro ton tempe r- 
ature. Thes e timings and a magnet ic field model and 
description of the MCs and other IP struc tures ca n be 
found in Dass o et al. (2009). It is clear from the figure that 
the origin of Bs and, therefo re, the cause of the storm is the 
first MC field. Thes e two interactin g MCs pr oduced a
single-s tep storm as they star ted travelling together, with- 



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. 
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out merging (see the previous menti oned work an d also 
Bisi et al., 2010 ), precee ded by a single shock as shown in 
Fig. 12 of Dass o et al. (2009).

In the case of events 8 and 9 from Table 1, we have two 
solar flares an d two associ ated CME s, with the second one 
being faster than the first one. This velocity difference
woul d imply that they en counter in their trave l from Sun 
to Ear th, but probab ly still pr eserve their own charact eris- 
tics when arriving at 1 AU. Fi g. 5 displ ays the same IP 
parame ters as Fig. 4. At around 00:15 UT on 31 March 
2001, a fast increa se of the IP magnet ic field is eviden t. 
Sheath fields with an average southw ard compo nent of 
the IP field (except for a short pe riod of tim e) are present 
after 02:24 UT, this time corres ponds to the storm 



Fig. 6. Correlation between Dst min and the maximum electric field
convec ted by the solar wind (Ey).
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commenc ement and part of it main phase (for a detailed 
analys is see Wang et al., 2003 ). After that and until the first
Dstmi n value, ICME fields are responsi ble for Bs. Though a
clear smoot h and lon g rotation of the field is seen until 
around 12:31 UT , accomp anied by a low proton plasm a
b value, the proton tempe rature stays high ; that is why, 
we have added a questi on mark by the letters MC in Table
3, as one requ esite for this structure to be a MC is mis sing. 
A magnetic discont inuity is present at that time and the 
proton plasm a b increa ses, to decreas e later. An en hanced 
magnet ic field is present after this discon tinuity with a
southw ard componen t of the field star ting at 14:01 UT 
and until after the seco nd Dst min, at aroun d 21:00 UT. 
Althou gh the first shock sheath and ICM E Bs field caused 
the first deepest Dst min, it is possibl e that a second ICM E
may have interac ted wi th the first one and played a ro le 
in this event causing the secon d Dst min during this tw o-step 
storm. The IP magnet ic field ev olution shown in Fig. 4,
toget her with the Dst pro file during this complex geo mag- 
netic storm , are full y co mpatible with those derive d from 
the numeri cal sim ulations of Xiong et al. (2009) (see also 
Xiong et al., 2007 ) for the interac tion of tw o ICMEs during 
their trans it from Sun to Ear th. 

Empiric al studies of geomagnet ic storm s, in general ,
have shown that their primary IP cause is the dawn- to- 
dusk elect ric field associ ated to the passage of a southward 
Bs field (Gon zalez et al., 1994 ). To invest igate this for the 
set very intens e storms dur ing Solar Cycle 23, we study 
the correlati on between the maximum conv ected elect ric 
field (Ey) during the storm main phase an d the Dst mi n value.
The average so lar win d radial veloci ty ðvsrÞ, during the 
storm main pha se, has been used together with the Bs peak
value to obtain an estimate of the maxi mum Ey value for 
each storm. Fig. 6 sho ws the co rrespondi ng scatter plot. 
A linea r relation with a correla tion coefficient of 0.73 
holds, indica ting that, as for geo magnetic storm s in gen- 
eral, the phy sical mechani sm behind the cause of very 
intens e one s seems to be associ ated to the dawn-to- dusk 
electric field.

Conside ring the IP structures respo nsible for a long and 
enhan ced Bs, from Tabl e 3, we find that 35% corres ponds 
to magnet ic cloud s (MCs) or ICM E fields, 30% to sheath 
fields, and 30% to combined sheath an d MC or ICM E
fields. Thi s latt er type of storms shows a tw o-step dev elop- 
ment of their main phase, being the first Dst min value
related to the Bs shea th field, followe d by a pa rtial recover y
short pe riod an d a mo re intens e Dst minimum related to 
the MC or ICM E Bs field. How ever, see the description 
of events 8 and 9 in the previou s paragra ph. Eve nt number 
3 is the onl y one for which the or igin of Bs is related to the 
back compres sion of an ICME by a high speed stream 
coming from the coronal hole in the neighbo rhood of the 
CME source region (see a de tailed analys is in Dal Lago 
et al., 2006 ). This is the storm whose so lar origi n is a weak 
and spo tless magnet ic region. Comp ared to all our 
exampl es, this event is pecu liar both for its solar and IP 
origin .
5. Summ ary and discu ssion 

We ha ve analyze d the full set of very intense geomag- 
netic storm s that occu rred during Solar Cycle 23 in search 
of their solar an d inter planet ary origi n. 

Our resul ts global ly 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 refer ences 
therein. However, there are some differences in the inter- 
pretation of the origin of some of the ev ents. In our anal- 
ysis we ha ve computed the expansi on and radial 
velocitie s of the source CME and severa l cha racteris tics 
of the CME source region and associated flare. We have 
also profit from our own analys is of pa rticular cases (Dal
Lago et al., 2004 a; Dal Lag o et al., 2006; Harra et al., 
2007; Dasso et al., 2009; Man drini et al., 2007; Chandr a
et al., 2010 ) to furt her constrain our results. 

When we investiga te the dist ribution of very intens e
storms along Solar Cycle 23, whi ch was doubl e pe aked, 
we see that 15% of the events occurs during the cycle ris- 
ing-pha se. All these events are very intens e storm s. Duri ng 
the first cycle maxi mum, the numb er of very intense storms 
increases to 20%. Duri ng the second cycle maxi mum, it 
reaches 25% with all of them, but one, being superst orms. 
However, 40% of the very intens e storm s with ha lf of all 
supersto rms (6), includi ng one extre me eve nt, occurs dur- 
ing the cycle descend ing phase. Thes e results, then, show 
that the distribut ion of very intens e storms, as that of 
intense storm s along the cycle (see Eche r et al., 2008b; 
Gonzal ez et al., 201 1b , and refer ences therei n) present s
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two peaks: one during cycle maximu m and another one 
during the de scending pha se. Thes e resul ts ha ve been pre- 
sented in a very recent paper by Gon zalez et al. (2011b)
(and refer ences therein). These authors have put into his- 
torica l con text all sup erstorms and extre me events of the 
space era. 

Being the co nditions at the Sun the ultimat e cause of 
major geomagnet ic dist urbances, the que stion now arises 
abou t the exist ence of those peaks. The presence of the first
peak is, in princi ple, related to the presence of a larger 
numb er of ARs on the solar disk implying, then, a higher 
proba bility for the occ urrence of solar acti ve events , a su b- 
set of which will be geo effective. However, the peak during 
the descending pha se may be relat ed, not to the num ber of 
ARs (as this is decreas ing), but to other charact eristic s. For 
Solar Cycle 23, the 6 superst orms (with one ex teme event)
in this pha se occur during 2003, 2004, and 2005. The asso- 
ciated solar flares/CME s in 200 3 originated from the most 
complex and intens e field AR (AR10486) dur ing the time 
period of the famous “Hall oween ” events, and from the 
only notori ous complex region on the Sun (AR 10501) in 
Novem ber, that was the retur n of the previou s solar rota- 
tion AR 10484 (see Man drini et al., 20 06; Man drini 
et al., 2007; Chandr a et al., 2010 , for an an alysis and mo d- 
elling of the solar events and associ ated MC). The latter is 
the source to the solar flare/CME pro ducing the extreme 
storm . The associated solar flares/CMEs in 2004 are all 
related to the only highly magn etically complex AR 
(AR10696) seen in Novem be r, that during one of the events 
intera cted via recon nection (accompanied by the form ation 
of trans equatori al loops) wi th a de cayed region in the 
oppos ite solar he misphere (AR10695) (see Harr a et al., 
2007). The sup erstorm in 2005 is associated to the only ve ry 
intens e field region on the Sun at that tim e, AR 10759. 
Though this AR is bipolar , its co mplexity derive s from 
the emerg ence of severa l bipoles with the same field orien- 
tation , which resulted in a very ex tended and curved mag- 
netic invers ion 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 charact erize d by the pres- 
ence of some very co mplex and intens e field regions .
Furtherm ore, it is worth recal ling the case AR 79 78, called 
the “the last be st old-cy cle region ” by Hud son et al. (1998),
that by the end of Solar Cycle 22 was the only sizeble AR 
on the so lar disk during five solar rotations (July 1996–
Novem ber 199 6). This AR pro duced 26 visible CMEs dur -
ing its lifeti me (van Driel-Geszt elyi, 1998; De ´moulin et al., 
2002; Man drini et al., 2004 ). It is, then, worth investiga ting, 
and we propose to do so, if this is also the case for all pre- 
ceeding cycles for whi ch magnet ic field obs ervations are 
availa ble. The resul ts of such an analysis sho uld set con- 
straints on so lar dynamo models .

All CME sources of the IP dist urbances causing very 
intens e geomagnet ic storms are either full halo CMEs or 
partia l ha los wi th a large angular width as, in princi ple, 
expecte d. The calcul ated average lateral expan sion veloci ty 
of the CMEs is �2400 km s�1. In all cases, the de rived 
Sun-Eart h line velocity is much higher than the project ed 
plane- of-the-s ky speed . All the obs erved CMEs, but one, 
are really fast events wi th radial velocitie s reachi ng 
4000 km s�1 with an average value of �2200 km s�1. It is 
also evident from our analys is that all fast CMEs are 
strong ly deceler ated dur ing their trans it to 1 AU, whi le slow 
CMEs (see e.g. even t number 3) are accele rated by the ambi- 
ent solar wind. 

The CME solar sou rces of all analyze d storms, but one, 
are ARs. The ARs wher e the CMEs origin ate show, in gen- 
eral, high magnet ic complex ity (see the discus sion above); d
spots are present in 74% of the cases, 10% are form ed by 
severa l bipolar sunspot grou ps, and onl y 16% present a sin- 
gle bipolar sunspot group. Thi s is not surp rising as it is 
well-k nown that ARs contani ng d spots display a high level 
of activity (see Zirin and Liggett, 1987; Poisson et al., 
2011). Nu merical simu lations of magnet ic flux emerg ence 
(Lin ton et al., 1998; Fan et al., 1999; Fan, 2009 ) suggest 
that d spots co uld be the manife station of the emerg ence 
of magnet ic flux tubes that have be en deform ed by the 
developm ent of a kink instabil ity. Such a magnet ic config-
uration is relate d to a high degree of magnet ic twist . This 
twist trans fers from the field lines that form the main mag- 
netic flux tube, repres enting the AR , to its axis; therefore, 
such configurations impl y a high magnet ic free energy con- 
tent. The source of only one CME is a low-field region 
where a long and curved filament erupted. The co nsequent 
CME ha s a propagat ion direction con siderably out of the 
Sun-Eart h direct ion, it is the slowest , an d its associ ated 
flare is the less intens e. How ever, this even t prod uced a
very intens e storm ðDstmin ¼ �237 nT Þ. At the IP, the 
ICME was comp ressed from behind by a high speed stream 
coming form a near by coron al hol e, clear ly visible in the 
Soft X-r ay Telescope (SXT, Tsuneta et al., 1991 ) imag es 
aboard the Yohk oh satel lite (see http:// ylstone.phys -
ics.monta na.edu/ ylegacy/ ). It is probably this compres sion 
that makes the IP magne tic field rais e in intens ity (in par- 
ticular, its southward direct ed compon ent) at the back of 
the ICM E, thu s, increa sing its geoeffectivenes. 

All CMEs are associ ated to LDEs, exceeding 3 h in all 
cases, with around 75% lasting more than 5 h. The associ- 
ated flares are, in general , intens e events , classified as M or 
X in soft X-r ays; only 3 of them fall in the C class . LD Es 
are strong ly linked to classical two-rib bon flares, whi ch 
develop afte r filament eruptio ns (see Sheeley et al., 1983; 
Webb and Hundh ausen, 1987 ). The br ightenings in these 
flares are co nnected by flare loo ps, which repres ent field
lines reconnect ed in the cu rrent sheet form ed in the wake 
of the erupting filament. This ongo ing reconnect ion pro- 
cess lasts severa l hour s an d, theref ore, it is not su rprinsing 
that all our events are associated to LDE s, whi ch have a
strong link to CMEs (see also Feminel la and Storin i, 1997 ).

When we look for the locat ion of the CME source 
regions prod ucing very intense storm s, we find that 75% 
are located at a dist ance smal ler than half a solar radius 
(see Fig. 3) (one flare/CME is not observed by SOHO). If 
we separat e this restricted set in Dst min ranges, the ones 
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in the ran ges wi th low er ab solute values have source 
regions at larger dist ances from Sun center. In fou r of these 
cases the AR is closer to the western limb, with two ev ents 
at a longitu de 660�. As indica ted previou sly by Wang et al. 
(2002); Zhang et al. (2003); Zhao et al. (2006); and Zhang 
et al. (2007) for different sets of ana lyzed da ta, there is a a
remar kable east-w est assi metry in the geo effective-CME 
distribut ion. In a strict sense, our resul ts show that there 
are more western than easte rn CMEs associa ted to very 
intens e storm s since as shown by Cane et al. (2000) and 
Wang et al. (2002) Ear th-impact ing CMEs are unifor mly 
distribut ed in longitud e over the so lar disk. The origi n of 
this assym etry has be en discus sed and modell ed by Siscoe
et al. (2007). Thes e auhtors sho wed that the effect of the 
prevai ling Parker spiral orientati on of the field on the drap -
ing of the sheath around the ICM E body could account for 
the great er geoeffectiveness of west he misphere CMEs com- 
pared with east hemisp here CMEs. 

Finally, con sidering the IP struc tures responsi ble for a
long an d enh anced Bs, we find that 35% are MCs or ICM E
fields, 30% sheath fields, and 30% combined sheath and 
MC or ICM E fields. Therefor e, for this partic ular set, 
any of these structures is equ ally impor tant. We have found 
no storm originated by CIR fields, only one storm is related 
to the compres sion of an ICM E by a high speed stream 
coming from a coron al hole. Stri ctly speaking , this is not 
a CIR as it is not a region of inter action between the slow 
and the fast solar wind . We ha ve also fou nd that the linear 
relation be tween the maxi mum value of Ey and the storm 
intens ity holds (with a co rrelatio n coefficient of 0.73). No 
correl ation is found wi th Bs or vrs separat ely an d Dst min .
More stringent criteri a, as that propo se by Gon zalez and 
Tsurutani (1987), have be en tested by Echer et al. 
(2008b), see also Ontiveros and Gonzal ez-Espar za (2010).
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