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GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

Abstract.

Fast coronal mass ejections (CMEs), X-class flares, solar energetic parti-
cle (SEP) events, and interplanetary shocks were abundantly observed dur-
ing the episode of intense solar activity in late October and early Novem-
ber 2003. Most of the 80 CMEs originated from three active regions (NOAA
ARs 484, 486, and 488). We compare the statistical properties of these CMEs
with those of the general population of CMEs observed during cycle 23. We
find that (i) the 2003 October-November CMEs were fast and wide on the
average and hence were very energetic, (ii) nearly 20 percent of the ultra-
fast CMEs (speed > 2000 km s™!) of cycle 23 occurred during the October-
November interval, including the fastest CME of the study period (~2700
km s~ on 2003 November 4 at 19:54 UT), (iii) the rate of full-halo CMEs
was nearly four times the average rate during cycle 23, (iv) at least sixteen
shocks were observed near the Sun, while eight of them were intercepted by
spacecraft along the Sun-Earth line, (v) the CMEs were highly geoeffective:
the resulting geomagnetic storms were among the most intense of cycle 23,
(vi) the CMEs were associated with very large SEP events, including the largest
event of cycle 23. These extreme properties were commensurate with the size
and energy of the associated active regions. This study suggests that the speed
of CMEs may not be much higher than ~3000 km s~!, consistent with the
free energy available in active regions. An important practical implication
of such a speed limit is that the Sun-Earth travel times of CME-driven shocks
may not be less than ~0.5 day. Two of the shocks arrived at Earth in < 24
h, the first events in ~ 30 years and only the 14th and 15th documented cases

of such events since 1859.
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4 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS
1. Introduction

The violent solar eruptions occurring from 18 October to 8 November 2003 can be
considered as extreme events in terms of both their source properties at the Sun and
their heliospheric consequences. The eruptions were accompanied by intense solar flares
and coronal mass ejections (CMEs) of very high energy. The plasma, particle and elec-
tromagnetic consequences of these events were detected by various instruments located
throughout the heliosphere. Disturbances associated with two of the eruptions arrived at
Earth in less than a day, providing bench mark data for space weather purposes. Histori-
cally, there were only 13 documented eruptions, with < 1-day shock travel time to Earth
[Cliver et al., 1990a,b; Cliver and Svalgaard, 2004], including the 1859 September 1 event
corresponding to the first flare ever reported [Carrington, 1860; Hodgson, 1860]. The
purpose of this study is to obtain the statistical properties of the 2003 October-November
CMEs and compare them with those of the general population of CMEs observed during
solar cycle 23. This study also places these events in perspective of other large events.
We analyze the flares, CMEs, shocks, and SEPs, all of which were linked to the magnetic
free energy available in the underlying solar active regions. We also study the travel time
of the associated shocks to Earth and the intensity of the consequent geomagnetic storms.
We pay particular attention to the three fastest shocks of the study period that were
followed by interplanetary CMEs and marked the commencement of intense geomagnetic
storms. We finally examine the place of the 2003 October-November active regions among

other SEP-producing regions of solar cycle 23.
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GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS 5

2. Observations and Data Sources

The primary data set used in this study is the compilation of white-light CMEs at
the CDAW Data Center at NASA’s Goddard Space Flight Center (http://cdaw.gsfc.
nasa.gov/CME_list). This data base contains the measured properties of white light
CMEs observed by the Solar and Heliospheric Observatory (SOHO) mission’s Large angle
and Spectrometric Coronagraphs [LASCO, Brueckner et al., 1995]. The solar eruptions
originated primarily in three active regions (ARs) with NOAA numbers 484, 486, and
488. Information on the flares and the associated active regions were obtained from
the online Solar Geophysical Data (SGD). Shocks associated with solar eruptions are
inferred from type II radio bursts. Ground based observations of metric-wavelength type
IT bursts were collected from the SGD reports. Decameter-hectometric (DH) type II
bursts, which correspond to shocks in the interplanetary (IP) medium, were recorded
by the Radio and Plasma Wave [WAVES, Bougeret et al., 1995] experiment on board
the Wind spacecraft. Many of these shocks travel far into the heliosphere and some of
them are detected in situ by spacecraft [Skoug et al., 2004]. We used in situ shock data
from SOHO’s proton monitor ((http://umtof.umd.edu/pm/) and ACE spacecraft. The
interplanetary CMEs (ICMEs) that follow the shocks were also detected by the ACE
spacecraft. ICMEs cause large geomagnetic storms. The intensity of the geomagnetic
storms were obtained from the disturbance storm (Dst) index as listed at the World Data
Center in Kyoto (http://swdcdb.kugi.kyoto-u.ac.jp/dstdir/). The CMEs were also
associated with large solar energetic particle (SEP) events. Information on the SEP events

were gathered from the online SGD.
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6 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

3. Flares

We selected all the GOES C, M, and X-class flares from ARs 484, 486, and 488. Source
regions of all the X-class flares were listed in the SGD. A few M-class flares and a sizable
number of C-class flares reported in the SGD did not have source locations reported in the
SGD; by playing movies of EUV images obtained by SOHO’s Extreme-ultraviolet Imaging
Telescope (EIT), we were able to identify the heliographic locations of these flares. These
movies, with a typical cadence of ~12 min, show most of the eruptions either in direct
images or in running difference images. We also made use of the Solarsoft data archive
(http://wuw.lmsal.com/solarsoft/last_events/) to confirm flare locations. Figure
1 shows the source locations of the flares from the three active regions, the size of the
data point indicating the flare size (small, medium and large circles denoting C, M, and
X-class flares, respectively). The activity started on 2003 October 18 when AR 484 was
at the east limb and continued until 2003 November 08 when AR 486 was behind the west
limb. This interval is chosen to be our study period, which we refer to as the “Oct/Nov
03 period” and the events as the “Oct/Nov 03 events”. The flares from AR 484 were
observed between October 18 and 26. AR 486 was the most active of the three regions
and produced flares over the entire duration of its disk passage (October 22 to November
5) and beyond (as inferred from CMEs). AR 488 emerged during the study period and
produced its first flare on October 27 when it was at NO9E11. This region also produced
flares until it rotated behind the west limb on November 04. In all, there were 143 well-
defined flares from the three active regions (54 from AR 484; 60 from AR 486; 29 from AR

488). ARs 484 and 488 each produced two X-class flares whereas AR 486 produced seven
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GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS 7

X-class flares including the largest flare of the solar cycle on 2003 November 4 (GOES

X-ray class >X28).

4. CMEs

A total of 80 CMEs were observed during the study period, compared to the 143 flares
(GOES X-ray C-class and above) over the same period. Most of the CMEs originated from
the three active regions. The actual number of CMEs is expected to be larger because
some of the narrower CMEs erupting from close to the disk center are not likely to be
observed by the coronagraphs [see Gopalswamy et al., 2001a]. All the observed CMEs are
listed in Table 1 with date, time of first appearance in the LASCO field of view, speed
(V in km s7!), width (W in degrees), mass (M in g), and kinetic energy (KE in ergs)
in columns 2-7, respectively. The speed and width were measured in the sky plane, so
they are expected to be lower limits to the actual values. The speeds were obtained by
a straight-line fit to the height-time measurements and hence are average values within
the LASCO field of view (~ 2- 32 Rs). The onset time, GOES X-ray class, and the
heliographic location of the associated flares are listed in columns 8-10. The last column
lists the NOAA number of the associated active region. Completely backside CMEs are
indicated by ‘Backside’ in column 10. It was difficult to estimate the angle behind the limb
for these events. A subscript ‘b’ to the entries in column 10 denotes that the eruption
occurred behind the specified limb. For example ‘SE90b’ means the eruption occurred
behind the SE limb. The ‘-’ and ‘4’ signs after the NOAA number indicates that the
region was just behind the east and west limb, respectively.

As Table 1 shows, the largest number of CMEs (32) and the most energetic ones origi-

nated from AR 486. Figure 2 shows snapshots of several large CMEs from AR 486. One
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8 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

can see that the central position angles of the CMEs change from SE to SW because the
active region was located at a latitude of S15. For the two full halo CMEs of October 28
and 29, no position angle could be defined. However, the height-time measurements were
made along the position angle (PA) of the fastest feature (PA = 50° for the October 28
CME; PA = 190° for the October 29 CME). AR 484 produced ~20 CMEs, while AR 488
had only 2 CMEs identified. AR 488 was located very close to AR 486: <30° in latitude
and <20° in longitude. It is possible that both regions were involved in some CMEs. Nine
CMEs were completely backsided, so the associated active regions are unknown. For seven
other CMEs, the source was just behind the limb, but the associated active region could
not be identified. Whenever unambiguous, we have listed the associated active region for
the behind-the-limb CMEs. When we are less confident about an association, we have
added a ‘?” to the NOAA number or to the heliographic location. Four CMEs were traced
to other active regions: 2 from AR 483, one each from ARs 491 and 495.

The rapid production of flares and CMEs from the three regions is demonstrated by
histograms of recurrence times shown in Fig. 3. The recurrence times were obtained as
the difference between successive events. The average and median recurrence times are
also noted on the plots. The median recurrence time for flares was in the range 3.1-5.4
h, while it was much higher for CMEs (8.7 - 11.3 h). Note that flares and CMEs had
recurrence times <4 h in ARs 484 and 486.

The CME occurrence rate during the October-November interval represents a clear local
increase in the solar activity. Figure 4 shows the daily CME rate averaged over Carrington
rotation periods from 1996 to the end of 2003. The CME rate varied from about one every

other day during the solar minimum to ~6 per day during the solar maximum phases
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GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS 9

[Gopalswamy et al., 2003a,b]. Just before the start of the extreme events, the CME rate
had fallen to ~2.2 per day. During the storm period, the CME rate increased to ~3.7 per
day, representing an increase of ~68%. It must be pointed out that such local activity
maxima are not uncommon: A dozen such spikes can be seen in Fig. 4, corresponding
to the disk passage of some ARs with copious production of CMEs. There was an even

bigger spike in 2004 (not shown).

4.1. CME Speeds

The distribution of the Oct/Nov 03 CME speeds is shown in Fig. 5. For comparison, we
have also shown the distribution of speeds of all the CMEs observed from the beginning
of 1996 to the end of 2003 from Gopalswamy [2004a]. In the general population, there
were 8016 CMEs identified over the eight-year period, but it was possible to measure
the speeds of only 7586 CMEs [see Gopalswamy et al. 2003b, Yashiro et al. 2004 for
details]. While the range of speeds of the Oct/Nov 03 CMEs is similar to that of the
general population, the details are different. The average speed of the 2003 Oct/Nov
03 CMEs was 878 km s™', considerably larger than that of the general population (490
km s !). Seven of the 80 CMEs (or 9%) had speeds exceeding 2000 km s !, while only 25
of the general population (0.3%) were that fast. i.e., more than one-fourth of the superfast
events over cycle 23 occurred during the 3-week period of extreme events. Based on IP
type II burst association, Gopalswamy et al. [2001b] had designated CMEs with speeds
> 900 km s~ ! as fast CMEs. More than a third (29/80) of Oct/Nov 03 CMEs were fast

events, whereas only 7% of the general population had speeds > 900 km s™*.
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10 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

4.2. CME widths

The apparent angular widths of the of the Oct/Nov 03 CMEs are also shown in Fig. 5 in
comparison with those of the general population. The last bins of the width distributions
show the full-halo CMEs (apparent width = 360°). The full halo CMEs appear to sur-
round the occulting disk of the coronagraph [Howard et al., 1982]. Clearly, the Oct/Nov
03 CMEs contained a large fraction (12%) of full halo CMEs compared to the general
population (3%). Excluding CMEs wider than 120°, we found similar widths for the gen-
eral population (W = 47°) and the Oct/Nov 03 CMEs (W = 50°). If we consider only
wide CMEs (W > 60°), the Oct/Nov 03 population has a slightly larger fraction (48%)
compared to the general population (37%). Fast and wide CMEs constitute a special
population that has significant heliospheric consequences because they often drive shocks
(that accelerate electrons and ions) and produce geomagnetic storms [Gopalswamy et al.,
2003c]. The abundance of fast and wide CMEs during the Oct/Nov 03 period resulted in
a large number of type II radio bursts in the corona and IP medium (see section 5.1). The
mass of CMEs is proportional to their apparent width, which implies that the Oct/Nov

03 CMEs, on the average, were very energetic.

4.3. CME Mass and Kinetic Energy

We need to estimate the volume of a CME and the number of electrons contained in
it in order to determine its mass. Coronagraph observations can be used to get these
estimates if we make some assumptions on the line of sight depth of the CME and the
composition of the CME plasma (fully ionized hydrogen plasma with 10% helium, see,
e.g., Vourlidas et al., [2002]). Table 1 lists the masses of the 80 CMEs determined in this

way. Figure 6 compares the mass distribution of the Oct/Nov 03 CMEs (Fig.6a,b) with
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GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS 11

that of the general population (Fig. 6¢). Full halo CMEs were excluded from the general
population because the error in mass estimates for these CMEs is generally very large. We
also excluded those CMEs with less than 6 height-time measurements, because the mass
values generally change up to a height of ~ 8 Rs before reaching a constant value [ Vourlidas
et al., 2002; Gopalswamy, 2004a)]. We also excluded 14 CMEs with masses <10'® g from
the general population. The average mass for the general population (6.9x10 g) is lower
than those from pre-SOHO observations because SOHO/LASCO can detect a lot of weak
CMEs (mass < 10 g) owing to its high sensitivity and dynamic range [Gopalswamy
2004a]. Only 37 CMEs from the Oct/Nov 03 time period satisfied the criteria applied
to the general population. The mass distribution of the 37 CMEs is shown in Fig. 6c,
which has a median (average) value of 2.3x10% g (1.8x10% g). This is about 3.3 times
larger than the median mass of the general population. If we use all the 80 CMEs, the
median and average values did not change significantly. It must be pointed out that what
the mass we determined is the excess mass (the pre-event coronal background has been
subtracted), so the mass estimate is a lower limit. From the mass and speed, we obtained
the kinetic energy of the CMEs, also shown in the right hand columns of Fig. 6. The
average and median kinetic energies of the Oct/Nov 03 CMEs were nearly an order of
magnitude higher than the corresponding values for the general population.

From Table 1 we can see that 13 CMEs had kinetic energies exceeding 10%? erg: 10 from
AR 486 (CME #+# 14, 27, 38, 52-54, 64, 71, 77, 78), two from AR 484 (CME #41,#63)
and one from AR 488 (CME #66). The 2003 October 28 CME (#52) had the largest
kinetic energy (1.2x10% erg), while a backside CME (#63 on 2003 November 02 at 09:30

UT) from AR 484 had the second largest kinetic energy (9.3x10%? erg). The fastest CME
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12 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

of the study period, also from AR 486 (2003 November 4 at 19:54 UT) had comparable
kinetic energy (6.1x10%? erg). Thus, AR 486 stands out as the region producing the
largest number of energetic CMEs. We shall return to a discussion on the implication of

the high kinetic energies in section 7.

5. Shock associations

Solar radio bursts of type II are indicative of fast mode MHD shocks in the corona and
IP medium. This rare phenomenon involves several processes such as shock formation,
particle acceleration and radiation generation by nonthermal electrons. The radio emission
occurs as a result of plasma processes involving low energy (~10 keV) electrons accelerated
at the shock front. The close association of type II bursts and CMEs is thought to be
an indication that CMEs drive the shocks by virtue of their super-Alfvenic motion in
the corona and IP medium [Gopalswamy 2004b; Cliver et al., 2005] for a review]. Some
of these shocks survive to large distances in the heliosphere and are detected in situ by
spacecraft instruments. Shocks propagating even orthogonal to the Sun-Earth line can be
detected via their type II radio emission, so the number of shocks near the Sun is typically
larger than the number detected at Earth. In some cases, flanks of TP shocks driven by
limb CMEs are encountered at Earth. Table 2 compiles 19 shocks inferred from type II
radio bursts (metric or decameter-hectometric (DH)) and/or from in situ observations.
Most of these shocks were identified from the Proton Monitor on board SOHO. In addition
to the properties of associated CMEs such as speed (V) and width (W), information on
the associated flares is also given. Note that all the 11 X-class flares during the Oct/Nov
03 period are associated with one or other of the shock events in Table 2. Two CMEs in

Table 2 do not have an assigned number in Table 1 because they were not listed in the
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catalog. The CME on 2003 October 24 at 11:06 was very faint and was associated with a
C9.1 flare from N04W02. The 2003 October 25 event seems to have occurred immediately

after the previous event, so it was not possible to measure it.

5.1. Shocks near the Sun

Type II bursts at metric and DH wavelengths are indicative of shocks near the Sun
from 0.5 to a few Rs from the solar surface. Since the conditions for the formation of
shocks at metric wavelengths are less stringent [Gopalswamy et al. 2001a], metric type II
bursts are more abundant than the DH type II bursts. For the Oct/Nov 03 period, 17
metric type II bursts were reported by the SGD, 11 of which were associated with DH
type II bursts. This is a relatively high ratio (69%) compared to 36-38% for the 1996-
2002 period [Gopalswamy et al. 2004b; Cliver et al., 2004]. Two additional DH bursts
occurred without metric counterparts. One was a backside event and the other was a
CME interaction signature [Gopalswamy et al., 2001d] related to the 2003 November 4
CME. Only 12% (17/143) of the flares and 21% (17/80) of the CMEs were associated with
metric type II bursts. The association rate rapidly increased with flare size: 1% (1/87) of
C-class, 9% (3/45) of M-class and 91% (10/11) of the X-class flares were associated with
metric type II bursts. Interestingly, one of the X-class flares (2003 October 23) lacked
both metric and DH type II bursts. Another X-class flare on the same day (X5.4 flare at
08:49 UT) had a metric type II burst, but no DH type II burst. The DH type II bursts
indicate that the underlying shocks have left the outer corona and are likely to survive for
long distances. Six of the 12 DH type II bursts had associated emission from metric to
kilometric wavelengths; CMEs associated with these type II bursts are known to be the

most energetic.
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14 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

5.2. Shocks near Earth

Table 2 shows that all but one of the shocks detected in situ were associated with
X-class flares and type II bursts (metric and DH). The single exception was the shock
on October 24 at 14:47 UT, tentatively associated with a fast CME (#14 in Table 1)
originating from behind the east limb on October 21 at 03:54 UT from AR 486. It is
likely that the associated flare was occulted. However, there was another candidate fast
(1085 km s71) CME (#24) from AR 486 (S17E88) associated with an M9.9 flare. The
shock on October 26 at 07:49 UT was associated with an X5.4 flare, but had only a metric
type II burst. It must be pointed out that that the Wind spacecraft was located in the
tail region of Earth’s magnetosphere during the October period, so the background noise
was high, which prevented the detection of type II radio bursts below ~1 MHz. The
Sun-Earth shock travel times ranged from 18.9 h (associated with the October 28 CME
at 11:30 UT) to 82.7 h (associated with the October 23 CME at 08:24 UT). Three of the
shocks were associated with CMEs originating from close to the disk center [October 26
(17:54 UT), October 28 (11:30 UT) and October 29 (20:54 UT) all from AR 486]. At 1
AU, these shocks continued to be driven by the IP counterparts of CMEs [see Skoug et
al. 2004; Tokumaru et al. 2005].

The Dst indices of the geomagnetic storms that followed the shocks are also given in
Table 2. Shocks associated with CMEs originating far from the disk center did not result
in significant geomagnetic storms, because the associated IP CME does not reach Earth.
Any weak storms following these shocks are likely to be due to the sheath region. The two
shocks associated with CMEs originating from close to the disk center were followed by

intense geomagnetic storms with Dst = -363 nT on October 29 and -401 nT on October
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30. It must be noted that the two most intense storms were among the top 5 storms of
solar cycle 23. The largest storm of the cycle was on 2003 November 20 (Dst = -472 nT)
due to a CME from AR 501 on 2003 November 18. AR 501 was the return of AR 484.
The circumstances that enabled this CME to produce the largest storm of the cycle have

been reported elsewhere [Gopalswamy et al., 2005a).

5.3. Shock travel time comparison

We now compare the arrival times of the three shocks followed by ICMEs with those of
the historical events. Table 3 shows a list of shocks that had a Sun-Earth travel time (T)
<30 h, compiled from published literature [Cliver et al., 1990a,b; Cliver and Svalgaard,
2004; Hale, 1931; Newton, 1943]. This list is fairly exhaustive and were based on flare and
geomagnetic storm observations. The shock arrival time for the events from before the
space era is assumed to be the time of sudden commencement (SC) of geomagnetic storms.
Hale [1931] published a list of events for the period up to 1930. Newton [1943] extended
this list by adding events up to the beginning of 1942. Cliver et al. [1990a,b] considered
events in the period 1938-1989 that might be expected to have high flow velocities at
Earth. Cliver and Svalgaard [2004] considered fast-transit events (Sun-Earth travel time
<21.8 h) for the period 1859 - 2003. The SOHO mission started producing CME data
from the beginning of 1996. There were no fast-transit events during the SOHO epoch
other than the ones listed in Table 3 [Manoharan et al., 2004; Gopalswamy et al., 2004a).
We also searched in the catalog of shocks detected at L1 by the Proton Monitor of the
Charge, Element, and Isotope Analysis System (CELIAS) on board SOHO. We did not
find any shock with a Sun-Earth travel time < 30 h until March 2005. The 2000 July 14

eruption (the so-called Bastille Day 2000) event was considered in several papers [see e.g.,
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16 GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS

Lepping et al., 2001]. The Bastille Day shock had a Sun-Earth travel time of 27.8 h. The
2003 October 26 CME had a shock that is not strictly a fast-transit event (T = 31.8 h),
but is shown here because of it almost made the list. We did not have other data sources
to check for events with transit time in the range 22-30 h for the period 1989-1996. For
pre-SOHO events, the Sun-Earth travel times of the shocks were obtained as the time
elapsed since the flare onset (columns 2-3) to the storm sudden commencement (columns
6-7). The transit times of the SOHO-era shocks were obtained as the difference between
CME onset at 1 Rs and the shock arrival time at SOHO (located at the Sun-Earth L1
point). As the time difference between flare onset and CME onset is very small for the fast
CME events, we think this transit time is close to the actual transit time. The average
transit time of the events listed in coulmn 8 is ~22.95 h.

The heliographic coordinates of the solar eruption as obtained from the location of
the associated flare is given in cloumn 4 of Table 3. It is well known that the Earth-
impacting solar events typically originate from close (CMD <30°) to the disk center [see,
e. g., Newton, 1943; Cliver et al. 1990a], much before the discovery of CMEs. The
events listed in Table 3 generally follow this rule, except for the 1937 July 31 event,
originating from E67. The shock transit time for this event is among the highest (T
= 28.9 h), so it is possible that the nose speed of the eruption was even higher. We
have also listed (in column 5) the active region areas (in units of millionths of solar
hemisphere - msh) compiled from the published literature, when available or from the
online archives at the National Geophysical Data Center (NGDC) (ftp://ftp.ngdc.
noaa.gov/STP/SOLAR_DATA/SUNSPOT_REGIONS/). The active region areas generally large,

except for two events (#5, #6 in Table 3).
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GOPALSWAMY ET AL.: EXTREME SOLAR ERUPTIONS 17

All of the pre-SOHO historical events belong to an era preceding the discovery of white
light CMEs, so they cannot be directly compared with the Oct/Nov 03 events. However,
we can infer the CME speeds for these events based on the empirical shock arrival (ESA)
model [Gopalswamy et al., 2003d; 2004a]. The ESA model predicts the travel time of
CME-driven shocks taking the CME speed near the Sun as input. The model was an
extension of the empirical CME arrival model [Gopalswamy et al., 2001c] based on the
shock standoff distance from the driving CME, implied by gas dynamics. The ESA model

can be conveniently approximated by the functional form,
T =ab” + c¢;a = 151.002, b = 0.998625, c = 11.5981. (1)

Here T is the travel time from CME onset at the Sun to the shock arrival at 1 AU and
V is the average CME speed near the Sun (average speed within the coronagraphic field
of view). This model predicts a shock travel time of ~13.5 h to Earth for a CME leaving
the Sun center at a speed of 3000 km s !. A CME has to have a near-Sun speed of
~4300 km s~! for its shock to arrive at 1 AU in 12 h. An important implication is that
we always have a warning of at least 0.5 days for space weather effects if this model is
correct. Equation (1) is a good approximation to the ESA model for speeds exceeding
~400 km s~!. For smaller speeds, one has to use the actual model [Gopalswamy et al.,
2004a]. Column 9 of Table 3 gives the near-Sun CME speed (Vj,s) for the historical
events, as inferred from equation (1). Not surprisingly, all the inferred speeds exceed 1500
km s!, while the average speed of the historical events is ~1957 km s~*. Note that this
speed is larger than the average speed of CMEs associated with SEP events (1446 km s™!)
and with type II radio bursts with counterparts in all wavelength domains (1490 km s™!)

[Gopalswamy et al. 2005c].
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In Figure 8 we have plotted the ESA model for speeds exceeding 1000 km s~! because
we are considering very energetic events. The historical events are shown by the diamond
symbols. Remember that the historical events are located on the ESA model curve be-
cause the speeds were inferred from the curve itself. The SOHO events, shown by square
symbols, clearly overlap with the historical events. The SOHO data points were obtained
from independent measurements, so the agreement with the model is rather good. The
two halo CMEs from October 2003 clearly belong to the class of historical extreme events.
The 2003 October 28 event (T = 18.9 h) is very close to the Carrington event (T = 17.5
h) in terms of the shock travel time. There were only 4 other events with shorter transit
times: 1941 February 28 (T = 18.4 h), 1942 February 28 (T = 18.5 h), 1946 February 6
(T = 17.8 h), and 1972 August 4 (T = 14.5 h). One can infer a CME speed of ~2847
km s~! for the 1972 August 4 event (the fastest event in Table 3, with T = 14.6 h). The
2003 November 4 CME came very close to it (speed ~2670 km s~!). This was the fastest
CME during the Oct/Nov 03 period. The CME occurred very close to the limb, so the
measured speed is likely to be close to the true speed. Only the eastern flank of the shock
driven by this CME arrived at Earth after about 47 h, so the CME is not shown in Fig.
8. If it had been Earth-directed, the associated shock would have arrived in a matter of
~15 h. There were two occasions after the Oct/Nov 03 period, when the near-Sun CME
speed was higher: the 2004 November 10 CME at 02:26 (from N09W49) had a speed of
3387 km s, and the 2005 January 15 CME at 23:06 UT (from N15W05) had a speed
of ~2890 km s!. The Thermal Noise Receiver (TNR) of the WAVES experiment shows
a pressure pulse at ~05:30 UT and a weak shock at ~ 16:45 UT on 2004 November 11.

The shock transit time is >33 h. For the 2005 January 15 event, the shock arrived at 1
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AU at 07:15 UT on January 17 (T ~32 h). Thus, both of these CMEs did not result in

fast-transit shocks at 1 AU.

6. SEP association

Shocks associated with fast and wide CMEs are thought to be good accelerators of
electrons and ions [see, e.g., Gopalswamy et al., 2003c]. As described above, 18 type II
radio bursts were observed over a short interval of three weeks indicating the abundance
of strong shocks during the Oct/Nov 03 period. In order to see the SEP association of
these shocks, we have shown the GOES proton intensity plots for the period 2003 October
18 to November 9 in Fig. 9. One can see 6 large SEP events in the plot. By large SEP
event we mean peak intensity >10 pfu (1 pfu = 1 proton per (cm? s sr)) in the >10 MeV
channel. After two minor enhancements, the first large SEP event (intensity = 442 pfu)
occurred on October 26 in association with the 17:54 UT CME from AR 484. The two
large halos (October 28 at 11:30 UT and October 29 at 20:54 UT) from AR 486 resulted
in the next two large SEP events with intensities of 33600 and 3580 pfu, respectively.
There was a brief enhancement of SEP intensity (~30 pfu) in association with the 09:30
UT CME on November 2 (CME #63) from behind the limb. The intensity soon reached a
peak value of 1210 pfu during the second event on November 2 at 17:30 UT. The last large
SEP event (145 pfu) was in association with the November 4 CME at 19:54 UT, which
was from the west limb. The intensity declined slowly below the 10 pfu level on November
7 and continued to remain above the background level (0.1 pfu) until November 18, when
the return of AR 484 as AR501 started producing SEP-associated CMEs. Figure 9 also
shows that there were four intervals during which the SEP intensity in the >10 MeV

channel exceeded 1000 pfu, and all of them were associated with CMEs from AR 486.
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Table 4 lists all the events of solar cycle 23 that had > 10 MeV proton intensity exceeding
1000 pfu. There were no high-intensity events in years 1996, 1997 and 1999. Note that
all the events were from different active regions, except that all the 2003 events originate
in the single region. These three events were also ground level events (GLEs). In cycle
22, AR 5747 produced a similar set of three SEP events during 1989 October 19-23 [see,
e. g., Reeves et al., 1992], with the first event having an intensity (>40,000 pfu) higher
than that of the 2003 October 28 event. Another region, AR 5395 during March 1989
produced 11 X-class flares [see Feynman and Hundhausen, 1994] with the highest SEP

intensity (>43,000 pfu) recorded since 1976.

7. Active region energy

One of the important implications of the results presented in Fig. 8 is that the Sun-
Earth travel time of CME-driven shocks may not be less than 0.5 day. This result is not
only supported by the ESA model prediction, but also by the observations of historical
extreme events. The high sensitivity and uniform data coverage of SOHO/LASCO has
resulted in the detection of more than 8000 CMEs from the launch to the end of 2003. Of
these 8000 CMEs, only 25 had speeds exceeding 2000 km s~!. Even among the historical

1

events (Table 3), only 13 had inferred (or measured) speeds exceeding 2000 km s~ and

none of them exceeded 3000 km s~!.

This suggests that the maximum speed of CMEs
may not be too much higher than ~3000 km s~!. Since CMEs have to be powered by the
magnetic free energy built up in active regions, the CME speed limit implies an upper
bound to the maximum free energy extractable from the active regions. The free energy

in the magnetic fields needs to be estimated from the distribution of currents in the active

region corona [see, e. g., Metcalf et al. 1995]. For order of magnitude estimates, one can
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assume that the free energy is of the order of the energy in the potential field [MacKay
et al., 1987; Metcalf et al., 1995; Forbes 2000; Venkatakrishnan and Ravindra, 2003]. The
energy in the potential field depends on the size and magnetic field strength of the active
regions. A good measure of the size of the active region is its area reported in the SGD.

In Figure 10, we have shown the evolution of the areas of the three Oct/Nov 03 active
regions. The starting time is when the region first appeared at the east limb and was
tracked until it reached the west limb. Clearly AR 486 had the largest area peaking at
2610 msh and ranks number 1 in cycle 23. The peak values for ARs 484 and 488 were lower
(1750 msh), but still were within the top 10 active region areas of solar cycle 23, ranking
5th and 6th largest respectively. The second, third and fourth largest active regions were
AR 9393 (2240 msh on 2001 March 29), AR 9169 (2140 msh on 2000 September 20)
and AR 0069 (1960 msh on 2002 August 19). Figure 10 also shows two other smaller
active regions for comparison: (i) AR 9236 reached a peak value of only 630 msh on 2000
November 27, yet it produced a large number of energetic eruptions [Gopalswamy et al.
2005b]. (ii) AR 501 was the return of AR 484 and had a peak area of only 410 msh
on 2003 November 18. This region produced CMEs of moderate energy; one of them on
2003 November 18 produced the largest geomagnetic storm of cycle 23 [Gopalswamy et al.
2005a] due to the high inclination of the resulting magnetic cloud. These events provide a
cautionary reminder that large geomagnetic storms can originate from unimpressive active
regions or even outside of active regions [see also Dodson and Hedeman, 1964; Cliver and
Crooker, 1993; McAllister et al., 1996]. We also note that two of the historical events (#5
and #6 in Table 3) had small AR areas (142 and 110 msh). However, one cannot rule out

the possibility of misidentification of the associated flares in these cases.
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We now estimate the free energy available in the three active regions based on the
potential field extrapolation of the photospheric magnetic fields, obtained by SOHO’s
Michelson Doppler Imager (MDI), assuming that the total energy (free + potential) of
the active region magnetic fields is about twice the potential energy. Under this assump-
tion, the potential energy is a good indicator of the free energy available in the active
regions. However, recent calculations suggest that the total energy may be several times
the potential energy [Metcalf et al., 2004]. Nevertheless, the potential energy calculated
is a useful estimate to compare with the CME kinetic energy.

In Figure 11, we have plotted selected field lines obtained by potential field extrapolation
of the SOHO/MDI magnetograms. The potential field was calculated using a Green’s
Function method [Chiu and Hilton, 1977]. The MDI magnetograms were taken at 19:11
UT on October 23 for AR 484, 12:51 UT on October 29 for AR 486, and 22:24 UT
on October 30 for AR 488. The volume chosen for an estimate of the potential field
energy for each active region is a cube with a side of 300 arcsec. The base of the cube
is the area of the panels shown in Fig. 11. The MDI data were corrected by a rescaling
factor (factor=1.45) suggested by Berger and Lites [2003]. Table 5 shows representative
values of the energy of the potential field (Ep) from the three active regions, along with
the maximum CME kinetic energy (Max KE) and active region area. Unfortunately,
the CME energies and energies of the potential fields could not be estimated for the same
events. The main reason is the basic difficulty of making simultaneous mass and magnetic
field measurements for all the CMEs: It iseasy to measure the magnetic field of disk active
regions, but it is difficult to measure the mass of CMEs originating from disk regions; the

opposite is true for limb events. Nevertheless, these estimates should suffice for order of
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magnitude calculations because the potential energy in the field does not change rapidly.
The magnetic potential energies listed in Table 5 are larger than all the values compiled
by Venkatakrishnan and Ravindra [2003] for the period 1998-2002. Table 5 shows that the
CME kinetic energies reached a significant fraction of the energy of the potential fields (5
to 26% in Table 5). We note that AR 486 stands out as the one with the largest area,
containing the largest free energy. The dominance of CME kinetic energy over other forms
of energy released during a solar eruption has been reported in case studies [see e.g., Webb
et al. 1980; Emslie et al. 2004]. Emslie et al. [2004] estimated that the CME kinetic
energy in two SOHO CMEs (2002 April 21 and 2002 July 23) accounts for a substantial
fraction of the free energy, although they had to assume the free energy from a similar

active region.

7.1. Active Region Area, Flare Size and CME speed

In order to compare the areas of the Oct/Nov 03 active regions with those of the other
active regions of solar cycle 23, we selected all the regions that had at least one large SEP
event during their disk passage. These regions were listed in Gopalswamy et al. [2004c],
for the period 1996-2002. We added other large SEP events from 2003 to this list, which
resulted in 55 events with active region information (from the SGD). As noted before, the
time of the SEP event need not fall on the day the associated AR attained its maximum
area. It must be pointed out that the set of active regions we have chosen is based on
their ability to produce SEP events. The reason for this is that the associated CMEs are
expected to be fast and wide, similar to the Oct/Nov 03 CMEs. Fig. 12a shows the area

distribution of these active regions. Note that the Oct/Nov 03 active regions (AR 486
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and 484) belong to the high-area tail of this distribution. Some bins may have multiple
counts because the same region produced more than one large SEP event.

Figure 12b shows a scatterplot between the active region area and the size of the flare
produced in it. The flares considered are the ones associated with the 55 large SEP events
noted above. The X-ray flare size (measured as the peak X-ray intensity in the 1 - 8 A
band) is reasonably correlated with the active region area (correlation coefficient r= 0.64).
We also considered the relation between CME speeds (for the same 55 SEP events) and
the corresponding active region areas, but the correlation is much weaker (r = 0.37). It
is significant that the Oct/Nov 03 values for all the three quantities (active region area,
flare size and CME speed) occupy the top-right corner of the plots in Fig. 12(b,c). The
correlations also suggest that the AR size is a more important determinant of peak flare
size than of maximum CME speed. This is understandable because flare loops are confined
to the active region, while CMEs expand and occupy a much larger volume after eruption.

The regression line for the flare size (X) - active region area (A) is given by,

log X = —8.34 + 1.501og A. (2)

The CME speed (V') and A are related by,

logV = 2.54 + 0.22log A. (3)

These relations can be used to estimate the flare size of the historical events. For the
Carrington flare of 1859 September 1 [Carrington, 1860], the size of the sunspot group

was estimated by Hodgson [1860] as 128 arcsec. From this, the active region area can be
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estimated as ~2500 msh. A modern estimate of the sunspot area is 2300 msh [Newton,
1943]. Substituting this value into equation (2), we get a flare size of X5 for the Carrington
flare. From a consideration of the amplitude of the solar flare effect in the Kew/Greenwich
magnetograms, Cliver and Svalgaard [2004] conservatively concluded that the Carrington
flare was >X10 soft X-ray event. As for the CME, equation (3) gives a speed of ~ 1830
km s, which is about 22% lower than the speed (2356 km s™') inferred from the ESA
model (equation (1)). Given the weaker correlation of the CME speed with active region
area, this agreement is not unreasonable. On the other hand the 1972 August 4 eruption
originated from an active region with an area of only ~1100 msh, yet the associated shock
had a mere 14.5 h transit time. In cycle 23, AR 486 had the maximum area as of this
writing. However, AR areas as high as ~5000 msh have been reported for other solar
cycles [Newton 1955]. For such a huge region, the flare size expected from equation is
>X16, which is smaller than the size of the 2003 November 4 flare; the expected CME
speed is only ~2260 km s~ !. The 1946 february 6 event in Table 3 had the largest area
(4799 msh) and one of the fastest events (T = 17.8 h) with an inferred CME speed of
2320 km s™'. If we substitute A = 4799 in equation (3), we get a CME speed of 2238
km s~ !, not too different from the one inferred from equation (1). Thus, the correlation
between AR area and CME speed is expected to be loose, but a region with large area

enhances the probability of occurrence of ultrafast CMEs.

8. Discussion and Conclusions
We studied the violent solar eruptions of 2003 October and November, involving fast
CMEs, X-class solar flares, interplanetary shocks, intense geomagnetic storms, and SEPs.

These CMEs clearly were shown to be faster and wider (more energetic) on the average
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than the general population of SOHO CMEs observed over a period of eight years. The
violent solar eruptions of Oct/Nov 03 period can be regarded as extreme events in terms
of their origin as well as their heliospheric consequences. At the Sun, the eruptions had a
very high recurrence rate. There were many firsts of solar cycle 23 during this period: the
largest active region area, the largest X-ray flare, the highest concentration of ultrafast
CMEs, the largest SEP event, the fastest IP shock, the highest concentration of IP radio
bursts, and the highest solar wind speed [Skoug et al., 2004]. The two Earth-directed full
halo CMEs produced intense geomagnetic storms (Dst index of -363 and -401 nT for the
October 28 and 29 CMEs, respectively). However, the largest storm of the cycle (Dst
= -472 nT) occurred when AR 484 returned as AR 501 and ejected a fully southward
magnetic cloud [Gopalswamy et al., 2005a].

Two of the halo CMEs resulted in shocks that arrived at Earth in < 24 h. Historically,
there were only 15 such fast-transit events with a Sun-Earth shock travel time of <1
day. The ESA model curve in Fig. 8 suggests that a hypothetical CME with a speed
of 3000 km s~! would travel the Sun-Earth distance in about 13.5 h. The uniform data
coverage and high sensitivity CME observations from SOHO have further revealed that
the number of CMEs with speeds exceeding 2000 km s~ ! is exceedingly small: (25/8016
or 0.3%. Only 4 CMEs had speeds >2500 km s~! (0.05%) over the eight-year period
of SOHO operation. Two faster CMEs occurred after the Oct/Nov 03 period and their
speeds were also in the vicinity of 3000 km s~ (2861km s~! on 2005 January 15 and 3387
km s~ on 2004 November 10). The highest CME speed inferred from the ESA model
curve for the historical events is 2847 km s~ (1972 August 4 event), also less than 3000

1

km s™'. From these results, one can infer that CMEs may not have speeds far greater
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than ~3000 km s~!. This speed limit has a practical implication that CME-driven shocks
take at least half a day to reach Earth after their launch at the Sun. In fact the ESA
model curve [equation (1)] suggests that a CME has to be launched with a speed of ~4300

km s!

in order for its shock to arrive at 1 AU in ~12 h. A 0.5-day lead time is very
useful for the mitigation of space weather effects related to geomagnetic storms, but not
for prompt flare effects such as sudden ionospheric disturbances or for SEPs that arrive
at Earth in tens of minutes.

The CME speed limit is naturally linked to the amount of free energy available in the
active regions. While the actual free energy needs to be computed from vector magne-
tograms, we used the simpler approach of deriving the potential field energy as a proxy
to the free energy. AR 486, which produced all the extreme events, ranked number 1 in
terms of active region area and the the potential field energy. The maximum free energy
available was a few times 103 erg. The result that up to 26% of the available free energy
seems to have gone into the CME kinetic energy makes the CMEs the most energetic
phenomena in the interplanetary space. If a larger fraction of the free energy goes into
the mass motion or if the active region has even more free energy, then one would expect
a faster CME. Historically, active regions much larger than AR 486 have been observed,
so we cannot say that events of even greater magnitude may not occur. Nevertheless,
an important outcome of this study is an assessment on the magnitude of catastrophic
eruptions from the Sun in terms of the maximum free energy available from the Sun. The

Oct/Nov 03 episode is the best observed outbreak of solar activity with modern instru-

ments and hence can serve as a bench mark for transient disturbances in the heliosphere.
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These events also helped us revisit the historical events from the point of view of CMEs

and the their interplanetary consequences.
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Figure 1. Source locations of C, M, and X-class flares from the three NOAA active
regions (484, 486, and 488). The approximate size of the X-class flares are also indicated.
The dates during which the flares were observed are shown at the right hand top corner

in each frame.
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Figure 2. Snapshots of several large CMEs from AR 486 during 3003 October 23 -
November 4 as observed by SOHO/LASCO. All are LASCO/C2 difference images super-

posed on EIT difference images, which identify the solar source location, except for the

2003 October 29 halo CME at 22:18 UT, which is a LASCO/C3 difference image.
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Figure 3. Histograms of flare (left) and CME (right) recurrence times from the three
active regions. The total number of flares and CMEs observed from each region, and the

average and median recurrence times are also marked. Only two CMEs were identified

from AR 488.
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Figure 4. The daily CME rate averaged over Carrington rotation periods from 1996
to the end of 2003. The peak corresponding to the Oct/Nov 03 events is indicated by
an arrow. The Carrington Rotation numbers are shown at the top. The error bars were
calculated from SOHO downtimes exceeding ~ 3 h. The gap in 1998 occurred when

SOHO was temporarily disabled for ~ 3 months in 1998.
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Figure 5. Distribution of CME speeds and widths (top panels) compared with cor-
responding distributions of the general population (lower panels). The fraction of fast
CMEs, wide CMEs, fast and wide CMEs, and full-halo CMEs in each distribution is

shown on the plots. The average values of the distributions are also shown.
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Figure 6. Distribution of mass (left) and kinetic energy (right) of the Oct/Nov 03
CMEs in comparison with those of the general population (1996 - 2003, inclusive). From
the general population (bottom panels), we excluded full halos, 14 small CMEs with
masses less than 10 g, and CMEs with less than 4 height-time measurement points. The
histograms in the middle panels were obtained with the same criterion on the number of
height-time measurements. The histograms in the top panels were made by including all

the 80 mass measurements. The Median values of the distributions are marked.
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Figure 7. Plot of the Dst index from October 26 to November 6 showing the three

-401 nT

intervals of intense geomagnetic storms and several sudden impulses caused by shock
impact. The two largest storms are associated with the full halo CMEs on October 28 at
11:06 UT from S16E08 and October 29 at 20:21 UT from S15W02 as pointed by arrows.
The November 4 CME was the fastest in the study period, but was moving orthogonal
to the Sun-Earth line, so resulted in just the shock impact at Earth as a sudden impulse.
The first dip on October 29 (-180 nT) was after the arrival of the shock from the October

28, 11:06 UT CME, but before the arrival of the IP CME.
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Figure 8.  The empirical CME arrival (ESA) model curve (T = ab" + ¢ with a=
151.002, b=0.998625, and c¢=11.5981) with the travel times of historical events. The
diamond symbols represent pre-SOHO historical events with shock transit times from
Table 3 and CME speeds inferred from the ESA model. For the three 2003 October
events (10/26/03, 10/28/03, 10/29/03) and the Bastille Day event (07/14/00), the data
points (squares) are from actual measurements of CME speeds and shock travel times (as
listed in Table 3). The two fastest historical events are also indicated as 1 (1972 August

4) and 2 (1859 September 1).
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Figure 9. GOES proton intensity from 2003 October 18 to November 9 showing
several large SEP events. The peak values of the SEP intensity in the > 10 MeV channel
are indicated on the plots. The three plots represent the three energy channels: >10
MeV (red), >50 MeV (blue) and >100 MeV (green). The corresponding SOHO/LASCO
CMEs are also shown. The bright compact regions in the SOHO/EIT images are the
flaring regions. There is also another SEP event on November 2 at 11:00 UT before the

1570 pfu event.
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Figure 10. Active region area (millionths of solar hemisphere or msh) for the three
active regions, 484, 486, and 488. Two other active regions are also shown for reference:
AR 0501 (return of AR 484) and AR9236, which also produced several large eruptions in

quick succession during November 23-27, 2000. AR 486 ranked number 1 in solar cycle

23.
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Selected magnetic field line computed by potential field extrapolation of
the SOHO/MDI magnetograms for the three active regions: 484 (top), 486 (middle) and

488 (bottom). Green lines represent closed field lines, while the red shows the field lines
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Figure 12. (a) The distribution of areas of active regions that produced at least one large SEP event during
its disk passage during solar cycle 23 (1996-2003). The median value of the distribution is 800 msh. Areas of ARs
484 and 486 are indicated by arrows. (b) Scatter plot between GOES X-ray flare size (X) and active region area
(A), showing good correlation. Three limb events were excluded because the flare size may be an underestimate
due to partial occultation. The flare size is for the SEP events used in (a). The correlation coefficient, r = 0.64 is
shown. The regression line is given by log X = —8.34442 + 1.49520 log A. (c) Scatter SOHO/LASCO CME speed
(V) and active region area (A). The CMEs were associated with the SEP events used in (a). The correlation is
weaker (r = 0.37). The regression line is given by log V' = 2.53501 + 0.215581 log A. One outlier (circled diamond
symbol) was not included in determining the correlation coefficient. The Oct/Nov 03 events (‘+’ symbols) clearly
lie to the extreme right of the plot.
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