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Earthward directed CMEs seen in large-scale coronal
‘magnetic field changes, SOHO LASCO coronagraph and
solar wind

Yan Li,! Janet G. Luhmann,! T. Mulligan,? J. Todd Hoeksema,®> C. Nick
Arge* S. P. Plunkett,® and O. C. St. Cyr®

Abstract. One picture of coronal mass ejection (CME) initiation relates these
events to the expansion into space of previously closed coronal magnetic fields,
often part of the helmet streamer belt. The work described here makes use of
the potential field source surface model based on updated synoptic photospheric
field maps to study the large-scale coronal field changes. We isolate those field
lines that change from closed to open configurations (newly opening field lines)
by comparing potential field source surface models from adjacent magnetograph
observations, wherein the same starting foot points on the photosphere are used. If
there are some newly opening field lines between the times of two maps, we assume
there was a possibility for CME occurrence(s) between these times. In particular, if
there are newly opening field lines near the solar disk center, an earthward directed
CME may have been generated. Momtormg the coronal magnetic field behavior
can in principle reinforce (or not) days in advance predictions of magnetic storms
based on Solar and Heliospheric Observatory (SOHO) Large-Angle Spectrometric
Coronagraph (LASCO) halo CMEs. Moreover, the coronal field over the visible
hemisphere contains information about the posSible geoeffectiveness of a particular

CME because it shows the approximate orientation and location of the active
arcades. By comparing halo CMEs with the newly opening field lines, the solar
wind measurements from Wind and ACE spacecraft and the Dst index, we show
that, like soft X-ray sigmoids, disappearing filaments, and Extreme ultraviolet
Imaging Telescope (EIT) waves on the disk of the Sun, magnetograph observation-
based coronal field models may provide additional information on the likelihood of

CME effects at the Earth.

1. Introduction

Coronal mass ejections (CMEES) have attracted much
attention in recent years as the link between solar activ-
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ity, interplanetary disturbances, and geomagnetic
storms [Gosling et al., 1991]. Although many recent
observations, especially space-based solar observations,
provide unprecedented data sets for CME studies and
space weather predictions, successful predictions are
still a difficult task. Further understanding of the
causative solar events is necessary. .

Luhmann et al. [1998] initially studied the relation-
ship between CMEs and newly opening large-scale coro-
nal fields due to photospheric magnetic field changes,
using potential field source surface (PFSS) models based
on magnetograms from Wilcox Solar Observatory
(WSO). They found corresponding trends in the tempo-
ral behavior of annual averages of inter-Carrington ro-
tation source surface flux increases and the CME rates
determined from a variety of observations. This result
supports the assumption that CMEs are the primary
means by which new solar flux opens to interplanetary
space [e.g., McComas et al., 1995] and provides moti-
vation for case studies. While the previous work used
photospheric magnetic fleld Carrington synoptic maps
from WSO as the lower boundary condition of the PFSS
model for the trend analysis, daily updates of the syn-
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optic maps revealed field changes on the timescale of a
day that may allow the possibility of visualizing CME
sites.

Daily updated synoptic maps are now produced on a
regular basis at a few ground observatories in the United
States, including WSO (available at http://quake.stan
ford.edu/~wso/ (1998)), Kitt Peak National Solar Ob-
servatory (NSO) (available at http://www.nso.noao.edu
/nsokp/nsokp.html (1999)) and Mount Wilson Obser-
- vatory (MWO) (available at http://www.astro.ucla.edu
/~obs/intro.html (1999)). For the case studies in this
report we use sequences of daily maps from any of
the above three observatories to illustrate comparisons
between our modeled newly opening field lines and
reported Solar and Heliospheric Observatory (SOHO)
Large-Angle Sectrometric Coronagraph (LASCO) halo
CMEs [Plunkett et al., 1998; Webb et al., 2000]. Signa-
tures of these CME events in the solar wind (the associ-
ated interplanetary CMEs (ICMEs)) are then examined
to determine whether the inferred newly opening coro-
nal field arcades provide information on the resulting
ICME field orientations as described by Mulligan et al.
[1998]. Finally by comparing these events with the Dst
index we show that like Extreme ultraviolet Imaging
Telescope (EIT) waves [ Thompson et al., 1998], disap-
pearing filaments [Gosling et al., 1974; Munro et al.,
1979; McAllister and Martin, 2000], and soft X-ray sig-
moids [Canfield et al., 1999] on the disk of the Sun,
magnetograph observation-based coronal field models
may provide additional information on the likelihood of
CME effects at the Earth.

2. Description of the Coronal Field
Analysis

To investigate whether large-scale coronal magnetic
fields expand and become open to interplanetary space
in response to the photospheric magnetic field changes
associated with CMEs, we use the standard potential
field source surface (PFSS) coronal model [Altschuler
and Newkirk, 1969; Hoeksema, 1995; Zhao and Hoek-
sema, 1996; Schatten et al., 1969; Wang and Sheeley,
1992]. PFSS models use photospheric-magnetic synop-
tic maps as the inner boundary and a spherical “source
surface” (usually at 2.5 R;) as an outer boundary, where
the assumption of radial magnetic field is applied on
both boundaries. Laplace’s equation for the magnetic
potential is solved in the space between the photosphere
and the source surface [Altschuler et al., 1977; Hoek-
sema, 1995; Wang and Sheeley, 1992], giving a solution
represented by spherical harmonics. Using these solu-
tions, we trace the coronal field lines from a fixed grid
of starting points on the photosphere to determine the
prevailing coronal field configuration. In this paper we
use the first nine harmonics to study large-scale field
line changes. While not everywhere realistic (currents
are known to be present in the corona, especially around
active regions), the PFSS model is known for its combi-
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nation of relative simplicity and ability to approximate
coronal hole geometry and eclipse images [Altschuler et
al., 1977; Levine, 1982; Gibson et al., 1999; Zhao et al.,
1999]. In this study we use a spherical source surface
position at 2.5 R, which has been found by Hoeksema
[1984] to best replicate interplanetary magnetic field po-
larities. Levine [1982] suggested that a source surface
at 1.6 Rs was better for solar minimum when compar-
ing predicted open fields with coronal holes, though it
is likely that nonspherical source surfaces, described by
Levine et al. [1982] are more accurate. However, be-
cause all PFSS models are still time invariant, nonspher-
ical source surfaces are difficult to apply to realistic solar
fields, and the concept of a fixed source surface may be
especially compromised during coronal transients, we
chose the simplest approach. Our tests showed that 2.5
R, and 3.25 R, give very similar field arcades, while 1.6
R, gives a more structured field line configuration.

To make a daily updated synoptic map used for this
study, one merges the latest full disk magnetogram or
a central portion of a full disk magnetogram into the
left of the previous synoptic map. The latest synoptic
map starts from 27 days before until the latest full disk
observation. Note that this type of synoptic map dif-
fers from the conventional Carrington rotation synoptic
map in that it allows the latest magnetic field informa-
tion to be included and to be used in real time [Arge
and Pizzo, 2000; J. T. Hoeksema and X. P. Zhao, pri-
vate communication, 1997]. For further discussions on
the different types of synoptic maps in relation with this
study, see Li et al. [2001].

" Field lines are traced for two consecutive updated
synoptic maps, starting from the same fixed grid on
the photosphere, and are compared. Those field lines
that change from closed at the earlier time to open at
the next time are isolated and plotted. We refer to
these field lines as newly opening field lines. For further
description of the method, see Luhmann et al. [1998].
If there are significant newly opening magnetic field line
arcades between the times of two maps, we assume there
is a possibility for CME occurrence(s) between these
times. In particular, if there are newly opening field
lines near the solar disk center, an earthward directed
CME may have occurred.

3. Newly Opening Field Lines and
SOHO/LASCO Halo CMEs

Here we present the modeling results on the newly
opening field lines for several examples, when SOHO
LASCO reported halo or partial halo CMEs. Our
alm is to both infer what is happening where coron-
agraphs give no information behind the occulting disk
and compare their geometry as projected beyond the
limb. LASCO/C2 or C3 running difference images are
used to-show a CME snapshot at a particular moment
of the transient during the course of its expansion.
The images are selected depending on their availabil-
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ity, quality, and value in illustrating the transient. The
newly opening field lines show where there has been a
large-scale reconfiguration of the coronal field involving
new expansions into interplanetary space.

The LASCO/C2 imager has a field view of 2 to 6 so-
lar radii, and C3 has a field view of 3.5 to 32 solar radii
[Brueckner et al., 1995, data available at http://lasco-
www.nrl.navy.mil/about_lasco.html, 2000]. Because it
is presumed to image coronal density structures that
are confined by coronal magnetic fields, its CME images
should bear some resemblance to the involved coronal
field geometry. It should be kept in mind when com-

paring the two that our static potential field models -

only show what the changing field lines look like before
and after a transient reconfiguration, while the LASCO
images show the actual transient. Another caveat is
that CMEs observed in coronagraph images generally
occur on time-scales much shorter than a day (the time
interval between the running difference images is ap-
proximately 1 hour), and there may have been multiple
CMEs during the ~24 hour time period, so that the field
changes in our daily updated models likely incorporate
more than those occurring in the CME images. The
third caveat is that because of the method of construc-
tion of the updated synoptic maps we would expect the
central disk field to be more accurate than the limb and
backside fields, which are based on older photospheric
field measurements.

3.1. Example 1

Coronal field lines were traced for the two maps up-
dated on January 5 and 6, 1997, resulting in the newly
opening field lines shown in Figures 1a and 1b. Promi-
nent field arcades consisting of well organized, numer-
ous field lines covering the disk were closed on Jan-
uary 5 and open on January 6, at least as seen in
the PFSS models. According to our assumption; field
lines near the disk center may indicate the occurrence
of an earthward directed CME sometime between the
observation times of these two magnetograms. The
partial halo CME observed at ~ 1600 UT on Jan-
uary 6 by SOHO LASCO is well known for its helio-
spheric and terrestrial effects [Webb et al., 1998]. It
has been reported that this CME was associated with
a disappearing filament (DSF) observed between 1301
and 1453 UT and centered at S24 WO01. The esti-
mated onset time from LASCO/C2 and C3 is 1402 and
1508 UT, respectively. A LASCO/C2 running differ-
ence image at 1734 UT on January 6 is reproduced
in Figure 1c (LASCO coronagraph running difference
images for halo CMEs are regularly published at the
website ftp://ares.nrl.navy.mil/pub/lasco/halo/). As
pointed out in the last paragraph, the comparison be-
tween the newly opening field lines and the corona-
graph difference images is limited by certain factors.
The closed and open field line pictures give the before
and after states of the changing field lines described
by the PFSS model only. The coronagraph images
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Figure 1. (a and b) Newly opening field lines between
January 5 and 6, 1997. These field lines, starting from
the same grid points on the photosphere, were all closed
on January 5 and all open on January 6. The field line
arcade covering the disk center is thought to indicate
the occurrence of an earthward directed CME between
the observation times. See text for details of the method
to isolate newly opening field lines. (c) A LASCO/C2
difference image at 1734:20 UT, January, 1997.

are snapshots of the CME expansion process in be-
tween these two states. The difference images bring
out projected locations where the density is changing
between snapshots. In this case, the coronagraph dif-
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Figure 2. (a and b) Newly opening field lines between
October 14 and 15, 1998. The group of field lines cover-
ing the disk center is thought to indicate the occurrence
of an earthward directed CME between the observation
times. (c) A LASCO/C3 difference image at ~ 1437:57
UT, October 10, 1998. '

ference image in Figure 1c shows density changes along
the east and west streamer belt and a partial halo at
the south. We also see some newly opening field lines
at the limbs around the east and west streamer belts
and toward the Earth from Figure la and 1b. Fur-
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ther images and movies of this CME may be found at
ftp://ares.nrl.navy.mil/pub/lasco/halo/.

3.2. Example 2

Coronal field lines were traced for the two maps up-
dated on October 14 and 15, 1998, resulting in the

‘newly opening field lines shown in Figures 2a and 2b.
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Figure 3. (a and b) Newly opening field lines be-
tween October 17 and 18, 1999. An earthward directed
CME between the observation times is expected. (c) A
LASCO/C2 image at 0126:46 UT, October 18, 1999.




LI ET AL.: EARTHWARD DIRECTED CMES

Well-organized field arcades covering most of the disk
from the southeast limb across the disk center to the
northwest limb were closed on October 14 and open
on October 15. There was a LASCO halo CME on
October 15 at ~ 1004 UT, reported as a bright sym-
metrical halo with a filament eruption and two rib-
bon flare in EIT observations (available at http://lasco-
www.nrl.navy.mil/cmelist.html (2000)). A LASCO/C3
running difference image is reproduced in Figure 2c at
1438 UT on October 15, which shows a halo around the
disk and a rapidly changing expanding loop in progress
at the west limb. The significant newly opening field ar-
cades directed toward the Earth are consistent with the
halo CME. But a prominent opening loop at the north-
west corner slightly <45° from the equator appears to
be at a somewhat different location from the expanding
loop at the west limb seen in the coronagraph differ-
ence image. It is interesting to note that the disappear-
ing filament on this day was located at the northeast
(NSO Hel10830, SOHO/EIT, and Yokoh SXT images
are available at http://sprg.ssl.berkeley.edu/mf_evol/),
but the feature that looked like a prominence inside of
a bright loop CME (e.g., a light bulb event) was at the
west limb. However, it is not uncommon to find EIT
events lying well away from the apparent central axis of
the CME in LASCO.

3.3. Example 3

Newly opening field lines between October 17 and 18,
1999, are shown in Figures 3a and 3b. Again, field ar-
cades consisting of well-organized field lines cover the
center left part of the disk from the north across to
the south. An earthward directed CME is thus ex-
pected to take place between the October 17 and 18.
LASCO reported that at the beginning of October 18
(0006 UT) a loop-like leading edge, with a faint exten-
sion over the south pole, may be forming a partial halo.
The LASCO/C2 difference image in Figure 3¢ at 0127
UT on the October 18 shows an expanding loop at the
northeast corner and apparent density changes along
the three streamers. In late 1999 the Sun is more ac-
tive, and the magnetic fields are more complex. Direct
comparison between the field line changes over the time
of one day and the coronagraph snapshots is expected
to be more difficult. At least in this case, the expand-
ing loop at the northeast corner in the C2 image may
represent the process of the opening up of the modeled
field line loops at the approximately same location.

3.4. Example 4

Newly opening field lines between June 1 and 2, 1999,
are shown in Figures 4a and 4b. In this example there
are many newly opening field lines around the limb and
the poles, but only a few are scattered on the disk cen-
ter. This picture indicates that there should not be a
significant earthward directed CME during these 2 days.
However, LASCO reported a bright structured halo at
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Figure 4. (a and b) Newly opening field lines between
June 1 and 2, 1999. There are no newly opening field
lines near the disk center in this case. Therefore no
earthward directed CME is expected between the ob-
servation times. (¢) A LASCO/C2 difference image at
~ 2008:28 UT, June 1, 1999.

1937 UT, June 1. A LASCO/C2 difference image is
shown in Figure 4c at 2008 UT on the June 1, which
shows an expanding loop at the North Pole and density
changes around the disk. This was a rapidly changing
event in the more active period in mid-1999. Detailed
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Figure 5. (a and b) Newly opening field lines be-
tween June 11 and 13, 1999. No earthward directed
CME is expected between the observation times. (c) A
LASCO/C2 difference image at ~ 2326:05 UT, June 12,
1999.

comparison between the 1-day field line changes and the
~1 hour difference image of the coronagraph snapshots
is again ambiguous. The expanding loop at the North
Pole in the C2 image may represent the opening up of
the modeled field line loops near the North Pole.
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3.5. Example 5

Newly opening field lines between June 11 and 13,
1999, are shown in Figures 5a and 5b. There was no
magnetograph observation on June 12. There are some
opening field lines around the limb and poles but no
field lines near the disk center. We thus expect no earth-
ward directed CME during these days. However, as in
the previous case, LASCO reported a halo CME. The
halo CME occurred around 2126 UT on June 12, and
possibly consisted of multiple events. A LASCO/C2
running difference image is shown in Figure 5c¢ at 1223
UT on June 12. The field line changes modeled for this
event are over 2 days. Only some features at the north-
west corner and the east limb arguably correspond in
the modeled field lines and the C2 image.

3.6. Example 6

Newly opening field lines between June 23 and 24,
1999, are shown in Figures 6a and 6b. Again some
newly opening field lines occur around the limb but
none near the disk center. LASCO reported a partial
halo CME around 1331 UT with a filament eruption on
June 24. A LASCO/C2 difference image is reproduced
in Figure 6¢ at 1430 UT on June 24, which shows a faint
expanding loop at the northwest corner and ray struc-
tures almost evenly distributed around the disk except
for the south polar region. The opening field line loops
above the diagonal line connecting the northeast and
southwest corner in the two field line pictures seem to
correspond to the expanding loop feature and the line
structure in the C2 image. Below that diagonal line
there are almost no changing field lines except for the
dense group in a small area near the South Pole that
is not seen in the C2 image. Again, we do not expect
them to show the same features given the level of solar
activity and our approximations.

While these comparisons are qualitative, overall they
show occasional agreements with some features despite
the approximations made in the PFSS models. Also, it
is unclear exactly what the LASCO difference images
show in relation to coronal field lines at the time of
the transient (e.g., there may be contributions to the
LASCO-imaged electron densities from compressed re-
gions in front of ejecta). Nevertheless, the value of the
latter is in their potential ability to give information
on the flelds leaving the Sun with the CME, or on the
ejection of an Earthbound transient.

While our aim here is to study the relationship be-
tween near-disk-center newly opening field lines and
halo CMEs, it is also interesting to consider whether
the newly opening field lines on the solar limb agree
with LASCO CME limb events occurring in the interval
used for the field line calculations. There was only one
halo CME between each pair of magnetograms in the
six examples above. Apart from the halo CME, there
was one limb CME reported between the two magne-
tograms on January 5 and 6, 1997; four limb CMEs
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Figure 6. (a and b)-Newly opening field lines be-
tween June 23 and 24, 1999. No earthward directed
CME is expected between the observation times. (c) A
LASCO/C2 difference image at ~ 1430:05 UT, June 24,
1999.

were reported between the two magnetograms on Oc-
tober 17 and 18, 1999; four limb CMEs were reported
between the two magnetograms on June 1 and 2, 1999;
five limb CMEs were reported between the two magne-
tograms on June 11 and 13, 1999; and two limb CMEs
were reported between the two magnetograms on June
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23 and 24, 1999. For the October 14 and 15, 1998 case,
SOHO was not in operation until the October 15, so we
do not have a complete record. We will not describe
these limb CMEs in detail but only point out the fol-
lowing. Figures 1b and 6b suggest fewer newly opening
field lines around the limb, while Figures 3b, 4b, and
5b show a more substantial number of newly opening
field lines around the limb. Thus it appears that for
more CMEs, more newly opening field lines were indi-
cated by the PFSS models. The limb is not where the
best comparison is expected between the model results
and the observations because of the way the synoptic
maps are constructed (older data to the east and west
of the central meridian of the latest magnetogram) and
the intrinsic problem of the polar field observations. To
apply this approach to the global Sun, one would have
to have accurate information for all solar longitudes.

4. Modeling the Flux Rope Structure of
Interplanetary Coronal Mass Ejections

Mulligan and Russell [2001] applied a divergence free
magnetic flux rope model using exponential distribu-
tions for magnetic field strengths to infer the size, ori-
entation, and field strength of observed interplanetary
magnetic clouds [Burlaga, 1988; Lepping et al., 1990].
The model can create both cylindrically symmetric and
oblate magnetic topologies, and the former is used for
this paper. The model uses 10 parameters to describe
the cylindrically symmetric flux rope, i.e., two field
strengths (the maxima of the poloidal and axial field
strengths), two exponential widths, two exponential
powers, two angles (clock angle and cone angle, ex-
plained below) that determine the orientation of the
symmetry axis, an impact parameter (the distance of
the closest point of observation to the flux rope axis),
and an expansion factor that aids in determining the de-
gree of asymmetry between the leading edge and trail-
ing edge of the rope. In solar-equatorial coordinates
(X axis, towards the Sun along the Earth-Sun line, ¥
axis, eastward; and Z axis, solar north) the clock an-
gle is defined in the Y-Z plane in a counterclockwise
sense with 0° corresponding to the axial field along the
Z axis. The cone angle is defined such that it is 0°
when the axis of the rope is aligned along the X axis.
For detailed descriptions of the model see Mulligan and
Russell [2001].

5. Signatures in the Solar Wind

The ACE spacecraft at the L1 point has been making
measurements of the solar wind parameters upsteam of
the Earth on a regular basis since 1998 [McComas et
al., 1998; Smith et al., 1998]. Also, the Wind space-
craft with an Earth orbit has been making measure-
ments of the solar wind parameters since late 1994 [Lep-
ping et al., 1995; Ogilvie et al., 1995]. Here we use
the ACE plasma data from the solar wind electron pro-
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Figure 7. Solar wind parameters from Wind spacecraft for January 5 to 13, 1997. The proton
density, solar wind speed and dynamic pressure from the Solar Wind Experiment (SWE) are
reproduced in the upper three panels, the magnetic By, B, and B total from Magnetic Fields
Investigation (MFI) are in the next three panels, and the bottom panel contains Kyoto Dst

measurements.

ton alpha monitor instrument [McComas et al., 1998]
and the ACE magnetic field measurements from the
MAG magnetometer [Smith et al., 1998]; from Wind we
use the Solar Wind Experiment plasma data [Ogilvie
et al., 1995] and MFI magnetic field data [Lepping et
al., 1995]. We search for the interplanetary counter-
parts of the previously described CMEs (the ICMEs)
in Wind or ACE solar wind data (e.g., using data
available at http://www-ssc.igpp.ucla.edu/forms/polar
/corr_data.html (2000)).

The solar wind proton density, speed, and dynamic
pressure are reproduced in the upper four rows in Fig-
ures 7, 10, 13, 16, 17, and 18, the magnetic field compo-
nents B;, By, B, and B total are in the next four rows,
and the bottom row contains the Kyoto Dst index. The
solar wind data in Figure 7 that cover January 5 to
14, 1997, are from Wind. The abscissa is the day of

the month, and each date marks the beginning of the
day. The arrow marks the time of occurrence of the .
halo CME on January 6 described in example 1 (sec-
tion 3.1). An ICME is seen starting at the beginning of
January 10 ~82 hours after the halo CME and continu-
ing until early on January 11, characterized by a slight
increase and oscillation in the proton density and co-
herent rotations in the magnetic field components. The
implied average Sun-to-Earth speed of the CME based
on the time of arrival at 1 AU is ~507 km/s. During the
ICME the B, component rotated gradually to a west-
ward field and reached -17 nT, and the B, component
rotated quickly to a southward field, reached -20 nT,
and rotated gradually back to northward. The south-
ward B, lasted for ~12 hours. The solar wind speed at
1 AU has a slight increase and remained moderate at
~400 km/s during the ICME.
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Figure 8. Magnetic field components of the flux rope
model (see text for details) overlapped on the Wind
magnetic field data between the two vertical dashed
lines in Figure 7 for the January 10, 1997 ICME, where
the smooth dark lines are the model and the lighter lines
are Wind magnetic field data.

Assuming the ICME magnetic field signatures are
given by a flux rope configuration [Mulligan et al., 1998;
Mulligan and Russell, 2001; Lepping et al., 1990], we fit
the data to a flux rope model using the interval be-
tween the dashed vertical lines in Figure 7. The fitting
is shown in Figure 8, where the smooth dark lines are
the model and the lighter lines are Wind magnetic field
data between the two vertical dashed lines in Figure
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7. A three-dimensional (3-D) cylinder plot of the outer
boundary of the fitted flux rope model as viewed from
the Earth is shown in Figure 9. The flux rope axis has
a clock angle of 252°. If we consider that the field line
arcades in Figure la form the outer part of the flux
rope observed at 1AU [e.g., Gosling, 1990], the axis of
the field line arcades at the disk center makes a simi-
lar clock angle when compared with the fitted model of
the ICME. It should be noted that we do not expect
these axes to match precisely because of the distortions
of ICMEs in transit from the Sun by solar wind stream
structure [e.g., Odstrcil and Pizzo, 1999] and the ap-
proximations in both the PFSS model and the flux rope
model.

The ACE measurements and Kyoto Dst plot are re-
produced in Figure 10 covering October 14 to 22, 1998.
The arrow marks the time of occurrence of the halo
CME on October 15 described in example 2 (section
3.2). An ICME is seen starting late on October 18 ~84
hours after the halo CME and continuing on through
October 19, characterized by an increase in the pro-
ton density and sudden changes in the magnetic field.
The implied average Sun-to-Earth speed of the CME
is ~495 km/s. During the ICME the B, component
shows a westward field that reached -20 nT, and the B,
component shows a southward field that reached -20
nT, remaining fairly constant for ~10 hours. The solar
wind speed at 1 AU has a slight increase and remained
moderate at ~400 km/s during the ICME.

The flux rope fit for this case was done using the
magnetic field data between the dashed vertical lines
in Figure 10. The fit is shown in Figure 11, where the
smooth dark lines are the model, and the lighter lines
are the ACE magnetic field data between the two verti-
cal dashed lines in Figure 10. The 3-D cylinder plot as
viewed from the Earth for this case is shown in Figure
12. The flux rope axis has a clock angle of 141°. The
axis of the field line arcades in Figure 2a again has a

Wind Jan 10 1997 Flux Fope Model Fit

Figure 9. A 3-D cylinder of the modeled flux rope for the January 10, 1997 ICME, viewed from
the Earth. The orientation agrees quite well with the newly opening field arcade in Figure 1a.
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Figure 10. Solar wind parameters from Ace spacecraft at L1 point for October 14 to 22, 1998.
The proton density, solar wind speed, and dynamic pressure from the SWEPAM instrument are
reproduced in the upper three panels, the magnetic By, B; and B total from the MAG instrument
are in the next three panels, and the bottom panel contains Kyoto Dst measurements.

somewhat smaller clock angle than the fitted model of
the ICME, but the orientation is in basic agreement.
Note that the magnetic field discontinuity (seen in the
By component in the fifth panel of Figure 10) may raise
concern as to whether it is valid to assume a fluxrope
configuration for this ICME. The plasma data indicated
no apparent discontinuity in speed (second panel of
Figure 10) or in the proton temperature (it remained
cold; not shown here). The speed is smoothly decreas-
ing, which is typical of classically expanding magnetic
clouds (as the declining B total field profile suggests).
A few density enhancements exist in the latter part of
the cloud, but the density signature within a magnetic
cloud is often variable. Also, it is not uncommon to see
flux ropes with “kinks” that locally distort the flux rope
structure.

The same ACE measurements and Kyoto Dst plot
are reproduced for October 17 to 25, 1999, in Figure

13. Disturbances in the solar wind began 72 hours after
the halo CME on October 18 with a large increase in
density and not much change in speed, with an abrupt
eastward increase of By, and a gradual north turning
of B.. The implied average Sun-to-Earth speed of this
CME is ~577 km/s. After the initial disturbances the
density changed back to a low level for over a day, B,
stayed eastward for slightly under a day, and B, slowly
rotated north and back in the meantime. This sequence
of events is followed by an oscillation in density, with B,
rapidly turning west and B, sharply turning south to
reach a minimum of -30 nT, and remaining southward
for ~6 - 7 hours.

The magnetic field signatures of this ICME are not
well characterized by the classical flux rope picture.
Nevertheless, we also carried out a flux rope model fit-
ting for this case, using the magnetic field data between
the two dashed vertical lines in Figure 13. The resulting
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Figure 11. The magnetic field components of the flux rope model overlapped on the ACE
magnetic field data between the two vertical dashed lines in Figure 10 for the October 19, 1998

ICME, where the smooth dark lines are the model and the lighter lines are Wind magnetic field
data.
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Figure 12. A 3-D cylinder of the modeled flux rope for the October 19, 1998 ICME, viewed
from the Earth. The orientation agrees quite well with the newly opening field arcade in Figure
2a.
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Figure 13. Same as in Figure 10, but for October 17 to 25, 1999, from ACE.

fit is shown in Figure 14, where, as before, the smooth
dark lines are the model, and the lighter lines are ACE
data between the two vertical dashed lines in Figure 13.
The 3-D cylinder plot as viewed from the Earth is shown
in Figure 15. This flux rope axis has a clock angle of
261°. The newly opening field arcades for the CME in
Figure 3a have a north-south orientation, which is al-
most perpendicular with the axis of the fitted flux rope.
From the newly opening field line highly inclined field
arcades we expect a unipolar magnetic field signature in
the ICME (southward in this case). The observed mag-
netic signature is instead rather complex, which might
be expected considering it occurred in late 1999 when
solar activity is approaching its maximum and the solar
magnetic fields become more complex than for the two
previous cases in 1997 and 1998. In a paper by Mulligan
et al. [1998] a study of the variation of the flux rope ori-
entation with solar activity cycle has shown that highly
inclined ropes are common during solar maximum. It
is also likely that the simple flux rope geometry that

fits less than ~30% of ICMEs overall [e.g., Gosling et
al., 1990] more often fails at solar maximum. This hy-
pothesis is, unfortunately, difficult to test because of
the problem in even distinguishing ICMEs in the solar
wind around solar maximum.

The same ACE measurements and Kyoto Dst plot
are reproduced for June 1 to 9, 1999, in Figure 16.
There is clearly no ICME signature during this period,
despite the halo CME late on June 1 described in ex-
ample 4 (section 3.4). The June 12 to 20, 1999, ACE
data in Figure 17 show some small oscillations in both
the magnetic field and solar wind parameters beginning
~30 hours after the halo CME late on June 12 (ex-
ample 5; section 3.5), but considering that the ICME
speed remained below 400 km/s, we consider the dis-
turbances at 1 AU unrelated to the CME which should
arrive more than 2 days later. No other ICME signature
was seen in the following days shown in the plots. The
ACE measurements for June 22 to 30, 1999, are plot-
ted in Figure 18. Small disturbances starting early on
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Figure 14. The magnetic field components of the flux rope model overlapped on the ACE
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ICME, where the smooth dark lines are the model and the lighter lines are Wind magnetic field
data.
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Figure 15. A 3-D cylinder of the modeled flux rope for the October 21, 1999 ICME, viewed
from the Earth. The orientation does not agree with the newly opening field arcade in Figure 3a.
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Figure 16. Same as in Figure 10, but for June 1 to 9, 1999, from ACE.

June 26 merely 34 hours after the halo CME are consid-
ered not associated with this CME because of the short
time delay. The solar wind speed was ~ 380 km/s at
the time of the disturbances, and Wind spacecraft ob-
served the same speed during the disturbances and ~
350 km/s just before the disturbances when ACE had
a large data gap. The signatures at the end of June 27
and beginning of June 28, with a density spike, a speed
increase, and short magnetic disturbances, may possi-
bly be associated with the CME; however, these cannot
be the major part of the ICME (see further discussion
in section 6).

6. Related Geomagnetic Storm
Activities

The occurrence of geomagnetic storms is typically in-
ferred from the Dst index produced by World Data Cen-
ter C2 (WDC?2) at Kyoto (available at http://swdcdb.

kugi.kyoto-u.ac.jp/dstdir/ (1998, 1999)). The solar wind
data figures presented in section 5 include Kyoto Dst for

the same time periods including and following the halo
CMEs observed by LASCO.

Recall that on January 6, 1997, when LASCO re-
ported a halo CME (example 1; section 3.1); we found
newly opening field lines near disk center (see Figure
1) and an ICME in the Wind data ~82 hours later.
The Dst plot in the bottom panel of Figure 7 shows
a geomagnetic storm starting at about the same time
when the associated B, was turning south, reaching a
minimum of -96 nT midday on January 10, and begins
to decay gradually when the B, turns north. Again,
on October 15, 1998, when LASCO reported a halo
CME (example 2; section 3.2), we found newly open-
ing field lines near the disk center (see Figure 2) and an
ICME in the ACE solar wind data ~84 hours later. In
the Dst plot at the bottom of Figure 10 a geomagnetic
storm starts at about the time when the ICME-related
B. was turning south, reaching a minimum of -112 n'T
midday on October 19, and similar to the previous case
begins to decay when the B, turns north. Following
the October 18, 1999, LASCO halo CME (example 3;
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Figure 17. Same as in Figure 10, but for June 12 to 20, 1999, from ACE.

section 3.3), again we found newly opening field lines
near disk center (see Figure 3), followed by some rel-
atively complex interplanetary signatures in the ACE
solar wind data 72 hours later, including a long lasting
strong southward B,. A large geomagnetic storm began
when the ICME related B, was turning south, reaching
a minimum of -231 nT, as seen in the bottom panel of
Figure 13.

In contrast, on June 1, 1999, when LASCO reported
a bright halo CME (example 4; section 3.4), we found
few newly opening field lines near disk center (see Fig-
ure 4). This halo event was followed by the quiet solar
wind conditions seen in Figure 16. In the bottom panel
of Figure 16, correspondingly quiet geomagnetic condi-
tions persist, with Dst around zero level for all the next
several days shown in the plot. Similarly, on June 12
when LASCO reported a halo CME (example 5; sec-
tion 3.5), we found no newly opening field lines near
disk center (see Figure 5), followed by quiet solar wind
conditions and no geomagnetic storm evident in the Dst
index as see in Figure 17. Finally, for the LASCO halo
event on June 24 (example 6; section 3.6), we again

found no newly opening field lines near disk center (see
Figure 6). In the bottom panel of Figure 18 some small
excursions in the Dst index are clearly associated with
the weak disturbances in the solar wind. While we have
noted earlier that these disturbances started too soon
to be related to the reported halo CME, the feature at
the end of the disturbed period, with a high speed, high
density spike, and rotating magnetic fields, is curious.
It arrived ~80 hours after the CME, which is not con-
sistent with the apparent high speed of over 800 km/s
seen in the solar wind at 1 AU, but the CME speed does
not have to be constant during its journey to 1 AU [e.g.,
Lindsay et al., 1999]. In any case, the short duration
of the feature suggests it may be the edge of an ICME
that was not centrally directed toward the Earth.

7. Discussion and Conclusion

Among the six reported halo/partial halo CMEs stud-
ied, three of them with newly opening field lines near
disk center were followed by ICMEs in the Wind or ACE
data and geomagnetic storms in the Kyoto Dst records
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Figure 18. Same as in Figure 10, but for June 22 to 30, 1999, from ACE.

within a few days. The other three with no newly open-
ing field lines near disk center were followed by quiet
solar wind and geomagnetic conditions. While these
samples do not represent the general LASCO halo event
data set, one can find many halo CMEs that are not fol-
lowed by geomagnetic storms, especially in the recent
years of increasing solar activity (1998 - 2000). Webb et
al. [1999] found that among seven frontside halo CMEs
just after solar minimum, six had geomagnetic storms
ranging from Dst = -33 to - 115. Near solar maximum
it is more difficult to conduct such a study, and the
results may not be the same, as suggested by the ex-
amples of this study. St. Cyr et al. [2000] reported the
properties of all 841 CMEs observed by SOHO/LASCO
from January 1996 through June 1998, among which
92 are halo or partial halo CMEs. They then used
full disk SOHO/EIT images to eliminate backside halo
CMEs and found 40 frontside halo CMEs. The com-
parison between the frontside halo CMEs and the Kp

geomagnetic storm index showed that the “false alarm”

rate was high, but 15 out of 18 of the Kp > 6 storms

(when SOHO has observations) could be accounted for
as frontside halo CMEs. The results demonstrated the
importance for discriminating geoeffective CMEs with
further criteria.

LASCO observations are the most direct means of
observing potentially geoeffective halo CMEs soon after
the events take place near the Sun. However, because
of the nature of halo CMEs, there is unavoidable am-
biguity from a line of sight observation. It is necessary
to rely on other observations, usually EIT waves, EIT
and soft X-ray flares, disappearing filaments, soft X-ray
sigmoids, and other disk activities, to exclude backside
halo CMEs and misleading limb events. The results of
this study suggest that like other disk activities, mon-
itoring the coronal large-scale magnetic field behavior
can reinforce (or not) predictions of magnetic storms
based on LASCO halo CMEs. Moreover, the coronal
field over the visible hemisphere contains information
about the possible geoeffectiveness of a particular CME
because it shows the approximate orientation and lo-
cation of the active arcades. Among the three cases in
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1997, 1998 and 1999, when we fitted flux ropes to ICME
magnetic field data, we found agreement between the
flux rope orientation and the newly opening field ar-
cade orientation for two events in 1997 and 1998.

We recognize that potential field source surface mod-
els are limited, especially in applications to the active
corona [e.g., see Mikic and Linker, 1994]. Our goal is
to ultimately see this procedure for inferring coronal
field activity applied to a more realistic model such as
the 3-D MHD global simulations of Linker et al. [1999]
with photospheric vector field boundary conditions. We
also need to determine the importance of the timescale
for the synoptic map updates given that the impor-
tant changes may occur on smaller time-scales than a
day, especially around solar maximum. Observations
from the Global Oscillation Network Group network
of ground-based magnetographs and SOHO/Michaelson
Doppler Imager are currently under study with this goal
in mind. It should also be noted that this procedure is
only as good as the assumption that the global coronal
magnetic field, and the changes therein, can be recon-
structed by looking at the photospheric field on the vis-
ible disk alone. Clearly, a heliocentric constellation of
magnetographs would be most desirable for future ap-
plications of this concept to space weather predictions
by coronal magnetic field monitoring.
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