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Abstract

We report on our efforts to model the ambient solar wind out to 1 AU around the time of the May 12, 1997 halo
coronal mass ejection (CME) and to identify its coronal source regions. We use the simple physics and empirical based
Wang—Sheeley—Arge (WSA) model driven by two different sets of updated photospheric field synoptic maps to
accomplish this: daily updated maps from Mount Wilson Solar Observatory and updated SOHO/MDI maps
constructed with the Schrijver et al. flux transport data assimilation algorithm. The results generated by the WSA model
are then compared with the WIND satellite observations near Earth, as well as with each other. We find that the model
describes the observed ambient solar wind stream structure around the time of the May 12, 1997 CME generally well,
except for the ejecta itself. Our results suggest that the source of the high-speed stream that followed the CME is a
coronal hole extension located south of the Sun’s equator. We conclude that the northern active region associated with
the May 12th CME did not play a role in the formation of the small southern coronal hole extension that produced the
high-speed stream, which followed and eventually compressed the ICME from behind. Overall, this analysis suggests
how the solar wind context of CME-related events can be analyzed and understood using coronal and solar wind
models.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A general goal of space weather modeling efforts is
the simulation of realistic events, including both the
coronal mass ejection (CME) and its coronal and solar
wind context. Toward this goal, it is reasonable to first
investigate the simplest cases where the solar magnetic
field is relatively simple and the event signatures are well
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defined. One such event that is particularly well
documented and has been previously analyzed from
multiple observational perspectives (e.g., Thompson et
al., 1998; Webb et al., 2000) is the flare-related halo
CME on May 12, 1997. Here we use this example to
demonstrate how the application of a simple, magneto-
gram based coronal model can tell us about physical
details of observed events not readily obtained by other
means.

The May 12, 1997 halo CME occurred shortly after
solar minimum when activity was low and the structure
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of the corona and solar wind was relatively simple. It
was associated with the only active region on the solar
disk (NOAA AR 8038), which was located north of the
equator near central meridian. The active region was
rapidly evolving, of new cycle polarity, and generated
the only major flare of the day, which began at 04:42 UT
and peaked around 04:55 UT. The flare was first visible
in Ho and was associated with a filament that erupted
soon thereafter followed by a pair of expanding Ho
ribbons. The subsequent X-ray flare emission came from
a small arcade that had formed over the region where
the filament erupted. Twin dimming regions (positioned
North-East and South-East) flanked the filament erup-
tion. A classic EIT wave occurred during this event
(Thompson et al., 1998).

The halo CME was observed in SOHO/LASCO C2
instrument at 06:30 UT with an estimated frontal speed
of ~ 600km/s (Plunkett et al., 1998) and onset time
between 04:30-05:00 UT. Odstrcil et al. (2004) recently
modeled this event using the numerical ENLIL solar
wind model (Odstrcil and Pizzo, 1999a, b) and found
that by assigning a speed of 650 km/s to the CME front
at 24R (as determined by Zhao et al. (2002) using their
cone model) they were able to achieve good agreement
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between the simulated and observed arrival time of the
ICME at L1. For about 10 days before the event, the
Earthward directed solar wind consisted of relatively
slow (i.e., bulk flow speed less than 400km/s) dense
ambient material. The shock produced by the inter-
planetary coronal mass ejection (ICME) arrived at L1
early on the 15th followed by a magnetic cloud and then
a high-speed stream, which is speculated (Webb et al.,
2000) to have compressed the cloud from behind. The
ICME produced a moderate geomagnetic storm with a
maximum Dst of —115nT. Fig. 1 summarizes the key
solar wind plasma parameters from the WIND satellite
for the nine-day period centered on the May 15th ICME
arrival at L1, as well as the Dst geomagnetic index as
provided by Kyoto University (http://swdcdb.kugi.kyo-
to-u.ac.jp/dstdir/). More comprehensive summaries of
the event can be found in papers by Webb et al. (2000),
Thompson et al. (1998), and Plunkett (1998) along with
the references found therein.

In this paper we report on our efforts to model the
ambient solar wind out to 1 AU around the time of the
May 12, 1997 Halo CME and to identify its coronal
source regions. We use the simple physics and empirical
based Wang—Sheeley—Arge (WSA) model to do this. We
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Fig. 1. Solar wind key plasma parameters from the WIND satellite (a~h) and the Dst geomagnetic index (i) as provided by Kyoto
University (http://swdcdb.kugi.kyoto-u.ac.jp/dstdir/) for the nine-day period May 11-20, 1997. (a) Proton temperature (K), (b) Proton
number density (cm—3), (¢) ¥y (kms~!), (d) Dynamic Pressure (nPa), () Byasmy (nT), (f) Byasmy (nT), (g) B-gsmy (nT), (h) [B] (nT),
(i) Dst (nT). The red vertical lines separate the different types of solar wind plasma labeled at the bottom of the plot.
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find that the model describes the ambient solar wind
stream structure around the time of the May 15, 1997
ICME generally well, except for the ejecta itself. The
results presented here are consistent with those found
independently by Odstrcil et al. (2004). In the next
section, we provide a description of the WSA model and
then briefly discuss the photospheric field data used as
its input. In Section 3, we present and interpret the WSA
modeling results. In Section 4, we discuss the implica-
tions of the suprathermal electron signatures as it
pertains to the May 12th halo CME. We summarize
our results in Section 5.

2. Empirical modeling of the event
2.1. The Wang—Sheeley—Arge model

The WSA model is a combined empirical and physics-
based representation of the quasi-steady global solar
wind flow. It can be used to predict the ambient solar
wind speed and interplanetary magnetic field (IMF)
polarity at Earth (as well as any other point in the
heliosphere) and is thus useful for forecasting recurrent
interplanetary disturbances. It is an improved version
of the original Wang and Sheeley (WS) model (Wang
et al., 1992). The model (original and improved) uses
ground-based line-of-sight observations of the Sun’s
surface magnetic field as input to a magnetostatic
potential field source surface (PFSS) model (Schatten
et al., 1969; Altschuler and Newkirk, 1969) of the
coronal expansion. The effects of outward flows in
the corona, which are not explicitly contained in the
formulation, are approximated by the imposition of
radial boundary conditions at the so-called source
surface, which is a Sun-centered sphere typically situated
at 2.5 solar radii (Rg). In the original WS model, the
interplanetary solar wind velocity is determined at
each point on the source surface by the relative
expansion of the magnetic field from the photospheric
base up to that point, as provided by the model. This
relation between expansion factor and wind speed is
empirical and stems from correlation studies utilizing
source surface expansion maps and near-Earth space-
craft observations of solar wind speed (Wang and
Sheeley, 1990). In addition, the original WS model
assumes that the solar wind flow propagates kinemati-
cally out from the source surface to Earth, with all
dynamics neglected.

A number of important improvements have been
made to the WS model (Arge and Pizzo, 1999, 2000;
Arge et al., 2003) that has significantly improved its
performance. These improvements can be divided into
two categories: (1) improvements to the model input,
which are the line-of-site (LOS) photospheric field
measurements, and (2) improvements to the model itself.

The photospheric magnetic field is the sole quantita-
tive large-scale physical observable, and a number of
studies (Hoeksema et al., 1983; Zhao et al., 1997; Arge
and Pizzo, 2000) have demonstrated that the details in
assembling the raw individual magnetograms into a
global, synoptic characterization are crucial for model
accuracy. Depending on the data source used, a number
of corrections may need to be applied to these data,
which include accounting for LOS projection effects,
line saturation effects, introduction of monopole mo-
ments, and polar field corrections. Other factors that
must be addressed are data gaps and the quality of the
data itself. In addition, frequent updating of the
photospheric field maps with the latest magnetograms
improves the WSA model predictions (Arge and Pizzo,
2000). The specific corrections applied to the photo-
spheric field data used in this study are discussed in
Section 2.2.

Three main improvements have been made to the
original WS model. The first is the incorporation of a
simple 1-D modified kinematic model (1-DMK), which
includes an ad hoc method to account for stream
interactions, to transport the wind from the outer
boundary of the magnetostatic solution of the corona
out to L1. (Simple 1-D kinematic solar wind propaga-
tion schemes similar to ours were first developed years
ago (e.g., Hakamada and Akasofu, 1982)). The second is
the use of Schatten current sheet (SCS) model (Schatten,
1971), which was added to provide a more realistic
magnetic field topology of the upper corona region from
2.5 R out to between 5.0 and 21.5 Ry, depending on
which propagation model (e.g., the WSA 1-DMK model
or an MHD model) is used to transport the solar wind
out to 1 AU. We couple and solve the SCS and PFSS
models using the same method as that of Wang and
Sheeley (1995). The only difference in our approach is
that we use the SCS solution out to a fixed radial
distance that is still relatively close to the Sun (less than
0.1 AU), beyond which a propagation model is used to
transport the solar wind out into the heliosphere. A
more sophisticated current sheet model developed by
Zhao and Hoeksema (1995), which is based upon the
magnetostatic equilibria of Bogdan and Low (1986), is
scheduled for testing in the WSA model in near the
future.

The third modification made to the original WS
model is the improvement to the empirical relationship
relating coronal parameters to solar wind speed. The
usual approach taken by Wang and Sheeley (1990, 1992)
has been to divide magnetic field expansion factors (f)
into finite number of bins, typically five, and then to
assign a fixed solar wind speed to each range of /. Early
on Arge and Pizzo (1999) developed a continuous
empirical function relating magnetic field expansion
factor and solar wind speed (vsy) at 2.5 Ry (i.e., at the
source surface) rather than at L1, as traditionally done
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by Wang and Sheeley (e.g., Wang and Sheeley, 1990,
1992). This empirical function was found by iteratively
testing various mathematical relationships between f,
and vy, using it to assign the solar wind speed at the
source surface, propagating the wind out to L1 using the
1I-DMK model, and then comparing the results with
observations. The procedure was repeated until a best fit
was found. Before the inverse correlation between solar
wind speed and magnetic field expansion factor was
discovered by Wang and Sheeley (1990), Fry and
Akasofu (1987) attempted (with modest success) to
predict solar wind parameters using an empirical velocity
equation that was a function of magnetic latitude.

Using daily updated synoptic maps from Mount
Wilson Solar Observatory (MWO) and the PFSS+ SCS
model combination, Arge et al. (2003) recently found a
new and improved empirical relationship for solar wind
speed that is a function of two coronal parameters, f, and
the minimum angular separation (at the photosphere)
between an open field footpoint and its nearest coronal
hole boundary (0). The second parameter, 0}, has been
routinely used by Riley et al. (2001) for a number of years
now to empirically specify solar wind speed near the Sun.
In effect, our relationship combines the methods of Wang
et al. and Riley et al.. The new relationship works much
better than the one we derived previously, which is a
function of £ only, in that it specifies solar wind speed at
the boundaries and the interiors of coronal holes much
more realistically. A recent (yet to be published) expanded
comparison (spanning nearly an entire solar cycle)
between predictions made using the old and new empirical
relationships suggests that the new relationship in
combination with setting the outer radius of the SCS
model to 5.0 Ry improves the WSA models’ overall
prediction performance. We are in the process of
quantifying the improvement.

2.2. Model input

The photospheric field observations are the sole large
scale observable and serve as a key driver to all coronal
and solar wind models models. For this work, we used
updated photospheric field synoptic maps (i.e., synoptic
maps updated frequently with new magnetograms)
constructed with line-of-sight (LOS) magnetograms
from MWO and the MDI instrument on board the
Solar Heliospheric Observer (SOHO) spacecraft. Since
observational evidence suggests that the solar magnetic
field is nearly radial at the photosphere, except in strong
active regions (Harvey and Worden, 1998; Wang and
Sheeley, 1992; Svalgaard et al., 1978), the LOS field
measurements from these two data sources have been
converted to radial. We now provide here a brief
summary of the most pertinent facts about the updated
synoptic maps used in this study. More details can be
found in the references provided below.

2.2.1. MWO daily updated maps

An advantage to the maps from Mount Wilson Solar
observatory is that they are updated with a large number
(often more than 10) of magnetograms each day,
depending on observing conditions, which reduces
significantly the noise in the magnetic field measure-
ments. As a comparison, only up to three magnetograms
are taken each day at Wilcox solar observatory, and
until SOLIS became operational in the Fall of 2003, only
one magnetogram was typically taken each day at Kitt
Peak solar observatory. Another advantage to the
MWO data is that they have relatively few data gaps.
A disadvantage to the MWO synoptic maps is that they
require a number of corrections be applied to them
before being used in the model. However, this is not a
problem unique to data from MWO. For this study, we
applied corrections to the MWO synoptic maps for line
saturations effects and the polar fields. We now briefly
explain and summarize these corrections.

Measurements of the LOS photospheric field at
MWO are made using the Fe I 525.0 nm line. This line
is known to be especially prone to line saturation effects
(Ulrich, 1992; Ulrich et al., 2002), and field values
derived from it must therefore be modified by an
appropriate correction factor. By comparing photo-
spheric field strengths derived from the Fe I 525.0 nm
line to those derived from the Fe I 523.3 nm line Ulrich
(1992) developed such a correction factor, and we have
applied it to the set of daily updated MWO maps used in
this study. Measurements of the LOS photospheric field
near the Sun’s poles are often highly unreliable because
of their close proximity to the limb (i.e., only a small
component of the field vector is directed toward the
observer) and because the Sun’s rotation axis is inclined
7.25° to the ecliptic plane. Regions located within 7.25°
of the poles are in fact not even observable from Earth
for up to six months at a time. In an effort to
compensate for the problems associated with the LOS
polar field measurements, Arge and Pizzo (2000) have
developed a technique to both correct and fill (when
necessary) the polar field measurements in synoptic
maps. The main idea is to use polar field observations (1)
during periods when they are well observed (i.e., when
they are directed nearly at maximum toward the Earth)
and (2) that span a time interval long before and after
the period of interest. A polynomial curve is then fitted
to these data and used to ““correct” the polar field values
in the synoptic maps of interest, such as all of the MWO
maps used in this study.

2.2.2. Updated SOHO/MDI synoptic maps made with
the Schrijver flux transport data assimilation model
Schrijver et al. (Schrijver, 2001; Schrijver and Title,
2001; Schrijver et al., 2002) have recently developed a
new flux transport algorithm that can be updated
regularly through the assimilation, by direct insertion,
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of new magnetograms. The algorithm imports into a
synoptic map the magnetic field data lying within 60° of
the disk center of a new magnetogram and then evolves
the field over the entire map, taking into account
differential rotation, meridional flow, and supergranular
diffusive dispersal. To maintain the quiet network outside
the region, where the new field values have been
assimilated, they inject small magnetic bipoles, a feature
unique to their model (see Schrijver, 2001, for details). The
photospheric fields residing at latitudes greater than |60°|
are replenished and evolve over time strictly as a result of
the transport algorithm. The evolution of the field
continues until a new magnetogram is once again
available, upon which it is assimilated into the map and
the cycle repeated. Unlike the maps from MWO, Schrijver
et al. has found no need to apply correction factors to the
SOHO/MDI photospheric field values, except for the
anomaly of multi-cycle simulations where they have found
(Schrijver et al., 2002) it necessary to introduce an ad hoc
decay time scale of 5 years for the field to improve the
correspondence between data and observations. For
short-term simulations, as in this study, this has no
impact at all. A set of updated SOHO/MDI synoptic
maps was generated using this algorithm for Carrington
rotation (CR) 1922 (April 25-May 23, 1997), which
encompasses the time of the May 12, 1997 CME. These
maps were used in the WSA model to predict solar wind
parameters at Earth and thus provide an independent
check to the results obtained using the MWO maps.

3. Results

3.1. Qualitative comparison of the predicted and observed
coronal holes

As a first step in our effort to understand the stream
structure and coronal sources of the solar wind around
the time of the May 12, 1997 CME, we compare the
observed coronal hole structure for CR1922 with that
predicted by the potential field source surface and
Schatten current sheet (PFSS+SCS) model combina-
tion. Fig. 2a is the SOHO/EIT 284 A synoptic map as
constructed by E. Benevolenskaya (Benevolenskaya
et al.,, 2001) at Stanford University (additional maps
are available at http://quake.stanford.edu/ elena/EIT/).
Fig. 2b shows the coronal holes as determined by the
PFSS+ SCS model combination. The solar wind speed
values (at 5 Rg) also shown in Fig. 2b were derived
empirically using the following relationship.

V(fs: o)

L.
=265.0 + 7_513{5.9 — 150/ 70772 571
(1+f9"

(D

where f is the flux tube expansion factor and 6} the
minimum angular separation (at the photosphere)
between an open field footpoint and its nearest coronal
hole boundary. We have placed the outlines of the
predicted coronal holes, on top of Fig. 2a. As can be
seen, the agreement between the predicted and observed
coronal holes is, qualitatively, good. The regions of
apparent discrepancy between the observed and pre-
dicted holes (e.g., the area in the northern polar region
centered on longitude ~ 250° with an angular width of
~ 100°) are almost certainly due to bright, high altitude
coronal structures lying in between the LOS of the
observer and the coronal holes. The reality of the two
small, isolated coronal holes (i.e., longitude ~ 130° and
latitude ~ —30°; longitude ~ 200° and latitude ~ 30°),
at lower latitudes is unclear. Unfortunately, the coronal
hole contrast is low near solar minimum when the hot
corona is largely absent.

3.2. Observed and predicted solar wind speed and IMF
polarity at L1

In Fig. 3, the solar wind speed observations from the
WIND satellite are compared with WSA predictions
using the PFSS+ SCS + 1-DMK model combination for
a three Carrington rotation (CR) time interval (i.e., CR
1921-1923) that is roughly centered about the May 15,
1997 ICME. Not only does the plot provide one with a
sense of how well the model reproduces the structure of
the high-speed stream (the main focus of this paper) that
followed the ICME, but also its performance over much
longer time intervals before and after the event
(approximately one and one-half Carrington rotations
or ~ 40 days), as well as the model’s general perfor-
mance near the minimum phase of the solar cycle. The
vertical bars seen in the figure are uncertainty estimates
determined by finding the maximum and minimum
values of the predicted solar wind speed at the sub-earth
point as well as for those points located 2.5° above and
below (i.e., north and south, respectively) them. They
therefore provide an estimate of the range over which
the solar wind speed can reasonably vary over a 5°
latitude range, which is the resolution of the grid cell size
(i.e., 5° x 5°) on the maps. The red dotted line is the base
10 logarithm of the plasma beta (f, ratio of thermal and
magnetic pressures) parameter, which is calculated using
the plasma data from the WIND satellite. Small plasma
B values (i.e., log;of) < — 1.0 often indicate the passage
of transient solar wind where ambient solar wind models
such as WSA are not expected to perform well. We use
the plasma f§ parameter here to help with the identifica-
tion of such transients. When available, we also use the
O7+/06+ ratio (Zurbuchen et al., 2002) for this
purpose.

In Fig. 4, the solar wind IMF polarity observations
from the WIND satellite are compared with WSA
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Fig. 2. (a) SOHO/EIT 284 A synoptic map as constructed by Elena Benevolenskaya at Stanford University (http://quake.stanford.edu/
“elena/EIT/). (b) Coronal holes as determined by the PFSS+ SCS model combination. The field polarity at the photosphere is
indicated by the light (positive polarity) and dark (negative polarity) gray contours, while the colored dots identify the footpoints of the
open field lines (i.e., the coronal holes) at the photosphere. The dot color indicates the solar wind speed at 5.0 R, (see color bar scale to
the right of the figure) as predicted by the model. The white plus signs near the equator mark the daily positions of the sub-earth point
(the plus signs mark the beginning, i.e., 00:00 h, of each day indicated). The black straight lines identify the connectivity between the
outer (open) boundary located at 5.0 Rg and the source regions of the solar wind at the photosphere (1.0 Rg). On top of Fig. 2a, we
have placed the outlines (i.e., green lines) of the coronal holes as predicted by PFSS + SCS model combination seen in Fig. 2b.

predictions for the same time interval as for the solar
wind speed comparisons in Fig. 3. The open blue
triangles correspond to IMF polarity predictions for
those points located 2.5° in latitude above and below the
sub-earth points. They are analogous to the vertical bars
in the solar wind speed plots. When different polarity
values are obtained for a given date and time, then the
sub-earth point is located very near the current sheet.
The sky-blue dashed line in the plots is the value of the
solar b angle. During CR1921 and to a lesser degree
CR1922, the solar b angle was large and negative
implying that the north pole of the Sun was poorly
observed from the Earth.

On the whole, WSA captures the large-scale, ambient
stream structure over the three Carrington rotation time
intervals reasonably well. The results displayed were
obtained using daily updated maps. There are, however,

some noticeable discrepancies between the predictions
and observations, most of which are likely explained by
the occurrence of transient events and the flatness of the
current sheet (which is typical during this stage of the
solar cycle). For instance, a well-known CME occurred
on April 7, 1997 (see Webb et al., 2000 and references
therein) with the ensuing ICME arriving four days later
on April 11. The plasma f is extremely small for a
fraction of a day on April 11, which helps confirm the
arrival and subsequent passage of transient material.
The flatness of the current sheet during solar cycle
minimum makes predicting solar wind stream structure
especially difficult. Since the transition from slow to fast
wind (or vice versa) can be quiet rapid, a small
uncertainty in the predicted position of the current
sheet, depending on its orientation, can result in
significant model error. When the current sheet is highly
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Fig. 3. Comparison of solar wind speed observations (thin black solid line) from the WIND satellite with WSA predictions (small blue
squares) for CR 1921-1923. The vertical bars are uncertainty estimates determined by finding the maximum and minimum values of
the predicted solar wind speed at the sub-earth point as well as for those points located 2.5° above and below them. The red dotted line
is the base 10 logarithm of the plasma beta (f, ratio of thermal and magnetic pressures) parameter determined using the WIND satellite

plasma data.

warped, the sub-earth point cuts across the current sheet
in a more perpendicular fashion, as the Sun rotates,
instead of more parallel/tangential to it, as when it is
nearly flat. A small shift in latitude of the current sheet
(perhaps resulting from incorrect polar fields values)
would thus most likely have minimal effect on the
predictions during solar maximum but potentially
introduce significant errors during solar minimum. For
instance, the discrepancies between observations and
predictions during the three-day period May 8-11, 1997
may be a result of the flatness of the current sheet, since
the sub-earth point was frequently located very close to
it (in the daily updated synoptic maps used to make
those predictions). Using higher resolution maps may
help to reduce some of these problems.

Finally, we have noticed a pattern with the WSA
model where significant discrepancies occur between
model predictions and observations, for periods up to

2-3 days after the passage of transient wind, when the
(observed) solar wind has returned back to ambient
conditions and where the model is expected to resume
performing well. This pattern is not unique to just
CR1921-1923 but appears in comparisons spanning
nearly an entire solar cycle. The stream following the
April 11 ICME is one example of this. One possible
explanation for this is a change in the coronal
configuration after the occurrence of a transient. Since
photospheric field synoptic maps are not instantaneous
snapshots of the Sun’s field but rather an assembly of
27-days of magnetograms that are, usually, merged
together using a weighting function sharply peaked at
central meridian, sudden and/or subtle changes in the
photospheric field configuration are likely often masked
in these maps, especially those assembled in the manner
just described. Therefore, sudden and/or subtle changes
in the coronal hole configuration (e.g., after transients)
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Fig. 4. Solar wind IMF polarity observations (thin solid back line) from the WIND satellite are compared with WSA predictions
(small blue squares) for CR 1921-1923. The open blue triangles correspond to IMF polarity predictions for those points located 2.5° in
latitude above (upward pointing triangles) and below (downward point triangles) the sub-earth points. They are analogous to the
vertical bars in the solar wind speed plots. The sky blue dashed line in the plots is the value of the solar » angle (latitude of Earth in

solar equatorial system).

are, by implication, possibly missed (perhaps frequently)
in the models. In spite of these difficulties related to flat
current sheets and transients, one can see that several
major high-speed streams in Fig. 3 (e.g. April 16-22,
May 1-7) are captured with the model. The important
stream from the viewpoint of the present study is on
May 12-19. The results for this period in Fig. 3 are
consistent with the overall observations of a medium-
speed stream with peak velocities of ~ 450km/s. The

May 15 ICME resides at the leading edge of the stream
during the low beta time interval.

3.3. Coronal sources

Displayed on the right-hand-side of Fig. 5 are the
global coronal field polarity at 5 Ry, the solar wind
speed at 5 Ry, (as determined by Eq. (1)), and the open
field (or coronal hole) configuration at the photosphere
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(similar to the map in Fig. 2a), all of which were derived
using the combined PFSS + SCS model and the photo-
spheric field synoptic map, last updated with a new
magnetogram at approximately the beginning of May
14, 1997. This particular map was selected for display as
it shows the source region of the stream that followed
and compressed the May 12th CME from behind after it
is fully developed and most evident in the maps. In the
coronal polarity plot (Fig. 5c) white (black) denotes
magnetic field directed outward (inward), from the Sun,
corresponding to positive (negative) polarity in the IMF
polarity plots shown in Fig. 4 and in the lower left
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corner of this figure. As mentioned earlier, the current
sheet is rather flat for CR1922 and the sub-earth points
(red plus signs) often lay close to it.

On the left-hand-side of Fig. 5 are plotted the WSA
solar wind speed and IMF polarity predictions versus
WIND satellite observations for CR1922. The light
green shaded areas in the two plots correspond to the
time-interval of the ICME passage (sheath plus ejecta)
as discussed and shown in more detail in Fig. 1. Here, as
expected, the WSA model fails to capture the transient
stream properties. However, the model reproduces,
within reason, the observed solar wind speed profile
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Fig. 5. On the right-hand side: (c) the global coronal field polarity at 5 Rg, (d) the solar wind speed at 5 R, and (e) the open field (or
coronal hole) configuration at the photosphere (similar to the map in Fig. 2a), all of which were derived using the combined
PFSS + SCS model and the photospheric field synoptic map last updated with a new magnetogram at approximately the beginning of
May 14, 1997. Left-hand side: WSA solar wind speed (a) and IMF polarity (b) predictions versus WIND satellite observations for
CR1922. The light green shaded areas in the two plots correspond to the time-interval of the ICME passage (sheath plus ejecta). The
red arrows identify the stream sources at 5 Ry and 1Rg. Note that time runs from right to left in synoptic maps.
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for a number days before and after the passage of the
ICME, and the IMF polarity is correctly predicted for at
least a day before and after (i.e., following the day of
fluctuating polarity beginning on 16th) the ICME. In
Fig. 5d, the modest high-speed region (i.e., light green
area) lying in between the two sub-earth points
corresponding to the 12th and 13th of May is the source
(at 5.0 Rp) of the earth-directed stream that followed the
transient. As can be seen in the figure, the peak flow
speed in this region occurs around mid-day on the 12th
after the CME launch, which happened earlier in the
day. The coronal source of this modest high-speed
stream is the coronal hole extension located in the
southern hemisphere (Fig. 5¢) at ~ 130° longitude. We
followed the evolution of this coronal extension going
back to the beginning of May 8th using PFSS+ SCS
model driven by daily updated photospheric field maps.
We found that the coronal hole broadened longitudin-
ally with time and began extending further northward,
from its original northern most extent of about —55°
latitude on the 8th, reaching up to about —45° latitude
around the time of the CME eruption on the 12th. Not
until late on the 11th did the modest high-speed region
(i.e., light green area visible in Fig. 5d), begin to appear
between the May 12th and 13th sub-earth points. The
above discussion identifying the coronal source of the
high speed-stream along with the coronal polarity map
shown in Fig. 5¢ makes it clear why the IMF predictions
are in agreement with observations only roughly a day
before and after the ICME event. As seen in the figure,
the sub-earth point clearly lies south of the current sheet,
where the IMF polarity is negative, from about mid-day
on the 11th until early on the 14th. However, before and
after this time, the sub-earth points lie very near the
current sheet, where predictions of the IMF are often
highly uncertain (note the mixed polarity predictions on
~May 20th in Fig. 5b).

In Fig. 6, we display the same WSA predictions for
CR1922 but now with the model driven by Schrijver et
al.’s SOHO/MDI updated synoptic maps. Not only do
these results support the conclusions arrived at using the
MWO maps, but they are in better overall agreement
with the observations, especially for the IMF. The over
prediction in speed that occurred from May 8-11, 1997
in the MWO results, (i.e., Fig. 3) is still there, but is
not as pronounced. In addition, the largest over
estimates in speed (occurring on May 8) have uncer-
tainty bars that are large and encompass, save one, the
observed solar wind speed unlike those for MWO. The
predictions from May 25-30 are missing in the plot,
because we ran the Schrijver photospheric field maps
using data only from CR1922. Since the solar wind takes
on average 4-5 days to reach Earth, the predictions
based on the data from the beginning of CR1922 (April
25, 1997) arrived ~ 5 days later on the 30th. Schrijver et
al. updates their maps four times a day and this explains
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Fig. 6. WSA solar wind speed and IMF polarity predictions at
Earth and WIND satellite observations for CR1922 using the
Schrijver et al.’s updated SOHO/MDI synoptic maps as input.

the larger number of predictions per day compared to
those from MWO.

3.4. Role northern active region played in the stream
following ICME

The results presented above suggest that the stream
that followed the May 15th ICME came from a coronal
hole located in the southern hemispheric, while the May
12th CME itself is known to be associated with the only
active region on the solar disk (NOAA AR 8038), which
was located north of the equator near central meridian.
In an effort to determine what, if any, role the northern
active region played in the generation of the modest
high-speed stream that followed the ICME, we removed
the northern active region from a subset of the daily
updated photospheric field maps used in this study
corresponding to a few days before and after the May
12th CME. For each map, we manually removed the
active region and then replaced it with the nearby weak
field values. On the left-hand-side of Fig. 7, at the top, is
the daily updated photospheric field synoptic map last
updated with a new magnetogram on the May 12th. At
top right in the figure is the same map but now with the
northern active region removed. Using these modified
maps in the WSA model, new solar wind predictions
were generated. The solar wind speed and IMF polarity
predictions with and without the active region are also
plotted in Fig. 7. As can be seen, there is virtually no
difference in the two sets of predictions, although the
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IMF polarity results are in better agreement with
the observations after May 21st for the maps with the
active region removed. These results, along with the fact
that the stream source appeared on the solar wind speed
maps (see discussion in Section 3.3) on the 11th, i.e.,
before the CME launch, suggest that neither the
northern active region nor the CME played a role in

Active Region Associated With May 12" CME
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producing the stream that followed the ICME. How-
ever, it is possible that whatever changes led to the
development of the modest high-speed stream source
also eventually caused the CME eruption. These results
also explain why the model captured the stream after the
passage of the ICME, when as mentioned earlier, the
WSA model often fails for 2-3 days following
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the passage of such a transient event—the CME did not
play a role in the formation of the stream, since it
developed first.

4. Implications of the suprathermal electron signatures

Fig. 8 shows a close-up of the in situ plasma and field
behavior detected on the WIND spacecraft upstream of
Earth during the period of the May 12, 1997 solar event-
generated ICME. As noted elsewhere in this paper, this
ICME occurs on May 15, at the leading edge of a
modestly high-speed stream with roughly 500km/s
velocities. A preceding shock is clearly seen in the
dynamic pressure, velocity, and magnetic field magni-
tude as a sharp increases. The following sheath portion
of the ICME, composed of compressed ambient solar
wind, contains a narrow current sheet, which could be
the swept-up heliospheric current sheet. The subsequent
combined density decrease and smooth, rotating en-
hanced magnetic field suggest that the ejecta, or driver
signature of the ICME, arrives at WIND at about 10:00
UT on May 15 and lasts until at least 00:00 UT on May
16. Of special interest here is the information contained
in the suprathermal electron anisotropies shown by the
three color-coded pitch angle spectrograms.

Suprathermal solar wind electrons in the energy range
from several hundred to ~ 1keV are traditionally used
as diagnostics of magnetic field topology, in particular
of field connectivity to the Sun. These heat flux electrons
typically have narrowly focused field-aligned angular
distributions indicating streaming along open interpla-
netary magnetic field lines away from the Sun in the
undisturbed solar wind. They are also known to exhibit
periods of counterstreaming, indicating mirroring or
field connections to the Sun at both ends, during
intervals within ICME ejecta and sometimes in ICME
sheaths (e.g., Gosling et al., 1987; Shodhan et al.,
2000).

In this case it appears from the B, and B, components
of the magnetic field that an interplanetary sector
boundary crossing (from positive B, and negative B,
to negative B, and positive B) occurs just prior to or at
the shock arrival time. The expected change in the
electron streaming pitch angle from its initial 180° value
antiparallel to the prevailing field (B, positive, or toward
the Sun in the standard GSE coordinates used), to 0°, or
parallel to the field, is not seen at the time due to the
proximity to the shock crossing. Instead, counter-
streaming distributions are seen in the foreshock typical
of reflected heat flux electron signatures also found
upstream of the Earth’s bow shock. The electron
distribution is isotropized in the vicinity of the shock
itself, probably due to the presence of enhanced wave-
particle interactions or Coulomb scattering. In the
sheath, the new 0° pitch angle streaming conditions

presumably imposed just prior to the shock passage
resume. There are several rotations in the North—South
(z) component of the compressed magnetic field in the
sheath, including the sharp current sheet crossing at
about 06:00 UT on May 15. Interestingly, the heat flux
electron anisotropy does not reverse at this time to its
original upstream 180° pitch angle. Such signatures are
referred to as false polarity reversals (e.g., Kahler and
Lin, 1995) and are interpreted as bends or folds in the
local field lines. The onset of significant fluctuations in
the inclination of the field, seen in the B. component
about an hour earlier, may signify an encounter with
structures in the sheath prior to entry into the ejecta
proper. The heat flux anisotropy does reverse about two
hours after the sharp current sheet passage, coincident
with one of the rotations of the B. component from
southward to northward. At a second sharp current
sheet crossing at about 10:00 UT on May 15, the ejecta
signatures of lower plasma density and a smooth
rotation in the magnetic field begin simultaneous with
a last heat flux anisotropy reversal.

Notably, significant counterstreaming is nowhere
evident within the provisional period of ejecta passage
through 00:00 UT on May 16. Instead, the ejecta fields
are inferred to be connected to the Sun at one end,
consistent with an interplanetary field polarity opposite
to that at the start of the plotted interval. Following the
return to what seem to be ambient interplanetary
conditions, the electron fluxes are lower, with aniso-
tropies favoring the ejecta polarity signature but
showing significant fluctuations and periods of possible
weak counterstreaming. The anisotropies return to a
strong 180° pitch angle signature, consistent with the
pre-ICME southern hemisphere solar wind source, at
about 04:00 UT on May 17.

The implication of these anisotropies is that the
swept-up solar wind in the sheath contains the helio-
spheric current sheet crossing in addition to other field
rotations of unknown origin. The ejecta portion consists
of open field lines rooted at the Sun in a region with
magnetic polarity opposite to that prior to arrival of the
ICME shock. This interpretation would be consistent
with the idea, inferred from the WSA model analysis
described above, that the ambient solar wind coming
from a southern hemisphere coronal hole extension is
intruded upon by flows from the opposite polarity
northern hemisphere containing the CME-associated
flaring active region. The observed ejecta fields may have
either become disconnected from the Sun at one end if
they were originally closed loops, or WIND may have
in fact missed the closed field portion of the ejecta
and instead sampled a surrounding portion of northern
hemisphere open field deflected southward during
the event passage. This analysis illustrates that
event contextual modeling together with suprathermal
electron signature observations can be used to reinforce
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or negate envisioned CME ejection and propagation
scenarios.

5. Summary and conclusions

We have modeled the ambient solar wind during
the time of the May 12, 1997 CME using the Wang—
Sheeley—Arge (WSA) model driven by two independent
sets of photospheric field synoptic maps: daily updated
maps from Mount Wilson Solar Observatory and
updated SOHO/MDI maps constructed with the Schrij-
ver et al. (Schrijver, 2001) flux transport data assimila-
tion routine. We find that the WSA model can replicate
the solar wind speed and IMF polarity profiles for
this time-period rather well except for the ejecta itself,
which is beyond the model’s capability. The results
presented in this paper as well as those of Odstrcil et al.
(2004) both suggest that the source of the high-speed
stream that followed and compressed the ICME from
behind originated from a small coronal hole extension
located south of the Sun’s equator (see the Odstrcil
paper for a 3-D view of the solar wind structure around
the time of this event). Finally, the active region in the
northern hemisphere associated with the May 12th
CME does not appear to have played a role in either the
formation or the general nature of the small southern
coronal hole extension that produced the high-speed
stream.

Our case study analyses more generally illustrate how
one can use a magnetogram-based coronal/solar wind
model to infer the origin(s) of the stream structure
surrounding an ICME. Odstrcil and Pizzo (1999a,
1999b) experimented with MHD models of simplified
simulated coronal ejections expelled into a solar wind
produced by a high polar/low equatorial speed source
organized around a planar tilted heliospheric current
sheet. Their experiments with ejections above, below,
and inside of the slow wind belt produce modeled time
series at 1 AU showing how the ejecta fall within the
evolved stream structure. On occasions where the
ejection is in or above the slow speed belt in such a
way that it is followed at the same latitude at a later time
by the higher speed wind, the ejecta appear at the
leading edge of a high-speed stream - much the same as
the May 15, 1997 ICME observations in Fig. 1.
However, the numerical experiments on a hypothetical
simple scenario lacked the smaller-scale important
coronal hole extensions present in the WSA model.
The ecliptic solar wind near solar activity minimum can
be highly influenced by relatively minor-looking coronal
hole sources, such as the southern hemisphere coronal
hole extension in our case study. In this case the ejecta
coming from the source associated with the northern
hemisphere flaring active region may have been pushed
from behind by the stream from the southern hemi-

sphere coronal hole extension. Thus it is important in
models seeking to simulate and explain real events to
have a sufficiently accurate description of the ambient
corona and solar wind including detailed structures.
While each CME and ICME will have their own
nuances of coronal and solar wind context, our example
illustrates the usefulness of routinely carrying out
ambient state solar wind calculations for real CME
event studies to help distinguish ambient corona from
coronal dynamics effects. The WSA model represents
one relatively low-computational-power way to carry
out such analyses.
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