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Abstract

Propagation properties of an interplanetary disturbance in association with a
halo coronal mass ejection (CME), which was observed with the Solwind coronagraph
from 08:22 to 09:58 UT on 27 November 1979, are examined utilizing IPS and space-
craft observations. Detailed model-fitting showed that a dip of the propagation speed
of the disturbance was situated in the radial direction of the heliospheric current
sheet. Quick deceleration of the disturbance along the current sheet is suggested.

1. Introduction

Among a wide variety of morphological species of white-light coronal mass ejec-
tions (CMEs), “halo” CMEs, which are coronal structures of excess brightness of the
solar corona nearly surrounding the occulting disk of a satellite-borne coronagraph,
are particularly of interest because the interplanetary consequence of a CME of this
type must collide with the earth in a “head-on” manner. One of the best examples
of the CME of this type is a coronal event which was observed with the Solwind
coronagraph during the interval from 08:22 to 09:58 UT' on 27 November 1979, im-
mediately after the disappearance of a quiescent solar filament near the solar disk
center [Howard et al.,1982]. A provisional study of the interplanetary manifestation
of the CME was performed by Walanabe [1985] and Watanabe et al. [1986] using
interplanetary scintillation (IPS) and spacecraft observations of the solar wind. The
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presence of quasi-spherical interplanetary disturbance with a dip of the propagation
speed around the sun-earth line was suggested by these works on the basis of direct
deductions from IPS observations. The principal purpose of the present report is
to discuss three-dimensional propagation properties of the interplanetary disturbance
in detail by applying a model-fitting [ Watanabe ei al., 1986] to IPS and spacecraft
observations.

2. Solar/Interplanetary Observations

First, we review briefly previous works concerning solar/interplanetary obser-
vations relevant to the halo CME on 27 November 1979.

a) CME

The halo CME in question was observed by the Solwind coronagraph on 27
November 1979 during the interval from 08:22 to 09:58 UT, in the range from about
4R to 8Rg [Howard el al., 1982]. The expanding speed of the CME projected onto
the plane of the sky is 600 & 50km/s for all position angles around the occulting
disk. The frontal speed may be estimated if we assume that the expanding speed is
constant and that the boundary of emission forms a cone of constant angular spread.
Howard et al. [1982] obtained the frontal speed of 1160km/s. They also suggested
that deceleration of the outward motion of the CME took place at about 7Rg.

b) Solar Activity

Since the halo CME had a symmetric appearance around the occulting disk of
the Solwind coronagraph, it will be reasonable to assume that the solar counterpart
of the CME would have been located near the solar disk center. The most remarkable
solar phenomenon which took place immediately before the detection of the CME
was sudden disappearance of a large north-south oriented quiescent filament with its
center located at N05W03. According to H-alpha observations at Mitaka (Fig. 1),
the filament disappeared at around 06:45 UT on 27 November 1979 [ Watanabe, 1985).
A 1N solar flare apparently in association with the disappearance of the filament was
observed at N18F05 in a nearby active region, from 06:47 UT. One more 1N solar
flare took place within the same active region, at N14E05 from 07:22 UT. A soft
X-ray LDE (long decay event) of a Cl class occurred on November 27 from about
06:30 UT to 12:00 UT. This event may be the soft X-ray signature of flares reported
in the active region [Cane ef al., 1986]. Thus the solar source of the halo CME in
question may be characterized by the disappearing solar filament and the associated
small flares. -



Fig. 1. Image-enhanced reproduction of H-alpha photographs taken at Mitaka,
Tokyo at 00:05 UT', 06:25 UT and 06:45 UT on 27 November 1979. A large dark
filament near the solar disk center disappeared between 06:25 UT and 06:45 UT,

27 November 1979.

13



14

¢) Interplaneiary CME :

An interplanetary signature of the halo CME was observed with the zodiacal
light photometers on board the Helios spacecraft as an outward-moving structure
with an excess electron columnar density [Jackson, 1985]. At this time, Helios 2 was
situated at 30° east of the sun-earth line 0.5AU from the sun. The Helios 2 pho-
tometers observed the interplanetary CME as it moved outward past the spacecraft
at an altitude of 16° above the ecliptic plane. The approximate outward speed of
the interplanetary CME was about 500km/s, at around the heliocentric distance of
0.5AU [Jackson, 1985].

At the time of the mass ejection, Helios 1 was located at 120° east the sun-
earth line 0.35AU from the sun. The southern portion of the interplanetary CME in
question was also observed by the Helios 1 photometer on 27 November. Combining
above-mentioned photometric observations, Jackson [1985] concluded that the CME
moved outward directly along the sun-earth line and that it showed strong collimation
in the north-south direction. '

d) Spacecraft Observations of Solar Wind

An interplanetary shock wave was detected by Helios 2 (30° E, 0.5AU), at about
16:00 UT on 28 November. The shock speed at the spacecraft is estimated to have
been 550km/s. It is reasonable to assume that the solar origin of the interplanetary
shock wave was the disappearing filament or the halo CME on 27 November. The
average shock speed between the sun and the spacecraft is about 630km/s. It is
concluded that the shock decelerated along the sun-Helios 2 line. The in situ shock
speed at Helios 2 is consistent with the outward speed of the interplanetary CME near
0.5AU (500km/s) which was estimated by Jackson [1985]. Solar wind data obtained
at Helios 1 (125° E, 0.35AU) show no evidence of the shock wave at the spacecraft
on 27-28 November.

The interplanetary shock wave in question was also observed at ISEE-1, -2, and
-3 spacecraft. The arrival time of the shock wave at ISEE-3 was 06:49 UT on 30
November, immediately before an sc of geomagnetic storm at 07:38-07:41 UT on 30
November. The shock speed near the earth, which has been determined by using
solar wind observations obtained with these three spacecraft, is 404km/s [Russell et
al., 1983]. The most probable solar origin of the shock wave will be the disappearing
filament or the halo CME on 27 November 1979 [Howard et al., 1982]. Since the
average shock speed between the sun and the ISEE-3 spacecraft was about 560km/s,
it is also concluded that the shock wave showed deceleration along the sun-earth line.

e) IPS Observations of Solar Wind
The interplanetary disturbarce in association with the halo CME was also de-
tected by interplanetary scintillation (IPS) observations of radio sources as a tran-
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Fig. 2. Line-of-sight geometry on 30 November 1979 (projected onto the ecliptic
plane). Locations of spacecraft are also shown.

sient increase in the flow speed accompanied with the enhancement of the scintillation
level. The line-of-sight geometry on 30 November 1979 is shown in Fig. 2. IPS
observations obtained at UCSD [Coles and Rickett, 1979] and Toyokawa are available.
According to the direct deduction from IPS and spacecraft observations, the general
three-dimensional configuration of the interplanetary disturbance in association with
the halo CME may be approximated by a sphere having a dip of the shock speed
around the sun-earth line [Watanabe, 1985; Watanabe et al., 19860].

3. Empirical Modeling

Although IPS techniques enable us to obtain solar wind data in the region away
from the ecliptic plane, it is somewhat difficult to study transient interplanetary dis-
turbances utilizing IPS observations because the time resolution of current IPS obser-
vations is generally poor, and observational parameters, e.g., the solar wind speed, are
affected by the line-of-sight integration. In previous works [Watanabe, 1985; Watan-
abe et al., 1986], it was assumed that the observed flow speed by IPS observation



16

is that of the plasma speed of the disturbance. This simple method is useful to see
large-scale propagation properties of interplanetary disturbances, but it is necessary
to take into consideration the above-mentioned limitation in IPS observations. A
model fitting procedure [Watanabe et al., 19864] has been introduced to improve the
situation. In this section, we find the best-fit model by which IPS and spacecraft
observations in late November 1979 can be explained.

a) Method
We define the directivity of an interplanetary shock wave, D(L,B), as a function
of the longitude L (deg.) and the latitude B (deg.):

D(L,B) = F(L, B) cos M(L — Lo)cos N(B — Bg) (D

where

F(L, B): reduction factor

Lo: longitude of the shock wave center (deg.)
By: latitude of the shock wave center (deg.)
M, N: multiplication factors

We set D(L,B) = 0 when it has negative values. The reduction factor is newly
mtroduced to represent the detailed geometry of the interplanetary disturbance. By
using the directivity, the angular distribution of the total shock speed (shock speed
plus ambient flow speed) of an interplanetary disturbance is given by the formula:

VS(L, B, R) = VSoD(L, B)(R/Ro) °F + Vo(L, B) (2)

where

VS(L, B, R): total shock speed (km/s)

R: heliocentric distance (AU)

V' So: initial shock speed (km/s) at (Lo = 0, By = 0)
Ry heliocentric distance of the initial point (AU)
DE: power-law deceleration coefficient

Vo(L, B): ambient solar wind speed (km/s)

The radial thickness of the interplanetary disturbance, DS(L,B) in AU, is defined as
follows:

DS(L, B) = DSoD(L, B) (3)
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where DSy is the maximum radial thickness in AU. Since we simulate IPS obser-
vation near 1 AU, we neglect the radial evolution of the thickness. By using the
above-mentioned empirical model of the interplanetary disturbance, we predict the
flow speed to be observed by IPS observation taking into account the line-of-sight
integration. To do this we assume the extended medium weak scattering [Coles and
Harmon, 1978]. Since the observed speed is essentially the line-of-sight average of the
plasma speed, we assume that the plasma speed in the post-shock region is 80% of
the shock speed given by eq. (2), after the strong-shock approximation for an ideal
gas. We also assume that the level of electron density fluctuations within the distur-
bance is 5 times as high as the ambient level and that the levels of electron density
fluctuations are proportional to B2,

b) Empirical Model of Interplaneiary Disturbance
in Assoctation with Halo CME on 27 November 1979

As the first step of the modeling, we assume the angular distribution of the
ambient solar wind, Vp(L,B). Since the number of observation points in interplanetary
space is not sufficient to determine the geometry of stream structures of the ambient
solar wind at a given instance, we adopt an observational deduction that the low-speed
solar wind tends to appear along the heliospheric current sheet and that the high speed
streams appear above the photospheric regions with predominantly the same magnetic
polarity; i.e. coronal holes [e.g., Kojima and Kakinuma, 1987]. For this purpose, we
employed synoptic charts of the heliospheric magnetic field published by Hoeksema
and Scherrer [1983]. Solar wind speeds are selected to be consistent with the flow
speeds observed immediately before the arrival of the interplanetary disturbance at
observational points. The assumed angular distribution of the ambient solar wind
speed at 1 AU on 30 November is given in Fig. 3.

By using the angular distribution of the ambient solar wind speed given in
Fig. 3, we determine the first-order model of the interplanetary disturbance near the
ecliptic plane on the basis of Helios 2 and ISEE-3 observations. We assume that the
interplanetary disturbance departed the sun at 07:00 UT on 27 November, which is
inferred from H-alpha observations at Mitaka [Watanabe, 1985]. Since it is not the
purpose of the present study to model the interplanetary disturbance near the sun,
we neglect acceleration of the ambient solar wind. For the initial speed of the shock
wave, we assume that V. Sg = 830km/s. This gives the total shock speed (shock speed
plus ambient flow speed) of 1160km/s, which is equal to the frontal speed of the CME
estimated by Howard et al. [1982], for the ambient flow speed of 330km/s.

We then simulate the shock wave characteristics observed at Helios 2 (R =
0.5AU, L = —30°). Observations are simulated fairly well as shown in Fig. 4 by
assuming the following parameters; F(L,B) = 1, M = 1.5, N = 1.5, Lo = +05°,
By = +05°, DE = 0.5, and DS = 0.15. This means that the shock wave showed a
blast-shock like deceleration between the solar corona and Helios 2. The shock wave
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Fig. 3. Assumed angular distribution of the ambient solar wind speed on 27-30
November 1979. The longitude is measured from the central meridian of the sun,
and the latitude is measured from the solar equatorial plane. Location of the
center of the scattering weighting function on each line of sight is indicated by a
dot. The locations of spacecraft are also indicated.
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observations at ISEE-3, near 1 AU, cannot be predicted by the same model employed
to predict Helios 2 observations, because this model gives too fast shock speed at
ISEE-3. It is necessary to assume both a slower initial shock speed and a larger
deceleration coeflicient than those assumed in prediction of Helios 2 observations. We
adopt the reduction factor of F(L, B) = 0.9 along the sun-earth line, and employ a
larger value of the deceleration coeflicient of DE = 0.7. The result of prediction is
shown in Fig. 5. It is suggested that the angular distribution of the shock speed had
a dip along the sun-earth line.

The first-order model, which has been determined by using spacecraft obser-
vations, is now applied to IPS observations to construct a three-dimensional model.
We try to obtain the best-fit model in an iterative manner. Solar wind data obtained
~ with IPS observation of 3C298 are particularly important to know dynamic proper-
ties of the shock wave in the region to the west of the sun-earth line, above the solar
equatorial plane. As shown in Fig. 6, IPS speeds obtained with IPS observations of
3C298 are well predicted by assuming F(L,B) =1, DE = 0.5, and M = 1.0.

IPS observations of 3C273 and 3C237 are important to determine the angular
spread of the dip in the shock speed in the region to the west of the sun-earth line, near
the solar-equatorial plane. As shown in Fig. 7, IPS observations of 3C273 are well
predicted if we assume that the dip is distributed over the longitudes of 0° —+40° and
the latitude of £10°. The power-law deceleration coefficient within the dip is taken
to be 0.7, the same value that has been introduced to simulate near-earth spacecraft
observations. This model is also consistent with IPS observations of 3C237 near 14U
(Fig. 8). We tentatively assume that the dip has an extent of 10° in the eastern
hemisphere. The prediction for IPS observations of 3C459 is shown in Fig. 9.

Propagation properties of the shock wave in the region to the north of the earth
can be examined by using IPS observations of 3C295. As shown in Fig. 10, the
highly disturbed solar wind with the speed of about 500km/s was observed on early
30 November. Since the observed plasma speed is considerably faster than the post-
shock flow speed near the earth (about 370km/s), it is suggested that the dip of the
shock speed around the sun-earth line was confined in the region around the ecliptic
plane. The extent of the hole in the northern hemisphere is necessary to be smaller
than 15° to simulate IPS observations of 3C'295.

Concerning the southern hemisphere, it is somewhat difficult to obtain a com-
prehensive model because of the small number of IPS sources to observe the region
to the south of the ecliptic plane. In the interval of our interest, IPS observations of
only one radio source, 3C'161, are available. The disturbed solar wind was observed
by IPS observation of this radio source at UCSD and at TYKW on 30 November
1979, shortly after the arrival of the shock wave at ISEE-3 (06:49 UT'). If we take
into consideration the fact that the peak of the principal scattering zone along the
line-of-sight of this radio source was located at about 0.3AU outside the earth’s or-
bit, it is suggested that the shock wave propagated with greater speed than that
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(dots) and the predicted time variation of the flow speed (broken line). The lower
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along the sun-earth line. To simulate IPS observations of 3C'161 on 30 November ~ 1
December, it is necessary to assume a smaller deceleration coefficient (DE = 0.3), be-
cause Solwind CME observations suggest that the initial shock speed in the southern
hemisphere would have been similar to that in the northern hemisphere. Parameters
employed in the above-mentioned modeling are summarized in Table 1.

Table 1. Parameters which determine dynamic characteristics
of the interplanetary disturbance
in association with halo CME on 27 November 1979

Region M N
L>5 1 1.5
L<5 1.5 | 1.5

Region Vo | N F(L,B)
L<-20, B>+10 350 1 0.5 1
L<-10, -10<B<+10 350 | 0.5 1
L<-30, B<-10 350 | 0.5 1
-30<L+15, B>-+10 400 | 0.5 1
L<+420,  B>+10 300 | 0.5 1
-10<L<+40, ~10<B<-+10 | 300 | 0.7 0.9
L>+40, 0<B<+10 300 | 0.5 [
L>+40,  B<0 400 | 0.5 1
-30<L<+40, B<-10 400 | 0.3 1

¢) Three-Dimensional Geomeiry of Shock Wave
in Associalion with Halo CME on 27 November 1979

An approximate three-dimensional geometry of the shock wave in question is
constructed on the basis of the model-fitting performed in the previous section. Lo-
cation of the leading edge (the shock front) of the interplanetary disturbance in the
interval from 28 November to 1 December 1979 at 00:00 UT for each date is schemati-
cally shown in Fig. 12a (the ecliptic-plane cross section) and in Fig. 12b (the central-
meridian plane cross section). The dip which is formed around the sun-earth line
is evident. The large-scale configuration of the interplanetary disturbance derived
from present model-fitting is largely consistent with that given by previous direct
deductions [Watanabe, 1986; Watanabe et al., 1986].

The two-dimensional distribution of the shock speed at 1AU is also illustrated
in Fig. 13. It is seen that the high-speed portion appeared in the region apart from
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Fig. 12. Approximate configuration of the leading edge of the interplanetary
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lower panel (b) shows the central meridian cross section.
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the solar-equatorial plane, both in the northern and the southern hemisphere. The
dip of the shock speed appeared in the radial direction of the heliospheric current

sheet, near the normal of the disappearing solar filament.
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Fig. 13. Angular distribution of the plasma speed at 1AU on 30 November 1979.
An enhancement of the plasma speed which is seen around the radial direction

of the earth is caused by the interplanetary disturbance in association with the

disappearing filament on 27 November 1979.

4. Concluding Remarks

It is apparent that the empirical model of the interplanetary disturbance in
association with the halo CME on 27 November 1979 is not unique, because many

other combination of the parameters are conceivable. Nevertheless, it is possible to

give constraints to the model as follows.

1. A quasi-spherical interplanetary disturbance was generated in association
with the halo CME observed with the Solwind coronagraph from 08:22 UT on
27 November, or a disappearing filament which was observed near the solar




disk center immediately before the detection of the CME.

2. The center of the disturbance was located around the sun-earth line, near
the radial direction of the disappearing filament.

3. A local depression of the propagation speed of the interplanetary disturbance
was situated around the sun-earth line. The deceleration of the disturbance
was strong around the line.

"Since the low-latitude portion of the heliospheric current sheet was located near the

sun-earth line, it is suggested that the presence of the current sheet is responsible
to form the dip of the interplanetary disturbance around the sun-earth line. The
slower ambient solar wind and the stronger deceleration along the current sheet will
result in the dip. A similar result was obtained for an interplanetary disturbance
in association with the disappearing solar filament on 23 May 1979 [Watanabe ei
al., 1988]. In conclusion, the presence of the heliospheric current sheet will play
an important role to determine detailed dynamical characteristics of interplanetary
disturbances. Henning et al. [1985] also suggested that interplanetary disturbances
are weakened by interaction with the heliospheric current sheet.
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