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Abstract

The spatial structure of the solar wind in 1985 and 1986 was
studied with observations by interplanetary scintillation and Japanese
spacecraft, SAKIGAKE and SUISEI. The solar wind speed maps on the
source surface were derived from IPS observations. Superposition of
the spacecraft data on the IPS map improved the resolution of the map
in the low latitude range. During September and November of 1985, a
leading edge of the northern high-speed region, which extended from
the pole, had a large latitudinal speed gradient of 40 km/s/degree and
inclined at a small angle to longitudinal direction on the source
surface. Stream-stream interaction was well developed at this leading
edge, traveling a distance of 1 AU. During January and April of 1986,
a low-speed belt on the source surface had a nearly flat structure,
and high-speed regions extended to low latitudes in wide longitude
ranges in both hemispheres. SAKIGAKE observed the southern high-speed
stream and the low-speed belt. The leading edge of the southern high-
speed region did not have a remarkable speed jump. At the leading
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edge, a temperature increase was detected but no density increase was

observed.

1. Introduction

Observations of the solar wind by interplanetary spacecraft have
been restricted to a small heliographic latitude range near the solar
equator, and the number of spacecraft has not been great enough to
understand the large spatial structure of the solar wind in three-
dimensions. On the other hand, the method of interplanetary scintilla-
tion (IPS) has the advantage of being able to observe the three-
dimensional structure of the solar wind using many IPS sources, which
are distributed widely in both longitude and latitude coordinates.
Solar wind observations by the IPS method at a UHF frequency, which
have been carried out at the Research Institute of Atmospherics,
Nagoya University, can be made between distances of 0.1 to 1 AU and in
a wide latitude range. The spatial resolution of IPS observations is,
however, not good enough to study fine structures in the solar wind
because of integration of the solar wind parameters along the line of
sight (Readhead, 1971; Watanabe and Kakinuma, 1972; Harmon, 1975;
Kakinuma and Kojima, 1985). On the other hand, spacecraft observations
can detect fine structures. Therefore solar wind observations by the
IPS and spacecraft methods could be complementary to each other. If
the global structure of the solar wind in three-dimensions is known
from the IPS observations, it becomes easy to understand and analyze
the spacecraft observations. Likewise, spacecraft observations can
improve the resolution of the solar wind speed maps which are derived
from the IPS observations.

First we derive solar wind speed maps on the source surface from
the IPS observations. Then the data obtained by the spacecraft
SAKIGAKE are superposed to improve the resolution of the maps. Using
these maps, the observations of the solar wind by SAKIGAKE and SUISEI
will be explained.

2. Global Structure on the source surface in 1985

Solar activity in 1985 was very close to the minimum, and the

year 1985 was in the excursion phase of the two-hemisphere model
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(Saito, 1984). The low-speed belt on the source surface had a fairly
flat structure early in 1985 and began to incline again to the solar
equator in mid-1985 (Kojima and Kakinuma, 1986, 1987). The solar wind
speed maps in Figure 1 were derived from the IPS and spacecraft
SAKIGAKE observations during the Carrington rotations (CR) 1766 to
1768. The method of making the two-dimensional speed maps has been
given by Kojima and Kakinuma (1986, 1987). Speed levels are shown with
a color code and contour lines. Contour lines are given for speeds
greater than 400 km/s at intervals of 100 km/s. The contour lines are
shifted from the color boundaries by 50 km/s. The global structure in
Figure la was derived from the IPS observations. In Figure 1b, the
SAKIGAKE data have been superposed on the map of Figure la to improve
its resolution in the low latitude region. Although the global struc-
ture in Figure 1b did not change from that of Figure la, two compact
high-speed regions, which corresponded to coronal holes, were resolved
at longitudes 120° and 250°.

The northern high-speed region consisted of two structures:
(1)the region between longitudes 150° and 270° was an extension of the
polar high-speed region; (2)two compact high speed-regions on the
equator at longitudes 120° (blue colored) and 70° (green colored)
corresponded to local coronal holes observed by H-alpha (Solar Geo-
physical Data, 1985). The high-speed region at longitude 120° on the
eguator seems to have been connected with the high-speed region ex-
tending from high latitudes.

There was a low-speed island (red colored) at latitude +30° and
longitude 130°. The western edge of this island was bordered closely
by the high-speed region. Figures 2 and 3 are data plots of IPS
observations of radio sources 3C 286 and 3C 298. Data were mapped back
to the source surface along Archimedian spirals under assumptions of
constant and radial velocity without any considerations for stream-
stream interaction and acceleration. This sharp boundary was observed
by these IPS sources around November 16th in CR 1768 between longi-
tudes 120° and 150°,

Fig. 1. (Previous page) A solar wind speed map in the coordinate of
the heliographic latitude and Carrington longitude on the source
surface. Observations during CR 1766 and 1768 were superposed. Speed
contour lines (white color) are given for speeds greater than 400 km/s
at intervals of 100 km/s. (a) is derived from the IPS data, and (b) is
derived from the observations by IPS and SAKIGAKE.
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Fig. 2. Solar wind speed observed by a IPS source 3C 286. Data were

mapped back to the source surface.

An abscissa is shown by Carrington

longitude but data are arranged in order of observation time from left

to right. Top two frames are trajectories of main scattering region of

the IPS of this radio source.
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Fig. 3. Solar wind speed observed by a IPS scurce 3C 298. The Figure

is shown with the same method as that used for Figure 2.
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The leading edge of the northern high-speed region had a large
latitudinal speed gradient between longitudes 150° and 270°. This
edge inclined at a rather small angle to longitudinal direction. The
leading edge of the southern high-speed region between longitudes
300° and 330° inclined at a large angle to longitudinal direction.

3. Global Structure on the source surface in 1986

The solar wind speed maps of Figure 4a and b were derived from
the IPS and SAKIGAKE observations during CR 1772 - 1774. Figure 4a was
derived from IPS observations and Figure 4b is the result of super-
position of the SAKIGAKE data on Figure 4a. The width of the low-speed
region (red colored) became narrower in Figure 4b than that of 4a
between longitudes 120° and 240°. Within the same longitude range, the
speed level of the southern high-speed region increased near the low
speed region in Figure 4b, and consequently the latitudinal speed
gradient became larger. In the central region of the map, southern
and northern high-speed regions extended nearly to the equator in a
wide longitude range. The low-speed belt (red colored region) was
warped a little northward at the center of the map. At both sides of
the map there were minimum-speed regions (yellow colored) at latitude
-20° and the belt was warped southward. However, in spite of these
warps, inclination of the low-speed belt was very small and it can be

considered to be nearly flat.

4, Observations of SAKIGAKE and SUISEI in 1985

In order to show characteristic differences between observations
by SAKIGAKE and those by SUISEI, data were mapped back to the source
surface by the same method as that used in Figures 2 and 3, and the
solar wind speed and density observed by SAKIGAKE and SUISEI has been
plotted together in Figure 5 as functions of the Carrington longitude.
Since data are arranged in order of observation time from left to
right, the Carrington longitude goes from right to left. The top frame

Fig. 4. (Facing page) Same as Figure 1. Observations during CR 1772
and 1774 were superposed. (a) is derived from the IPS data, and (b) is
derived from the observations by IPS and SAKIGAKE.
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indicates heliographic latitudes, and the next frame indicates helio-
centric distances of the spacecraft. The bottom frame shows the proton
densities observed by SAKIGAKE.

SAKIGAKE observed one high-speed stream centered at longitude
120° in CR 1766. In following the two rotations CR 1767 and 1768, two
streams were observed at longitudes 270° and 90°, respectively. SUISEI
also observed these two streams in CR 1768. However, it observed only
part of the stream centered at longitude 270° in CR 1767 due to
observation gaps. Following are the characteristic differences between
the observations by the two spacecraft: there was a large velocity
difference of about 200 km/s at longitude 180°; a wider stream was
observed by SUISEI than by SAKIGAKE between longitudes 0° and 180°; on
the other hand, SAKIGAKE observed a wider stream than SUISEI between
longitudes 180° and 360°.
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Fig. 5. Solar wind parameters observed by SAKIGAKE and SUISEI. The
bottom frame is proton density observed by SAKIGAKE. The Figure is
shown with the same method as that for Figure 2,
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5. Explanation of Spacecraft Observations in 1985

The two spacecraft trajectories were separated by about 5° in
heliographic latitude, and SUISEI was north of SAKIGAKE. Both of the
spacecraft were in the northern hemisphere during CR 1766, and
SAKIGAKE crossed the eguator and entered the southern hemisphere at
the end of CR 1767. SUISEI crossed the egquator at the beginning of CR
1769. When the spacecraft were far from the equator in the northern
hemisphere, only the northern high-speed regions were observed between
longitudes 0° and 270°. When they approached the equator and entered
the southern hemisphere, they observed not only the northern high-
speed regions but also the southern region located between longitudes
180° and 360°.

Since the leading edge of the northern high speed region in CR
1767 had a rather small inclination to longitudinal direction (ie.
trajectories of SUISEI and SAKIGAKE) between longitudes 150° and 2709,
and SUISEI was 5° north of SAKIGAKE, SUISEI entered this high-speed
region at longitude 210° while SAKIGAKE entered at 150°. When they cut
the southern high-speed region, the situation was reversed; SAKIGAKE
entered the region at 300° while SUISEI entered at 270°, But, Since

HAPPED BACK T0 0.05 AU

Nag® 3C147
:’-S e o o I = g e e e
= o ==, S *
[
@ SR ST T N S o e e e s e e e e N A e P P L T T Ty e
o |
s9c’ i S
...... 2
B =
P |-~ SR~ Sugun | (RN | | O S S
w
ESBD ______
- 500 e rag s es s pEsSEmy B4 AR =
o {/‘/ /L
S 400 B e o et A
& i
“ 300 £ & . e
200 !
I_A’rij\f,akw—ﬂﬁa g
o
I R I A 0o 7

| Lok . i
180 30 360 270 180 90 0
1765 1766
CARRINGTON LONGITUDE

270

Fig. 6. Sclar wind speed observed by a IPS source 3C 147, Bottom
frame is scintillation index and unit of its ordinate is arbitrary.

The Figure is shown with the same method as that for Figure 2.
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the leading edge of the southern high-speed region had a large incli-
nation to longitudinal direction, the longitudes at which the two
spacecraft crossed the edge were not as far from each other as was the
case in the northern high-speed region. The speed gradient in the
latitudinal direction at the boundary of the northern high-speed
region is calculated to be as large as about 40 km/s/degree because of
the fact that a 200 km/s velocity difference was observed between the
two spacecraft, which were separated by only 59,

SAKIGAKE observed a large density increase of 30/cc at longitude
210° in CR 1766. The density increase at this longitude was observed
also in the following two rotations. The region where the density
increase was observed corresponded to the leading edge of the northern
high-speed region. This means that a stream-stream interaction region
was well developed at the leading edge ,traveling a distance of 1 AU.
At this leading edge, IPS source 3C147 observed a large scintillation
index in CR 1766, as shown in the bottom frame of Figure 6. This IPS
had already detected the index increase in CR 1765 at latitude +20°.
These facts indicates that the interaction region was developed in the
latitudinal range of between a few degrees south of the equator and

20° north of the eguator.

6. Observations of SAKIGAKE in 1986

The trajectories and observations (speed, proton temperature and
proton density) of SAKIGAKE from CR 1771 to 1773 are shown in Figure
7. SAKIGAKE was south of the equator during CR 1771 and 1772, and
crossed the equator in CR 1773. It observed a high-speed stream
between longitudes 150° and 270° in CR 1771. The speed in regions out
of the stream did not drop to a low level in CR 1771, but stayed
around 500 km/s. Therefore the stream boundaries were not clearly
observed in this rotation. In CR 1772, the boundaries of the high-
speed stream were clear at longitudes 150° and 270°. At longitude
1509 in CR 1772, the speed dropped to a low level of between 300 and
400 km/s and this low-speed observation continued until the end of the
next rotation, CR 1773. The velocity jump at the leading edge was not
large and the average speed of the pre-stream level between longitudes
270° and 360° in CR 1772 was around 500 km/s. Temperature showed a
large increase of more than 400,000°K at the leading edge in CR 1772.

However this leading edge was not accompanied by any great density
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increase.

7. Explanation of Spacecraft Observations in 1986

In CR 1771 and 1772, SAKIGAKE cut the southern high-speed region
between longitudes 150° and 270°. The sharp velocity drop at longitude
150° in CR 1772 implies that SAKIGAKE had crossed the top boundary of
the high-speed region and entered the low-speed belt. SAKIGAKE stayed
in the low-speed belt throughout the next rotation, CR 1773. Of these
three rotaticons, clear observations of the high-speed stream were

made only in CR 1772. Therefore the 27-day recurrence of speed seems
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to have disappeared during CR 1771-1773. The leading edge of the
southern high-speed region was not clear in CR 1771, and also, average
speed before the leading edge in CR 1772 was at a medium level of
about 500 km/s. This may be one reason why the density did not

increase enough at this edge.

8. Summary

The period from September to November of 1985 was in the excur-
sion phase. In the excursion phase, it is expected from the two-
hemisphere model (Saito, 1984) that a neutral sheet is inclined to the
solar equator at a small angle. The low-speed belt on the source
surface during this period showed a structure similar to the expected
structure of the neutral sheet. The high-speed regions in both hemi-
spheres extended to low latitudes and approached this low-speed belt.
The leading edge of the northern high-speed region had a large latitu-
dinal speed gradient of about 40 km/s/degree and had a small inclina-
tion angle to longitudinal direction. Stream-stream interaction was
well developed at this leading edge, traveling a distance of 1 AU, and
it was observed as a large density and scintillation index increase.
The beginning of the year 1986 was expected to be very close to the
aligned phase because the low-speed belt had a nearly flat structure.
The southern high-speed region did not have a sharp leading edge; a

temperature increase was observed, but a density increase was not.
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