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Abstract. We investigate the inclinations of heliospheric
current sheet at two sites in interplanetary space, which
are generated from the same solar source. From the data
of solar wind magnetic ®elds observed at Venus (0.72
AU) and Earth (1 AU) during December 1978±May
1982 including the solar maximum of 1981, 54 pairs of
candidate sector boundary crossings are picked out, of
which 16 pairs are identi®ed as sector boundaries. Of the
remainder, 12 pairs are transient structures both at
Venus and Earth, and 14 pairs are sector boundaries at
one site and have transient structures at the other site. It
implies that transient structures were often ejected from
the coronal streamer belt around the solar maximum.
For the 16 pairs of selected sector boundaries, we
determine their normals by using minimum variance
analysis. It is found that most of the normal azimuthal
angles are distributed between the radial direction and
the direction perpendicular to the spiral direction both
at Venus and Earth. The normal elevations tend to be
smaller than � 45� with respect to the solar equatorial
plane, indicating high inclinations of the heliospheric
current sheet, in particular at Earth. The larger scatter in
the azimuth and elevation of normals at Venus than at
Earth suggests stronger e�ects of the small-scale struc-
tures on the current sheet at 0.72 AU than at 1 AU.
When the longitude di�erence between Venus and Earth
is small (<40� longitudinally), similar or the same
inclinations are generally observed, especially for the
sector boundaries without small-scale structures. This
implies that the heliospheric current sheet inclination
tends to be maintained during propagation of the solar
wind from 0.72 AU to 1 AU. Detailed case studies
reveal that the dynamic nature of helmet streamers
causes variations of the sector boundary structure.

Key words. Interplanetary physics (interplanetary
magnetic ®elds; sources of solar wind)

1 Introduction

It has been generally accepted that at large heliocentric
distances the heliospheric current sheet is a warped
surface separating regions of oppositely directed inter-
planetary magnetic ®elds (IMFs) rooted at the sun
(Schulz, 1973; Alfv�en, 1977). Inclination is one of the
basic parameters describing the extent of the warp of the
heliospheric current sheet. Many authors attempted to
deduce the sheet inclination by applying minimum
variance analysis (MVA) (Sonnerup and Cahill, 1967)
to single spacecraft IMF observations though no
uniform de®nition of the current sheet and de®nite rule
for selecting the time interval over which to perform the
minimum variance analysis exist yet. A heliospheric
current sheet or a sector boundary is generally a
transition region between two sectors. Each sector is a
nearly unipolar region in which the IMF is close to the
spiral direction. Klein and Burlaga (1980) stated that
each sector should persist for at least two days. The
transition should occur in less than two days. They
treated the multiple discontinuities crossing as a ``thick''
sheet (�3 h), and excluded intervals containing transient
events. Villante and Bruno (1982) studied well-de®ned,
thin current sheets (�1 h) for three solar rotations. The
shortest interval between two current sheets that they
analyzed was 32min.

Using K-coronameter observations, Behannon et al.
(1983) considered two cases of heliospheric current sheet
crossings observed by Voyager 1 and 2. One case was a
vertical current sheet and the other was a horizontal
current sheet with respect to the solar equatorial plane
estimated by coronameter data. For the vertical sheet
crossing at 2.8 AU, minimum variance analysis based on
hourly averaged IMF data gave a normal with an
elevation of 6�. The other case was of horizontal
multiple crossings at 1.4 AU. The minimum variance
analysis of individual sheets with 1.92-s average data did
not give normals highly inclined out of the solarCorrespondence to: G. Ma; e-mail: ma@crl.go.jp
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equatorial plane. They concluded that the minimum
variance direction would be quite di�erent from the
normal to the current sheet when small-scale variations
existed within or near the transition region. Suess
(1984), however, pointed out that the current sheet
inclination could vary with heliocentric distances when
the solar wind velocity gradient was large.

Based on previous results of observational studies,
Crooker et al. (1993) proposed a multiple helmets model
which implies that the heliospheric current sheet is not a
single surface but a constantly changing layer with a
varying number of current sheets of ®nite extent ®lling
the ®nite thickness of the coronal streamer belt. They
proposed that the coronal streamer belt behaves as a
conduit for out¯ow from quiet and transient ejections. A
multiple current sheets structure stems from the multiple
helmets which generate small-scale ejections. For an
example of multiple current sheets crossing, Crooker
et al. (1993) showed that minimum variance normals are
di�erent for each sheet, the same as in Behannon et al.
(1983). By applying the minimum variance analysis to
the entire transition region, however, they got a normal
which was exactly orthogonal to the sector boundary
derived from source surface model calculations made by
Hoeksema and Scherrer (1986). To test the validity of
the source surface model as a predictor of the helio-
spheric current sheet orientation, Burton et al. (1994)
recently compared the model with the minimum vari-
ance determination of the inclination from the IMF
data. They selected the time interval as the entire
interval which contained alternating or ambiguous
polarity. Their conclusions were that the source surface
model was an excellent predictor of the inclination of the
heliospheric current sheet without transient events at 1
AU.

Measuring the current sheet inclination at two sites in
interplanetary space would give us a better identi®cation
and description of sector boundaries. In this paper we
examine the e�ects of interplanetary dynamics on the
inclinations of the heliospheric current sheets at di�erent
latitudes and longitudes by comparing the IMF data
obtained from the Pioneer Venus orbiter (PVO) (Russell
et al., 1980) with those from near-Earth observations.
The near-Earth data were taken from the OMNI data
tape (Couzens and King, 1986). Our study concentrates
on a time interval 1979±1982 when the current sheet was
most disordered and inclined out of the equatorial
plane, which includes the solar maximum of 1981 (e.g.
Suess et al., 1993). We start by selecting pairs of sector
boundaries at Venus and Earth originating from the
same solar longitude. Then we estimate the inclination
of the sector boundaries for each pair by using minimum
variance analysis. The e�ects of the coronal streamer
belt dynamics on sector boundaries are discussed in
detail by two case studies.

2 Sector boundary identi®cation

A sector boundary is de®ned by a transition region
between opposite sectors. The transition from one sector

to another should take less than two days. Each sector
should persist for at least two days (Klein and Burlaga,
1980). The sector boundary is usually thin so that the
IMF goes rapidly from one stable direction to another
within several hours. When the boundary is thick, the
IMF changes direction gradually over a two-day period.
Sometimes the boundary can be a region of multiple
current sheet crossings. In this study, we require that the
IMFs are parallel to each other for at least 3 h just
before and right after the transition. Transient struc-
tures are not taken into account.

According to the above de®nition, we identify a
sector boundary in two steps. First we look for
transition region between opposite sectors, where each
sector persists for at least two days with the same
polarity, and the transition from one sector to the other
takes less than two days. The second step is to examine
that in every sector the IMFs are parallel to each other
for at least 3 h just before and soon after the transition.

We de®ne IMF polarities as positive (�) or negative
(ÿ) when the IMF's azimuthal angle falls within �40� of
the outward or the inward spiral direction. If the IMF
vector falls outside this limit, the polarity is considered
ambiguous. For 1-h average IMF data in Venus solar
orbital (VSO) and geocentric solar ecliptic (GSE)
coordinate systems, we count the number of positive,
negative and ambiguous polarities for each day to
determine the most frequent polarity for that day.
Assuming 5-day and 4-day propagation times from the
sun to Earth and to Venus, respectively, we map the
daily averages of IMF polarities back to the sun's
surface and make a Carrington diagram of the IMF
polarities, as shown in Fig. 1. We use a diamond (e) to
show ambiguous polarity, and a triangle (n) to indicate
gap in the data in the ®gure. A candidate sector
boundary is identi®ed by the transition between two
sectors, where each sector persists for at least two days
with the same polarity. If there are ambiguous polarities,
the transition from one sector to another should take
less than two days. We then obtain a candidate
heliospheric current sheet pair generated from the same
heliographic longitude on the sun within one Carrington
rotation (CR).

Figure 1 shows diagrams of the IMF polarities for
CR1703 and CR1704. Thick represents observations
from near-Earth spacecraft, and thin represents obser-
vations from PVO. The dates followed by ``(VENUS)''
shown in the ®gure are for the PVO data. The dates
followed by ``(EARTH)'' are for the near-Earth data.
General agreement is found between PVO and near-
Earth polarities. Six pairs of transitions are indicated
with marks from T1 to T6. Three pairs are selected as
candidate sector boundaries, which are shown with
arrows. We do not select the transitions T3 and T4
because negative polarities at Venus do not persist for
two days. We discard T6 for the same reason of negative
polarities at Earth. Actually T6 was identi®ed as a pair
of ¯ux ropes by Marubashi (1996).

Forty Carrington rotations are included in this
study. Fifty-four pairs of candidate sector boundary
crossings are con®dently picked out. These pairs of
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boundaries agree well in locations with those calculated
from the source surface model (Hoeksema and
Scherrer, 1986).

We examine whether a candidate sector boundary
satis®es the criterion of the second step by using the
plots of the magnetic ®eld vectors projected on the X±Y,
X±Z and Y±Z planes of VSO or GSE. If the IMF
vectors projected on the X±Y plane are parallel to each
other and persist for at least three hours just before and
after the transition, and IMF magnitudes are in general
level, this case would be selected as a sector boundary.
Although recently there have been some questions as to
whether ®eld direction alone can be used to identify true
sector boundaries (Kahler and Lin, 1995), we should be
able to avoid misidentifying a sector boundary to some
extent by comparing the IMF observations at the Venus
orbit and the Earth orbit.

If there are transient signatures within the transi-
tion region of the candidate sector boundary, such an
event would not be taken as a sector boundary. Here,
only large-scale transient structures such as ¯ux ropes
or shocks are excluded. A ¯ux rope is identi®ed on
the basis of the following characteristics: (1) the
magnetic ®eld vector rotates smoothly in the Y±Z
plane by about 180�; (2) the magnetic ®eld strength is
higher than background level (refer to Klein and
Burlaga, 1982).

From the 54 pairs of candidate sector boundaries, 16
pairs of heliospheric current sheets are selected. The
remaining 36 pairs include 4 pairs of sector boundaries
with transitions longer than two days; 8 pairs of sector
boundaries with data gaps within transition region; 14
pairs of sector boundaries at one site and transient
structures at the other; and 12 pairs of transient
structures. The results imply that sector boundary is
much more dynamic in nature than widely accepted
hitherto. Recent observations by SOHO/LASCO show

that there are continual transient releases of mass from
streamers (Howard et al., 1997; Sheeley et al., 1997). The
fact that transient structures are often observed at sector
boundary crossings can be interpreted by the result of
the transient out¯ows ejected from the solar streamer
belt (see also Crooker et al., 1993).

3 Sector boundary inclinations at Venus and Earth

We determine the inclinations of the sector boundaries
of the selected 16 pairs by applying minimum variance
analysis to the IMFs of the transition region. When
performing minimum variance analysis, the time inter-
val over which the minimum variance analysis is applied
should include the whole transition region. Based on the
plot of IMF vectors projected on the X-Y plane of VSO
or GSE, we choose the start time to be the time
corresponding to the second parallel vector before the
transition, and the end time to be the time correspond-
ing to the second parallel vector after the transition. In
addition, the ratio of intermediate eigenvalue (kd) to
minimum eigenvalue (kn) from minimum variance
analysis is a measure of how well the normal to the
heliospheric current sheet is determined. A value greater
than two is considered acceptable (Lepping and Behan-
non, 1980). For one case among these 16 pairs, the ratio
kd/kn at Venus is 1.8. Because 1.8 is the limit value
(Lepping and Behannon, 1980), and the corresponding
sector boundary at Earth is the only one with a normal
highly inclined to the equatorial plane among the
selected sector boundaries at Earth studied here, we
keep this pair for analysis. The ratio is greater than three
for 11 sector boundaries at Venus, and for 15 at Earth.

Results of our analysis of the inclinations are
summarized in Table 1 for the 16 sector boundary
pairs. The table lists interval, which gives the start time

Fig. 1. Daily averages of the IMF polarity observed at Venus (thin)
and Earth (thick) for Carrington rotation (CR) 1703 (upper panel) and
1704 (lower panel), adjusted for the 4-day and 5-day transit times of

solar wind from the sun to Venus and Earth, respectively. The
numbers above the frame show the day for the PVO data within one
Carrington rotation. See text for detailed explanation
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and the end time of a sector boundary crossing for
minimum variance analysis, the heliographic latitude
(HH) of Venus and Earth when the sector boundary
crosses them, and the normal to the sector boundaries.
The normals are expressed in azimuthal and elevation
angles (/, h) in a coordinate system, in which the X and
Y axes lie in the solar equatorial plane, X is the radial
line and is directed toward the sun, Y is the tangent of
the equatorial circle and points against the rotation of
the sun, and Z is the vector product of X and Y. As the
normals (/, h) and (180� �/, ÿh) are identical, we
selected normal vectors so that their / is within
45� � 90�. The right-hand two columns in Table 1 give
results of a comparison of the sector boundaries at
Venus and Earth. Dh is the elevation di�erence of
normals of a pair. The time lag DT is the di�erence
between the time (tEobs) when the sector boundary is
observed at the Earth orbit and the time (tEcal) estimated
from the Venus observation, taking into account the
e�ect of the sun's rotation and the propagation time that
the solar wind takes to travel from Venus to Earth. It is
expressed by,

DT � tEobs ÿ tEcal ;

tEcal � tVobs ÿ DU=X� DR=Vsw ;

where tVobs means the time when the sector boundary is
observed at the Venus orbit. DU is the Carrington
longitudinal di�erence between Venus and Earth when
the sector boundary crosses Venus, which is also listed in
Table 1. X is the angular velocity of solar rotation as
viewed fromVenus,DR is the distance from 0.72 to 1AU,
andVsw is the solarwind speed.Here the solarwind speeds
are available only for the near-Earth data, we assume that
the solar wind speed at Venus was the same as that at
Earth when the time lag DT was calculated. A positive
value of DT indicates that the sector boundary crossed
Earth later than is calculated, while a negative value

indicates that the sector boundary crossed Earth earlier
than estimated. If the transition region contains ambig-
uous or mixed polarities and is longer than 3 h, it is
di�cult to determine a speci®c time when the sector
boundary is crossed. So we do not estimate the time lag.

Figure 2 shows the normal's azimuthal and elevation
angles for the 16 pairs of sector boundaries at Venus and
Earth separately. According to Parker spiral model, the

Table 1. Sector boundaries observed at Venus and Earth; * time lag is not estimated because of the small-scale structures contained within
one or both sector boundaries

no. Venus Earth

Interval HH Normal DU Interval HH Normal DT Dh

1 79/015/08±79/015/18 )3.8 (47.1, )77.8) 41.3 79/012/20±79/013/03 )4.3 (26.9, 17.5) )12 )95.3
2 79/117/10±79/118/16 3.5 (101.4, 60.2) 102.5 79/110/18±79/111/23 )5.1 (39.4, 9.4) * 50.8
3 79/133/05±79/133/16 3.8 (31.9, 14.2) 111.2 79/125/10±79/126/00 )3.8 (22.5, 1.1) )8 13.1
4 80/082/12±80/084/08 )3.2 ()10.8, 76.8) )53.4 80/087/15±80/089/18 )6.7 (45.6, 70.0) * 6.9
5 80/109/11±80/111/09 )3.8 (20.4, )32.7) )37.5 80/116/05±80/117/02 )4.7 (45.2, )12.3) * )20.4
6 80/122/06±80/122/13 )3.4 (33.1, )3.2) )29.1 80/126/06±80/126/11 )3.7 (28.3, )8.8) 7 5.6
7 80/156/18±80/157/23 )0.4 (53.9, 47.6) )6.5 80/158/11±80/159/06 0.1 (34.8, 32.2) * 15.3
8 80/193/08±80/193/12 3.0 (8.1, 19.9) 16.3 80/193/12±80/193/23 4.0 (35.5, 14.6) 4 5.3
9 80/203/02±80/203/13 3.5 (51.5, )26.5) 22.6 80/202/06±80/203/08 4.8 (43.9, 0.6) * )27.1
10 81/035/09±81/035/23 1.6 (49.5, 5.1) 143.7 81/026/13±81/026/23 )5.6 (50.9, 6.9) 24 )1.8
11 81/162/16±81/162/23 )2.8 (48.3, )9.3) )138.5 81/173/19±81/173/23 1.9 (33.3, )4.1) )30 )5.2
12 81/180/12±81/181/01 )3.7 (45.1, 49.2) )126.3 81/192/02±81/192/11 4.0 (40.0, 7.4) )1 41.8
13 81/265/14±81/265/23 2.1 (43.3, )42.4) )72.1 81/272/06±81/272/17 6.8 (29.7, 8.7) )17 )51.1
14 82/011/11±82/012/01 )1.9 (52.7, )39.7) )6.1 82/014/11±82/015/09 )4.5 (26.7, )32.6) * )7.1
15 82/102/18±82/103/19 )0.1 (91.5, 79.6) 49.6 82/100/16±82/101/16 )5.9 (11.8, 24.1) * 55.5
16 82/133/07±82/133/11 2.7 (12.6, 12.8) 68.0 82/129/00±82/129/08 )3.3 (21.1, 5.7) )7 7.1

Fig. 2. Normal's azimuth (/) and elevation (h) for sector boundaries
at Venus (upper panel) and Earth (lower panel). The normals tend to
be lying between the radial direction and the direction perpendicular
to the spiral direction and close to (� 45�) the solar equatorial plane,
especially at Earth
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spiral angle is 135� at Earth and 126� at Venus
azimuthally. Since previous studies show that, normals
to the heliospheric current sheets tend to be perpendic-
ular to the spiral (Klein and Burlaga, 1980; Burton et al.,
1994;), we set 54� and 45� respectively to be the centers
of the horizontal axis for Venus and Earth in Fig. 2. The
triangles are mostly scattered in a range between the
radial direction and the direction perpendicular to the
radial direction in the upper panel of Venus observation.
In the lower panel of Earth observation the triangles are
gathered in a small range deviating a little from the
vertical direction of the spiral to the radial direction.
Most of the normal's azimuthal angles are distributed
between the radial direction and the direction perpen-
dicular to the spiral, suggesting a tendency for rotation
of the normal toward the radial direction. This is
consistent with an earlier study by Behannon et al.
(1981). The range of normal's elevation at Earth is
consistent with an earlier study showing that the sector
boundary surfaces at 1 AU are highly inclined (�45�)
with respect to the ecliptic plane (Klein and Burlaga,
1980), except one case whose elevation is 70� (no. 4 in
Table 1). At Venus the normals also tend to have their
elevation smaller than � 45�, meaning that the current
sheet also highly inclined out of the solar equatorial
plane. But the normal's elevation angles are distributed
in a wider range than those at Earth. There are four
normals with elevation angle larger than 60�, indicating
a tendency that more current sheets can be more parallel
to the solar equatorial plane at Venus. Moreover the
distribution of the elevation is relatively ¯at. There is no
strongly preferred orientation among the normals at
Venus within the range of jhj < 50�:

The larger scatter in the azimuth and elevation of
normals at Venus indicates that the current sheet
orientation is more variable at 0.72 AU than at 1 AU.
Examining the magnetic structures inside the selected 32
sector boundaries, we ®nd that more than 50% (10 cases
at Venus and 8 at Earth) contain regions with ambig-
uous or mixed polarities. For the sector boundaries at
Venus of nos. 2, 4, and 15 whose normals have their
azimuth deviating much from the vertical of the spiral
direction and their elevation larger than 60�, we ®nd that
their IMFs inside the whole transition region tend to
rotate in the X±Y plane intermittently. For these three
cases, minimum variance analysis of several shorter
intervals including most of the ambiguous or mixed
polarities generally give nearly the same results for the
normals in elevation but di�erent in azimuth. When the
intervals only include the major transitions, di�erent
results for the normals both in elevation and azimuth
are obtained. The ambiguous or mixed polarity within
the transition region may be related to solar conditions,
such as complicated magnetohydrodynamic boundary
layer between closed and open ®eld lines (Behannon
et al., 1981), or small-scale ejections from multiple
helmet streamers (Crooker et al., 1993). It can also result
from the small-scale structures observed by SOHO/
LASCO to travel along pre-existing streamers (Sheeley
et al., 1997; Howard et al., 1997). If the small-scale
structures dissipate gradually, it is likely that they a�ect

the current sheet a little more at 0.72 AU than at 1 AU.
This can explain the larger scatter in the azimuth and
elevation of normals at Venus than at Earth.

For the 16 pairs, the scatterplots of the normal's
elevation di�erences versus the Carrington longitude
di�erence and the heliographic latitude di�erence be-
tween Venus and Earth are shown in Fig. 3. Figure 3a
indicates that the elevation di�erences are generally
small when the longitude di�erences between Venus and
Earth are small (jDhj < 30� for jDUj < 40�, enclosed by
dashed lines). Figure 3a also shows that a large elevation
di�erence has a tendency to be related with large
longitude di�erence, but the reverse is not always true.
Thus, the di�erences of inclination at Earth and Venus
observed for DU > 40� are most likely due to time
variation of the helmet streamer during the rotation of
the source region with the sun. This view is consistent
with the result of recent numerical simulations, which
suggest that streamers have a tendency to evaporate and
be continually reforming (Suess et al., 1996). But we can
have a small di�erence in Dh depending on the stability
of the inclination even for a large DU. This is evidenced
by the several triangles at the bottom in Fig. 3a. For
these cases, the sector boundaries at both sites are
generally well-de®ned or not disturbed by small-scale
structures. The several cases enclosed by dashed lines in
Fig. 3a are also enclosed by dashed lines in Fig. 3b. The

Fig. 3. Scatterplots showing normal's di�erences (Dh) versus (a)
longitude di�erence (DU), (b) latitude di�erence (DH), (c) time lag
(DT ). Note that there are six triangles gathering at both the lower left
corners of a and b, which are enclosed by dashed lines
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heliographic latitude di�erences between these pairs are
also reasonably small. It can be said that a streamer belt
normally maintains a constant sheet inclination typically
for three days, corresponding to 40� solar rotation. The
heliospheric current sheet inclination tends to be main-
tained during propagation of the solar wind from 0.72 to
1 AU. Such a result would be in agreement with the
results of Behannon et al. (1981) in their study of sector
boundaries over the heliocentric distance range between
0.31 AU and 1 AU. They found no radial dependence of
the heliospheric current sheet properties (see also
Burton, et al., 1994).

Figure 3c shows a scatterplot of Dh and DT for the
nine pairs with thin (<3 h) transition regions both at
Venus and Earth. It would not be surprising that there
are several triangles with both small DT (<10 h) and Dh,
probably resulting from the streamer belts without much
temporal variations. A pair of sector boundaries related
with a large DT re¯ect either the geometry, or the
temporal variation of the streamer belt. It is also very
likely that a large DT indicates the mixed e�ects of the
mentioned above. We concentrate our discussion here
on the geometry and the changes of the neutral line
position or orientation. If the heliospheric current sheet
is inclined with a small angle to the solar equatorial
plane and the latitude di�erence between Venus and
Earth is large, DT can be large for a small Dh. Because
the heliospheric current sheet in this study is generally
highly inclined out of the solar equatorial plane both at
Venus and Earth, there is no such cases found here. If
the helmet streamer changes position (drifting eastward
or westward), DT can also be large for a small Dh. The
two triangles at the right bottom are examples of neutral
line shift. Of which one case is discussed in section 4.1.
As for large DT and Dh (�30�), such cases occur if we
observe the solar wind originated from two sites of a
curved neutral line. Consulting the heliospheric current
sheet structure from the source surface model (Hoe-
ksema and Scherrer, 1986), neither of the two triangles
with large Dh and DT seems to be caused by a curved
neutral line. If the neutral line rotates somehow, Dh will
be large but DT can be either small or large depending
on the geometry and history of the streamer belt. This
can account for the triangle with large Dh and small DT
(nr. 12 in Table 1), con®rmed by the source surface
model (Hoeksema and Scherrer, 1986).

4 Case study

Some more details are shown about the e�ects of the
temporal variations in solar source regions by two cases.
One case suggests the shift of neutral line. The other is
about a pair of multiple current sheet crossings at Venus
and a single sheet crossing at Earth.

4.1 Shift of neutral line

Here we present a pair of sector boundaries with small
Dh and large DT (T5 in Fig. 1 and no. 10 in Table 1),

which suggests the shift of neutral line. Fig. 4 shows the
IMF vector plots of this pair around 4 Feb. 1981 at
Venus and 26 Jan. 1981 at Earth. The coordinates are
respectively VSO and GSE. At Venus from 0300 UT,
through 1100 UT, 4 Feb. 1981, shown by line V1, the
IMFs projected on the X±Y plane are parallel to the
outward spiral direction and have nearly the same
amplitude. Projections on the X±Z and Y±Z planes vary
irregularly because of Bz's variation. At 1200 UT, 4 Feb.
1981, the IMF's component projected on the X±Y plane
decays suddenly and remains low until 1600 UT, 4 Feb.
1981, as shown by line V2. After 1700 UT, 4 Feb. 1981,
as shown by line V3, the IMF is parallel to the inward
spiral direction. The time interval used for minimum
variance analysis is marked by line VI for Venus and EI
for Earth. The latitudes of Venus and Earth when they
crossed the sector boundaries were 1:6� and ÿ5:6�,
respectively. The di�erence between them was 7:1�. For
this pair of sector boundaries, their minimum variance
directions (normals to current sheets) are (49:5�, 5:1�)
and (50:9�, 6:9�), as shown in Table 1. The elevation
di�erence between two normals is only about 1:8�. A
sector boundary highly inclined to the ecliptic plane was
observed for both Venus and Earth.

Taking into account the sun's rotational e�ect and
the propagation time required for the solar wind to
travel from Venus to Earth, we get a positive DT of 24 h,
meaning that the sector boundary crossed Venus 24 h
earlier than calculated; in other words, the Earth
observation of the sector boundary was 24 h later than
calculated. There are three possible explanations for the
large time lag: (1) The streamer belt which generates the

Fig. 4. IMF vector plots for sector boundary pair of no. 10 in
Table 1. Single current sheets highly inclined out of the solar
equatorial plane are observed both at Venus and Earth. However, a
large time lag are found, suggesting the shift of the streamer belt
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sector boundary moved westward. (2) Two separate
parts of the same sector boundary were observed at
Earth and Venus (24 h is equivalent to about 13�
longitudinally). (3) The solar wind speed at Venus was
much larger than at Earth. Using the speed observed at
1900 UT, 26 Jan. 1981, at Earth, and assuming that the
speed is constant from 0 through 1 AU, we found that
the spiral direction is 139:4� azimuthally at Venus and
130:0� azimuthally at Earth. The normal's azimuthal
angles, 49:5� and 50:9�, indicate that the sector bound-
aries are nearly parallel to the spiral direction. So we can
conclude that the di�erence between the solar wind
speeds at Venus and at Earth should be small. Conse-
quently, the third possibility concerning the solar wind
speed can be eliminated. Considering the current sheet
structure computed at the source surface for Carrington
rotation 1704 (Hoeksema and Scherrer, 1986), around
the solar equatorial plane the neutral line is nearly a
straight line, and it inclines in such a way that DT would
be negative. This implies that the second possibility can
not be true either. Thus, the only possibility is that the
streamer belt shifted westward about 13� in longitude
within 9 days. This is con®rmed by comparing the
source surface model results of CR1704 with those of
CR1705 (Hoeksema and Scherrer, 1986).

4.2 Multiple current sheets crossing

A pair with a multiple current sheets crossing at Venus
and a single sheet at Earth (no. 5 in Table 1) is shown in
Fig. 5. Unlike the IMF structures shown in Fig. 4, the
IMFs around the sector boundaries here do not change

their direction abruptly. This is especially true for the
IMFs observed at Venus. Because of mixed polarities, it
is an example of multiple sheets crossing, marked as S1,
S2, and S3. The normal is (20:4�;ÿ32:7�) for the whole
transition region shown by line VI. For the period from
0900 UT, 19 Apr through 0700 UT, 20 Apr 1980,
marked by line V1, the IMFs have much larger
components in the Z direction than in the X and Y
directions. It suggests that this sector boundary contains
transient structures, possibly like a small-scale cloud.
Applying the minimum variance analysis to the obser-
vation at Venus over di�erent intervals, the results of
normals are listed in Table 2. Resulting from the
transient feature of the sector boundary, it is not
surprising that normals from the di�erent intervals
within the whole transition region (VI) are di�erent
from each other, the same as in Crooker et al. (1993).
The two normals from S1 and VI are almost in the same
direction. This coincidence seems to imply that the
multiple current sheet structure was pushed aside
because of the bulge of the small-scale cloud (Crooker
et al., 1993). Only a single current sheet with a normal of
(45:2�;ÿ12:3�) was observed at Earth. Although con-
taining ambiguous polarities, the transition is compar-
atively simple, from 0500 UT, 25 Apr 1980, through
0200 UT, 26 Apr 1980, as shown by line EI. And the
IMF magnitude in the interior of the sector boundary at
Earth is much smaller than that at Venus. The streamer
dynamics lead to a sector boundary with multiple
current sheets observed at Venus, and a single current
sheet observed at Earth. The elevation di�erence
between the normals to VI and EI is about 20�,
suggesting that the e�ects of small-scale structures are
not very strong on the inclination of the sector
boundary. This case study support the new view
proposed by Crooker et al. (1993) that the sector
boundary acts as a conduit for small-scale ejections.

5 Conclusion

We compared the IMF polarities at Venus and Earth.
The sector structures basically maintain the same from
0.72 to 1 AU. However the ®ne structures at the sector
transition are rather complicated. Transient signatures
often occurred at the locations of sector boundaries in
the observations from December 1978 through May
1982, implying the dynamic nature of the sector
boundary. This result suggests that transient structures
were often ejected from the coronal streamer belt
around the solar maximum.

Fig. 5. IMF vector plots for sector boundary pair of no. 5 in Table 1.
A multiple current sheets crossing is observed at Venus (upper panel),
while a single current sheet is observed at Earth (lower panel)

Table 2. MVA results from the multiple current sheets at Venus of
no. 5 in Table 1. The coordinate of normals here is VSO

Interval Normal

S1 80/109/11±80/109/23 (19.5, )27.4)
S2 80/110/06±80/110/10 ()23.7, )9.8)
S3 80/111/06±80/111/09 (34.7, 30.5)
VI 80/109/11±80/111/09 (19.7, )29.1)
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For the selected 16 pairs of sector boundaries, their
inclinations were determined by using minimum vari-
ance analysis. Most of the normals to the current sheet
have their azimuth distributed between the radial
direction and the direction perpendicular to the spiral
direction. The normals' elevations tend to be smaller
than � 45�, meaning that the heliospheric current sheet
is highly inclined out of the solar equatorial plane, in
particular at Earth.

The scatter in the azimuth and elevation of normals is
larger at Venus than at Earth. Examining the magnetic
structure within the sector boundaries, we ®nd that more
than 50% are related with small-scale structures. This is
especially true for sector boundaries at Venus. If the
small-scale structures dissipate gradually during propa-
gation away from the sun, it is very likely that they a�ect
the current sheet a little more at 0.72 AU than at 1 AU.
This can explain the larger scatter in the azimuth and
elevation of normals to the current sheet at Venus than
at Earth.

When the longitude di�erence between Venus and
Earth is small (<40� longitudinally), the inclinations of
the sector boundaries at Venus and Earth have been
found to be close to each other (Dh < 30�), especially for
sector boundary pairs without small-scale structures.
This indicates that the heliospheric current sheet incli-
nation tends to be maintained during propagation of the
solar wind from 0.72 AU to 1 AU, and the lifetime of a
streamer belt for maintaining a constant sheet inclina-
tion is about 3 days. The large di�erence (Dh > 30�)
between the inclinations at Venus and Earth for
DU > 40� is most likely due to the change of the neutral
line orientation during the rotation of the source region
with the sun.

Finally, two case studies are presented. One case is a
pair of sector boundaries with small Dh and large DT ,
suggesting the shift of the neutral line. The other is a
pair with a multiple current sheets crossing at Venus and
a single sheet at Earth, which supports the suggestion
that the sector boundary acts as a conduit for small-
scale ejections (Crooker et al., 1993).
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