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Abstract

We examine the role of coronal mass ejections (CMEs) and interplanetary
shocks in modifying the large-scale winding of the interplanetary magnetic
�eld (IMF) by extracting CME and shock observations from the ISEE 3 data
set and analyzing periods of the disturbed and undisturbed solar wind
separately. We use the full ISEE 3 data set representing the entire L1 mission
(1978 { 1982). We conclude that CMEs, the shocks upstream of CMEs, and
other interplanetary shocks are responsible for the apparent overwinding of the
IMF spiral relative to the Parker prediction. The IMF winding angle
asymmetry is preserved following the removal of the interplanetary
disturbances. We also examine the IMF components, the IMF magnitude and
the solar wind speed, and the dependence of those averages and asymmetries
on CMEs and shock disturbances. An estimate is obtained for the anomalous
azimuthal �eld contained within CMEs which apparently results from the
closed-�eld topology. We provide new evidence for a nonzero �eld component
crossing the heliospheric current sheet. Last, we examine the role of CMEs and
shocks in the measurement of solar magnetic ux ejection. We provide
estimates for the average amount of ux transported by CMEs and the error in
ux transport analyses that include shock data, and we examine the possible
north-south asymmetry of the ux.
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1. Introduction

Past studies of the spiral winding of the
interplanetary magnetic �eld (IMF) using the
National Space Science Data Center's (NSSDC)
omnitape data set as well as Pioneer-Venus
Orbiter and Voyager observations have re-
vealed an overwinding relative to the Parker
[1958] prediction. On average, the di�erence
between the observed and predicted winding
angle as computed from the omnitape data
set is 1:5� � 0:5� [Smith and Bieber, 1991,
1992]. Neither uncertainties in the source sur-
face height nor reasonable variation of the so-
lar rotation rate at that surface can account
for the observations.

An asymmetry between the winding of
the northern and southern hemispheres has
also been observed [Bieber, 1988; Smith and

Bieber, 1992, 1993; Sabbah, 1995, 1996]. The
IMF north of the heliospheric current sheet is
generally more tightly wound than the �eld
south of the current sheet. Analysis of the
omnitape data set reveals this di�erence as
2:4� � 0:8� at the Earth's orbit for the years
1965 through 1987 [Smith and Bieber, 1993].
Analysis of the Pioneer-Venus Orbiter obser-
vations reveals similar behavior at 0.7 AU
[Smith and Bieber, 1993]. Both the overwind-
ing and the asymmetry persist over many
years and are statistically signi�cant. Both
results have implications for cosmic ray prop-
agation in the heliosphere.

These past analyses suggest that the ap-
parent overwinding is greatest during times
of solar magnetic reversal and heightened so-
lar activity when interplanetary disturbances
such as coronal mass ejections (CMEs) and
interplanetary shocks are most frequent. Sim-
ple association suggests the possibility that
these disturbances may account for the over-
winding of the IMF. By examining the ISEE 3
data set from the years 1978 through 1982, we

include the years of solar maximum surround-
ing the 1980 magnetic solar reversal when the
overwinding was greatest. No enhancement
in the asymmetry is associated with times of
peak solar activity. In fact, the years of great-
est asymmetry occur during solar minimum
[Bieber, 1988; Smith and Bieber, 1993].

The Parker [1958] theory is a steady state
prediction that avoids discussion of transient
structures such as CMEs and shocks. Inter-
planetary dynamical processes such as over-
taking high-speed streams, CME propagation
into the undisturbed medium, and shock pro-
cessing of the interplanetary plasma are out-
side this description and contribute to the
statistics in a manner that a steady state the-
ory cannot describe. It is possible that the
resulting alterations in the IMF are asym-
metrical about the predicted �eld orientations
or that the sampling of these regions is not
evenly distributed and that this possibility
may account for the overwinding and asym-
metry observations.

The presence of bidirectional streaming su-
prathermal electrons has been used as an in-
dicator of closed magnetic structures, inter-
preted as CMEs [e.g., Gosling et al., 1987].
The characteristics of the counterstreaming
beams suggest that most CMEs remain mag-
netically attached to the Sun at Earth's orbit,
rather than disconnecting into closed plas-
moids [Phillips et al., 1992]. Many CMEs
have ux rope magnetic structures suggesting
partial disconnection from the corona [e.g.,
Gosling, 1990]. Regardless of their speci�c
�eld topologies, the closed �elds associated
with CMEs constitute structures outside the
Parker description of the IMF. Deection and
draping of the IMF both upstream and down-
stream of these structures also produce devi-
ations from the Parker description [e.g., Mc-

Comas et al., 1989].
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Shocks form in the solar wind due to a va-
riety of sources including the propagation of
CMEs and may be either forward or reverse.
Compression of the plasma across the shock
causes the downstream �eld to be more nearly
perpendicular to the shock normal and may
result in an apparent overwinding of the IMF
statistics.

Weber and Davis [1967, 1970] considered
the e�ects of angular momentum in the wind-
ing of the IMF and concluded that an az-
imuthal wind speed which diminishes with he-
liocentric distance would allow the winding of
the IMF to approach the Parker prediction
by � 1 AU. We have considered this e�ect
in preparation for the study presented here,
and it has been dismissed as a possible ex-
planation for both the overwinding and the
asymmetry of the IMF. A simple examina-
tion of the theory presented by Weber and

Davis [1967, 1970] will convince the reader
that the considerations described therein can-
not be expected to produce an overwinding or
asymmetry of the magnitude reported here or
by previous studies.

In the following sections we �rst examine
the distribution of CMEs and shocks within
the ISEE 3 data set, taking note of the rel-
ative frequency of occurence of the distur-
bances and their position relative to the cur-
rent sheet. In section 3 we examine the role of
CMEs and shocks in the computation of wind-
ing angle statistics at Earth orbit. Following
this we examine the statistical properties of
the IMF intensity, the wind speed, and the
magnetic �eld components, and we estimate
the average azimuthal �eld within CMEs at
the point where they are launched into the
solar wind. In section 4 we examine the role
of disturbances in the related evaluation of
solar magnetic ux ejection. We close with a
brief discussion.

2. ISEE 3 at L1

ISEE 3 spent approximately 51 months
(from August 1978 through October 1982)
upstream of Earth at the L1 libration point.
This places the spacecraft ahead of the fore-
shock in solar wind plasma that is largely
undisturbed by the presence of Earth. A cat-
alog of CME and shock times for this data
set has already been compiled [e.g., Phillips
et al., 1993].

That catalog lists 179 CME observations,
82 forward shocks upstream of or within the
CMEs, 85 forward shocks unassociated with
any obvious CME event (we will call these
\non-CME" shocks), and 4 reverse shocks.
A signi�cant fraction of the non-CME for-
ward shocks are thought to be driven by coro-
tating interaction regions (CIRs), while the
rest are probably driven by CMEs that were
not directly sampled by ISEE 3. Most CIRs
do not have observable reverse shocks at 1
AU. The few reverse shocks actually identi-
�ed were weak. For these reasons, we have
disregarded reverse shocks in this analysis.

The top panel of Figure 1 shows the num-
ber of CMEs recorded within the catalog per
solar rotation as computed from the synodic
period. CME activity is particularly high dur-
ing 1980 (the year of magnetic solar rever-
sal) and the 2 years following which coincide
with the same general time when the over-
winding of the IMF appears greatest. The
bottom panel of Figure 1 shows the percent-
age of time for each solar rotation that the
spacecraft spends within CMEs. It is not un-
usual for CMEs to comprise 20% or more of
the data for a given 27-day period.

During the 3 1/2 years in question, CMEs
alone represent 8% of the data. CMEs to-
gether with their upstream shocks represent
10%. Non-CME shocks represent another 6%
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of the data if 24 hours of data are included
following each shock to account for the pro-
cessed plasma and twice this if 48 hours are
included.

By examining the 24-hour period before
and after each disturbance, we can assign a
toward or away sector identity to the location
of each disturbance based on the dominant
polarity of the interval. In turn, that interval
can be denoted as being either north or south
of the current sheet as determined by the so-
lar polarity. Excluding the year 1980 when
the changing solar polarity precludes the de-
termination of the spacecraft's location ei-
ther north or south of the heliospheric current
sheet on the basis of sector polarity, CMEs are
nearly equally divided between the two hemi-
spheres with 58 north and 55 south of the
current sheet. Likewise, the non-CME shocks
are divided 35 north of the current sheet and
34 south.

3. Overwinding and

Asymmetry

We repeat the earlier examinations of the
overwinding and asymmetry of the IMF spi-
ral windings using ISEE 3 data from the L1

mission. Five-minute data resolution is used
to better resolve the passage of disturbances.
The catalog of CME and shock observations
is used to remove or focus upon these distur-
bances in an e�ort to determine if they have
been a signi�cant contributor to the previ-
ously observed winding angle statistics.

The ISEE 3 data are de�ned in heliocentric
(R;T;N) coordinates (where R̂ is directed ra-
dially outward from the Sun to the space-
craft, T̂ is the tangential component which
is coplanar with the Sun's rotational equator
and directed in the sense of Earth's orbital
motion, and the normal component is given

by N̂ = R̂� T̂). We represent the measured
�eld components by (BR; BT ; BN ).

Each 5-min data point is assigned a sector
identity according to its orientation relative to
the predicted spiral winding angle computed
using the observed solar wind speed and set-
ting the source surface radius to zero (the up-
per limit estimate of the winding angle pre-
diction). That prediction is given by

tan(	(P )) �
2�r sin(�)

VswT

"
1 �

b

r

#
(1)

where 	(P ) is the Parker [1958] prediction for
the winding angle, r is the heliocentric dis-
tance, � is the polar angle, Vsw is the solar
wind speed, T is the sidereal period which we
take to be 25.4 days, and b is the source sur-
face radius. Equation (1) assumes that the
wind originates from the same solar latitude
as where the observation is made. An actual
origin at higher latitude where the solar rota-
tion is slower would produce an underwind-
ing, not an overwinding. A similar result can
be derived for the conservation of angular mo-
mentum [Smith and Bieber, 1996].

Estimates of b range between 1 and 20 RS.
This gives values for 	(P ) at Earth's orbit that
vary by � 0:14�=RS . We will take b = 0,
which maximizes the predicted winding angle
and minimizes the opportunity for overesti-
mating the overwinding. When ISEE 3 pro-
ton data are no longer available for the com-
putation of the wind speed, electron data are
substituted. Average �eld values for toward
and away sectors are computed for each so-
lar rotation, and these values are treated as
independent estimates of the means for each
sector type or hemisphere. This avoids �nite
correlation length problems associated with
treating each 5-min measurement as a statis-
tically independent estimate [Forbush et al.,
1982, 1983; Bieber, 1988]. From the ensemble
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of means computed over individual solar rota-
tions, the error in the mean is computed and
cited as the uncertainty. Where desired the
phase of the solar cycle is factored into the
analysis so that sector types can be associ-
ated with the location of the spacecraft either
north or south of the current sheet [Rosenberg
and Coleman, 1969]. In this way, hemispheric
asymmetries can be computed [Bieber, 1988]
with toward (away) sectors regarded as in-
dicative of a spacecraft location south (north)
of the current sheet prior to 1980 and north
(south) of the current sheet after 1980. Non-
CME shocks are extended by a prescribed
time following the shock's passage in an at-
tempt to represent the extent of the shock's
inuence on the plasma.

As with Smith and Bieber [1992, 1993] we
insist that each sector type be represented by
at least 100 hours of possibly noncontiguous
data for each solar rotation or that rotation
is discarded from the analysis. The 100-hour
condition is arbitrary, but this insures that
su�cient coverage is achieved to compute a
meaningful average for the quantities. Be-
cause the year 1980 is a time of changing solar
magnetic state, we disregard this year in the
following analysis.

Table 1 de�nes the various subsets of the
data set used in this analysis. The entire
ISEE 3 data set, excluding 1980, is �rst run
for reference followed by subsets of the entire
data set which are de�ned by what was re-
moved from the data set and excluded from
the analysis: removing only CMEs, CMEs ex-
tended to include the upstream shock, CMEs
extended to include the upstream shock with
an additional 24 hours following the CME re-
moved, non-CME shocks with 24 hours fol-
lowing the shock, the same with 48 hours fol-
lowing the shock, and, last, all of the above.
In some instances the disturbance intervals

are examined directly. When this is done, it is
necessary to suspend the 100-hour condition.

Shock-to-CME separation at 1 AU can for
some events exceed 24 hours, although the av-
erage value is roughly 13 hours [Gosling et

al., 1987]. The duration of shock- or wave-
processed plasma associated with CIRs at 1
AU is not well documented nor is the duration
for CME-driven events in which the CME is
not directly observed. We have chosen two
postshock intervals, 24 and 48 hours, as a
conservative approach to eliminating shock-
processed solar wind. Some unshocked solar
wind is usually included in the 48 hours fol-
lowing the shock's passage and probably in
the �rst 24 hours as well.

3.1. Winding Angle Statistics

Table 2 lists the basic results for our anal-
ysis of the overwinding of the IMF and north-
south winding angle asymmetry and updates
the preliminary results of Smith and Phillips

[1996]. A positive asymmetry indicates a
greater winding angle north of the current
sheet than south of it. Both the overwind-
ing and the asymmetry analyses are based
upon the scalar comparison of the winding
angles for each 5-min interval. The overwind-
ing compares these values with the predicted
winding angles derived from (1). Both of
these methods are described by Smith and

Bieber [1991, 1993]. The overwinding result
for all data is in good agreement with the om-
nitape analysis of Smith and Bieber [1991] for
these years. The observed reduction in the
overwinding as the various disturbances are
removed indicates that CMEs, the region be-
tween the CME and the upstream shock, and
the regions downstream of non-CME shocks
account for all of the overwinding of the IMF.

The asymmetry is largely una�ected by the
removal of the disturbances. The presence of
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an asymmetry is only a 1� result, so our abil-
ity to make conclusive judgements regarding
the role of the disturbances in past analyses is
limited. However, the asymmetry is in good
agreement with the past analysis of the omni-
tape for these same years [Smith and Bieber,
1993]. This same past analysis shows that
the asymmetry is small during times of great-
est CME activity, which is consistent with
there being another source for this observa-
tion. The survival of the asymmetry following
the removal of the disturbances in the ISEE 3
data set o�ers further support for an alternate
source.

An overwinding and asymmetry for the
CMEs themselves can also be computed if
we dispense with the 100-hour restriction. In
that case, the computed overwinding of the
�eld within the CMEs is 8:7��2:8�, while the
computed asymmetry is 15:0� � 10:2�. Addi-
tion of the CME-associated shocks and the
non-CME shocks with 24 hours of trailing
data brings these values down to 7:4� � 2:1�

and 6:7� � 5:8�, respectively.

The top panel of Figure 2 shows the distri-
bution for the di�erence between the observed
winding angle and the predicted winding an-
gle derived from the observed wind speed and
the Parker [1958, 1963] theory for the entire
ISEE 3 data set. As shown previously for the
omnitape data set [Smith and Bieber, 1991,
1992], the distribution of observed winding
angles is shifted to larger values relative to the
Parker prediction. The bottom panel of Fig-
ure 2 shows the distribution for the di�erence
between the observed and predicted wind-
ing angles for the undisturbed data intervals
(top curve) and the disturbed data contain-
ing CMEs and shocks (bottom curve). The
disturbances are made up of CMEs extended
to include the upstream shock and non-CME
shocks plus the following 48 hours. Undis-

turbed data consist of all other measurements
and correspond to the bottom row of Table 1.
While the shift to greater winding angles than
predicted is no longer evident in the undis-
turbed data, the disturbed data clearly show
a shift to greater values of the winding angle
than the Parker theory predicts.

3.2. Field Magnitude Statistics

It is interesting to apply the same analysis
method to the IMF intensity. Table 3a con-
tains the average intensity of the 5-min aver-
ages of the magnetic �eld as contained in the
ISEE 3 data set and computed for the var-
ious subsets already discussed. This is not
the intensity of the vector-averaged �eld but
is instead the scalar average of the individ-
ual intensities. The average IMF intensity de-
creases by � 8% as the various disturbances,
including CMEs, are removed from the data
set. This is a 3� result and is expected due to
the reported observations of high �eld inten-
sities within CMEs [e.g., Gosling et al., 1987].
The implication is that statistics of quantities
which rely on the intensity of the IMF place
an emphasis on the high-�eld regions of CMEs
and shocked plasma. This does not include
the winding angle statistics shown in Table 2
since those results are based on scalar anal-
yses. The asymmetry of the magnetic �eld
intensity is small, but there is a hint that the
asymmetry is increasingly negative as the dis-
turbances are removed.

Table 3b shows the average �eld intensity
and asymmetry for the disturbances. The
elevated �eld intensity of CMEs and shock
data relative to the undisturbed solar wind
is demonstrated. The asymmetry of the IMF
intensity for CMEs appears to be a small
but statistically signi�cant result at � 4%
of the average IMF intensity in support of
the asymmetry inference above. The north-
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ern disturbances have more intense �elds than
the southern disturbances. Extension of the
non-CME shocks to include the following 24
hours yields an average �eld intensity similar
to that of the CMEs, but the asymmetry is no
longer signi�cant. The enhanced �eld inten-
sity downstream of the CME-related shocks
is also evident.

3.3. Wind Speed Statistics

Bieber [1988] and Smith and Bieber [1993]
raised the possibility that a north-south asym-
metry in the wind speed could account for
the winding angle asymmetry. Those authors
found insu�cient wind speed asymmetry to
account for the observed winding angle asym-
metry. Likewise, Gazis [1995] has argued that
a north-south asymmetry of the wind speed
could explain observations of apparent solar
wind deceleration in the outer heliosphere re-
ported by Richardson et al. [1995].

Table 4a shows the average wind speed and
wind speed asymmetry for the various data
subsets shown in Table 1. As before, aver-
ages over solar rotations are computed to rep-
resent statistically independent samplings of
the data. The mean, di�erence, and errors
are computed from these intermediate-scale
values. Although the average wind speed de-
creases as CMEs and other disturbances are
removed from the dataset, it is remarkable
how little the average wind speed changes.
For instance, the average wind speed de-
creases by only 1.3 km � s�1 when CMEs are
removed. Since CMEs represent about 8%
of the total data set, they must average only
about 16 km � s�1 greater wind speed than the
rest of the observations.

Direct analysis of the average wind speed
of CMEs con�rms this inference if we again
suspend the 100-hour rule. The average wind
speed for CMEs is 443:2� 11:1 km � s�1, 16.2

km � s�1 greater than the average of the en-
tire data set and 22.2 km � s�1 greater than
the average wind speed for the undisturbed
solar wind as represented by combined sub-
set 2. This result and the wind speed statis-
tics of several disturbance subsets are listed
in Table 4b. This average CME speed at
Earth's orbit is 27 km � s�1 less than the 470
km � s�1 average seen in white light corona-
graph data taken from Skylab [Gosling et al.,
1976]. Inclusion of the solar wind plasma
between the CME and the upstream shock
raises the average wind speed by an additional
11.9 km � s�1 which implies that the CME-
to-shock plasma, and probably the leading
edge of the CME as well, are moving at a
greater speed than the remainder of the CME.
This would suggest a radial expansion of the
structure with time that is still ongoing at
Earth orbit [Gosling, 1990]. The 24 hours of
data following non-CME shock disturbances
display an average wind speed that is 22.3
km � s�1 greater than the average wind speed
of CMEs. This is reduced to 4.7 km � s�1 when
the 48 hours following non-CME shocks are
used (not shown), which demonstrates how
quickly the driving plasma behind interplan-
etary shocks decreases in speed over the asso-
ciated 2-day length scale.

The wind speed asymmetry shown in Ta-
bles 4a and 4b is only 3 to 7 km � s�1. This
is especially remarkable to the extent that
the wind observed at Earth orbit originates
from two separate and opposing polar holes
which appear to have very nearly identical so-
lar wind characteristics in so far as this data
set is concerned. Although only a 1� result,
the observed wind speed for undisturbed data
is greater north of the heliospheric current
sheet than south of it, in general agreement
with Pioneer-Venus Orbiter and omnitape ob-
servations [Smith and Bieber, 1993] but in dis-
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agreement with the inferences of Gazis [1995]
drawn from Voyager 2 observations in the
outer heliosphere. The present result also
agrees qualitatively with 1994{1995 observa-
tions from the Ulysses pole-to-pole transit
[Goldstein et al., 1996], despite the time dif-
ference of 1.5 sunspot cycles. The north-south
asymmetry of the CME wind speed shown
in Table 4b indicates slightly faster CMEs in
the southern hemisphere. This is consistent
with the increase in the computed wind speed
asymmetry shown in Table 4a following re-
moval of the CMEs. The shocks themselves
do not demonstrate a signi�cant north-south
asymmetry in the wind speed.

The average wind speeds listed in Tables 4a
and 4b may be used to compute an average
predicted winding angle 	(P ) using (1) and
associated parameters including b = 0. Ta-
bles 4a and 4b list these results; the error
levels are computed from the uncertainties in
the wind speed. The decreasing wind speeds
listed in Table 4a as various disturbances are
removed lead to slight increases in the pre-
dicted average winding angle. Likewise, the
higher wind speeds contained within the dis-
turbances lead to the smaller predicted wind-
ing angles listed in Table 4b. This compar-
ison further demonstrates the role of CMEs
and shocks in the apparent overwinding of
the IMF: the higher wind speeds of the dis-
turbed plasma should demonstrate the small-
est winding angles, but Table 2 clearly demon-
strates that the disturbances are overwound
relative to theory.

3.4. IMF Component Statistics

An examination of the IMF components
can lead us to conclude how the overwind-
ing, and possibly the winding angle asymme-
try, are accomplished and what source �eld is
present closer to the Sun. The average �eld

components are shown in Table 5 where the
components are averaged across both hemi-
spheres. This quantity does not address the
IMF overwinding, but zero values for BR and
BT would be consistent with the absence of
a winding angle asymmetry. Both of these
components are generally small and statisti-
cally insigni�cant in keeping with the wind-
ing angle asymmetry analysis. However, the
BN component shows a statistically signi�-
cant and negative average.

Examination of the distribution of values
for the BN component o�ers some explana-
tion for the above behavior. Figure 3 shows
the distribution of BN values for the entire
data set (top curve), undisturbed data as
represented by combined subset 2 (middle
curve), and the disturbance data subset as
represented by all data not contained in com-
bined subset 2 (bottom curve). The latter
consists of CMEs extended to include their
upstream shocks and non-CME shocks with
the following 48 hours of data. The distur-
bance distribution shows a clear skewing to
positive BN , while the undisturbed data sub-
set shows a less obvious skewing to negative
values. Although not shown in the �gure, the
disturbance data subset has a greater number
of observations with jBN j > 15 than does the
undisturbed data subset.

It is worth noting that the nonzero average
N component behavior demonstrated in Ta-
ble 5 and Figure 3 persists across the chang-
ing solar dipole and is not the result of a dis-
proportional weighting of some process tied
to the solar polarity since comparable values,
including sign, exist for the undisturbed IMF
both before and after the solar magnetic re-
versal of 1980. This analysis of ISEE 3 data
agrees well with the same years of omnitape
data analyzed by Smith and Bieber [1993] but
points to the hitherto opposing relationship
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between the average N component of CMEs
and undisturbed data.

Since the IMF has opposite signs in the
toward and away sectors and BT = �BA in
a symmetric hemisphere, 1

2
hBT � BAi is re-

lated to the average winding angle. Tables 6a
and 6b show values for 1

2
hBT � BAi com-

puted in the manner used throughout this
paper. The results of Table 6a for the ra-
dial component show relatively little varia-
tion as the disturbances are removed, while
the tangential component decreases by 3�.
This suggests that CMEs and the regions
downstream of shocks possess an enhanced
tangential component relative to quiet peri-
ods. This is expected since CMEs represent
the emergence of a closed-topology structure
with �elds markedly di�erent from the Parker
[1958] picture, while shock compression inten-
si�es the component of the IMF perpendicu-
lar to the shock normal.

In spite of the signi�cantly higher intensi-
ties for disturbances, as shown in Tables 3a
and 3b, the computed average �eld compo-
nents for disturbed data are remarkably small
as shown in Table 6b, and the magnitude of
the average magnetic �eld for disturbances is
only � 1 nT greater than for the undisturbed
data. CMEs are reputed to display remark-
ably low uctuation levels for the magnetic
�eld. However, they do display large-scale
structure with an internal �eld. This struc-
ture leads to a signi�cant degree of cancella-
tion in computing the average �eld compo-
nents over a solar rotation and is the likely
explanation for the reduced IMF components
shown in Table 6b.

The average vector components shown in
Tables 6a and 6b can be used to compute and
average winding angle for the observations.
These are listed in the �nal columns of Ta-
bles 6a and 6b. Removal of the disturbances

leads to a reduction of the average winding
angle by 1:8�, as expected if the disturbances
are responsible for the measured overwinding
of the IMF in spite of the high wind speed
conditions of the disturbances. Comparison
of the winding angles derived from the av-
erage �eld components in Table 6a with the
predicted winding angles derived from the av-
erage wind speed and listed in Table 4a shows
that there remain several degrees of overwind-
ing in the undisturbed data that are not seen
in Table 2. This is unique to the IMF compo-
nent analysis and supports the suggestion by
Smith and Bieber [1991] that periods of high
�eld intensity in the omnitape data set pos-
sess greater winding angles than low-intensity
intervals.

When the winding angle is derived from
an average of the instantaneous unit vectors,
thereby preventing the magnitude of the indi-
vidual measurements from weighting the aver-
age, the resulting winding angle for all data in
the ISEE 3 data set is 47:2� (3:5� smaller than
the value listed in Table 6a). Likewise, the
winding angle for combined subset 2 derived
from the unit vector analysis is 46:0� (2:9�

smaller than the full vector analysis). This
provides further evidence that measurements
of high �eld intensity display greater winding
angles, even for observations of undisturbed
plasma.

The concentration of the overwound �eld
within the CMEs is made most graphic in
Table 6b, which lists � 10� greater wind-
ing angles for CMEs than for undisturbed
data as listed in Table 6a. Non-CME shocks
and their associated downstream plasma are
only 3� overwound relative to the undisturbed
plasma.

3.5. Source Fields

Bieber and Rust [1995, p. 911] make use
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of the observation that \toroidal �eld compo-
nents in [solar] active regions are almost all
oriented in the same sense in each solar hemi-
sphere (Hales's law)." The direction of the
toroidal �eld reverses at solar maximum. The
implication is that CMEs impart an extrane-
ous tangential component to the IMF that is
di�erent within each heliospheric hemisphere
over any given phase of the solar cycle. Bieber
and Rust [1996] use this idea to describing the
possibility of large magnetic toroids forming
in the outer heliosphere that result from the
merging of the CMEs and other disturbances.

Although the overwinding results may be
interpreted in terms of an added radial com-
ponent, it is most easily interpreted as an
added tangential component which vanishes
from the results of Table 6a as the distur-
bances are removed, allowing those observa-
tions to converge with the Parker theory to
produce an average winding angle closer to
the nominal 45� value predicted by the wind
speed. We can use Table 6b to estimate the
anomalous jhBT ij contained within CMEs to
be that value which returns the observed �eld
within the disturbances to a 45� winding an-
gle. For CMEs this is 2:1�0:5 nT. This value
represents an average over the entire volume
of the CME as measured at Earth's orbit. The
anomalous BT may not be added uniformly
within the CME and almost certainly is not,
while speci�c CME models may concentrate
the anomalous BT within the leading edge of
the disturbance [e.g., Linker et al., 1990, Fig-
ure 3]. This additional T component of the
IMF is added in such a way as to yield an av-
erage overwinding of the IMF in both hemi-
spheres and is distinct from the anomalous
hBT i discussed by Smith and Bieber [1993]
which is the same in both hemispheres and
leads to an asymmetry in the winding angle.
A detailed model describing the evolution of

CMEs in the interplanetary medium is needed
to relate the above value measured at 1 AU
to the average azimuthal component of CME
�elds at the time of eruption. Such a model
is beyond the scope of this paper.

4. Magnetic Flux

In a straightforward extension of the anal-
ysis techniques employed in this paper, it be-
comes possible to compare two recently pro-
posed models for solar ux shedding in asso-
ciation with CMEs. First, McComas et al.

[1992] compute estimates for the ux shed-
ding of the Sun using the NSSDC omnitape
and ISEE 3 data sets. They suggest, due
to heightened ux levels during solar maxi-
mum, that CMEs are a principal carrier of
the shed solar ux. Below we will isolate the
CME source from other disturbances in a fur-
ther test of this suggestion. Second, the over-
winding result of earlier analyses is cited by
Bieber and Rust [1995, 1996] as motivation
for their model of disturbance-associated ux
shedding and merging leading to the creation
of magnetic toroids on a heliospheric scale.
Bieber and Rust propose that a variety of
solar ejecta, including CMEs, �lament erup-
tions, and active region loop expansion are
responsible for the ejection of ux into the
solar wind. Having established that CMEs
and interplanetary shocks are responsible for
the apparent overwinding of the IMF, we now
ask how much ux is carried by these distur-
bances.

4.1. Magnetic Flux Theory

Equations (1) to (4) of McComas et al.

[1992] derive an expression for the convected
solar magnetic ux, �, using GSE (x; y; z) co-
ordinates where x̂ is directed from the Earth
to the Sun, ŷ lies within the Earth's orbital
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plane and is directed in opposition to the
Earth's orbital motion, and ẑ = x̂ � ŷ com-
pletes the right-hand coordinate system. Cor-
recting for a minor sign error between (3) and
(4) of McComas et al. [1992] which propa-
gates through (6) of that paper and rotating
the expression to heliocentric (R;T;N) coor-
dinates, we may write

� =
Z
BTVRdt (2)

under the identity R̂ = �x̂ and the approxi-
mations T̂ ' �ŷ and N̂ ' ẑ.

Since the ux integral of (2) must be zero
if completely characterized by observations,
McComas et al. [1992] introduced a quantity
which represents the total ux of convected
�eld lines encountered by the spacecraft, ��.
Adopting their de�nition and again applying
the rotation to heliocentric coordinates under
the above approximation, we get

�� =
Z
jBT jVRdt: (3)

The expression for �� can be extended by tak-
ing into account the ux in the ẑ or N̂ compo-
nent. Equation (6) of McComas et al. [1992]
de�nes

��
?
=
Z q

B2
T +B2

NVRdt: (4)

McComas et al. [1992] argue that the erup-
tion of a CME drags new �eld lines, as mea-
sured by �, into interplanetary space, where
they add to the interplanetary �eld. Unless
the addition of �eld lines by CME eruption
is balanced by reconnection somewhere, this
process would lead to a steady increase in the
magnitude of the IMF. On the basis of mea-
surements of �� and ��

?
, McComas et al. con-

clude that such a buildup does not occur over
timescales longer than a sunspot cycle. How-
ever, if a CME forms a pinched-o� plasmoid

that is no longer rooted in the subchromo-
spheric plasma, then its contribution to the
IMF is transitory. McComas et al. suggest
that either CMEs reconnect into plasmoids
with closed topology before reaching 1 AU
or some other mechanism reduces buildup of
the �eld. They postulate that reconnection
of previously open �eld lines permits at least
partial reduction in the IMF intensity.

Bieber and Rust [1995] adopt a slightly dif-
ferent expression for the measured ejection of
solar magnetic ux. They de�ne a coordinate
system (X;Y ) oriented relative to the pre-
dicted spiral �eld as computed from (1) using
the observed wind speed and a source surface
at 5 solar radii. The X coordinate is oriented
along the predicted spiral �eld and away from
the sun regardless of sector type. The Y co-
ordinate is at right angles to the IMF spiral,
constrained to lie within the ecliptic plane,
and always points outward from the Sun. Fig-
ure 4 demonstrates the relationship between
the (X;Y ) coordinate system, the (R;T ) co-
ordinates, and the spiral �eld of toward and
away sectors. Equation (2) of Bieber and Rust
[1995] then de�nes the toroidal solar magnetic
ux passing the observer per unit time per
unit of distance normal to the ecliptic plane
to be

FR = VSWB
(P )
Y cos(	P ) (5)

and the density of open magnetic ux by

B
(P )
R = B

(P )
X cos(	P ): (6)

B
(P )
R is denoted as BR by Bieber and Rust

[1995] and is not to be confused with the ra-

dial component of the measured IMF. B
(P )
X

and B
(P )
Y are the components of the measured

IMF in the above spiral-oriented (X;Y ) coor-
dinate system. Bieber and Rust then apply
(5) and (6) so that toward and away sector
measurements are subtracted, as described
later, and the results are integrated over time
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in a manner generally consistent with (2) {
(4).

From (2) to (6) we can compute estimates
of the average solar magnetic ux density. We
get

�� = BTVsw (7)

��� = jBT jVsw (8)

���
?

=
q
B2
T +B2

NVsw (9)

��toroid = VswB
(P )
Y cos(	P ) (10)

��open = B
(P )
X cos(	P ): (11)

Equations (7) through (10) represent ux rate
densities, while (11) is the local ux density
of the spiral-aligned component of the �eld.
Evaluation of the total ux rates from (7)
through (10) requires an over a closed sur-
face encompassing the Sun, while the compu-
tations of the total ux require an additional
integration over time. Evaluation of the total
ux of open �eld lines from (11) simply re-
quires an integration over the closed surface
encompassing the Sun. We choose to com-
pute average ux rate densities which we pro-
rate according to data coverage to estimate
the average yearly ux over the lifetime of the
ISEE 3 mission at L1.

4.2. Magnetic Flux Observations

We have evaluated (7) through (11) us-
ing the ISEE 3 data set in the same man-
ner as the statistics of the preceeding section
were computed. The results are consistent
with the earlier tabulations of the IMF and
solar wind statistics. We compute averages
of (7) through (11) over individual solar ro-
tations while selectively removing subsets of
the total data set such as CMEs and shocks.
We then combine the individual solar rotation
values as before according to whether we are
seeking heliospheric averages, the north-south
asymmetry, or toward-away di�erences which

are key to the results of this section. This
yields estimates of the magnetic �eld ux as
de�ned by McComas et al. [1992] and Bieber

and Rust [1995] and allows us to assign the
relative importance of CMEs, shocks, and the
undisturbed solar wind in the computed net
solar magnetic ux.

Table 7 lists the results of averaging the
ux expressions over the two sector types.
The average of the sign-dependent quanti-
ties ��, ��open, and ��toroid are small and dif-
fer from zero by only 1�. These results are
not shown but are consistent with the overall
symmetry of the ux ejection process. There
is a statistically signi�cant reduction in the
average convected �eld lines h���i and h���

?
i

as disturbances are removed, which is consis-
tent with there being higher values of �eld
intensity and wind speed within disturbances
as shown in Tables 3a through 4b.

We can compare the measured values of
h���i given in Table 7 with the results of Mc-

Comas et al. [1992] by multiplying h���i by
one solar rotation, in which case the average
ux of �eld lines integrated over 27 days is
(4:6�0:1)�103 Wb �m�1 at Earth orbit. This
is 24% larger than the value stated in Figure
4 of their paper, but this can be explained
by the temporal trend in the McComas et al.
data and by the di�erent time interval used
in the present study. If we compare the �rst
two rows of Table 7 and prorate the results
according to coverage, we �nd that the ux
density within CMEs as measured by h���i
is 52% greater than in the remainder of the
solar wind. Similar enhancements exist down-
stream of the CME-associated and non-CME
shocks.

The averages of the �ve ux expressions
may be viewed as either averages across the
two hemispheres or as averages across the two
sector types. We have looked for a persistent
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north-south asymmetry in these �ve quanti-
ties but have not found a result with greater
than a 1� signi�cance. This is consistent with
a high degree of north-south symmetry for
CMEs and shock sources. These results are
not shown.

Bieber and Rust [1995] followed the sug-
gestions of Parker [1984, 1987] wherein mag-
netic buoyancy carries ux to the solar sur-
face for ejection into the solar wind plasma at
what may be widely dispersed bipolar regions.
Since this is a local process acting within a
global structure, each solar hemisphere must
act to eject its ux independently of the other.
The average rate of ux ejection can then be
computed if we construct sector-di�erenced
averages in the manner prescribed by Bieber

and Rust [1995]. Following their approach,
we add away sector values of ��open to nega-
tive toward sector values of the same to con-
struct a sector-di�erenced quantity which we
call �AT (��open) and average to estimate the
average amount of open ux. Also following
the Bieber and Rust approach, we add toward
and negative away values of ��toroid, which we
denote as �TA(��toroid), to estimate the aver-
age rate of toroidal ux ejection under the as-
sumption that each hemisphere ejects toroidal
ux of a particular sign depending upon the
phase of the solar dipole. We do the same
with measurements of �� to construct esti-
mates of magnetic �eld line ejection follow-
ing theMcComas et al. [1992] formalism. Ta-
ble 8a lists the results of this analysis.

Table 8a shows �rst of all that there is
more than an order of magnitude di�erence
between the estimate for 1

2h�
TA(��)i derived

from theMcComas et al. [1992] expression for
the convection of ux in the solar wind and
the estimate for 1

2
h�TA(��toroid)i derived from

the Bieber and Rust [1995] expression. It ap-
pears that about 8% of the total convected

ux is toroidal during solar maximum.

Table 8a also shows that the ux density of
toroidal �eld lines is largely con�ned to dis-
turbances, both CMEs and shocked plasma.
Removal of the CMEs alone (as represented
by CME subset 1) reduces the average ux of
newly injected �eld lines derived from h��i
by 56: � 64: nT � km � s�1. This is about
twice the h��toroidi result, which is 27: �
28: nT � km � s�1.

Removal of the shocked plasma between
the CMEs and the upstream shocks in ad-
dition to the CMEs (as represented by CME
subset 2) reduces the computed average ux
of �eld lines by yet as much again to yield
a net change in 1

2h�
TA (��)i relative to the

whole data set of 106: � 64: nT � km � s�1.
Likewise, the change in the ux density of
toroidal �eld lines at 53: � 29: nT � km � s�1

is nearly double that of removing the CMEs
alone. The �eld lines between the CME and
the shock are widely regarded to be open �eld
lines, although they may have undergone sub-
sequent reconnection within the solar wind
[McComas et al., 1992] and therefore would
not be expected to contribute to the ux of
newly ejected �eld lines. The removal of the
potentially disturbed plasma downstream of
the CME, as represented by CME subset 3,
does little to change the result.

The reason why interplanetary shocks pro-
vide a signi�cant error source to the computed
ux rate of toroidal �eld lines when the region
immediately behind the shock is generally ex-
pected to be composed of open �eld lines can
be inferred from Tables 2 through 6b. The
statistics for toroidal ux ejection as deter-
mined by h�TA(��toroid)i track the statistics
for �eld line overwinding as given by Table 2
so that as shocked plasma is removed from the
data set, the computed ux of toroidal �eld
lines decreases even though the �eld lines are
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generally regarded as open. The statistics for
h�TA(��)i more nearly tracks with the wind
speed and �eld strength, but is also enhanced
by overwinding.

We can reproduce the conclusions of Bieber
and Rust [1995] for the total net yearly-averaged
ux of toroidal magnetic �eld lines by multi-
plying the computed average rate 1

2
h�TA(��toroid)i

for the entire data set listed in the top row of
Table 8a by the number of seconds in a year
and the appropriate geometrical factor �R (a
factor of 2 larger than that used by Bieber and
Rust owing to our averages in Table 8a). R is
the spacecraft-to-Sun distance, which is 1:5�
108 km. For estimates of the total ux of open
�eld lines the factor is 4�R2, and no integra-
tion over time is required as a multiplicative
factor for 1

2h�
AT (��open)i. Hundhausen [1993]

reports that CMEs are seen at high latitudes
and evenly distributed over latitudes up to
60� during years of solar maximum so we will
integrate our computed averages over the full
sphere as do Bieber and Rust. The resulting
estimate for the net total ux of toroidal �eld
lines is (2:16 � 0:03) � 1023 Mx � yr�1, which
is in good agreement with the conclusions of
Bieber and Rust for the same years. For open
�eld lines, our analysis yields an average net
ux of (1:04 � 0:02) � 1023 Mx, which also
agrees well with the Bieber and Rust result
and with the average radial component of the
IMF as listed in Table 6a.

A relatively small ux of toroidal �eld
lines persists in the data set following the
removal of CMEs and shock disturbances.
If we consider that combined subset 2 re-
tains 78% of all data within the total data
set, then the computed net yearly ux of
toroidal �eld lines by undisturbed plasma is
(4:5�3:6)�1022 Mx � yr�1, which is 21% of the
total ux of toroidal �eld lines as computed
for all data.

It is likely that our analysis using both
the McComas et al. [1992] and Bieber and

Rust [1995] formalisms overstates the pres-
ence of toroidal �eld lines. The McComas et
al. treatment makes no distinction between
open and toroidal �eld lines, and our assign-
ment of residual �elds in column 1 of Table 8a
to toroidal structures neglects contributions
from open �elds. The Bieber and Rust for-
malism identi�es as toroidal any region with
non-Parker �elds. This treatment neglects,
for example, non-Parker open �elds caused
by stream interaction regions. We have ar-
gued above that this is the case when shocked
plasma is considered and it may be true gen-
erally. Alternatively, there may be additional
sources of toroidal �eld line ux such as �eld
line reconnection ahead of CMEs [McComas

et al., 1995] or the ejection of ux by �lament
eruptions and active region loop expansion as
suggested by Bieber and Rust [1995].

We can use the second column in Table 8a
to estimate the net ux of toroidal �eld lines
due to CMEs. CME subset 1 represents 92%
of the data set, which results in an estimate
of (1:62 � 0:03) � 1023 Mx � yr�1 of ux for
toroidal magnetic �eld lines from this subset.
This leaves 25% of the original value, or ap-
proximately 0:54 � 1023 Mx � yr�1 of ux, to
be carried by CMEs.

We can apply the expressions for ux ejec-
tion to the CME and shock disturbances di-
rectly. Table 8b shows the results of this anal-
ysis where again sector-di�erenced averages
are tabulated. These quantities are in good
agreement with what can be inferred from Ta-
ble 8a. As anticipated, the average ux den-
sities contained within the disturbed plasma
are greater than the averages shown in Ta-
ble 8a since both the wind speed and the �eld
intensity are greater within the disturbances
and the �elds are overwound. Also as antic-
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ipated, the average magnetic ux density for
shocked plasma is less than values computed
for CMEs. The plasma between CMEs and
their associated upstream shocks adds some-
what to the CME-associated ux.

From the values listed in Table 8b and the
recognition that CMEs constitute only 8% of
the data, we compute a yearly ejection rate
of toroidal solar ux within CMEs to be

h�toroidi
CMEs = (6:07� 0:13)� 1022 Mx � yr�1:

(12)
Vainshtein and Rosner [1991] estimate that
the Sun must shed 1023 Mx every 6 years in
order to maintain the solar dynamo without
an unlimited buildup of the �eld. On average
this analysis obtains as much ux shedding
by CMEs every two years during the period
from 1979 through 1982 as Vainshtein and
Rosner require in a 6-year period. This some-
what heightened rate may derive from the as-
sumption in this paper that the measured rate
at Earth's orbit can be taken as representa-
tive of high-latitude �elds and suggests that
ux shedding at high latitudes may be signi�-
cantly reduced relative to near-ecliptic obser-
vations.

The yearly average ux of open �eld lines
within CMEs at Earth's orbit as computed by
this formalism is

h�openi
CMEs = (9:17 � 0:57)� 1021 Mx: (13)

5. Conclusions

We conclude that CMEs, their upstream
shocks, and non-CME shocks account for the
apparent overwinding of the IMF reported in
earlier investigations. The processing of the
interplanetary plasma by these disturbances
lies outside the traditional Parker [1958] de-
scription for the winding of the IMF, and so
it is not unexpected that these transient dis-
turbances would skew the statistics.

This fact is made more interesting by the
realization that many CMEs and the non-
CME shocks represent high-speed plasma. In
open-�eld regions, one expects the �elds to
be less tightly wound when the solar wind
speed is higher, but CMEs possess a closed-
�eld topology and the average winding an-
gle is greater than in open-�eld measurements
in spite of the higher average wind speed
for CMEs. Shocked plasma tends to have
greater azimuthal �elds as well due to com-
pression across the shock and therefore pos-
sesses greater winding angles on average than
the Parker theory would predict based upon
the local wind speed.

It is also interesting that these disturbances
do not appear to account for the observed
north-south asymmetry of the IMF winding
angle. Since CME coverage appears to be
evenly distributed between the northern and
southern hemispheres, the processes which af-
fect the overwinding do not introduce an ad-
ditional asymmetry component. A persis-
tent north-south winding angle asymmetry
remains an apparent attribute of the undis-
turbed solar wind.

Smith and Bieber [1991] suggest that the
apparent overwinding of the IMF might re-
sult from a small azimuthal �eld at the source
region. They also postulate how such a �eld
might arise as a remnant of �elds from deeper
within the chromosphere. This seed �eld
would then contribute a small but persistent
winding of the IMF over the solar poles in
contrast to the straight �eld lines predicted by
Parker [1958]. To the extent that such a seed
�eld would produce an overwinding at all lat-
itudes, there now appears to be no motivation
for this small azimuthal source �eld except to
the extent that CMEs are expected to con-
tain nonradial �elds at the source surface. It
remains possible that an azimuthal seed �eld
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exists for sources of open �eld lines, but this
�eld would need to produce an overwinding in
one hemisphere and an underwinding in the
other, so that no net overwinding was present
but the winding angle asymmetry remained.

We have also examined the ux of open
and toroidal magnetic �eld lines as de�ned
by previous authors and the relative density
of these quantities within CMEs and the dis-
turbances downstream of shocks. We �nd
that CMEs contain only � 25% of the to-
tal computed ux of \toroidal �eld" lines ob-
served at Earth orbit, as measured by previ-
ously published formulations. The computed
density of toroidal �eld line ux in the dis-
turbed plasma downstream of interplanetary
shocks is approximately half as great as for
CMEs. No signi�cant north-south asymme-
try of magnetic ux is observed.
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Table 1. ISEE 3 Subset De�nitions

ISEE 3 Subset De�nition
All data in data set no data removed
CME subset 1 CMEs removed
CME subset 2 CMEs to upstream shock removed
CME subset 3 CMEs to upstream shock removed along with trailing 24 hours
Shock subset 1 non-CME shocks with trailing 24 hours removed
Shock subset 2 non-CME shocks with trailing 48 hours removed
Combined subset 1 CMEs to upstream shock plus non-CME shocks with trailing 24 hours removed
Combined subset 2 CMEs to upstream shock plus non-CME shocks with trailing 48 hours removed
aYear 1980 is always excluded from analysis.

Table 2. Winding Angle Statistics

ISEE 3 Subset Overwinding Asymmetry
All data in data set 1:4� � 0:6� 1:5� � 1:5�

CME subset 1 0:8� � 0:5� 0:9� � 1:5�

CME subset 2 0:5� � 0:6� 1:0� � 1:5�

CME subset 3 0:5� � 0:5� 0:6� � 1:6�

Shock subset 1 1:1� � 0:6� 1:5� � 1:5�

Shock subset 2 1:1� � 0:6� 1:7� � 1:4�

Combined subset 1 0:1� � 0:6� 0:8� � 1:5�

Combined subset 2 0:0� � 0:6� 1:3� � 1:4�

aOverwinding and asymmetry angles are in degrees.

Table 3a. Field Magnitude Statistics

ISEE 3 Subset 1
2hjB

N j+ jBSji 1
2hjB

N j � jBSji
All data in data set 7:77 � 0:21 �0:13 � 0:13
CME subset 1 7:56 � 0:20 �0:17 � 0:13
CME subset 2 7:38 � 0:20 �0:14 � 0:13
CME subset 3 7:28 � 0:23 �0:21 � 0:16
Shock subset 1 7:57 � 0:21 �0:15 � 0:12
Shock subset 2 7:54 � 0:22 �0:19 � 0:13
Combined subset 1 7:13 � 0:20 �0:17 � 0:12
Combined subset 2 7:12 � 0:21 �0:21 � 0:13
aField values are in nanoTesla.
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Table 3b. Field Magnitude Statistics (Disturbances)

ISEE 3 Subset 1
2
hjBN j+ jBSji 1

2
hjBN j � jBSji

CMEs only 10:3 � 0:4 0:4� 0:2
CMEs to shock 11:4 � 0:5 0:3� 0:3
Non-CME shocks 10:2 � 0:4 0:2� 0:3
+ 24 hours

aField values are in nanoTesla.

Table 4a. Wind Speed Statistics

ISEE 3 Subset 1
2hV

N
sw + V S

swi, km � s�1 1
2hV

N
sw � V S

swi, km � s�1 	(P ), deg
All data in data set 427:0 � 6:4 3:7� 4:1 45:0� � 0:4�

CME subset 1 425:7 � 6:5 4:4� 4:2 45:1� � 0:4�

CME subset 2 423:6 � 6:5 4:4� 4:2 45:2� � 0:5�

CME subset 3 421:2 � 6:8 5:2� 4:6 45:4� � 0:5�

Shock subset 1 426:1 � 6:3 3:4� 4:1 45:1� � 0:3�

Shock subset 2 424:8 � 6:5 3:9� 4:3 45:1� � 0:4�

Combined subset 1 422:1 � 6:5 4:0� 4:2 45:3� � 0:5�

Combined subset 2 421:0 � 6:7 4:6� 4:4 45:4� � 0:5�

Table 4b. Wind Speed Statistics (Disturbances)

ISEE 3 Subset 1
2hV

N
sw + V S

swi, km � s�1 1
2hV

N
sw � V S

swi, km � s�1 	(P ), deg
CMEs only 443:2 � 11:1 �7:0� 5:2 43:9� � 0:8�

CMEs to shock 455:1 � 11:8 �3:0� 5:3 43:2� � 0:7�

Non-CME shocks + 24 hours 465:5 � 14:3 �3:2� 7:5 43:1� � 1:0�
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Table 5. Field Component Averages

ISEE 3 Subset 1
2
hBN

R +BS
Ri, nT

1
2
hBN

T +BS
T i, nT

1
2
hBN

N +BS
N i, nT

All data in data set �0:07� 0:10 �0:08� 0:10 �0:19 � 0:10
CME subset 1 �0:12� 0:11 �0:10� 0:10 �0:23 � 0:11
CME subset 2 �0:11� 0:12 �0:11� 0:10 �0:24 � 0:11
CME subset 3 �0:14� 0:15 �0:11� 0:12 �0:18 � 0:12
Shock subset 1 �0:06� 0:10 �0:10� 0:09 �0:21 � 0:10
Shock subset 2 �0:09� 0:10 �0:10� 0:10 �0:23 � 0:11
Combined subset 1 �0:10� 0:12 �0:13� 0:09 �0:25 � 0:11
Combined subset 2 �0:12� 0:12 �0:12� 0:10 �0:28 � 0:11

Table 6a. Field Component Di�erences

ISEE 3 Subset 1
2hB

T
R �BA

Ri, nT
1
2hB

T
T �BA

T i, nT
1
2hB

T
N �BA

Ni, nT h	i, deg
All data in data set �3:31 � 0:09 4:05 � 0:11 0:16 � 0:09 50:7� � 1:6�

CME subset 1 �3:30 � 0:09 3:94 � 0:11 0:13 � 0:09 50:1� � 1:5�

CME subset 2 �3:28 � 0:09 3:86 � 0:11 0:10 � 0:09 49:6� � 1:6�

CME subset 3 �3:25 � 0:10 3:86 � 0:13 0:16 � 0:09 49:9� � 1:8�

Shock subset 1 �3:27 � 0:09 3:93 � 0:11 0:12 � 0:09 50:2� � 1:6�

Shock subset 2 �3:28 � 0:09 3:93 � 0:12 0:15 � 0:09 50:2� � 1:6�

Combined subset 1 �3:23 � 0:09 3:71 � 0:12 0:06 � 0:09 49:0� � 1:7�

Combined subset 2 �3:24 � 0:09 3:71 � 0:13 0:08 � 0:09 48:9� � 1:7�

Table 6b. Field Component Di�erences (Disturbances)

ISEE 3 Subset 1
2hB

T
R �BA

Ri, nT
1
2hB

T
T �BA

T i, nT
1
2hB

T
N �BA

Ni, nT h	i, deg
CMEs only �2:94 � 0:33 5:02 � 0:35 0:48 � 0:38 59:6� � 4:5�

CMEs to shock �3:21 � 0:29 5:54 � 0:35 0:52 � 0:43 59:9� � 3:7�

Non-CME shocks + 24 hrs �3:75 � 0:31 4:79 � 0:41 0:80 � 0:28 51:9� � 4:6�
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Table 7. Average Flux Statistics

ISEE 3 Subset h���i a h���
?
i a

All data in data set 1946: � 55: 2618: � 80:
CME subset 1 1868: � 51: 2514: � 72:
CME subset 2 1802: � 49: 2408: � 68:
CME subset 3 1781: � 55: 2349: � 73:
Shock subset 1 1881: � 57: 2528: � 82:
Shock subset 2 1871: � 60: 2503: � 85:
Combined subset 1 1717: � 50: 2291: � 68:
Combined subset 2 1708: � 52: 2273: � 71:
aMcComas et al. [1992] formalism.

bFlux values are in nT � km � s�1.

Table 8a. Sector Flux Asymmetry Statistics

1
2h�

TA(��)i, a 1
2h�

TA(��toroid)i, b 1
2h�

AT (��open)i, b

ISEE 3 Subset nT � km � s�1 nT � km � s�1 nT
All data in data set 1710: � 46: 145: � 19: 3:67� 0:08
CME subset 1 1654: � 45: 118: � 20: 3:60� 0:08
CME subset 2 1604: � 44: 92: � 22: 3:55� 0:08
CME subset 3 1600: � 51: 97: � 26: 3:52� 0:08
Shock subset 1 1654: � 49: 126: � 21: 3:58� 0:09
Shock subset 2 1651: � 52: 123: � 22: 3:58� 0:09
Combined subset 1 1533: � 48: 64: � 24: 3:44� 0:08
Combined subset 2 1528: � 51: 39: � 31: 3:37� 0:09
aMcComas et al. [1992] formalism.

bBieber and Rust [1995] formalism.

Table 8b. Sector Flux Asymmetry Statistics (Disturbances)

1
2
h�TA(��)i, a 1

2
h�TA(��toroid)i, b 1

2
h�AT (��open)i, b

ISEE 3 Subset nT � km � s�1 nT � km � s�1 nT
CMEs only 2239: � 181: 510: � 121: 4:05 � 0:25
CMEs to shock 2542: � 168: 643: � 102: 4:45 � 0:26
Non-CME shocks + 24 hours 2098: � 180: 222: � 113: 4:40 � 0:25
aMcComas et al. [1992] formalism.

bBieber and Rust [1995] formalism.
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Figure 1. (Top) Number of CMEs per solar rotation as recorded by the ISEE 3 spacecraft. Times
of north (N) and south (S) solar magnetic pole reversals are noted at top of panel. (Bottom)
Percent of each solar rotation when spacecraft was within CME.
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Figure 2. Histograms of winding angles for 5-min averaged ISEE 3 data excluding year 1980.
Winding angles are plotted relative to the Parker [1958] prediction using the measured wind
speed and 0 RS source surface. The top panel shows the full data set. The bottom panel shows
distribution for undisturbed periods (top curve) and CME and postshock observations (bottom
curve). Overwinding is clearly evident in the disturbance subset, while the average and most
probable winding angle of the undisturbed data agrees with the Parker prediction.
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Figure 3. Histograms of the magnetic �eld N component distribution for the entire data set (top
curve), for the undisturbed data as represented by CME and shock subset 2 (middle curve), and
for the disturbance subset as represented by all data not contained in CME and shock subset 2
(bottom curve).
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Figure 4. Field component de�nitions used by Bieber and Rust [1995] showing a nominal 45�

winding angle. Their analyses compute the expected winding angle from the observed wind speed
so that the variation relative to 45� is seen.


