JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 115, A08102, doi:10.1029/2009JA014271, 2010

Heliospheric evolution of solar wind small-scale magnetic

flux ropes
M. L. Cartwright' and M. B. Moldwin®

Received 18 March 2009; revised 26 March 2010; accepted 6 April 2010; published 10 August 2010.

[11 We present results from the first comprehensive small-scale flux rope survey between
0.3 and 5.5 AU using the Helios 1, Helios 2, IMP 8, Wind, ACE, and Ulysses spacecrafts
to examine their occurrence rate, properties, and evolution. Small-scale flux ropes are
similar to magnetic clouds and can be modeled as a constant-alpha, force-free,
cylindrically symmetric flux rope. They differ from magnetic clouds in that they have
durations on the order of tens of minutes up to a few hours, they lack an expansion
signature at 1 AU, and they do not have a depressed proton temperature compared to the
surrounding solar wind plasma. The occurrence rate of small-scale flux ropes is slightly
higher in the inner heliosphere than the outer heliosphere and has a weak dependence on
the phase of the solar cycle. The duration of the events as a function of radial distance
indicates there is a large, rapid expansion within 1 AU and it becomes constant in the
outer heliosphere. This behavior implies small-scale flux ropes are created and nearly

complete their evolution within 1 AU.

Citation: Cartwright, M. L., and M. B. Moldwin (2010), Heliospheric evolution of solar wind small-scale magnetic flux ropes,
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1. Introduction

[2] Magnetic flux ropes are a common phenomenon in the
heliosphere. They are created on the Sun, in the Earth’s
magnetotail, and at other planets. They can be described as a
bundle of magnetic field lines twisted into a tube-like shape
with a strong axial field. In the outer section of the rope, the
twisted field is strongest while the axial field lines become
dominant in the inner section. In cylindrical coordinates, the
axial field is called the core field of the flux rope and the
azimuthal field is called the twist or bipolar field of the flux
rope.

[3] Magnetic flux ropes are important because they
transport field and plasma from one location to another. The
scale size of a flux rope is dependent on the environment in
which it was created and its subsequent expansion. For
example, in the Earth’s magnetotail, flux ropes have scale
sizes on the order of 17 Rg. They are commonly believed to
be created by magnetic reconnection across the magnetotail
plasma sheet [Moldwin and Hughes, 1992].

[4] A large-scale flux rope originating at the Sun is called
a magnetic cloud (MC) and has been defined as: (1) a smooth
magnetic field rotation parallel to a plane, (2) enhanced
magnetic field strength compared to the surrounding solar
wind, and (3) a depressed proton temperature [Burlaga et al.,
1981]. These events have been well-studied from 0.3 to
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5.5 AU J[e.g., Klein and Burlaga, 1982; Bothmer and Rust,
1997; Bothmer and Schwenn, 1998; Mulligan et al., 1998;
Lepping et al., 1990, 2006; Lynch et al., 2005; Lepping and
Wu, 2007]. They are on average 21 h in duration, varying
between 8 and 48 h at 1 AU. The axial field strength is
typically greater or equal to twice the background field. The
occurrence frequency per year has a low correlation with the
monthly sunspot number, based on observations from 1995
to 2003. At 1 AU, MCs usually have a decreasing velocity
profile across the duration of the event. This implies that
they are still expanding into the solar wind and are not in
pressure balance [e.g., Lepping et al., 2006].

[5] The most utilized flux rope model is called the static
constant-alpha, force-free, cylindrically symmetric field
geometry [i.e., Goldstein, 1983; Burlaga, 1988]. The force-
free condition implies there are no gravitational or thermal
pressure gradiegt) forces_> and ’IIE> structure is in steady state
allowing V x B = pupJ = aB. Assuming alpha is con-
stant, Lundquist [1950] showed this equation has solutions
of Bessel functions as seen in equation 1.

Br=0 Radial component

(1a)

Br = BoHJ\(aR) Tangential component (1b)

B4 = ByJo(aR) Axial component (Ic)
where By is the field magnitude on the axis, R = /R, where
Ry is the radius of the cloud, and r is the radial distance from
the cloud axis. J, and J; are the zeroth- and first-order

Bessel functions. H = 1 and defines the sign of magnetic
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Figure 1. An example of a small-scale flux rope found at 0.39 AU. It was identified from the Helios 1
data set on 4 March 1975 from 0219 to 0247 UT. The black vertical bars indicate the boundaries of the

event.

helicity of the flux rope. The flux rope boundaries are defined
to be the first zero of the zeroth Bessel function, where » = R,
and the value of «v is 2.40. The magnetic helicity is a measure
of how twisted the field has become and the handedness.
Many interplanetary coronal mass ejections (ICMEs) will not
fit the classic MC criteria and require more advanced models.
If the structure is not force-free or cylindrically symmetric,
then the use of a symmetric, static model will give large errors
and many interesting events will be excluded from the data
set, e.g., the MC-like events from the work of Lepping et al.
[2006]. There have been models focused on cases where
alpha is not constant [e.g., Farrugia et al., 1995; Osherovich
et al., 1999; Vandas et al., 1993; Mulligan, 2002] but such
models are often designed to model the magnetic cloud
evolution. They are not valid at particular stages of evolution.
[6] MCs are large structures and it is common to study
them using hourly data sets. However, hourly averages
cannot be used to study phenomena with timescales of the
order of tens of minutes to hours. The solar wind small-scale
flux ropes identified by Moldwin et al. [1995, 2000] are
such a phenomenon. These structures were first discovered
by Moldwin et al. [1995] with the Ulysses spacecraft near
5 AU. The one event identified was characterized by a
bipolar field rotation coincident with a strong axial core field
with duration of 4 h. This event motivated a small survey at
1 AU for small-scale flux ropes, where Moldwin et al.
[2000] identified six events with the Wind and IMP
8 magnetic field data sets. These events all have bipolar field
rotations coincident with a core field enhancement and were
on the order of tens of minutes duration and displayed the
signature of a force-free, symmetric magnetic flux rope.

[7] Small-scale solar wind flux ropes have recently been
extensively studied at 1 AU [Cartwright and Moldwin,
2008; Feng et al., 2007, 2008]. A classic example of a
small-scale flux rope (as shown in Figure 1) was observed
by Helios 1 at 0.39 AU. The magnetic field vectors are
shown in solar ecliptic (SE) coordinates. This is a helio-
centric coordinate system where B, points from the space-
craft to the Sun, B, is normal to and northward from the
ecliptic plane, and B, completes the right-handed set. The
magnetic field topology is similar to a magnetic cloud,
where in Figure 1 the core field is in By SE coincident with a
bipolar field observed in B, SE component. The B, SE
component is flat consistent with the Lundquist solution
shown in equation (1).

[8] Given that the magnetic field topology is similar to
magnetic clouds, the search parameters used to identify
small-scale flux ropes involved strong core fields associated
with a bipolar field in one of the components. The studies by
Feng et al. [2007, 2008] visually identified events from the
years 1995 to 2005 and the study by Cartwright and
Moldwin [2008] used an automated technique to identify
events from 1995 to 2005. There was little overlap between
the lists because the automated technique [Cartwright and
Moldwin, 2008] quantitatively searched for strong core
fields. The majority of the events identified by the visual
survey by Feng et al. [2007] had weaker core field peaks
than the automated survey identified. Upon further exami-
nation by Cartwright and Moldwin [2008], these weaker
core field flux ropes found by Feng et al. [2007] were often
consistent with compressive Alfvén waves. At these small-
scale sizes, there are solar wind disturbances called com-
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pressive Alfvén waves (or fast mode waves) that can have
enhanced total field intensity and a similar magnetic field
signature [Burlaga and Turner, 1976]. These events are
identified by a cross correlation of the magnetic field and
velocity field vectors due to the Alfvén wave property that
for an isotropic plasma, v = =+ (V4/By)b. The vectors v and b
are the perturbations of velocity and magnetic field, By is the
average field strength, and V4 is the Alfvén speed defined to
be: V4 = BAuop)'”?. Studies investigating small-scale flux
ropes should exclude these events because the magnetic
signatures are identical.

[¢] The comprehensive surveys at 1 AU [Cartwright and
Moldwin, 2008; Feng et al., 2007; 2008] indicated a popu-
lation of small-scale flux ropes that dominates in occurrence
frequency over large-scale flux ropes (or MCs) identified
from the Lepping et al. [2006] database and maintained
online at http://lepmfi.gsfc.nasa.gov/mfi/mag cloud publ.
html. These three databases [Cartwright and Moldwin,
2008; Feng et al., 2007, 2008; Lepping et al., 2006] all
used Wind data that included some data gaps. Although
the magnetic topology of small-scale flux ropes is similar
to MCs, these structures differ from MCs in several key
ways. Small-scale flux ropes have durations on the order of
tens of minutes to several hours and scale sizes on the order
of a few hundred Earth radii (0.001-0.003 AU), where MCs
are on the order of 20 h and a quarter of an AU in size.
Small-scale flux ropes have constant temperature profiles
similar to the surrounding solar wind, unlike MCs that have
depressed proton temperatures. At 1 AU, they show little
expansion unlike MCs, indicating they are at their evolu-
tionary endpoint [Cartwright and Moldwin, 2008]. These
differences suggest that they may have different origins,
with MCs formed in the lower corona and small-scale
magnetic flux ropes forming in the solar wind.

[10] These past surveys at 1 AU and the differences from
MCs motivate the current study of the radial evolution of
small-scale magnetic flux ropes in the solar wind from 0.3
to 5.5 AU. Ideally, to study the evolution of a small-scale
flux rope, the same event should be examined with a
spacecraft at various heliospheric distances. We searched the
various data sets for such an event but found no event
observed by widely separated spacecrafts between 0.3 and 1
AU or 1 and 5.5 AU. This survey presents the results of
small-scale flux ropes identified at various heliospheric
distances to understand the collective behavior of these
objects from the inner to middle heliosphere. This study
answers the questions: Are these small-scale flux ropes
observed at all radial distances from the Sun? Do they have
the same properties at all distances? Do the answers to the
questions provide clues to their origins and formation
mechanism?

2. Methodology

2.1. Spacecraft Used in This Survey

[11] We examined Helios 1, Helios 2, IMP §, Wind, ACE,
and Ulysses magnetic field and plasma data sets available
from the National Space Science Data Center, the Space
Physics Data Facility, and the solar wind data set compiled
to develop a solar wind data set (propagated to the bow
shock or not propagated) by J. Weygand at UCLA (http://
www.igpp.ucla.edu/jweygand/htmls/Propagated SW.html).
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[12] Helios 1 and Helios 2 were launched in December
1974 and January 1976, respectively, into a heliocentric
orbit that ranged from 0.3 to 1 AU. For more information on
the instrumentation and data analysis of the magnetometer
experiment, see the work of Scearce et al. [1975], and for
the plasma experiment, see the work of Rosenbauer et al.
[1977]. The magnetic field data are available from 15
December 1974 to 16 June 1981 in SE spacecraft-centered
coordinates and contain many data gaps.

[13] IMP 8 was one of a series of probes used to inves-
tigate Earth’s magnetosphere and the solar wind. The IMP
8 data used in this study were from 1975 to 1994, where the
spacecraft was in an approximate 12.5 day geocentric orbit.
This time period was used to extend the data set between
Helios and the start of the Wind mission and provide a 1 AU
set of observations that overlap with the Helios data over a
solar cycle. IMP 8 was in the solar wind from 7 to 9 days out
of the 12.5 orbit. The data coverage in the solar wind was
around 60% but contained many small (approximately tens
of minutes) data gaps, which decreased the usable coverage
for locating small flux ropes to around 45%, depending on
the year. The Goddard Space Flight Center magnetometer
and the Massachusetts Institute of Technology and Los
Alamos National Laboratory plasma data sets used in this
study were in geocentric SE (GSE) coordinates at a time
resolution of 1 min.

[14] The Wind spacecraft was launched in November
1994 to measure the solar wind and Earth’s foreshock.
Following a double lunar swingby, Wind was placed in a
halo orbit around the first Lagrangian (L1) point allowing
for sampling of the incoming solar wind at Earth and spent
time in petal orbits near the Earth and the Moon. The
magnetic field and plasma data sets used were when Wind
was in the solar wind and are described by Lepping et al.
[1995] and Ogilvie et al. [1995], respectively. We used
data in GSE coordinates at a 1 min resolution for years 1995
to 2007.

[15] ACE was launched in August 1997 as a solar wind
monitor at L1. We used data from 1997 to 2007 in GSE
coordinates at 1 min time resolution. For more information
on the magnetic and plasma experiments, see the work of
Smith et al. [1998] and McComas et al. [1998].

[16] Ulysses was launched in October 1990 with the pri-
mary purpose to investigate the solar wind, neutral gases,
and energetic particles as a function of solar latitude. After
launch, Ulysses cruised to Jupiter in the ecliptic plane and
used the Jupiter flyby to achieve a heliospheric orbit over
the solar poles. We will only present results of small-scale
flux ropes found in the ecliptic plane. At higher latitudes,
out of the ecliptic plane, the solar wind is composed almost
entirely of the fast solar wind (>600 km s~ '). Within the fast
solar wind shear, Alfvén waves are found to be almost
continuous [Smith et al., 1995] from less than 1l hup to 10 hin
scale size [Bruno et al., 1985]. These waves are at the same
time and length scales as small-scale flux ropes and share
the same magnetic field signature of a bipolar field. This
problem will limit the number of small-scale flux ropes
found in the fast wind. Because of the Alfvénic nature of the
fast wind, there will be a bias in the selection of small-scale
flux ropes toward being in the slow wind. Because of the
similarities in the magnetic signature and the near-continuous
spectrum of these Alfvén waves, identifying small-scale
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flux ropes is extremely difficult out of the ecliptic plane. We
used data from when Ulysses was in cruise to Jupiter and the
three subsequent aphelion passes at 5.4 AU (within + 10° of
the solar ecliptic plane, which is 2.9° and —17.2° in helio-
graphic latitude). These passes were during the time periods
5 March 1992 to 17 September 1992, 18 October 1997 to
27 November 1998, and 26 December 2003 to 30 January
2005. Information on the magnetic and plasma data ex-
periments can be found in the work of Balogh et al. [1992]
and Bame et al. [1992]. In this study, the data were in radial-
tangential-normal (RTN) coordinates at 1 (4) min time
resolution for the magnetic (plasma) data, respectively.

2.2. Selection Criteria

[17] The small-scale flux rope selection was done in three
parts: (1) a visual survey of the solar wind magnetic field
data sets, (2) a removal of compressive Alfvén waves, and
(3) a model validation of the events.

[18] We visually examined the magnetic field data sets
using an approximate 10 h window. We decided to proceed
with a visual survey over an automated identification
method [Cartwright and Moldwin, 2008] primarily because
it was difficult to adapt the program to manage the data gaps
from the Helios and IMP 8 data sets. We wanted to survey
all the data sets in the same manner, so we used a visual
survey with a wave removal method for this study. We used
the force-free cylindrically symmetric flux rope property of
an inflection point located at or near the peak of the axial
core field in the small-scale flux rope [Moldwin et al., 2000].
We first identified an inflection point in the By or B,
coordinate coincident with a core field peak in the remaining
component (By or By). The boundaries of an ideal magnetic
flux rope are current sheets that often can be observed as
minima in the total field component and/or a directional
discontinuity separating the flux rope structure from the
surrounding solar wind plasma. We identified boundaries by
either (1) locating the start and end of the total magnetic
field enhancement relative to the background field strength
as the beginning and end of the flux rope, (2) using the
minima associated with the core field component enhance-
ment, or (3) using the maxima of the bipolar field. After
boundary identification, we applied minimum variance
analysis (MVA) to the SE, GSE, or RTN coordinates in
which the maximum coordinate was the field rotation and
the intermediate coordinate was the axial core field [Lepping
et al., 1990]. Our standards were such that the maximum
eigenvector (\;) divided by the minimum eigenvector (\3)
must be equal to or greater than six and the intermediate
eigenvector () divided by the minimum eigenvector (\3)
must be equal to or greater than two, which will guarantee
well determined MVA directions [Sonnerup and Cahill,
1967; Burlaga and Behannon, 1982]. We excluded events
if the bipolar field was primarily in the By GSE; Bz RTN; By
SE coordinate as to remove any potential heliospheric current
sheet crossings. However, we include events that had By
crossings if the bipolar field was primarily in one of the other
two coordinates (as indicated by the maximum eigenvector).

[19] The second step in our selection process was the
removal of compressive Alfvén wave-like events; at these
small scales, there are several disturbances that can bias
surveys unless taken into account. As described in section 1.,
the magnetic field and velocity components were examined to
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see if they were correlated. If the correlation coefficient was
>0.7, suggestive of Alfvénic waves, we excluded the event
from the flux rope database. From the initial database of
the combined ACE, Wind, IMP 8, and Ulysses events, one
third of candidate small-scale flux ropes had Alfvénic
properties and were removed from the final database. Those
events will be the subject of a future study, but their relative
high occurrence indicates that they should be carefully
excluded in studies of flux ropes. The inclusion of these
events has led to differences between data sets of solar wind
flux ropes.

[20] The events were then validated using the nonlinear
least squares method. The data were fitted to the force-free,
cylindrically symmetric flux rope model discussed in the
introduction. We used the same method as described in
Lepping et al. [1990]. In this study, we did not use the
assumption that the spacecraft passes through the center of
the flux rope but used the nonlinear, least-squares minimi-
zation of the data to the force-free, cylindrically symmetric
flux rope model using five free parameters: the flux rope
longitude () and latitude (), the impact parameter (p),
axial field strength (B,), and the sign of the helicity (H). The
XzD,R error from the model fit of the flux rope axis is used to
evaluate the goodness of fit, where an error >0.3 is typically
a poor fit [Lepping et al., 1990]. We labeled events as flux
ropes if the error was up to 0.5. The flux rope axis can have
any orientation (@rope, Orope) relative to the ecliptic plane.
The observed directions of the magnetic field at the leading
edge, center, and trailing edge of the flux rope are com-
monly used to classify magnetic clouds [Bothmer and Rust,
1997; Bothmer and Schwenn, 1998; Mulligan et al., 1998].
There are two broad classifications, the first is where the
flux rope axis lies in the ecliptic plane (e.g., in the By GSE
component) and the second where the axis lies out of the
ecliptic plane (e.g., in the By GSE component). We have
classified our events in the same manner. In this study, we
are interested in the basic properties of the flux ropes; their
orientation; duration of the event, which is slightly modified
from the original visual boundaries because of the least-
squares minimization technique; and the strength of the
axial field extracted from the model.

3. Results

3.1. Examples of Small-Scale Flux Ropes at Various
Radial Heliospheric Distances

[21] We identified 23 small-scale flux ropes from the
Helios 1 and Helios 2 data sets, 66 flux ropes from the IMP
8 data set, 91 flux ropes from the Wind data set, 70 flux
ropes from the ACE data set, and 20 flux ropes from the
Ulysses data set. There were 51 events identified in both the
Wind and ACE databases and 12 events found in the ACE
data set but not in the Wind data set. We excluded the
unique ACE events and created a combined 1 AU database
using the Wind and ACE events that contains a total of 98
unique flux ropes. There are a total of 219 unique small-
scale flux ropes at radial distances from 0.3 to 5.5 AU. The
flux ropes range in duration from 0.22 to 10.35 h. There are
several flux ropes in our database that have been previously
identified [Feng et al., 2007, 2008; Cartwright and Moldwin,
2008; Jian et al., 2008]. The Helios 1 and Helios 2, IMP 8,
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Figure 2. A classic example of a small-scale flux rope located at 1 AU. It was identified from the Wind
data set from 11 August 1996 at 2059 to 12 August 1996 0136 UT. The boundaries are represented by the

solid vertical lines.

and ACE/Wind combined database and Ulysses small-scale
flux rope database can be found in Appendix A, Table Al.

[22] We present three examples at 0.3, 1, and 5 AU radial
distances. The first flux rope presented in Figure 1 was
observed by the Helios 1 spacecraft on 4 March 1975 from
02:19 to 02:47 UT. The axial core field strength was 35 nT.
The duration of the event was 0.47 h. It was observed at a
heliospheric distance of 0.39 AU. The hourly plasma data
indicate it was located in the fast solar wind with a speed of
630 km s '. The \;/)\; ratio was 21 and the \,/)\; ratio was
16. The ratio of the axial field strength to the average 6 h
surrounding the flux rope was 1.8. The orientation of the
flux rope was such that the leading field from the bipolar
signature is in the south direction and the trailing field is in
the north direction. The axial field is in the west direction, so
the event is an SWN event. The flux rope is a right-handed
event and is embedded in the away interplanetary magnetic
field (IMF) polarity sector. The longitude of the axis is 280°
and the latitude is —25°, with respect to the ecliptic plane.

[23] The second example presented in Figure 2 was iden-
tified with the Wind spacecraft starting on 11 August 1996 at
20:59 UT to 12 August 1996 at 01:36 UT. The duration of
the event was 4.62 h. The axial field strength was 5.34 nT.
The A;/A; ratio was 50.7 and the \,/\; ratio was 12.3. The
average solar wind speed over the duration of the event was
350 km s~ '. The latitude and longitude of the axis is 76° and
—17°. The flux rope is again classified as an SWN event
with a right handedness.

[24] The third example was found by the Ulysses space-
craft at 5.3 AU from 28 November 2004 at 06:05-07:55 UT
and is presented in Figure 3. The axial field strength is
0.74 nT and the axial field strength divided by the sur-
rounding 6 h field strength is 1.07. The duration is 1.83 h.

The average solar wind speed over the duration of the event
was 427 km s~ '. The \;/)\; ratio was 156 and the \y/)\; ratio
was 7. The flux rope longitude and latitude are 77° and —3°.
The flux rope is orientated such that it is SEN event with a
left handedness.

3.2. Basic Properties at 1 AU and Heliospheric
Evolution Statistics of Small-Scale Flux Ropes

[25] We used the Helios 1, Helios 2, IMP 8, Wind/ACE,
and Ulysses small-scale flux rope database to study the
number of events observed per year and how their properties
depend on heliospheric distance. How frequently small-
scale flux ropes are observed is a fundamental property that
gives clues to their possible origin. The occurrence of small-
scale flux ropes over solar cycles 21, 22, and 23 is presented
in the upper plot of Figure 4. We plotted the number of
events normalized by number of spacecraft months of
observation per year represented as black diamonds. We
used this normalization because of the deviations in space-
craft coverage from the various data sets used. The error
bars are the plus and minus square root of (the number of
events) divided by the months of observations per year. The
solid gray line connecting the solid circles is the mean
annual sunspot number per year. This plot shows a trend of
small-scale flux rope occurrence, with the events most likely
observed during solar minimum than solar maximum. We
used these observations to create the average number of flux
ropes per month of observation for cycles 21 to 23 as a
function of solar cycle, shown in the lower plot of Figure 4.
This analysis summed over observations at the same phase
of the solar cycle in each cycle (e.g., £, t + 11, and ¢ + 22),
and then we plotted the average rate (black diamonds). For
example, the first bin is the average number of flux ropes for

5o0f 15



A08102

CARTWRIGHT AND MOLDWIN: HELIOSPHERIC EVOLUTION OF SOLAR WIND

A08102

(nT)

2
=
£ L g I i
-1 | AN\
m o Il Il Il
04:15 05:16 06:17 07:18 08:19 09:20
Time [UT]

Figure 3. An example of a small-scale flux rope located at 5.3 AU. This event was identified from the
Ulysses data set starting on 28 November 2004 at 0605 to 0755 UT. The boundaries are represented by

the solid vertical lines.

years 1974, 1974 + 11, and 1974 + 22 divided by the
average number of months of observation for those years.
The error bars are the (average number of flux ropes)
divided the average months of observation. The sunspot
number (solid gray line) is the average number of sunspots
for that year from the cycles 21 to 23. This plot does not
include the year 2007 because the Sun started going into an
extended minimum and it does not fit with the previous two
cycles. This plot shows the same trend as the upper plot,
where there are more small-scale flux ropes observed during
solar minimum than maximum. The average number of
events around solar minimum (taken as years 1, 2, 10, and
11 in the cycle) is one flux rope per month. The average
number of events around solar maximum (here taken as
years 5 through 7) is 0.4 flux ropes per month. This average
trend shows that there is a tendency to observe more small-
scale flux ropes during solar minimum than maximum.

[26] The number of small-scale flux ropes normalized by
months of observation as a function of radial heliospheric
distance is presented in Figure 5. The error bars are the
square root of the (number of events) divided by the months
of observation. The first column in Table 1 specifies the four
regions examined: the inner heliosphere (0.3-0.75 AU),
near 1 AU (0.75-1.5 AU) where we have the most months
of observations, and then the outer heliosphere, which we
have separated into 1.5-4.5 and 4.5-5.5 AU. There are not
many events in the 1.5-4.5 AU bin because of lack of
spacecraft observing hours, but the events follow the same
trend as the 4.5-5.5 AU bin. In the inner heliosphere, the
number of events per month is 0.8, which declines to 0.6 at
1 AU and further declines to 0.4 in the outer heliosphere
(5 AU). The dashed black line is the least squares fit of the

function (R™™) to the data, where x indicates how fast the
distribution falls off with heliospheric distance. In this
case, the distribution falls as R %%, indicating the number
of flux ropes as a function of heliospheric distance is not
flat. There is a small decrease in the occurrence frequency
as a function of radial distance with more events in the
inner heliosphere (0.3—1 AU) compared to the outer heli-
osphere (5 AU).

[27] The duration and scale size of small-scale events as a
function of heliospheric distance are presented in Figure 6.
The upper plot shows the average flux rope duration per
heliospheric bin indicated by the black diamonds and the
individual flux rope durations that created the average are
plotted in gray. In the inner heliosphere, the average dura-
tion is 1.5 h. The average duration is 2.5 h at 1 AU and
flattens to 4 to 4.3 h in the outer heliosphere. The dashed
black line is the least squares fit of the function (R") to the
average duration data; this indicates how the rate at which
the duration increases as a function of heliospheric distance.
The fit to the data is R*’, indicating the duration in the
inner heliosphere has a large increase and then increases
more slowly with increasing heliocentric distance. The
lower plot shows the average scale size (in units in AU) as a
function of heliospheric bin, plotted as the black diamonds.
The average flux rope scale size in the inner heliosphere
(<0.75 AU) is 0.0132 AU (311 Rg), at 1 AU itis 0.0247 AU
(582 Rp), and in the outer heliosphere (5 AU) it is 0.0383
AU (900 Rg). The dashed black line is the least squares fit of
the average data to the function R*. The fit is found to be
R%*. These plots show a trend where an average event in
the inner heliosphere is smaller in duration and scale size
than an average event at 1 AU and beyond.
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Figure 4. The upper plot is the number of small-scale flux ropes normalized by the months of observa-
tions per year from 1974 to 2007, covering solar cycles 21 to 23. The diamonds are representative of the
number of events per month of observation per year. The error bars are the square root of the (number of
events) divided by the number of months of observation per bin. The solid gray line represents the mean
annual sunspot number. The bottom plot is the average number of small-scale flux ropes per months of

observation over solar cycles 21 to 23.

[28] One of the parameters of the cylindrically symmetric
model fit was the axial core field strength. This parameter
was extracted and binned as described in Table 1. The
average axial core field strength of the small-scale flux
ropes as a function of heliospheric distance is presented in
the upper plot of Figure 7. The error bars are plus and minus
the standard deviation of the average axial core flux rope
field strength divided by the square root of the number of
events. In the inner heliosphere, the first bin, the average
axial core field was 17 nT, rapidly decreased to 7 nT at
1 AU, and then flattened to approximately 2 nT in the outer
heliosphere. The black dashed line is the least squares fit of
the data to the function (R™™), where the result found is
R %% The ratio of the axial core field strength to the sur-
rounding background interplanetary field strength de-
termines how strong the small-scale flux rope is compared
to the IMF it resides in. The average ratio of axial core field
strength to background solar wind IMF as a function of
heliospheric distance is present in the lower panel of Figure 7.
The ratio is slightly larger in the inner heliosphere at 1.3 and
is flat from 1 to 5 AU at around 1.1. The least squares fit of
the data to the function (R™) is found to be R™%°7. This

distribution and the error bar size between the data points
indicate the strength of small-scale flux ropes relative to the
background solar wind is roughly constant from the inner to
outer heliosphere.

[20] We examined the plasma behavior of small-scale flux
ropes at 1 AU with the database of events identified with the
ACE spacecraft, of which there were 70 events identified
from 1998 to 2007. To understand the cumulative plasma
behavior before, during, and after the event, we analyzed
the events with a normalized superposed epoch analysis.
The zero epoch time was defined as the inflection point of the
flux rope bipolar field, found in either By or B; GSE
coordinates. We flipped the bipolar rotation such that the
rotation of the bipolar field was from the negative sector to
the positive sector. This helped to draw the eye to the
beginning, inflection point, and end boundary of the flux
rope. The duration distribution of the events is scattered
from ~1 h up to 8 h, with the mean duration on the ~2 h. To
understand the cumulative behavior of these events, we
normalized the duration of each event to an approximate
mean duration of 2 h, 1 h before the inflection point and 1 h
after the inflection point. In addition to this normalization,
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Figure 5. The number of small-scale flux ropes normalized by month of observation as a function of the
radial heliospheric distance. The error bars are the square root of (the number of events) divided by the
months of observation per bin. Table 1 specifies the number of months of observation per bin. The dashed
line is the least squares fit, where the radial dependence is R %**.

we found that in order to not have a sharp discontinuity
between the boundaries of the cumulative events and the
surrounding solar wind magnetic and plasma data we
overlapped the normalization with part of the surrounding
field and plasma data (~30 min on each side of the event).
After we constructed the matrix of normalized events with
the surrounding magnetic and plasma data, the upper,
median, and lower quartiles were determined. The super-
posed epoch is presented in Figure 8. The upper level is the
75% quartile and is represented as the upper red line, the
median value is the 50% quartile (the middle blue line), and
the lower level is the 25% quartile (the lower red line). The
first panel is the bipolar field of the flux rope, which is either
in the By or B, GSE direction. The second panel is the total
magnetic field strength. The third panel is the total velocity
in km s™'. The total velocity is constant across the inflection
point and is consistent with predominately slow solar wind
(<410 km s~ "). The number density of protons is the fourth
panel and shows a constant behavior across the inflection
point. The density upper quartile shows a slight enhance-
ment before the small-scale flux rope event, similar to the
sheath region formed by swept up ambient solar wind
magnetic clouds often display [Lepping et al., 2006]. Beta is
the ratio of plasma pressure to magnetic pressure, plotted in
the fifth panel and begins to weaken at the start of the small-
scale flux rope with the strongest depression at the inflection
point. The total pressure is plotted in the sixth panel and is
defined as the sum of the proton plasma pressure and the
magnetic pressure (Pr = npkTp + B>/ 210). It shows an
extremely weak enhancement in the median of 0.03 nPa at
the inflection point. The temperature of protons (K) is the
last plot and shows a constant profile across the inflection
point.

[30] We investigated the proximity of the Wind database
of events to the nearest sector crossing (e.g., heliospheric
current sheet crossing). The B, GSE vector is defined as
starting from the Earth to the Sun, rotating counterclock-
wise, such that the “away” sector was at a longitude of 135°
and the “toward” sector was 315°. Sector crossings were
visually identified in hourly B, GSE vector data as a ~180
degree rotation from one sector polarity to the other. Rota-
tions from one polarity to the other had to remain “stable”
which we defined as longer than a day (e.g., if the B,, vector
rotated from one polarity to the other and then rotated back
to the original polarity within a day we did not count this as
a sector crossing) [Lepping et al., 1996]. This was done to
remove random fluctuations and ICMEs, which can disturb
the heliospheric current sheet in such a manner. Sector
crossings near small-scale flux ropes that were very complex
and had no sustained polarity change were discarded; there
were 20 events removed for this reason, leaving 71 events in
the distribution. The distribution of the small-scale flux rope
start time to the nearest sector crossing is presented in Figure 9.
The time to sector crossing is binned is every 0.25 days. There
is a very sharp peak with 17 events observed within 0.25 days
of a sector crossing. The distribution has a sharp peak and
is skewed with a preference before the sector crossing (skew-

Table 1. Number of Small-Scale Flux Ropes per Location and
Months of Observation

Heliospheric Distance (AU) Number of Events Months of Observation

<0.75 13 16.7
0.75-1.5 175 286.3
1.54.5 5 9.4

4.5-5.5 14 35.7
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Figure 6. The top plot is the average small-scale flux rope duration per heliospheric distance binned
according to Table 1, shown in black diamonds. The dashed line is the least squares fit to the data,
where the radial dependence is R**’. The bottom plot is the average scale size of each flux rope as a
function of heliospheric distance. The dashed line is the least squares fit, where the dependence is R**.
Each small-scale flux rope, binned per heliospheric distance, duration, and scale size, respectively, is

plotted as a gray point.

ness is —0.22). The distribution has a mean of 0.016 days + a
standard deviation of 1.4 days.

4. Discussion

[31] There is a debate as to where small-scale flux ropes
originate: (1) they are formed through magnetic reconnec-
tion in the solar wind such as across the heliospheric current
sheet [Moldwin et al., 1995, 2000; Cartwright and Moldwin,
2008], (2) they form in the corona similar to MCs [Feng et al.,
2007, 2008], or (3) there are two populations, one originating
in the corona and the other in the solar wind. The evolution of
small-scale flux rope properties found here can help address
this debate. The first suggestion that they are created in the
solar wind through reconnection [Moldwin et al., 1995, 2000]
was made because (1) the scale sizes of small-scale flux ropes
are much smaller than MCs, (2) they lack a depressed proton
temperature like MCs, and (3) they lack an expansion sig-
nature at 1 and 5.3 AU.

[32] The second hypothesis was put forth by Feng et al.
[2007, 2008], whose studies suggest that these objects are
small-scale versions of MCs with a solar origin. The rea-
soning was from the results of these studies at 1 AU [Feng
et al., 2007, 2008] using the spacecraft Wind over solar
cycle 23. These results showed that small-scale flux ropes
and MCs do not have strong dependence on solar cycle,
both are predominately in the slow wind, have stronger core
field strength as compared to the background solar wind,
and their axial longitudes and latitudes are similar [Feng
et al., 2008]. The studies by Feng et al. [2007, 2008] did
not remove objects from the database that were Alfvénic.

This hypothesis is further supported by observations from
Mandrini et al. [2005], who identified a sigmoid on the Sun
and correlated it to a small-scale flux rope in the solar wind.
This was done through timing the eruption and subsequent
observation in the solar wind and comparison of the helicity
of the two objects [Mandrini et al., 2005]. This event was
not included in our database because it was identified as an
Alfvén wave. This hypothesis also does not explain why the
proton temperature is not depressed in small-scale flux ropes
as it is for MCs. The results from this study will help to shed
light on these origin theories.

[33] Our results indicate the occurrence rate of small-scale
flux ropes per year has a weak anticorrelation dependence
on solar cycle. This result is consistent over three solar
cycles (21-23), where on average there is 1 small-scale flux
rope per month around solar minimum and 0.4 events per
month around solar maximum. In comparison with large-
scale flux ropes (MCs), their occurrence rate is not as
dependent on the phase of the solar cycle. However, the
study of ICMEs by Richardson and Cane [2004] found the
fraction of MCs in the ICME database at solar minimum to
be ~100% and at solar maximum to be ~15% during solar
cycle 23. They also found that this trend was consistent in
solar cycles 21 and 22. It is unclear why MCs are not as
prevalent at solar maximum given the rate of ICMEs greatly
increases. There have been suggestions on why MCs are less
observed compared to ICMEs during solar maximum; these
ideas might be related to why small-scale flux ropes are
observed less during solar maximum.

[34] There are two views of why flux ropes are prefer-
entially observed during solar minimum over ICMEs. As
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solar activity increases, the latitudinal extent of a CME core
axis also increases. This term is called the apparent latitude
[Yashiro et al., 2004]. This could mean the magnetic clouds
will only make a glancing encounter with Earth. The study
by Henke et al. [2001] showed with Ulysses data that the
percentage with high latitudes ICMEs to low latitude ICMEs
increased over solar maximum. It is not clear if this is a true
latitudinal change or if this is just consistent with enhanced
ICME activity during solar maximum. The second view is
that during solar minimum the simple flux rope configura-
tion is more common than during solar maximum where
magnetic complexity increases. Mulligan et al. [1998]
showed higher inclination magnetic clouds are more likely
to occur at solar maximum than solar minimum. There are
reports of multiple flux ropes rotations within ICMEs during
solar maximum [Wu and Lepping, 2007]. The results of this
study are consistent with the view that as solar magnetic
field complexity increases the occurrence of simple flux
rope structure decreases. If small-scale flux ropes are being
created at the Sun, then these simple force-free structures
are observed more easily during solar minimum consistent
with the decrease in magnetic complexity.

[35] The average number of events in the inner helio-
sphere is slightly greater than the outer heliosphere as seen
from Figure 5. The distribution as a function of distance
declines as R"%-**. This distribution indicates the majority of
events lies between 0.3 and 1 AU and then begins to de-
clines between 1 and 5 AU. This implies the source of these
small-scale flux ropes is in the inner heliosphere. This trend
is more compelling when combined with the result from
Figure 6 showing the increase in duration (and scale size)
from the inner to outer heliosphere. The increase in duration
from 0.3 to 1 AU is rapid and after 1 AU begins to flatten
out. These observations suggest that small-scale flux ropes

are rapidly expanding from their source in the inner helio-
sphere and their expansion rate slows between 1 and 5 AU.

[36] These results indicate the characteristics of small-
scale flux ropes evolve as a function of heliospheric dis-
tance. As discussed in the previous paragraph, Figure 6
shows the average duration and scale size of small-scale
flux ropes as a function of radial distance. The plot indicates
a large, rapid expansion within 1 AU and then a much more
gradual change with radial distance. The average rate of
scale-size expansion varies with heliospheric distance as a
function of R***. This rate of expansion is weaker than the
radial dependence of ICMEs, which continue to expand well
past 1 AU and whose rate of expansion varies from R* to
R%® [Forsyth et al., 2006]. The average axial core field
strength of small-scale flux ropes drops off as R >°* with
heliospheric distance, as shown in Figure 7. This is slower
than what is observed for the mean magnetic field of
ICMEs, which drops as R'* to R™', as discussed in
Forsyth et al. [2006]. Although these two parameters are not
exactly the same, it is useful for comparison purposes to
understand that both small-scale flux ropes and ICMEs
magnetic field strength decline with radial distance. The
ratio of the core field strength to the background IMF field is
constant (within error bars) from the inner to outer helio-
sphere. The ratio is slightly greater than 1, implying small-
scale flux ropes are slightly stronger than the background
IMF. This suggests that these events survive out to 5.5 AU
after being formed in the inner heliosphere or that they are
being formed at various heliospheric distances.

[37] The superposed epoch analysis shows that small-
scale flux ropes have finished their evolution at 1 AU
because they are force-free, cylindrically symmetric mag-
netic field structures with a constant velocity profile. This is
consistent with previous observations of the structure of flux
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ropes at 1 AU [Moldwin et al., 2000; Feng et al., 2007 2008;
Cartwright and Moldwin, 2008]. The proton temperature is
constant across the duration of the event, where for magnetic
clouds there is a temperature depression at 1 AU. The
median of the proton density is constant across the duration
of the event, giving further evidence to support the force-
free nature of these events at 1 AU. The upper quartile of the
proton density does show an enhancement before the event
starts. This shows that there are some events that move
slightly faster than the background plasma and sweep up
some of the plasma in front of it creating a sheath region.
This is commonly observed at the beginning of magnetic
clouds. The overall behavior is best represented by the
median density that remains constant across the event. The
plasma beta decreases over the duration of the flux rope due
to the enhancement in the total field. The total pressure
shows an enhancement at the middle of the event. Since the
density and temperature remain constant, the enhancement
comes from the axial core field of the flux rope, which peaks
at the center of the event. This total pressure peak at the
center also gives further evidence of the force-free nature of
these events.

[38] We investigated the solar wind context of small-scale
flux ropes. We presented the time to the nearest sector
crossing from the center of the small-scale flux rope in
Figure 9. The results indicate that small-scale flux ropes are
most often located near sector crossing (~6 h or less) and are
more likely to be before the sector crossing. There are a few
events found inside an ICME sheath region and the ICME
itself, where the ICME:s identification is from the databases
of Jian et al. [2008] and Cane and Richardson [2003].
Although we removed events that displayed compressive
Alfvén wave characteristics with a correlation of 0.7, there
were still approximately 10% of events that were in regions
of solar wind with high shear Alfvén activity. It is possible
these events are compressive Alfvén waves rather than flux
ropes and could bias our results; we are working on a future
study investigating these waves.

5. Conclusions

[39] This is the first investigation that observed small-
scale flux ropes at a range of heliospheric radial distances,
from 0.3 to 5.5 AU. We found that small-scale flux ropes
are most likely to occur during solar minimum rather that
solar maximum. This trend is consistent over solar cycles 21
to 23. This implies their creation mechanism is dependent
on solar cycle. Their properties (occurrence, duration, and
axial field strength) evolve from the inner to outer helio-
sphere. When combining their properties with the occur-
rence as a function of radial heliospheric distance, the results
have shown that small-scale flux ropes are created within
1 AU. The duration of events as a function of heliospheric
distance implies that there is a rapid expansion within 1 AU
and they remain relatively stable to 5 AU, consistent with
the events formed within 1 AU. They are most likely
observed near the sector crossing.

[40] The hypothesis that small-scale flux ropes form in the
corona similar to MCs [Feng et al., 2007, 2008] is supported
by the dependence on solar cycle and the expansion of the
scale size from the inner to outer heliosphere (similar to
MCs). However, if small-scale flux ropes were ejected off
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the Sun like magnetic clouds, then they should also have
similar plasma signatures. Why do they lose their plasma
signature by the time they reach 1 AU? Our results also
indicate small-scale flux ropes are observed near the sector
boundary crossings. This solar origin hypothesis would
allow for events to be ejected from any latitude and does not
explain the preference of the events to be found near the
sector boundary. CMEs are regularly observed by the Large
Angle Spectroscopic Coronagraph (LASCO) experiment on
the SOHO satellite [Brueckner et al., 1995]. If small-scale
flux ropes are small magnetic clouds, it is possible to image
the very largest of them being ejected off the Sun using the
C1 coronagraph, but the C1 coronagraph failed early in the
SOHO mission. We can extrapolate the size of small-scale
flux ropes from the inner heliosphere to the Sun using the
information from Figure 6. If we assume to the solar wind
was on average 400 km s ', consistent with observations for
small-scale flux ropes [Cartwright and Moldwin, 2008], and
do a simple linear extrapolation of the expansion rate back
to the Sun, then the scale size in the corona is between ~1
and 400 Mm. This is near the edge of the resolution range of
LASCO C2 (17 Mm) and C3 (87 Mm) [Brueckner et al.,
1995]. However, the properties of small-scale flux ropes
included in this study have different plasma and evolu-
tionary properties from MCs and hence are consistent with a
different formation mechanism suggestive that they are not
just the small-sized tail of MCs.

[41] The hypothesis that they are created due to magnetic
reconnection across the heliospheric current sheet [Moldwin
et al., 1995, 2000] is supported by our observations of being
small in scale size, lacking depressed proton temperature,
and that they are found near the sector crossing. The vertical
extent of the heliospheric current sheet is ~10* km [e.g.,
Winterhalter et al., 1994] and the average scale size of
small-scale flux ropes is ~10 times this length scale. This is
similar to the dimension of the magnetotail current sheet and
the scale size of the tail flux ropes [e.g., Linton and Moldwin,
2009]. However, our results also indicate the source region
is in the inner heliosphere. This does not rule out the pos-
sibility of a solar wind reconnection-type process creating
these structures [Gosling, 2005], but it does suggest that
most, if not all, are formed in the inner heliosphere.

[42] We believe our current results are most consistent
with formation by (1) magnetic reconnection across the
current sheet in the inner heliosphere and possibly (2) a
formation mechanism; that small-scale flux ropes are rem-
nants of the streamer belt blobs formed from disconnection
[Wang et al., 1998]. The streamer belt blobs are observed in
the slow wind and have a bipolar structure [Wang et al.,
1998]. This would account for the lack of flux ropes during
solar maximum when the helmet streamers are less confined
to the solar equator. This hypothesis could also explain the
expansion of the small-scale flux rope dimension from the
inner to outer heliosphere. If they are created near the Sun
and are overpressured flux ropes, then they could expand
into the solar wind consistent with the observations. How-
ever, no one-to-one observation of a blob and a small-scale
flux rope in the solar wind has yet been found.

Appendix A
[43] Table Al.
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Table Al. Small-Scale Solar Wind Flux Rope Database

Spacecraft

Start Time (UT)

End Time (UT)

Table Al. (continued)

A08102

Spacecraft

Start Time (UT)

End Time (UT)

Helios 1
Helios 1
Helios 1
Helios 2
Helios 2
Helios 2
Helios 1
Helios 1
Helios 1
Helios 1
Helios 1
Helios 2
Helios 2
Helios 1
Helios 1
Helios 2
Helios 1
Helios 1
Helios 2
Helios 2
Helios 1
Helios 1
Helios 1
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP §*
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8

29 Dec 1974 1333
4 Mar 1975 0219
19 Aug 1975 2019
4 Mar 1976 0520
11 Apr 1976 1919
22 Nov 1976 1812
5 Dec 1976 0725
3 Jan 1977 0906
11 Jan 1977 0509
15 Jan 1977 1517
27 Jan1977 0140
19 Feb 1977 2303
16 Mar 1977 1430
22 Mar 1977 1001
14 Apr 1977 1725
29 Oct 1977 1823
6 Dec 1978 1302
19 Jan 1979 1832
25 Nov 1979 0912
30 Dec 1979 1732
2 Jan 1980 1313
16 Jan 1980 1220
14 May 1980 0815
29 May 1975 1510
7 Jun 1975 0752
18 Jan 1976 0548
22 Jan 1976 0419
26 Feb 1976 1712
21 Oct 1976 2057
7 Nov 1976 0004
14 Apr 1977 0723
27 Apr 1977 1051
25 Dec 1977 1852
2 Jan 1978 0430
19 Jan 1978 0107
16 Jun 1978 1541
20 Jul 1979 0426
20 Sep 1979 1443
15 Jan 1980 2230
24 Jan 1980 0840
21 Feb 1980 2102
19 Mar 1980 0617
28 Mar 1980 2232
6 May 1980 0937
31 Oct 1981 2018
19 May 1982 1825
6 Oct 1982 1236
31 Oct 1982 2234
24 Nov 1982 2241
3 Jan 1983 1832
11 May 1983 1739
24 Jul 1983 0945
6 Oct 1983 0931
14 Jan 1984 2239
15 Jan 1985 2140
21 Mar 1985 1629
22 Mar 1985 2154
30 Mar 1985 1346
31 Mar 1985 1019
25 Apr 1985 0658
6 May 1985 0343
11 May 1985 0746
1 Jun 1985 0640
2 Jun 1985 2051
4 Jun 1985 2047
1 Nov 1985 1807
13 Apr 1986 0724
22 Apr 1986 0904
24 Jul 1986 2107
5 Oct 1986 0827
18 Oct 1986 0741
10 Dec 1986 1855

29 Dec 1974 1450
4 Mar 1975 0247
19 Aug 1975 2055
4 Mar 1976 0631
11 Apr 1976 2122
22 Nov 1976 2000
5 Dec 1976 0833
3 Jan 1977 0956
11 Jan 1977 0539
15 Jan 1977 1555
27 Jan 1977 0325
20 Feb 1977 0403
16 Mar 1977 1523
22 Mar 1977 1022
14 Apr 1977 2134
29 Oct1977 2002
06 Dec 1978 1349
19 Jan 1979 2019
25 Nov 1979 0957
30 Dec 1979 1956
2 Jan 1980 1632
16 Jan 1980 1422
14 May 1980 0958
29 May 1975 1552
7 Jun 1975 0919
18 Jan 1976 0654
22 Jan 1976 0514
26 Feb 1976 1750
21 Oct 1976 2145
07 Nov 1976 0421
14 Apr 1977 0904
27 Apr 1977 1217
25 Dec 1977 2104
2 Jan 1978 0508
19 Jan 1978 0449
16 Jun 1978 1719
20 Jul 1979 0531
20 Sep 1979 1737
16 Jan 1980 0037
24 Jan 1980 0933
22 Feb 1980 0128
19 Mar 1980 0745
29 Mar 1980 0012
6 May 1980 1109
31 Oct 1981 2232
19 May 1982 1918
06 Oct 1982 1642
1 Nov 1982 0113
25 Nov 1982 0053
3 Jan 1983 1859
11 May 1983 1831
24 Jul 1983 1214
6 Oct 1983 1206
14 Jan 1984 2247
15 Jan 1985 2322
21 Mar 1985 1938
23 Mar 1985 0014
30 Mar 1985 1437
31 Mar 1985 1223
25 Apr 1985 0840
6 May 1985 0419
11 May 1985 0851
1 Jun 1985 0802
2 Jun 1985 2144
5 Jun 1985 0053
1 Nov 1985 2001
13 Apr 1986 1524
22 Apr 1986 1043
24 Jul 1986 2310
5 Oct 1986 1035
18 Oct 1986 0824
10 Dec 1986 1951

IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
IMP 8
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind
Wind/ACE®
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
ACE

ACE
Wind/ACE
ACE

ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
ACE
Wind/ACE
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12 Jan 1987 0929
6 Feb 1987 1020
30 Mar 1987 2014
2 Nov 1987 1800
11 Feb 1988 2018
6 Mar 1988 1755
26 Apr 1988 2231
3 Mar 1989 0529
10 Jul 1989 0346
6 Feb 1990 1820
25 Jan 1991 1616
24 Apr 1992 2331
15 Aug 1992 0206
9 Sep 1992 1050
21 Dec 1992 2043
11 Feb 1993 0030
15 Aug 1994 2116
14 Jan 1995 0547
21 Feb 1995 1921
24 Mar 1995 0250
24 Mar 1995 1123
2 May 1995 0447
16 May 1995 0111
7 Jun 1995 0938
19 Jun 1995 0110
4 Jul 1995 0259
11 Aug 1995 0418
15 Aug 1995 1418
17 Aug 1995 2027
19 Sep 1995 1849
20 Sep 1995 1259
21 Sep 1995 0252
27 Sep 1995 1349
24 Oct 1995 1309
27 Oct 1995 1035
3 Dec 1995 0402
13 Mar 1996 0924
16 Mar 1996 2227
19 Mar 1996 0902
11 Apr 1996 1314
14 Apr 1996 1052
14 May 1996 2154
11 Aug 1996 2059
23 Aug 1996 0243
29 Aug 1996 0121
11 Nov 1996 1636
28 Jan 1997 0217
23 Mar 1997 1212
9 May 1997 0323
24 Jul 1997 0727
2 Sep 1997 0231
6 Jan 1998 1959
16 Jan 1998 1128
1 Feb 1998 0050
23 Feb 1998 1534
27 Feb 1998 0534
20 Mar 1998 1442
10 Jun 1998 2236
10 Jul 1998 2246
6 Nov 1998 2158
3 Feb 1999 0924
3 Feb 1999 1206
4 Feb 1999 1010
11 Feb 1999 0011
25 Mar 1999 1608
23 Apr 1999 0537
24 May 1999 0900
27 Jun 1999 1117
6 Aug 1999 1029
11 Aug 1999 0010
17 Nov 1999 1608
28 Dec 1999 0626

12 Jan 1987 1102
6 Feb 1987 1113
31 Mar 1987 0219
2 Nov 1987 1900
11 Feb 1988 2145
6 Mar 1988 2026
27 Apr 1988 0116
03 Mar 1989 0711
10 Jul 1989 0640
06 Feb 1990 2213
25 Jan 1991 1714
25 Apr 1992 0022
15 Aug 1992 0649
09 Sep 1992 1434
21 Dec 1992 2206
11 Feb 1993 0137
15 Aug 1994 2343
14 Jan 1995 0853
21 Feb 1995 2116
24 Mar 1995 0648
24 Mar 1995 1623
2 May 1995 0540
16 May 1995 0917
7 Jun 1995 1836
19 Jun 1995 0206
4 Jul 1995 0500
11 Aug 1995 0557
15 Aug 1995 1719
18 Aug 1995 0157
19 Sep 1995 1946
20 Sep 1995 1414
21 Sep 1995 0454
27 Sep 1995 2130
24 Oct 1995 1409
27 Oct 1995 1138
3 Dec 1995 0541
13 Mar 1996 1044
17 Mar 1996 0228
19 Mar 1996 0956
11 Apr 1996 1447
14 Apr 1996 1228
14 May 1996 2313
12 Aug 1996 0136
23 Aug 1996 0550
29 Aug 1996 0211
11 Nov 1996 1952
28 Jan 1997 0547
23 Mar 1997 1339
9 May 1997 0846
24 Jul 1997 0907
2 Sep 1997 0654
6 Jan 1998 2215
16 Jan 1998 1311
1 Feb 1998 0626
23 Feb 1998 1748
27 Feb 1998 0846
20 Mar 1998 1712
10 Jun 1998 2347
11 Jul 1998 0858
6 Nov 1998 2324
3 Feb 1999 1201
3 Feb 1999 1351
4 Feb 1999 1318
11 Feb 1999 0333
25 Mar 1999 2259
23 Apr 1999 0829
24 May 1999 1045
27 Jun 1999 1156
6 Aug 1999 1225
11 Aug 1999 0416
17 Nov 1999 1659
28 Dec 1999 0807
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Table Al. (continued)

Spacecraft

Start Time (UT)

End Time (UT)

Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
ACE
Wind/ACE
Wind
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind
Wind
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
ACE
Wind/ACE
Wind/ACE
Wind/ACE
Wind/ACE
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses
Ulysses

27 Apr 2000 1850
19 Jul 2000 2117
12 Aug 2000 0220
1 Oct 2000 1924
29 Dec 2000 0115
18 Feb 2001 2136
31 Mar 2001 0606
18 May 2001 0952
9 Jun 2001 0314
10 May 2002 1709
7 Jun 2002 1918
19 Jun 2002 0249
7 Jul 2003 0322
9 Jun 2004 0649
9 Jul 2004 0535
9 Aug 2004 0201
14 Sep 2004 1634
8 Oct 2004 0705
7 Jan 2005 1155
7 Jan 2005 2046
10 Jan 2005 2255
14 Jan 2005 1722
5 Mar 2005 0727
31 May 2005 1925
24 Aug 2005 0823
31 Aug 2005 1534
30 Sep 2005 1041
14 Jan 2006 1739
22 Jan 2006 1249
19 Feb 2006 0351
8 Apr 2006 0733
30 May 2006 1339
24 Jun 2006 2309
26 Jul 2006 1727
12 Sep 2006 0128
28 Jan 2007 0017
19 Feb 2007 1029
1 Mar 2007 1611
12 Mar 2007 1229
18 Apr 2007 2118
15 Jul 2007 0117
30 Sep 2007 2054
30 Nov 2007 1159
3 Nov 1990 0731
28 Jan 1991 1003
24 Apr 1991 0550
25 Apr 1991 1416
8 May 1991 1335
27 Jun 1991 2237
5 Nov 1991 0540
27 Apr 1992 0032
23 May 1992 0707
21 Jun 1992 2242
15 Jul 1992 0821
1 Aug 1992 2038
25 Jan 1998 1613
20 Jan 2004 0940
16 Jun 2004 1329
13 Jul 2004 0735
4 Aug 2004 0306
28 Nov 2004 0605
10 Dec 2004 0745
27 Jan 2005 1842

27 Apr 2000 2347
20 Jul 2000 0043
12 Aug 2000 0526
1 Oct 2000 2242
29 Dec 2000 0326
18 Feb 2001 2328
31 Mar 2001 1231
18 May 2001 1323
9 Jun 2001 0500
10 May 2002 2006
7 Jun 2002 2318
19 Jun 2002 0340
7 Jul 2003 0442
9 Jun 2004 0915
9 Jul 2004 0922
9 Aug 2004 0648
14 Sep 2004 2127
8 Oct 2004 0840
7 Jan 2005 1357
8 Jan 2005 0707
10 Jan 2005 2341
14 Jan 2005 1959
5 Mar 2005 0929
31 May 2005 2218
24 Aug 2005 1027
31 Aug 2005 1701
30 Sep 2005 1231
14 Jan 2006 1931
22 Jan 2006 1502
19 Feb 2006 0719
8 Apr 2006 0919
30 May 2006 1605
25 Jun 2006 0142
26 Jul 2006 1854
12 Sep 2006 0515
28 Jan 2007 0316
19 Feb 2007 1212
1 Mar 2007 1654
12 Mar 2007 1314
18 Apr 2007 2234
15 Jul 2007 0157
30 Sep 2007 2205
30 Nov 2007 1414
3 Nov 1990 0812
28 Jan 1991 1623
24 Apr 1991 1015
25 Apr 1991 1642
8 May 1991 1621
28 Jun 1991 0113
5 Nov 1991 1137
27 Apr 1992 0339
23 May 1992 1158
22 Jun 1992 0447
15 Jul 1992 1015
2 Aug 1992 0009
26 Jan 1998 0034
20 Jan 2004 1035
16 Jun 2004 1622
13 Jul 2004 1630
4 Aug 2004 0830
28 Nov 2004 0755
10 Dec 2004 1139
27 Jan 2005 2002

*This flux rope had a small data gap (5% of total duration) that was
linearly interpolated across.
®When the flux rope was found by Wind and ACE, the time at Wind was

used.
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