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ABSTRACT

We present the first quantitative comparison between the total magnetic reconnection flux in the low corona in the
wake of coronal mass ejections (CMEs) and the magnetic flux in magnetic clouds (MCs) that reach 1 AU 2Y3 days
after CME onset. The total reconnection flux is measured from flare ribbons, and the MC flux is computed using in
situ observations at 1 AU, all ranging from 1020 to 1022 Mx. It is found that for the nine studied events in which the
association between flares, CMEs, and MCs is identified, the MC flux is correlated with the total reconnection flux!r .
Further, the poloidal (azimuthal) MC flux !p is comparable with the reconnection flux !r, and the toroidal (axial)
MC flux !t is a fraction of !r. Events associated with filament eruption do not exhibit a different !t, p-!r relation
from events not accompanied by erupting filaments. The relations revealed between these independently measured
physical quantities suggest that for the studied samples, the magnetic flux and twist of interplanetary magnetic flux
ropes, reflected by MCs, are highly relevant to low-corona magnetic reconnection during the eruption. We discuss
the implications of this result for the formation mechanism of twisted magnetic flux ropes, namely, whether the helical
structure of the magnetic flux rope is largely pre-existing or formed in situ by low-corona magnetic reconnection. We
also measure magnetic flux encompassed in coronal dimming regions (!d) and discuss its relation to the reconnection
flux inferred from flare ribbons and MC flux.

Subject headinggs: solar-terrestrial relations — Sun: activity — Sun: coronal mass ejections (CMEs) —
Sun: flares — Sun: magnetic fields

Online material: color figure

1. INTRODUCTION

Coronal mass ejections (CMEs) observed by satellites at 1 AU
are called interplanetary coronalmass ejections (ICMEs). Another
term, magnetic clouds (MCs), is also frequently used, sometimes
interchangeably with ICMEs. An MC, however, is defined by a
low-! structure with stronger magnetic fields and a lower ion
(mostly proton) temperature than the ambient solar wind, which
exhibits a smooth rotation of the magnetic field direction when
measured by a spacecraft moving across it (Burgala et al. 1990;
Lepping et al. 1990, 1997). It is believed that the unique magnetic
flux rope structure of MCs originates from the Sun, and evidence
has been found that parts of MCs at 1 AU are still anchored to
the Sun’s surface (e.g., Gosling 1990). Understanding the mag-
netic flux budget in terms of the in situ measurements of MCs in
relation to the solar source has been an outstanding issue, closely
related to the question of the mechanism creating magnetic flux
ropes in the first place.

Observational effort has been made in the past decade to
relate magnetic clouds to various solar progenitors (Bothmer &
Schwenn 1994; Rust 1994; Marubashi 1997; Zhao & Hoeksema
1998; McAllister & Martin 2000; Yurchyshyn et al. 2001, 2005;
Nindos et al. 2003; Ruzmaikin et al. 2003; Hu et al. 2005; Luoni
et al. 2005; Rust et al. 2005; Krall et al. 2006). Lepping et al.
(1997), Bothmer & Rust (1997), and Crooker (2000) associated
solar filaments or prominenceswithMCs.However, there is abun-
dant observational evidence suggesting that a good fraction of
MCs, particularly those originating from solar active regions, are
not preceded by erupting filaments (e.g., Subraminian & Dere

2001). Canfield et al. (1999) and Leamon et al. (2002) associated
the softX-ray sigmoid structureswithCMEs. In a very few studies,
quantitative comparisons have been given between properties of
magnetic clouds, typically magnetic flux and helicity, and the solar
progenitors, such as magnetic flux in filaments (Lepping et al.
1997), coronal dimming flux (Webb et al. 2000; Mandrini et al.
2005; Attrill et al. 2006), and the total magnetic flux and helicity
in source active regions (Leamon et al. 2004).
Concerning the solar origin of interplanetary flux ropes,

whereas some investigators take the global view (Crooker 2000;
Mulligan et al. 2000), there are also numerous models for the
formation of flux ropes locally. We categorize these ‘‘local’’
models into three pictures. In the first picture, magnetic flux ropes
emerge frombelow the Sun’s surface (Low1994; Chen 1989; Fan
& Gibson 2004). In the second picture, magnetic flux ropes are
formed in the low corona by a gradual physical process, such as
slow magnetic reconnection and flux transport (van Ballegooijen
& Martens 1989; Mackay & van Ballegooijen 2001). The flux
ropes formed in both of these scenarios may maintain stability for
a relatively long timescale prior to the explosive loss of equilib-
rium (Forbes & Priest 1995; Lin et al. 2004) or a breakout type
reconnection that opens up the overlying flux of opposite polar-
ities (Antiochos et al. 1999; Lynch et al. 2004). Such a flux rope
is therefore pre-existing before its expulsion into interplanetary
space. The third picture invokes in situ formation of the mag-
netic flux rope by magnetic reconnection, which also plays the
role of violently re-organizing the field configuration in favor of
expulsion of the in situ formedmagnetic flux ropes out of the solar
atmosphere. In line with this scenario, several groups have nu-
merically modeled formation of twisted magnetic flux ropes
from shearedmagnetic arcades bymagnetic reconnection that is
then erupted (Moore & LaBonte 1980; Mikic & Linker 1994;
Demoulin et al. 1996, 2002;Magara et al. 1997; Antiochos et al.
1999; Choe & Cheng 2000). Observationally, formation of the
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flux-rope structure during, rather than before, the ejection of
CMEs was also suggested by Dere et al. (1999) based on obser-
vation of the structures of three CMEevents and their solar source,
and by Demoulin et al. (2002), Nindos & Zhang (2002), and van
Driel-Gesztelyi et al. (2003) based on comparison of magnetic
helicity budgets in MCs and pre-eruption source regions.

Invoking magnetic reconnection in the mechanism of CMEs
re-ignited the decades-old debate on the relationship between
flares and CMEs (Sheeley et al. 1983; Cliver et al. 1986; Harrison
1986, 1995; Kahler et al. 1989; Harrison et al. 1990; Kahler 1992;
Gosling 1993; Feynman & Hundhausen 1994; Dougherty et al.
2002; Zhang et al. 2002; Andrews 2003; also see Low 1996 and
Hundhausen 1999 for reviews). Recent CME observations with
LASCO C1-C2-C3 data have demonstrated that the timing re-
lationship between flares and fast CMEs is much closer than
previously thought (Zhang et al. 2001; Gallagher et al. 2003;
Cheng et al. 2003;Wang et al. 2003; Vrsnak et al. 2005), and the
latest studies further illustrate a temporal correlation and mag-
nitude scaling relationship between early-stage CME acceleration
and the rate of magnetic reconnection inferred from flare obser-
vations (Qiu et al. 2002, 2004; Jing et al. 2005; Qiu&Yurchyshyn
2005). These results suggest that magnetic reconnection is an
important physical mechanism at least interacting with the trigger
and acceleration of the erupting coronal magnetic structures in a
good number of CME events, especially those strong, fast, and
most geo-effective ones closely associated with solar flares. In
particular, depending on specific configurations, solar magnetic
flux and helicity may be conveniently converted by reconnec-
tion into erupting magnetic flux ropes and carried all the way to
1 AU,making a nonnegligible contribution to the interplanetary
flux budget viaMCs.With this consideration, a systematic com-
parison between measurements of magnetic flux involved in
low-corona reconnection and the flux inside MC flux ropes will
provide crucial new insight into the possible contribution of re-
connection flux to the interplanetary flux budget and illuminate
the puzzle of flux-rope formation, namely, whether flux ropes
are pre-existing or in situ formed.

This paper presents the first comprehensive study addressing
quantitatively the relationship between magnetic flux budgets
in low-corona reconnection and the interplanetary flux ropes
represented by MCs. We analyze nine events with identified
association between flares, CMEs, and MCs and with complete
observations in all aspects to allow reliable quantitative mea-
surements. The results of all nine events constitute a reasonable
statistical sample for our investigation on the role of magnetic
reconnection in transporting solar flux into interplanetary space
via magnetic flux ropes, appearing as coronal mass ejections at
low corona and magnetic clouds at 1 AU. From an observational
point of view, although we do adopt the basic assumption that
magnetic reconnection is invoked in the process of eruption for
suitable events, we do not assume whether or not reconnection is
related to the formation of flux ropes. This important issue awaits
testing by the outcome of this study. In the following section, we
lay out the framework for the quantitative comparison between
magnetic flux budgets in MCs and their solar progenitors, spe-
cifically flare ribbons and coronal dimming, as observational tests
on various theoretical models concerning the formation mech-
anisms of magnetic flux ropes. Section 3 gives a brief overview
of the observations used in this study. Sections 4, 5, and 6 are
dedicated to describing methods of measuring reconnection
flux fromflare ribbons (!r),MCflux (!t; p), and coronal dimming
flux (!d), respectively. A quantitative comparison between these
measurements is presented in x 7, and the physical implications of
our results are discussed in x 8.

2. COMPARISON OF MAGNETIC FLUX BUDGETS

2.1. Magnetic Reconnection and Flux Rope Formation

For the purpose of our investigation, it is necessary to revisit
several flare-CME configurations that invoke magnetic recon-
nection to understand how magnetic reconnection flux in low
coronae (!r) may be related to magnetic flux in interplanetary
flux ropes. In the standard two-dimensional or 2.5-dimensional
flaremodel, alsowidely known as the CSHKPmodel (Carmichael
1964; Sturrock 1968; Hirayama 1974; Kopp & Pneuman 1976),
reconnection takes place below the pre-existing helical flux rope
structure (often embodied by a filament or prominence), and the
total amount offlux closed down into postflare loops is identical to
the amount of flux closing up into the flux rope. In these pictures,
reconnection contributes solely to the incremental poloidal or azi-
muthal component of the flux-rope flux, while the toroidal or axial
component, by which the helical flux rope is anchored to the Sun,
is implicitly assumed to be pre-existing (e.g., Lin et al. 2004).
Therefore, there is no theoretical association between the toroidal
MC flux !t and the low-corona reconnection flux !r, while the
measured poloidal MC flux!p at 1 AU should be greater than the
reconnected flux. If the pre-existing helix structure contains a sig-
nificant amount of twisted flux, we expect to find a much greater
poloidal flux !p than reconnection flux !r.

In the scenario of in situ formed (by reconnection) magnetic
flux ropes, such as in the sheared-arcade model, the helix struc-
ture of the flux rope is formed by reconnection, and the entirety
of its flux is anchored to the solar surface. In this case, the part of
the reconnection flux that is only involved at the two ends of the
helical structure is identical to the toroidal flux of the flux rope.
This part of the reconnection flux is usually a fraction of the total
reconnection flux.Meanwhile,magnetic reconnectionwould gen-
erate twists along the flux rope axis by transporting the mutual
helicity in sheared arcades into the self-helicity of the flux rope.
The number of twists in the in situ formed flux rope depends
on the number of reconnections. In terms of magnetic flux, re-
connection flux is comparable to the twisted flux, or the poloidal
flux, along the axis. In summary, we expect the total reconnection
flux !r to be greater than the toroidal flux !t, but close to and
likely proportional to the poloidal flux !p if the helix of the flux
rope is dominantly in situ formed.

Note that the poloidal flux !p refers to the integration of the
poloidal magnetic field component (the component projected to
a plane that is perpendicular to the flux-rope axis) over a cross-
sectional area cut along the radius (rather than the diameter, in
which case the integration will yield zero net flux) of the flux
rope. The so-defined !p is therefore related to the amount of
twist along the flux-rope axis and is not independent of !t.
Therefore, the so-called ‘‘total flux’’ as a sum of!p and!t is not
meaningful. The comparison between reconnection flux (!r)
and MC flux (!t and!p) is valid if the ejected helical structure of
the flux rope does not change its magnetic morphology during
its transit from the Sun to 1 AU. We may safely presume that this
condition is met to a large extent, since the corona and inter-
planetary space are a low-! frozen-in environment.

2.2. Coronal Dimming

Coronal dimming, or transient darkening visible in coronal
difference images, is often reported to be associated with CMEs
(Harrison & Lyons 2000). It is believed to reflect draining of
coronal mass along magnetic field lines stretched open during
the eruption, thus the dimming areas map the feet of the rising
flux rope (e.g., Sterling & Hudson 1997; Webb et al. 2000).
Accordingly, for an event on 1997 May 12, Webb et al. (2000)
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integrated the longitudinal magnetic flux in dimming areas and
found that it was comparable with the toroidal magnetic flux in
the associated MC observed at 1 AU 3 days after the coronal
event.

On the other hand, Forbes & Lin (2000) and Lin et al. (2004)
considered the possibility that coronal dimming areas map the
footprints of stretched field lines of the magnetic arcade over-
lying a pre-existing flux rope, which are then closed down by sub-
sequent magnetic reconnection. In this picture, coronal dimming
takes place shortly ahead of magnetic reconnection, and the mag-
netic flux in dimming regions reflects the total flux added to the
poloidal component of the erupting flux rope by reconnection.
They believe that whenmagnetic reconnection proceeds to high
corona, it is not energetic enough to produce visible radiation
signatures on the solar surface; the magnetic flux encompassed
by dimming areas (!d) is therefore a better manifestation of
incremental poloidal flux in the flux rope than the ribbon flux!r

measured from brightened flare ribbons in the chromosphere.
In this scenario,!p is greater than!d , which is still greater than
!r. From a different point of view, Mandrini et al. (2005) and
Attrill et al. (2006) suggest that the dimming flux !d should be
compared with the poloidal MC flux !p or the total MC flux
!tot ! !t " !p, arguing that magnetic flux ropes are formed by
successive reconnections in a shearedmagnetic arcade (Demoulin
et al. 1996; Titov & Demoulin 1999). They each presented a
case study showing that !d is comparable with !p (Mandrini
et al. 2005) or !tot (Attrill et al. 2006) given the length of the
MC, L ! 1 AU.

As an observational test of these various scenarios, it is im-
portant to examine the relationship between magnetic fluxes en-
compassed in dimming areas (!d), flare ribbons (!r), and MCs
measured at 1 AU (!t and!p). In this paper, we also present the
first quantitative comparison between dimming flux, ribbon flux,
and MC flux for a number of events with observations adequate
for these measurements.

3. OBSERVATIONS

We study nine events, from 1998 to 2005, with identified as-
sociation between flares, filaments, CMEs, and MCs. Compre-
hensive information for these events is given in Table 1. These
events are selected from the samples in our previous research as
well as published literature. Information on flares and filaments is
obtained from an online flare event report,4 as well as inspection
of the coronal observations by the Transition Region and Coronal
Explorer (TRACE; Handy et al. 1999) and the ExtremeUltraviolet
Imaging Telescope (EIT; Delaboudinière et al. 1995) and optical
observations from the Global H" network run by Big Bear Solar
Observatory (BBSO). Information on CMEs observed by the
Large Angle and Spectrometric Coronagraph (LASCO; Brueckner
et al. 1995) is obtained from the online LASCO CME catalog.5

The association of flare and CME events with magnetic clouds
is obtained from six independent sources, including work pub-
lished in print and online. The most recent of these catalogs only
extends to the end of 2003, and so the two events in 2004 and 2005
are determined by the authors. In some cases there was more than
one solar event (CME and flare) that could be associated with the
magnetic cloud. In those cases, both were considered carefully
with further analysis of the location of the flare using EUV full-
disk coronal observations from EIT. Table 1 shows the magnetic

clouds associated with flares and CMEs and the catalogs from
which the identification was sought.
To analyze these events, we collect flare observations in ultra-

violet wavelength from TRACE and optical wavelength from
BBSO. The cadence of the images ranges from a few seconds in
TRACE observations (typically, 2Y4 s, 10 s, and 30 s) to 1 minute
in BBSO observations. The time cadence is suitable for our study,
as an individual flare ribbon pixel stays flared for a few minutes
(see next section). The pixel size of seeing-free TRACE obser-
vations is 0.500, and that of H" observations is about 100. Five-
minute averaged longitudinal magnetograms before the flare
onset were obtained from theMichelson Doppler Imager (MDI;
Scherrer et al. 1995), with a pixel size of about 200. Images of the
same and different sets were co-aligned with an accuracy of better
than 200, the MDI pixel size. The flare and magnetic field obser-
vations were analyzed to measure the total magnetic reconnection
flux as described in the next section. For each event, EIT full-disk
images at 1958with 12minute cadence and 2.6400 pixel sizewere
also collected to investigate the coronal dimming associated with
the eruption. The in situ measurements of MCmagnetic field and
plasma parameters were provided by the Advanced Composition
Explorer (ACE; Smith et al. 1999) spacecraft. MCs were clearly
identifiedby their pronounced features against the solarwind back-
ground. These data were fitted with the Grad-Shafranov recon-
struction technique, as well as force-free cloud-fitting models,
as described in the following sections, to derive the MC flux in
both the toroidal and poloidal components.
General characteristics of the nine studied events are listed in

Table 1. These events are all associated with halo CMEs (Howard
et al. 1982), their mean velocities measured from LASCO C2-C3
observations ranging from 500 to 2500 km s#1. They are asso-
ciated with C- to X-class flares in the GOES categorization, i.e.,
the soft X-ray radiation output power varies by 3 orders of mag-
nitude. The observed (by C2) launch of the CME and the onset
of the flare are within 1 hr for the majority of events. All nine
flares are two-ribbonflares, although a few do not exhibit apparent
expansion of ribbons. The flare morphology of some events is
published in other papers, e.g., theX2.0 flare on 2004November 7
by Longcope et al. (2007), the M8.0 event on 2005 May 13 by
Qiu & Yurchyshyn (2005), and the Halloween event on 2003
October 28 by numerous other authors. Nearly all these events
originate from active regions. Four events in this list are associated
with erupting filaments, and in five events, filament eruption was
not detected, even though filaments were observed in some events
(such as in the event on 2005 May 13; Qiu & Yurchyshyn 2005).

4. EVALUATING MAGNETIC RECONNECTION FLUX

The magnetic reconnection rate has been inferred from flare
observations by a number of research groups (Poletto & Kopp
1986; Isobe et al. 2002, 2005; Fletcher & Hudson 2001; Qiu et al.
2002, 2004; Fletcher et al. 2004; Qiu & Yurchyshyn 2005; Saba
et al. 2006). The measurement is based on the macroscopic pic-
ture of magnetic reconnection envisaged in the ‘‘standard’’ flare
model, or CSHKP model. The model links the corona recon-
nection process to observable lower atmosphere signatures, such
as flares, as a result of energy release by reconnection, which can
be described by the relation (Forbes & Priest 1984)

@!r

@t
! @

@t

Z
Bc dSc !

@

@t

Z
Bl dSl: $1%

The left-most term denotes the coronal magnetic reconnection
rate, defined by integration of the inflow magnetic field at the
corona, Bc, over the reconnection area Sc, or reconnection flux,

4 See ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_FLARES/XRAY_

FLARES/.
5 See http://cdaw.gsfc.nasa.gov/CME_list/.
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TABLE 1

Event Information

Flarea

CMEc Magnetic Cloudd

Event
Number Date Region

Time

and Magnitude

Filament
Information b Time Speed Date Start Time Duration (hr)

1.................. 1998 Nov 05 8375 19 :55 M8.3 no 20 :44 1118 Nov 09 02 :00 (L05) 00 :00 (L04b) (S03) #05 :00 (CR03) 24 (L05) 26 (L04b) (S03) 49 (CR03)

2.................. 2000 Jul 25 9097 02 :49 M8.0 no 03 :30 528 Jul 28 12 :00 (CR03) 49 (CR03)

3.................. 2000 Aug 09 9114 16 :22 C2.3 yes 16 :30 702 Aug 12 05 :00 (L05) 06 :00 (L04b) (L02) (S03) 05 :00 (CR03) 06 :00 (L04a) 25 (L05) 23 (L04b) (L02) (S03) 41 (CR03) 23 (L04a)

4.................. 2001 Apr 10 9415 05 :26 X2.3 yes 05 :30 2411 Apr 12 16 :00 (L05) 08 :00 (L04b) (L02) #02 :00 (CR03) 15 (L05) 10 (L04b) (L02) 33 (CR03)

5.................. 2001 Apr 26 9433 13 :12 M7.8 no 12 :30 1006 Apr 29 00 :00 (L05) 02 :00 (L04b) (L02) #10 :00 (CR03) 14 (L05) 11 (L04b) (L02) 60 (CR03)

6.................. 2003 Oct 28 10486 11 :10 X17. yes 11 :30 2459 Oct 29 09 :00 (L05) 17 (L05)

7.................. 2003 Nov 18 10501 08 :31 M3.9 yes 08 :50 1660 Nov 20 10 :00 (L05) 16 (L05)

8.................. 2004 Nov 07 10696 16 :06 X2.0 no 16 :54 1759 Nov 09 20 :40 (Au) (L07) 13.5 (Au) (L07)

9.................. 2005 May 13 10759 16 :57 M8.0 no 17 :22 1642 May 15 05 :40 (Au) 23 (Au)

a Information is obtained from ftp://ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_FLARES/XRAY_FLARES/. Time refers to the peak time, and magnitude refers to GOES categorization.
b A ‘‘yes’’ indicates filament eruption detected, and a ‘‘no’’ indicates filament eruption not seen.
c Information is obtained from http://cdaw.gsfc.nasa.gov/CME_list /. Time refers to when the CME is first observed in LASCO C2 field of view (FOV), and speed, in units of km s#1, refers to the linear fit to the height-time profile

obtained from C2-C3 observations.
d References not associated with a time or duration indicate the cloud was identified in the referenced list, but no times were given. Negative times relate to the date in the fourth column; e.g., a time of#02 :00 refers to a time of

22 :00 on the previous day. The events on 2004 November 07 and 2005 May 13 were determined by the authors.
References.— (CR03) Cane & Richardson 2003; (L02) Larson 2002; (L04a) Leamon et al. 2004; (L04b) Lepping 2004; (L05) Lynch et al. 2005; (L07) Longcope et al. 2007; (S03) Smith 2003; (Au) Determined by the authors.



per unit time. On the right-hand side, Bl is the normal component
of the magnetic field at the locations of flare patches in the lower
atmosphere, which are believed tomap the footpoints of field lines
reconnecting in the corona, and dSl is the newly brightened flare
area. Directly observing either Bc or Sc at the corona poses in-
surmountable difficulties with existing technology and instrument
capabilities, but Bl and Sl are easily captured in lower atmo-
sphere observations of flares. The relation reflects the conserva-
tion of magnetic flux from the coronal reconnection site to the
lower atmosphere energy deposit site and is suitable to describe
the magnetic reconnection rate in a general configuration, given
that evolution offlare brightening reflects the instantaneous lower
atmosphere intersection of separatrices along which magnetic re-
connection takes place (Hesse et al. 2005). Themeasurements are
valid approximations of the reconnection rate when the following
assumptions hold: the photospheric magnetic fields are line-tied,
or equivalently, their evolution timescale is much longer than the
reconnection timescale; the heating of lower atmosphere during
flares is an immediate response to magnetic reconnection at the
corona, which transports energy downward along the field lines;
and the timescales of magnetic reconnection, energy transport,
and heating of the lower atmosphere are shorter than the flare
ribbon cooling timescale and observation and/or measurement
timescales. Realistically, the timescale of magnetic field evo-
lution ranges from hours to days, and timescales of magnetic re-
connection, energy transfer, and atmosphere heating range from
a fraction of a second to a few seconds. Meanwhile, the cooling
time of flare ribbons in the upper chromosphere or transition
region is several minutes, and our observation or measurement
cadence is from several seconds to a few minutes. Therefore,
the approach is suitable for our purpose.

In this paper, we derive the total reconnection flux !r using an
improved semi-automated algorithm. In short, we use flare ob-
servations made at optical, UV, and EUV wavelengths to map the
footprints of reconnectingmagnetic fields.We count all pixels that
have brightened during the flare, map them to a coregistered mag-
netogram, and integrate the signed magnetic flux (!"

r and !#
r )

encompassed by the entire ribbon area. Figure 1 shows an ex-
ample of measuring flare ribbons and magnetic flux swept up by
the ribbons using TRACE UVobservations of the X17 flare on
2003 October 28. The steps of the measurement are as follows.
First, the time series of UVobservations from TRACE or optical
observations from BBSO are co-aligned after correcting the in-
strument pointing shifts and drifting caused by solar rotation and
jittering, using a cross-correlation algorithm, which yields a sub-
pixel co-alignment accuracy. To count ribbon pixels, it is crucial

to reliably determine the edge of the newly brightened ribbons.
In the present study, we determine that pixels with intensities
above Nf times the median background intensity in the quiet
region are ribbon pixels. We have experimented on a variety of
cutoff values (Nf ) with respect to the background intensity in
each image normalized to its exposure. The necessity for using
a variety of cutoffs is to provide an estimate of the lower and
upper limit, or the range, of the measured reconnection flux !r,
as there is not a unique cutoff criterion good for all flare events
(see also Saba et al. 2006). The lower cut of the ribbon edge is
usually just above the plage intensity, and the higher cut should
include at least all apparently brightened areas during the peak
of the flare, determined via personal inspection. For TRACEUV
images with very high contrast between flare patches and back-
ground, the lower cutoff is around 5, and the higher cutoff can
be as high as 15. For H" images with relatively low contrast, the
lower cutoff can be as low as 1.05 and the higher cutoff is usually
less than 2. Note that the lower and upper limits determined in
our study with such a wide range of cutoff values provide a very
conservative estimate of uncertainties. For the studied events,
the difference between the lower and upper limit measurements
is well within a factor of 2, except for a fairly compact flare on
2000 July 25 (event 2 in Table 2).
Also note that the measurements are performed on running

mean images rather than single frames, especially for TRACE
observations. This is to eliminate transient nonribbon features,
such as the projection of transient ejecta visible in some events,
some parts of brightened flare loops other than ribbons, and the
cosmic-ray contaminations. As these transient features do not
survive for more than 1 to 2 frames at any given pixel, they are
usuallywashed out from a runningmean image over a few frames.
The interval # used to produce running mean images was deter-
mined so that transient features would be significantly weakened,
while the ribbon features would remain brightened, i.e., the in-
terval should be shorter than, or comparablewith, the cooling time
of the ribbon pixels. Figure 2 shows the time history of individual
ribbon pixels, illustrating that the typical cooling time is around a
few minutes. It is seen that when single-frame images are used
to count the ribbon pixels, the transient ejecta feature, bright-
ened pixels due to cosmic rays, and some coronal loop structures
are included, and the measured fluxes in positive and negative
polarities are fairly unbalanced. When 30 s interval running mean
images are used, these transient features are removed, and the
flux balance between the two polarities is improved. Another
example of an X2.0 flare on 2004 November 7 is discussed in
Longcope et al. (2007).

Fig. 1.—(a) Snapshot of an X17.2 flare observed at 1600 8 by TRACE on 2003 October 28. (b) Contours of the photospheric longitudinal magnetogram obtained
by MDI, superimposed on a snapshot of the flare observed at 1600 8 by TRACE. (c) Contours of the longitudinal magnetogram extrapolated to 2 Mm above the
photosphere, superposed on the same flare image as in (b). The contour levels in panels (b) and (c) are&100, 200, 400, 600, and 800 G, and dark and white lines indicate
the negative and positive magnetic fields, respectively.
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The longitudinal magnetogram used to derive the reconnec-
tion flux is obtained from MDI and multiplied by a correction
factor of 1.56 (Berger & Lites 2003). As flare ribbons occur in
the upper chromosphere or transition region, the MDI photo-
spheric magnetogram is extrapolated to h ! 2000 km above the
photosphere using a potential field extrapolation. According to
the standard atmosphere model of Vernazza et al. (1981; see
their Figs. 1 and 10), we choose h ! 2000 km as the presumed
formation height of the ribbons in the chromosphere, which is
nearly the upper limit of the height of the chromosphere. We are
aware that the current-free potential field is in general not a good
approximation to active regions. However, errors produced by
deviation of the realistic field configuration from a potential field
are insignificant because of the very low extrapolation height,
which is less than 2 MDI pixels, and our procedure for deriving

the integral flux, which is not very sensitive to the detailed
configuration. A numerical experiment on extrapolating the mag-
netic field to varying heights of 500, 1000, 1500, and 2000 km
using a linearYforce-free method with varying values of " (the
force-free parameter) from 0 (i.e., potential field) to 0.2 Mm#1

shows that a potential-field extrapolation to up to 2000 km would
reduce the total integrated flux by about 20% (see Table 2),
while a force-free extrapolation with a nonzero " would increase
the integrated flux to greater than the flux from the potential-field
approximation. Therefore, the photospheric flux integrated over
areas encompassed by flare ribbons is an upper limit of !r, and
the integrated flux using potential field extrapolation to 2000 km
is a lower limit of!r. For uncertainties in the flare-ribbon forma-
tion height and field configuration, the mean value of these two
limits is used in the following discussion. The signed magnetic
longitudinal flux,!"

r and!#
r , were derived in regions of positive

and negative magnetic fields, respectively, and the total recon-
nection flux!r is the mean of!"

r and!#
r . Theoretically, the flux

in opposite polarities, !"
r and !#

r , should be identical, as equal
amounts of magnetic flux in opposite polarities are involved
in magnetic reconnection. However, this is not always reflected
in observationalmeasurements (e.g., Fletcher &Hudson 2001). In
this study, we evaluate the flux balance by R ! !"

r /!
#
r , and

Figure 3 shows a plot of R against !r. It is seen that our ap-
proach usually yields a good balance between positive and neg-
ative fluxes, with R ranging between 0.8 and 1.5, except for one
compact event on 2000 July 25 encompassing part of a sunspot
(Table 2). The generally good flux balance results from integrat-
ing the signed flux from all ribbon pixels without defining a pre-
scribed connectivity, which takes into account the complexity
of the magnetic configuration, rather than assuming a simple
bipolar geometry (Fletcher & Hudson 2001). This is an important
outcome of our improved approach (see also Qiu & Yurchyshyn
2005).

Uncertainties caused by misalignment between UV/optical
flare observations and magnetograms are estimated by artificially
offsetting the alignment between the two sets of images by up to
400, or 2 MDI pixels, which is a very conservative upper limit
uncertainty estimate, as the co-alignment accuracy is certainly
better than 200. It is shown that unless flare patches have very
small areas and encompass sunspots, the maximum uncertainty
by misalignment, $mis, is about 10% (Table 2). MDI calibration

TABLE 2

Magnetic Reconnection and Coronal Dimming Properties

Magnetic Reconnection Fluxa

Coronal Dimming Fluxa, b

Event Number !r R Flux Range

$mis

(%)

$sat
(%)c !0

r % !"
d !#

d

1.................................. 3.5 & 0.5 0.8 & 0.2 2.6 Y 4.7 10 . . . 4.0 & 0.5 0.88 1.7 & 0.3 Y 3.5 & 0.6 1.8 & 0.3 Y 4.4 & 0.8

2.................................. 0.7 & 0.2 1.9 & 0.5 0.5 Y 1.1 14 . . . 1.0 & 0.2 1.00 0.3 & 0.1 Y 0.7 & 0.2 0.6 & 0.2 Y 1.5 & 0.3

3.................................. 2.3 & 0.5 0.8 & 0.2 1.5 Y 3.3 5 20, 10, 2 2.9 & 0.6 0.96 0.4 & 0.1 Y 1.5 & 0.2 0.4 & 0.1 Y 1.3 & 0.2

4.................................. 4.0 & 0.3 0.9 & 0.1 3.3 Y 4.9 6 2, . . . , . . . 4.7 & 0.3 0.96 . . . . . .
5.................................. 0.7 & 0.4 1.5 & 1.2 0.4 Y 1.8 8 . . . 0.9 & 0.5 0.88 . . . . . .
6.................................. 18.8 & 1.8 1.2 & 0.2 15.9 Y 22.4 1 6, 2, . . . 23.4 & 2.3 0.91 1.1 & 0.2 Y 3.3 & 0.4 1.6 & 0.2 Y 5.5 & 0.8

7.................................. 2.5 & 0.4 0.9 & 0.2 1.9 Y 3.3 5 . . . 3.6 & 0.5 0.98 0.8 & 0.1 Y 1.9 & 0.3 1.6 & 0.2 Y 2.8 & 0.6

8.................................. 4.7 & 0.5 1.1 & 0.2 3.7 Y 5.9 8 1, . . . , . . . 6.2 & 0.6 0.95 2.2 & 0.3 Y 3.1 & 0.4 1.0 & 0.2 Y 1.6 & 0.6

9.................................. 6.4 & 0.5 0.9 & 0.1 5.5 Y 7.3 6 1, . . . , . . . 8.1 & 0.5 0.96 1.7 & 0.5 Y 3.3 & 1.4 0.9 & 0.3 Y 1.7 & 0.5

a Magnetic flux in units of 1021 Mx.
b The coronal dimming flux is obtained with Nd ! 1 and 1.5, respectively, and the uncertainties reflect the deviation of the measurements with artificial mis-

alignment of 2Y4 MDI pixels. See text for details.
c The amount (percentage) of possibly underestimated flux due to MDI saturation effect. The numbers given indicate the underestimate (percentage) when using

saturation levels of 1500, 1600, and 1700 G, respectively. See details in the text.

Fig. 2.—Top: Intensity profiles of individual flare ribbon pixels with time for
the event on 2004November 7 observed by TRACE, showing that flare brightening
in an individual ribbon pixel persists for a few minutes. Bottom: Histogram of
brightening duration for the 4200 ribbon pixels determined using Nf ! 12 for
this event. The dashed line indicates the running mean interval, about 100 s, used
for this event.
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errors in strong field regions are evaluated using the method by
Longcope &Magara (2004) and Longcope et al. (2007). Berger
& Lites (2003) reported that MDI measurements saturate the
strong field greater than 1700 G. We give an upper limit estimate
of such underestimates, $sat , due to saturation effects, assuming
that saturation takes place at field strengths 1700, 1600, and
1500 G, respectively. For all but one event, flare ribbons do not
intrude into regions with field strengths above 1700 G, and in
only three events, flare brightenings occur in field strengths above
1500 G, yielding an underestimate of a few percent, at the very
maximum, of the total flux (Table 2). Note that the departure of
the flux ratio R from unity provides an upper limit estimate of
saturation effects, as magnetic flux from the ribbon intruding
into the strong field may be underestimated. The generally good
flux balance in our measurements indicates that MDI saturation
effects are insignificant in this study. Finally, a first-order correc-
tion to the projection effect was made by assuming that magnetic
fields at flare ribbons are radial, and!r is therefore corrected by
the cosine (%) of the position angle of the flare region. As all
events in this study occur at or near the disk center, the projection
effect is insignificant.

Table 2 lists relevant information for the reconnection flux
measurements, including the upper and lower ranges of these
measurements, the uncertainties caused bymisalignment ($mis),
underestimates of flux due to saturation effects ($sat), and the flux
(!0

r ) measured using a photosphere magnetogram, i.e., without
extrapolation. Our improved algorithm allows us to perform the
most comprehensive evaluation of measurement uncertainties
from a variety of sources.We note that these estimates all reflect
the upper limits of uncertainties caused by various sources. Ulti-
mately, the reconnection flux!r of each event is themean value of
measurements using a range of combinations of Nf and # , as well
as alignment offsets, and the uncertainties quoted in the table are a
combination of standard deviations from these measurements.

5. MEASURING MAGNETIC FLUX
IN MAGNETIC CLOUDS

The interplanetary counterparts of the aforementioned flare-
associated CMEs, the ICMEs/MCs, were examined by two

means. One is the so-called Grad-Shafranov (GS) reconstruc-
tion technique (e.g., Hu & Sonnerup 2002), which is to derive a
2.5-dimensional cross section of a cylindrical flux rope from a
single in situ spacecraft measurement. There is no prescription
for the geometry of the cross section and no assumption about
the force-free condition. Therefore, both the magnetic field and
plasma data have to be used. The other is the conventional model
fitting by the axisymmetric force-freeLundquist solution (Lundquist
1950) to the in situ spacecraft data (e.g., Lepping et al. 1990;
Leamon et al. 2004; Lynch et al. 2005). This is sometimes ad-
vantageous when only limited spacecraft measurements are avail-
able. We are aware of certain variations on this approach, such
as those with nonYforce-free magnetic field profiles and/or non-
circular cross sections (e.g., Mulligan & Russell 2001; Hidalgo
et al. 2002). However, they all follow the same path by using a
predetermined ‘‘global’’ configuration to fit the one-dimensional
data, whereas theGSmethod uses the one-dimensional data as ini-
tial values to derive a fully two-dimensional solution with a more
sophisticated theoretical basis. Moreover, the GS method of-
fers better control in assessing the validity of the results, as is
briefly discussed below. Both methods are deemed valuable and
sometimes complementary to each other. Thus, both methods are
utilized in this paper, which also provides a means to test the ro-
bustness of theMCfluxmeasurements. A general comparison be-
tween different techniques was presented by Riley et al. (2004),
and further discussion is given in this paper, based on our nine
case studies.

5.1. Grad-Shafranov Reconstruction

TheGS reconstruction technique is based on theGrad-Shafranov
equation (Sturrock 1994; Hau& Sonnerup 1999). In a Cartesian
coordinate system, (x; y; z), it is written

@ 2A

@x2
" @ 2A

@y2
! #%0

dPt

dA
; $2%

which describes two-dimensional (@ /@z ' 0, where z is the axis
of a cylindrical flux rope, for instance) magnetic and plasma
structures in quasi-static equilibria in a proper frame of reference.
The magnetic field is B ! (@A/@y;#@A/@x;Bz(A)), which sat-
isfies :t A = Bt ! 0, implying that the equal-value contours of
A represent transverse magnetic field lines, Bt ! (Bx;By). On
the right-hand side, the single-variable function Pt(A) is the sum
of the plasma pressure p(A) and the axial magnetic pressure
B2
z (A)/2%0. Both are functions of A alone. This important fea-

ture of sole dependence on A enables us to determine the z-axis
orientation and check the validity of the locally two-dimensional
assumption (for details, see Hu&Sonnerup 2002; Hu et al. 2004).
In a frame of reference that is moving with the structure,

usually the deHoffmann-Teller (HT) frame, in which the electric
field vanishes, the spacecraft is traversing the structure with
velocity#VHT. Here the frame velocityVHT is determined from
spacecraft measurements (Khrabrov& Sonnerup 1998), the prop-
erty of which is useful for assessing the static nature of the
structure. From the spacecraft data along y ! 0 (the x-axis, i.e.,
the projected spacecraft path onto the transverse plane), we ob-
tain A(x; 0) ! #

R x

0 By(&; 0) d&, d& ! #VHTx̂ dt, and Pt(x; 0) !
p(x; 0)" B2

z (x; 0)/2%0. An analytic function Pt(A)/Bz(A) is then
applied to fit Pt(x; 0)/Bz(x; 0) versus A(x; 0). The right-hand side
of GS equation (2) is explicitly known. The GS equation is then
solved to obtain A(x; y) in a rectangular domain. Finally, the
2.5-dimensional magnetic field structure, Bx(x; y), By(x; y), and

Fig. 3.—Ratio of positive flux to negative flux, R ! !"
r /!

#
r , with respect to

the mean reconnection flux !r ! (!"
r " !#

r )/2.
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Bz(A(x; y)), is reconstructed. It yields an exact fit of the model
solution to the spacecraft magnetic field measurement along its
path ( y ! 0). The recovered magnetic flux rope structure is com-
posed of nested cylindrical isosurfaces of A(x; y) that carry helical
field lines winding along the z-axis. The method has been ex-
tensively tested by exact solutions to model GS equations (e.g.,
Hu & Sonnerup 2002; Hu et al. 2003) and by utilizing multi-
spacecraft data (e.g., Hu et al. 2005; Hasegawa et al. 2004). In
particular, a recent GS reconstruction by Sonnerup et al. (2004)
of a small-scale flux rope (a flux transfer event) at Earth’s mag-
netopause showed excellent agreement between the GS numerical
solution and the actual spacecraft measurements among all four
Cluster satellites.

Subsequently, the toroidal (axial) magnetic flux can be calcu-
lated as !t !

R R
Bz dx dy within a certain boundary defined by

A ! Ab ( const. The poloidal magnetic flux !p is Am # Abj jL,
where Am corresponds to the Avalue at the center of the flux rope
and L is the length of the flux rope in the z-dimension. The
boundary A ! Ab is chosen such that the requirement that Pt(A)
and/or Bz(A) be single-valued is violated for either A > Ab or
A < Ab outside of the boundary. In other words, such a boundary
encloses a domain within which the two-dimensional cylindrical
assumption remains valid, as judged from the spacecraft data.

Correspondingly, the aforementioned two quantities can also
be evaluated with Lundquist fitting by analytical formulae, with
the definition of the boundary as the circular surface whereBz !
0 (e.g., Leamon et al. 2004; Lynch et al. 2005). We are aware
that there is an uncertainty in estimating L. In this study, we take
L ! 1 AU, or calculate the poloidal flux per AU, while taking
L ! 0:5 AU as the lower limit (e.g., DeVore 2000) and L ! 2 AU
as the upper limit (e.g., Nindos et al. 2003). The uncertainty in the
flux-rope length is further discussed in x 5.3.

5.2. Force-Free Cloud Fitting Method

In this paper, we also present the MC magnetic flux calculated
using the technique of Leamon et al. (2004). This is based on an
earlier paper byLepping et al. (1990) and uses the constant-" force-
free cylindrical symmetric solution of Lundquist (1950). In cylin-
drical coordinates, there are Bt ! B0 J0("r), Bp ! HB0 J1("r),
and Br ! 0, where Bt, Bp, and Br are the toroidal (axial), poloidal
(azimuthal), and radial components of themagnetic field, respec-
tively, B0 is the magnetic field strength along the axis of the cyl-
inder,H ! &1 is the handedness of the flux rope, where plus and
minus indicate right and left handedness, respectively, and Jn are
the nth order Bessel functions. The force-free parameter" is given
as " ! 2:4048/R0, where 2.4048 is the location of the first zero
of J0. The technique of Leamon et al. (2004) compares the mod-
eled magnetic field BM with that of the observed field B and

uses the downhill simplex method (Nelder & Mead 1965, with a
variety of starting points and an appropriate determination of H
from observing the data) to minimize '2 ! 1/3N$ %" B# BM

!! !!2.
This returns the following parameters for the modeled magnetic
cloud: (0 and )0, the latitude and longitude of the cloud axis, R0

and B0, the radius and magnetic field strength of the cloud, Y0,
the impact parameter, or distance of the spacecraft from the cloud
axis at closest approach, t0, the time of closest approach to the
spacecraft, and '2, an indicator of the goodness offit of the model
to the data.

Uncertainties for each parameter were determined using the
technique produced byLepping et al. (2003). This employs results
obtained by comparing the model of a simulated cloud along with
a noised-up version of the same cloud. This prescription (x 5 of
Lepping et al. 2003) combines

"""""
'2

p
, Y0, and cone angle !ca

(cos !ca ! cos (0 cos )0) and produces $-values for each of the
modeled parameters. An additional uncertainty can be produced
for R0 by estimating the cloud’s diameter using the duration of
the spacecraft passage through the cloud,#T , as R#T ! Y 2

0 "
#

(sin !caVc#T /2)2)1/2, where Vc is the cloud speed. The uncer-
tainty of R0 in the present report is hence the combination of both
$R0

and the difference between R#T and R0.
The magnetic flux magnitudes within the cloud in the toroidal

and poloidal components are given by

!t !
2*J1 x01$ %

x01
B0R

2
0; !p !

L

x01
B0R0; $3%

where x01 is the first zero of the Bessel function J0 (*2.4048)
and J1(x01)/x01 * 0:21588 (e.g., Lynch et al. 2005). L is the total
length of the cloud, assumed to be 1AU (or 150Gm) in this study.
An example of a fitting to theMC to obtain relevant parameters,
as well as error estimates, is given in Table 3 for the event on
2004 November 9Y10.

Figures 4 and 5 show the fitting results for the MC during 2004
November 9Y10, using the GS reconstruction and force-free
model fitting techniques, respectively. Results for the nine studied
events using both techniques are presented in Table 4. Because
of our focus on the poloidal and toroidal flux in MCs, only B0, Rc

(when applicable), !p, and !t are presented. For reference, we
also list the results for some events reported byLynch et al. (2005),

TABLE 3

Measurements of Magnetic Cloud Parameters
for the Event on 2004 November 9Y10

Parameter Lundquist Fitting GS Method

(0 (deg) ...................... #44:8 & 20 #22

)0 (deg)...................... 265:8 & 3:8 218

B0 (nT)....................... 33:41 & 2:66 43

R0 (Gm)...................... 13:96 & 2:51 . . .
Y0/R0 (AU) ................ 0:07 & 0:06 #0.042

'2/B2
0 .......................... 0.03 . . .

H................................. #1 #1

!t (Mx)...................... 8:83 & 3:88$ % ; 1020 6:4 ; 1020

!p (Mx) ..................... 29:09 & 7:5$ % ; 1020 35 ; 1020

Fig. 4.—Illustration of the GS reconstruction method applied to the MC
observed by ACE during 2004 November 9Y10. The black contour lines are
transverse magnetic field lines. The colors represent the axial magnetic field (Bz)
distribution as indicated by the colorbar. The arrows are the measured transverse
magnetic field vectors along spacecraft path ( y ! 0; scales given by the arrow in
the lower right corner denoted by 10 nT). The thickwhite contour line and the circle
denote the boundary and the center of the flux rope, where A ! Ab and A ! Am,
respectively. [See the electronic edition of the Journal for a color version of this
figure.]
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also using a force-free cloud fitting method. The comparison
between these results will be discussed in the last section.

5.3. Uncertainties in MC Flux Measurement

Different models will yield different results. For example, the
flux-rope axis orientations obtained from the model fitting and
the GS method can sometimes differ by tens of degrees (Hu &
Sonnerup 2002; Leamon et al. 2004). Generally speaking, there
are smaller deviations in integrated quantities, such as the total
axial current and magnetic flux (the latter being illustrated in
Fig. 8; see also Leamon et al. 2004). For instance, the geometry
of the cross section of the 2004 November 9Y10 magnetic
cloud, as shown in Figure 4, obtained from the GSmethod is not
of the circular shape as prescribed by the Lundquist model. How-
ever, the fluxes obtained from both methods agree fairly well. On
the other hand, the measured flux largely depends on the area (the
radius for the Lundquist model) of the flux-rope cross section,
which in turn is primarily affected by the size of the chosen in-
terval and the flux-rope axis orientation. Significant deviations

may occur, sometimes mainly due to the different selection of
flux-rope intervals. The GS method relies on a more strict cri-
terion to choose the flux-rope interval (as described in x 5.1),
which often yields a smaller interval than used by the force-free
cloud fitting method and thus may not enclose all the relevant
fluxes contained in an MC. This can be seen in Figures 8b and
8c (shown below), where in most cases, measurements by GS
reconstruction (red symbols) are smaller than the corresponding
measurements by fitting to Lundquist solutions (blue and green
symbols). We speculate that for some events, the GS method
probably provides a lower bound of the fluxes, whereas the model
fitting gives an approximate upper bound, especially consider-
ing that the Lundquist model assumes a circular cross section.
In a recent study, Dasso et al. (2006) compared magnetic cloud

fitting results using both the traditional model-fitting method with
four different models based on different approximations on the
magnetic field configuration, and a newmodel-independent direct
method to determine the magnetic cloud boundary. It was found
that with two different analysis methods, minimum variance anal-
ysis and simultaneous fitting, applied to four different models
for the event studied in their paper, the maximum deviation from
the mean value is 18% in the axial (toroidal) flux and 25% in the
azimuthal (poloidal) flux per AU, and the change of the boundary
has an effect comparable to these values. We also note that the
model-independent direct method by Dasso et al. (2006) yields
smaller fluxes and helicity associatedwith the flux rope than those
estimated from fitting models, but the total poloidal flux of the
original flux rope before reconnection with solar wind is greater
(than model-fitting results) by less than a factor of 2, and the
change in the toroidal flux is insignificant. In comparison, in our
study, the uncertainties come up as large as comparable to the
mean values of the fluxes in each event (see Table 4 and Fig. 8).
This is mainly caused by our varying the cloud intervals in a large
range to be conservative. Compared with the comprehensive anal-
ysis using methods by Dasso et al. (2006), the uncertainties con-
tributed by averaging results from different fitting models and
varying cloud boundaries as reported in our measurements should
therefore be conceived as the very upper limits.
The largest uncertainty in the MC flux measurement stems

from the hardly fathomed length of theMC flux rope. All existing
cloud-fitting algorithms using the in situ one-dimensional satellite
measurements treat the flux rope as a two-dimensional cylindrical
structure. Therefore, to the best extent, we can only obtain the
poloidal flux or twist per unit length, such as per AU. To date,
only one study (Larson et al. 1997) has attempted to assess the
‘‘real’’ length of the flux rope by evaluating the time of flight of

TABLE 4

Magnetic Cloud Properties

Grad-Shafranov Methoda Force-Free Model Fittinga, b Force-Free Model Fittinga, c

Event Number B0 !t !p B0 Rc !t !p B0 Rc !t !p

1............................ 25 0.96 2.8 17.70 & 3.83 22.47 & 3.73 1.21 & 0.66 2.48 & 0.95 17.5 18.75 0.8 2.1

2............................ 15 0.07 0.55 15.3 & 2.7 13.8 & 10.0 0.4 & 0.6 1.3 & 1.2 . . . . . . . . . . . .
3............................ 35 0.76 2.00 26.32 & 2.66 26.67 & 6.45 2.54 & 1.48 4.38 & 1.50 29.1 22.5 2.0 4.1

4............................ 21 0.16 0.58 9.04 & 0.76 45.93 & 17.62 2.59 & 2.20 5.18 & 3.42 8.1 7.1 0.1 0.4

5............................ 21 0.14 0.65 10.78 & 1.28 17.65 & 9.44 0.46 & 0.54 1.19 & 0.78 11.5 12.2 0.2 0.9

6............................ 47 5.4 12. 42.04 & 4.36 68.29 & 24.4 26.6 & 21.7 17.9 & 8.24 43.5 37.8 8.4 10.3

7............................ 57 0.64 4.8 43.49 & 6.59 15.66 & 11.31 1.45 & 2.31 4.25 & 3.71 42.9 15.8 1.4 4.2

8............................ 43 0.64 3.5 33.41 & 2.66 13.96 & 2.51 0.88 & 0.39 2.91 & 0.76 . . . . . . . . . . . .
9............................ 53 2.1 4.2 56.14 & 13.7 49.34 & 9.44 18.54 & 11.61 17.28 & 7.52 . . . . . . . . . . . .

a The units of B0, Rc, and magnetic flux are nT, GM, and 1021 Mx, respectively, and the value of !p refers to the flux per AU.
b See text for obtaining uncertainties.
c From Lynch et al. (2005).

Fig. 5.—Illustration of the force-free model fitting results for the MC event
on 2004 November 9Y10. From top to bottom, the plots show the magnitude of
the magnetic field (in units of nT), latitude and longitude of the cloud axis, the
solar wind speed (km s#1), and proton density (cm#3), measured in situ during
the passage of the ACE spacecraft. The nonvertical dashed lines show the model
fitting results superimposed on the measurements.
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suprathermal electrons spiraling along the field lines into inter-
planetary space. Their study provides L ! 2:5 AU, which can
be regarded as the very upper limit of L, in which case the flux
rope would carry the same (large) amount of twist along its entire
length. Generally speaking, when bidirectional electrons are ob-
served in interplanetary clouds, it is quite possible that the MCs
are still rooted on the Sun, when observed at 1 AU (Richardson
1997; Shodhan et al. 2000). In such a case, L can be as large as
2 AU. On the other hand, an independent case study combining
observational measurements and theoretical modeling for one
event on 2004 November 7Y10 (event 8 in our list), Longcope
et al. (2007) show that the total magnetic helicity transported from
sheared arcades into the flux rope by low-corona reconnection
agrees well with the magnetic helicity in the associated MC by
taking L ! 1 AU. Given the current state of research in this field,
we take the value of 0.5 AU as the lower limit of L (DeVore 2000)
and 2 AU as the upper limit of L (Nindos et al. 2003). Such
choices of the lower and upper limits of L would change !p to
vary between half and twice the measured values.

6. CORONAL DIMMING

In conjunction with measurements of !r and !t; p, we also
study EIT full-disk coronal observations to derive coronal dim-
ming areas and the magnetic flux!d encompassed in these areas.
For each event, we employ EIT images of 12 minute cadence and
8 hr time range around the time of the eruption, starting 2Y3 hr
before the onset of eruption or flare. EIT images are calibrated
using the standard SolarSoftware packages with solar rotation
effects removed and an algorithm designed to find the dimming
regions, as well as estimate uncertainties in the measurements.

Following the convention with imaging observations of the
corona, the dimming region is found to have a significant post-
eruption intensity drop lasting for at least half an hour. Several
criteria are employed to define the intensity drop. First, intensity
light curves are produced for each pixel, and a pixel is regarded as
reflecting a dimming signature when the intensity drop relative to
the pre-eruption intensity in the same pixel is greater than 3$q,
where $q is the relative standard deviation of the intensities in
an undisturbed (quiescent) region, and the absolute intensity
during the dimming is below Nd times the mean quiescent Sun
intensity Iq. The measured dimming pixels are mapped to co-
alignedMDI longitudinal magnetograms, and the magnetic flux
integrated in dimming regions is derived as the dimming flux
!d . Note that we multiply the magnetic flux density measured
by MDI by a factor of 1.56 as a first-order correction to MDI
measurements (Berger & Lites 2003). Given the MDI noise level
and the fact that coronal dimming mostly occurs in weak field re-
gions, we also filter out the flux density smaller than 10 G.

As coronal dimmings are large scale signatures and do not ex-
hibit sharp contrast with respect to the background, as in the case
offlare brightenings, there is a large uncertainty in determining the
edges of dimming regions. To get around this difficulty, we vary
Nd between 1 and 2 to derive the range (uncertainty) of the dim-
ming area measurements, which yields about half an order of
magnitude variation in the measured !d . Similar to x 4, artifi-
cially offsetting the co-alignment between EITandMDI images
by up to 4 EIT pixels (or* 1000) gives a conservative estimate of
measurement uncertainties due to misalignment.

For the nine events reported in this study, dimming measure-
ments are performed in eight events with available post-eruption
EIT observations suitable for the measurements. Dimming is de-
tected in seven events. Figures 6 and 7 show dimming fluxmea-
surements in two examples, event 2 (2000 July 25) and event 9
(2005 May 13). The figures show pre- and post-eruption EIT

images, the difference image between the two, and the map of
measured dimming regions at various locations with Nd ! 1,
superimposed on the pre-eruption MDI magnetogram and in
comparison with flare-ribbon areas. Also given are time profiles
of the mean intensity of the dimming regions, in comparison
with the profiles of quiescent Sun and coronal hole intensity
(coronal holes are determined as the dimmest pixels in the disk
using 10 frame-averaged pre-eruption EIT images). In a couple
of events, the absolute intensity in some dimming regions drops
to the coronal hole level, while the intensity of most other regions/
events, although exhibiting significant relative drop, does not drop
as low as coronal hole intensity.

In the studied events, coronal dimming occurs shortly after the
eruption and usually occupies a larger area than flaring patches at
the outskirts of the flare site. Some events, such as the event on
2005May 13 (Fig. 7), exhibit evident post-eruption coronal dim-
ming judged fromEIToriginal and difference images, but in a few
events, some apparent dimming features (such as in regions 1
and 3 in Fig. 6) found by the algorithm resemble coronal loop
structures, which are projected onto the disk before the eruption

Fig. 6.—Analysis of coronal dimming for event 2 (on 2000 July 25). Top:
Calibrated EIT intensity images before and after the eruption. Middle left: Dif-
ference image between pre- and post-eruption images shown in the top panel.
Middle right: MDI longitudinal magnetogram superposed with flare ribbon areas
(red contours) and coronal dimming areas (black contours). Bottom: Intensity time
profiles of coronal dimming regions in comparison with the light curves of coronal
holes (dashed lines) and quiescent regions (dotted lines). Boxes in different colors
in the top andmiddle panels indicate different locationswhere corona dimming flux
is measured, and the intensity light curves of coronal dimming measured at these
different locations are plotted in the same colors in the bottom panel. This figure
shows coronal dimming areas determined with Nd ! 1 (see text).
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and reoriented after the eruption. The apparent removal of active
region loops projected onto the solar disk doubtlessly provides
a major source of overestimating!d . Therefore, to the best of our
knowledge, !d measured from imaging observations usually re-
flect an overestimate of the dimming flux.

The last two columns in Table 2 give measurements of !d in
positive and negative polarities, respectively, as there is usually
not a good balance between !"

d and !#
d , probably because of

many large unknown uncertainties involved in the measurements.
The !"

d and !#
d listed in the table are values at Nd ! 1 and 1.5,

and quoted errors merely reflect the standard deviation of a set of
measurements with varying alignment offsets. In the following
sections, the mean value of!d measured with Nd ! 1 and 1.5 is
compared with !r and !t; p, with the notion that !d is an over-
estimate (sometimes by a large amount) of the dimming flux.

7. MAGNETIC FLUX BUDGETS

The key results for the nine studied events are listed in Table 2
(the reconnection flux !r and the dimming flux !d) and Table 4
(theMC flux in toroidal and poloidal components!t and!p). A
direct comparison between these measurements is given in Fig-
ures 8 and 9. In Figure 8,!t;p obtained from all three independent
methods are presented in different colors, and the mean value of
the three measurements is given by dark symbols. Estimates of
uncertainties ($t;p) in measuring !t; p with the cloud-fitting al-
gorithm by Leamon et al. (2004) are obtained with the method
described in x 5, but this method is not implemented in the Grad-
Shafranov algorithm and in Lynch et al. (2005); hence we assign
the same amount of uncertainties in the MC flux measurements
from all three methods. Uncertainties in !r and !d quoted in the
tables and figures are obtained as described in the last sections.
For all these events, the poloidal MC flux!p (with L ! 1 AU)

is rather large with respect to the toroidal flux!t (Fig. 8a). This is
in agreement with Lynch et al. (2005). Note that by definition,!p

indicates the amount of magnetic twist along the flux rope axis
per AU. These results in general suggest that magnetic clouds
are highly twisted flux ropes. The comparison between reconnec-
tion flux and MC flux in both the poloidal and toroidal com-
ponents is given in Figures 8b and 8c. The figure reveals that the
toroidal MC flux !t is usually a fraction of the reconnection flux
!r. In comparison, the poloidal MC flux !p is comparable to !r,
with their ratio close to unity (when L ! 1 AU). The figure further
suggests a proportionality between the independently measured
reconnection flux and MC flux for the studied events. Listed in
Table 5 are the linear cross-correlation + between the paired data

Fig. 7.—Same as Fig. 6, but for event 9 (on 2005 May 13).

Fig. 8.—(a) Toroidal vs. poloidal magnetic flux in MCs, (b) toroidal MC flux vs. total reconnection flux, and (c) poloidal MC flux vs. total reconnection flux in nine
events. Squares indicate events associated with filament eruption, and diamonds indicate events without filament eruption. Red, blue, and green symbols indicate MC
flux measurements by GSmethod, force-free cloud-fitting method by Leamon et al. (2004), and force-free cloud-fitting method by Lynch et al. (2005), respectively. The
mean values of the MC flux measurements from the three models are given by dark symbols, with the dark bars indicating uncertainties from these three measurements.
Note that the MC poloidal flux refers to the measurements using L ! 1 AU, and the orange bars in panels (a) and (c) indicate the range of the poloidal flux by taking
L ! 0:5 AU as a lower limit and L ! 2 AU as an upper limit (see text). The solid lines in each panel show the linear least-squares fit to data pairs in logarithmic scales,
with the fitting results marked in the figure. The dashed lines in panels (b) and (c) indicate !y ! !x.

QIU ET AL.768 Vol. 659



points, and the confidence level P. In general, a good correlation
with P > 99% is presented between the reconnection flux and
MC flux in either component. As the Halloween event exhibiting
the largest reconnection flux, as well as MC flux, dominates the
cross-correlation computation, we also list + and P computed
for eight events without taking into account the fluxes for the
Halloween event. The confidence level for these eight data sets
remains greater than 95%.

Amore quantitative evaluation of the flux relationship can be
reflected by the least-squares fit to the data pairs in logarithmic
scales, i.e.,!y * !,

x , and the solid lines superposed in each plot
in Figures 8 and 9 indicate the best fit to the data. The results
from the fits are as follows:

!t ' 0:32 & 0:09$ %! 1:32&0:19$ %
p ;

!t ' 0:32 & 0:12$ %! 1:20&0:25$ %
r ;

!p ' 1:12 & 0:34$ %! 0:82&0:20$ %
r ;

yielding the power-law index , close to unity, with the uncer-
tainties in the parameters directly obtained from the fitting pro-
cedures. On average, the ratio of !p to !r is around unity when
taking L ! 1 AU. With L ! 0:5 AU as the lower limit, this ra-
tio becomes half, i.e., the total MC poloidal flux would become
about 55% of the reconnection flux, and with L ! 2 AU as the
upper limit, the reconnection flux would contribute about 45%
to the total poloidal flux in the MC. Therefore, within the uncer-
tainties, these results can be summarized as !r ' !p, !r > !t,
and !r / !p;t, namely, the low-corona reconnection flux is com-
parable to the poloidalMC flux, greater than the toroidal flux (by
at least a factor of 2), and proportional to either. Such a relation-
ship indicates that the magnetic flux and twist in interplanetary
flux ropes, here specifically the magnetic clouds observed and

measured in situ at 1 AU, are highly relevant to low-corona mag-
netic reconnection.

Note also that with our limited samples, the !p-!r diagram
does not exhibit a bimodal pattern to distinguish events associated
with filament eruption from those without filament eruption. In
other words, events associated with filament eruption do not nec-
essarily possess a greater !p-to-!r ratio than events without fil-
ament eruption. Therefore, erupting filaments do not seem to carry
significant pre-existing flux in our samples. In short, the result that
!r is greater than !t but comparable and proportional to !p, re-
gardless of the presence of filament eruption, complies with the
scenario in which the helical flux rope is largely in situ formed by
magnetic reconnection in low-corona immediately before its ex-
pulsion into interplanetary space.

In Figure 9, we also present measurements of the coronal
dimming flux!d , when applicable, in comparisonwith the ribbon
flux !r and MC flux !t;p. Coronal dimming can be detected in
seven events. The dimming flux !d in the figure is the mean of
the positive and negative flux, measured with Nd ! 1 and 1.5, re-
spectively. The measured dimming flux for these events is at the
low end of 1021 Mx. It is seen that the dimming flux !d is com-
parable with the toroidal MC flux !t, in an order-of-magnitude
sense, and systematically smaller than the poloidal MC flux !p,
as well as the ribbon flux!r. As themeasured!d is considered to
be the upper limit, !d makes only a fraction of !r or !p for the
studied events. Therefore, if !d were associated with !p for any
reason, the contribution would be significantly smaller than !r

measured from brightened flare ribbons. This is discussed further
in the next section.

8. CONCLUSIONS AND DISCUSSION

The total magnetic flux in MCs is believed to originate from
the Sun. Therefore, the footprints of the CME magnetic field

Fig. 9.—Coronal dimming flux vs. (a) toroidal MC flux, (b) poloidal MC flux, and (c) total reconnection (ribbon) flux in seven events. Dark and gray symbols
indicate measured !d with Nd ! 1 and 1.5, respectively. The solid lines show the linear least-squares fit to data pairs in logarithmic scales. The dashed lines indicate
!y ! !x.

TABLE 5

Cross-Correlation and Confidence Level between !t , !p, and !r

Data Pairs for Nine Events Data Pairs for Eight Events

Parameter !t - !p !r - !t !r - !p !t - !p !r - !t !r - !p

Correlation + .................... 0.98 0.88 0.87 0.95 0.73 0.77

Confidence level P........... >0.999 >0.99 >0.99 >0.999 >0.95 >0.95
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lines should be uncovered on the Sun’s surface. In the past, very
few studies (mostly case studies) have been made comparing
the relevant physical parameters of MCs with their solar pro-
genitors (Lepping et al. 1997; Webb et al. 2000; Mandrini et al.
2005; Attrill et al. 2006). Leamon et al. (2004) first conducted a
systematic study of magnetic flux and helicity in MCs and their
associated solar active regions for 12 events. The current paper
presents the first quantitative analysis of magnetic flux in inter-
planetary flux ropes and low-corona reconnection. To compare
with past studies, we also evaluate the dimming flux in the studied
events when observations are suitable for such measurements.
Our results suggest that the interplanetary flux rope budget is
closely related to the magnetic reconnection flux in our samples.
This relation is articulated as follows: the poloidal flux in MCs
(with L * 1 AU) is comparable to and scaled with the total re-
connection flux !r by !p * (1:1 & 0:3)!(0:8&0:2)

r , and the to-
roidal MC flux is a fraction of the reconnection flux, !t *
(0:3 & 0:1)!(1:2&0:3)

r . This relation may be interpreted as evi-
dence of formation of the helical structure of magnetic flux ropes
by reconnection, in the course of which magnetic flux, as well as
helicity, are transported into the flux rope. The results from our
samples also show that in general, we have not found a pro-
nounced difference in the !p,t -!r diagram between events with
or without filament eruptions, thus questioning the role of fil-
aments or filament channels as potential carriers of significant
amounts of twisted magnetic flux in pre-existing flux ropes in
these events. Our results in favor of the scenario of magnetic flux
ropes formed in situ bymagnetic reconnection during the eruption
agree with the inference from the study by Leamon et al. (2004),
although through a very different approach.

In reaching the above conclusions, we caution that the present
study focuses on a class of solar eruptive events comprising disk
flares produced by low-corona reconnection and halo CMEs,
which are unambiguously associated withMCs. Via this choice,
we leave out certain categories of CMEs that are not apparently
associated with disk flares, such as limb events, backside events,
and slow CMEs. This study can be helpful to test and constrain
CME models that invoke magnetic reconnection. Scenarios of
pre-existing flux rope eruption as a result of magnetic buoyancy
or magnetic tension force without invoking magnetic recon-
nection cannot be tested in our study, although our quantitative
measurements of magnetic flux still hold a reference value for
these models.

We are fully aware of a variety of uncertainties, and therefore
limitations, in the present study, as discussed in the above sec-
tions. Nevertheless, we note that the range of the measured re-
connection flux and MC flux spans 1.5 orders of magnitude
(Fig. 8), well exceeding the uncertainties in the flux measure-
ments (particularly in L), as well as discrepancies from mea-
surements by different methods, which are expected to be around
half an order of magnitude, even if L is allowed to vary between
0.5 and 2 AU. From a statistical point of view, it is rather unlikely
that these nonsystematic uncertainties could generate a correlation
between originally uncorrelated data pairs. Therefore, the corre-
lation and scaling pattern demonstrated in Figure 8 are reliable and
provide the first evidence through quantitative measurements that
magnetic flux in interplanetary flux ropes, or specifically in MCs
observed and measured at 1 AU, is highly relevant to low-corona
reconnection during the eruption, which contributes a significant
amount of twisted flux to magnetic flux ropes.

We also look at the role of coronal dimming in terms of mag-
netic flux. Prior to the present study, a few studies comparedmag-
netic flux in MCs and their solar progenitors, reflected by coronal

dimming, but the comparison has been made in different contexts
and only for case studies. Traditionally, the dimming flux !d is
compared with the toroidal MC flux !t, with the idea that dim-
ming areas map the footprints of magnetic field lines stretched
open, along which mass drainage takes place along with the flux-
rope eruption. Measurements and comparison between !d and
!t in seven events in the present study seem to agree with this
scenario, based on the quantitative analysis showing that !d and
!t are comparable to each other (Fig. 9a). On the other hand, we
do not find observational evidence from our seven samples that
dimming flux is a better or closer indicator of reconnection flux
to be compared with the poloidal or total MC flux (e.g., Mandrini
et al. 2005; Attrill et al. 2006; both using L ! 1 AU to evaluate
!p), as the measured !d is only a fraction of !p or !r measured
from flare ribbons (Figs. 9b and 9c). As the measured dimming
flux is a fraction of the ribbon flux, the contribution of !d is
not significant enough to vary the correlation and scaling pattern
between the reconnection flux (which is primarily determined
by !r) and the poloidal MC flux. To quantitatively demonstrate
the contribution of!d to the reconnection flux, Figure 10 shows
the scatter plot of!tot

r ! !r " !d or!
net
r ! !r # !d versus!p,

which reveals little difference from Figure 8c. The cross-correlation
between!r * !p,!

tot
r * !p, and!

net
r * !p pairs for the seven

events with dimming measurements comes up to be 0.88, 0.90,
and 0.85, respectively. As we believe that the measured !d in
this study provides an upper limit of the true coronal dimming
flux, the contribution by !d becomes minimal. In short, in our
studied samples, coronal dimming flux is unlikely to make a sig-
nificant contribution, in various contexts, to the amount of twisted
magnetic flux in flux ropes observed at 1 AU. We recognize that
coronal dimming is an important solar surface signature accom-
panying large-scale eruptions, and the correct interpretation of
dimming fluxwith respect toMC flux cannot be achievedwithout

Fig. 10.—!r & !d (see text) vs. the poloidal MC flux for seven events. Cir-
cles indicate reconnection flux inferred from flare ribbons (!r), and vertical bars
indicate the range of ‘‘modified’’ reconnection flux from !r # !d to !r " !d ,
where !d is the mean of the coronal dimming flux measured with Nd ! 1 and
Nd ! 1:5 (see x 5). The dashed line indicates !y ! !x.
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a detailed study of the morphology and configuration of flares,
dimming, and MCs.
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