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energy release on the Sun in a day



CMEs best seen by coronagraphs – LASCO C2



CMEs best seen by coronagraphs – LASCO C3



The three-part white light CME
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Brief History of Magnetic Cloud

§ 1954 Morrison: unusual magnetized clouds of plasma 
emitted by the active sun.

§ 1958 Cocconi et al.: magnetic loop or bottle anchored 
in the sun.

§ 1958 Piddington: magnetic bubble detached from the 
sun by reconnection.

§ 1959 Gold: shocks preceding these magnetic loops
§ 1980-81 Burlaga: first coined “magnetic cloud”
§ 1990, 1997, Lepping: magnetic cloud properties

(Burlaga et al, 1981, JGR, 86, 6673-6684)



In-situ measurements of Magnetic Cloud

Tightly wound helix
B: 10 - 100 nT
Low temperature
T : 105 K, n: 10 – 100 
cm-3, b: 0.01 – 0.1
Higher speed than 
ambient solar wind
v: 300 - 800 km s-1

Preceded by shocks 
and sheaths

(Burlaga et al 1981; 
Lepping et al. 1990)

Liu R. et al. 2017
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In-situ measurements of Magnetic Cloud

Tightly wound helix
B: 10 - 100 nT
Low temperature 
T : 105 K, n: 10 – 100 
cm-3, b: 0.01 – 0.1
Higher speed than 
ambient solar wind
v: 300 - 800 km s-1

Preceded by shocks 
and sheaths

(Burlaga et al 1981; 
Lepping et al. 1990)

Hu et al. 2014
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From in-situ observations, 
a flux rope may be 
reconstructed with various 
methods (Riley et al. 2004, 
Dasso et al. 2006 for a 
summary of these methods), 
assuming a 2d cylindrical 
structure of the CME flux 
rope.

Magnetic Cloud:   interplanetary flux rope 
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MC flux rope: the Lundquist solution
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(Lepping et al. 1990, Lynch et al. 2005)

Least-squares fitting of the data 
points to determine 7 parameters, 
including the rope axis orientation, 
radius, and axial field B0.

R0
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MC flux rope: the Lundquist solution

18 MC flux ropes by Lepping et al. 1990, 
and 132 MC ropes by Lynch et al. 2005)

[14] We have improved the event selection procedure of
LY03 by applying a more quantitative treatment of the low
proton temperature requirement. Following Richardson
and Cane [1995], we compare the proton temperature to
their empirical expected proton temperature Tex. If hTpi !
0.5 hTexi (the averages are over the event interval), the
event immediately met the low proton temperature require-
ment. If 0.5 hTexi < hTpi ! hTexi, we looked at the event
averaged value of bp = npkTp/(B

2/2m0). Events with hbpi !
O(0.1) were also included.
[15] Using published and public ICME and magnetic

cloud lists from LY03, Cane and Richardson [2003],
Zhang et al. [2004], and the Wind spacecraft (http://
lepmfi.gsfc.nasa.gov/mfi/mag_cloud_pub1.html) as guides,
we have compiled an event list of 132 magnetic clouds
from 1995 through 2003 and fit each event with the

cylindrically symmetric, linear force-free model. The total
event list and the model fit parameters described in the
following section can be found as auxiliary material to this
paper.1

2.2. Linear Force-Free Model and Parameter Fitting

[16] The structured internal fields are modeled with the
standard Burlaga [1988] approach and fit via a two-step
least squares procedure, similar to Lepping et al. [1990].
However, our model differs from the standard Lepping et al.
[1990] implementation in that we assume the closest point
of approach is necessarily at the temporal midpoint of the
cloud event and the cloud radius Rc is not an additional free
parameter but determined strictly from the geometry of a
static cylinder.
[17] The magnetic cloud model is the linear force-free,

constant-a solution of the equation r " B = aB in
cylindrical coordinates. This is given by the Lundquist
[1950] Bessel function solution,

B ¼ HB0J1 arð Þf̂þ B0J0 arð Þẑ: ð1Þ

In our implementation of this model, there are five
parameters. The three-dimensional (3-D) orientation of the
cylinder in space is described the two angles f0, q0 of
the symmetry axis and the impact parameter r0 indicating
the minimum distance between the spacecraft and the
cylinder axis. B0 is the magnetic field strength on the
cylinder axis and H is the model handedness or chirality of
the flux-rope. Right-handed and left-handed rotations have
H = +1 and H = '1, respectively.
[18] Figure 1 shows a magnetic cloud observed by the

ACE spacecraft on 17 April 2002. The magnetic field
magnitude and field components in GSE coordinates are
shown, along with the radial velocity, proton temperature,
and density. The vertical dotted lines indicate the cloud
region and the thick solid lines are the best-fit linear
force-free cylinder model to the field rotations. The cloud
region shows the characteristic linear decrease in radial
velocity, indicating cloud expansion, and depressed proton
temperatures.
[19] Our implementation of the linear force-free cylinder

model has been rewritten since LY03 to allow for greater
ease of comparisons with other authors’ versions of similar
models. The first minor change was conversion to a GSE
coordinate system. The fit parameter angles are now defined
in the GSE sense, i.e., positive f0 goes from +x̂ (pointing
toward the Sun) to +ŷ (pointing east when looking from the
Earth). Our parameter H has been redefined so that it
represents the flux-rope handedness independent of coordi-
nate system. This eliminates the need for equation (5) of
LY03. Also, r0 is allowed to vary between ('1, 1) as it
represents the normalized y-axis intercept in the cloud
frame.
[20] The best fit parameters are obtained by minimizing

error norms associated with the direction and magnetic field
magnitude separately, comparable to Lepping et al. [1990].
The details of this procedure are described in section 3.2 of
LY03, and we shall avoid repeating them here.

Figure 1. The magnetic cloud event of 17 April 2002
observed by the ACE spacecraft. The data shown from top
to bottom are hourly averages of the magnetic field
magnitude, field components in GSE coordinates, the radial
velocity, proton temperature, and proton density. The
vertical dotted lines indicate the cloud region and the thick
solid black lines are the linear force-free model fit with
parameters f0 = 271!, q0 = '21.3!, r0 = 0, H = +1, and B0 =
14.6 nT.

1Auxiliary material is available at ftp://ftp.agu.org/apend/ja/
2005JA011137.
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MC flux rope: the GS solution

2d magnetostatic non-force-
free Grad-Shafranov equation
																						𝛻𝑝 = 	 𝚥×𝐵
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MC flux rope: the GS solution

MC flux ropes carry 
an average twist of 
t > 3 per AU. Most of 
them deviate from 
the Lundquist solution 
(Hu et al. 2014, 2015; 
Kahler et al. 2011).

18 MC flux ropes by Hu et al. (2014)
model rope twist

twist



[Larson et al., 1997]. The two models used here have
revealed an important result that the definitive MC model
tests with the particle data must be done in the outer regions
of the MCs. The model MC field line lengths there are
significantly longer than estimated Parker spiral lengths and
thus provide good tests for the deduced path lengths only
when r/R0 > 0.5 (Figures 4 and 5). If we take a field line
length of 4 AU as the lower limit for a definitive flux rope
model test prediction, then this study was limited to 10 cases
of the Lundquist model and 5 of the Flux Conservation
model. However, there is little overlap between those model
lengths and the Le > 2.5 AU points of Figures 4 and 5.

[24] Figures 4 and 5 also show that calculated field line
lengths near the MC boundaries are highly model dependent.
The agreement between our twomodels appears best forMCs
6 and 54 and worst for MCs 21 (Figure 4) and 72.2. In MC 21
the LFC field line lengths reached maximum well inside the
boundaries of the MC at r/R0 = 0.6 and then decreased toward
the MC boundary. This same effect occurred for LFC at the
initial 18 October MC encounter in Figure 1, where MC
parameters different from ours were used for that calculation
[Larson et al., 1997]. In contrast, the Lundquist model we
used required that the longest LL occurs at the MC boundary.
This fundamental difference in model field line lengths at or
nearMC boundaries stands out whenwe consider the first and
last events of MC 21 (Table 1), which occurred near the MC

Table 2. Comparison of MC Start and End Times With Other Work

MC Onset Time (UT) End Time (UT) Referencea Time Ranges and Notesb

6 18 Oct 1995 19.8 20 Oct 1995 01.3 MFI 1, 0 h
18 Oct 1995 19.0 20 Oct 1995 01.6 L97
18 Oct 1995 19.0 20 Oct 1995 01.6 J06

21 18 Sep 1997 00.5 20 Sep 1997 12.5 MFI 3, 9 h
18 Sep 1997 03.0 19 Sep 1997 21.0 H05 18 Sep 1997, 20 events outside MC

no listing no listing CRC03
18 Sep 1997 04.0 20 Sep 1997 12.0 J06 18 Sep 1997 event outside MC

32 2 May 1998 12.3 3 May 1998 17.3 MFI 8, 5 h
2 May 1998 13.0 3 May 1998 12.0 S99
2 May 1998 12.0 3 May 1998 17.0 H05
2 May 1998 05.0 3 May 1998 17.0 CR03
2 May 1998 09.0 3 May 1998 17.0 J06

54 6 Nov 2000 23.1 7 Nov 2000 18.1 MFI 1, 12 h
6 Nov 2000 22.0 7 Nov 2000 15.0 H05 7 Nov 2000 event just outside MC
6 Nov 2000 22.0 7 Nov 2000 18.0 CR03
6 Nov 2000 22.5 8 Nov 2000 03.4 J06 7 Nov 2000 events (3) outside MC

61 10 Jul 2001 17.3 12 Jul 2001 08.8 MFI 38, 10 h
10 Jul 2001 17.0 11 Jul 2001 23.0 H05 12 Jul 2001 event outside MC
10 Jul 2001 17.0 12 Jul 2001 09.0 CR03
9 Jul 2001 03.0 12 Jul 2001 03.0 J06

72.2 30 Sep 2002 22.6 1 Oct 2002 11.9 MFI 1, 3 h
30 Sep 2002 23.0 1 Oct 2002 15.0 H05
30 Sep 2002 22.0 1 Oct 2002 13.0 CR03
30 Sep 2002 22.0 1 Oct 2002 14.5 J06

80 24 Jul 2004 12.8 25 Jul 2004 13.3 MFI 2, 2 h
24 Jul 2004 14.0 25 Jul 2004 15.0 CR03 25 Jul 2004 event inside MC
24 Jul 2004 12.1 25 Jul 2004 15.6 J06 25 Jul 2004 event inside MC

81 29 Aug 2004 18.7 30 Aug 2004 20.8 MFI 10, 2 h
29 Aug 2004 19.0 30 Aug 2004 22.0 CR03
29 Aug 2004 09.1 30 Aug 2004 20.3 J06

aMFI [Lepping et al., 2006], L97 [Larson et al., 1997], S99 [Skoug et al., 1999], H05 [Huttunen et al., 2005], CR03 [Cane and Richardson, 2003] (http://
www.ssg.sr.unh.edu/mag ace/ACElists/ICMEtable.html), J06 [Jian et al., 2006].

bMaximum differences in onset, end times in hours. Also, any displacements of electron event MC locations relative to the MFI onset and end times.

Figure 6. Plot of the field line lengths LL versus the aver-
aged electron event field line lengths Le for all events of
Table 1. Solid dots are points inside the MCs, and crosses
are points outside the MCs. Diagonal line marks LL = Le. Figure 7. Same format as in Figure 7, but for LFC.
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Field line length of MC flux rope

Lengths of MC field lines 
are also measured from 
electron travel times, Le = 
ve Dt, to compare with 
models (Larson et al 1997, 
Kahler et al 2011, Hu et al. 2015)

evidence of a separate BDE population [Feuerstein et al.,
2004] indicating closed magnetic topologies. Owens et al.
[2009] modeled the behavior of the 272 eV electron strahl
widths in MCs as a function of distance from the MC mag-
netic axis. They assumed the standard Lundquist fit to a
constant‐a force‐free flux rope, self‐similar expansion and
kinematic distortion of theMCwith heliocentric distance, and
adiabatic focusing and pitch‐angle scattering of the electrons.
Their model strahl widths were broadest in the poloidal fields
near the boundaries and narrowest at the more toroidal fields
closest to the MC axes. Their superposed epoch profiles of
74 MC strahl widths showed some evidence for that shape,
but the trend was much weaker than predicted by their model.
Thus while the BDEs provide an intuitively satisfying sig-
nature of closed magnetic fields in ICMEs, our confidence in
that interpretation is not secure.
[5] Perhaps the optimum energetic particle population for

probing ICME orMC structures are solar energetic (≥10 keV)
electron events. E > 40 keV electron events have been re-
ported in four ICMEs out to 5.4 AU on the Ulysses spacecraft
[Malandraki et al., 2000, 2001], indicating continued solar
magnetic connection well beyond 1 AU and including one
ICME extending to 4.1 AU well south of the ecliptic at 43°S
heliograph latitude. Observed electron BDEs in the ICMEs
indicated possible closed loops or reflection from magnetic
mirrors formed beyond the spacecraft. In the case of closed
loops the BDEs could arise from electron injections at the

second solar footpoint or reflection from the converging
fields above that footpoint [Richardson, 1997], even after that
footpoint has undergone interchange reconnection [Crooker
et al., 2002] in the corona to become an open loop. As with
the Ulysses ICMEs, E > 40 keV electron observations in two
ICMEs in October/November 2003 on the ACE spacecraft
[Malandraki et al., 2005] showed extensive periods of both
unidirectional and BDE flows suggesting complex magnetic
geometries, with the origins of the BDEs uncertain.

1.2. Solar E ≥ 10 keV Electrons as Probes
of MC Field Lines
[6] The work cited above has focused on establishing MC

or ICME field line connectivity to the Sun or the open versus
closed field line topology. Because their small gyroradii
(≤102 km in a 10 g field) constrain the electrons to follow
closely the field lines from Sun to 1 AU, solar energetic
electron events may allow us to measure field line lengths and
provide more definitive tests of MC model fields. The solar
injection times are usually defined by associated type III radio
bursts, and the 1 AU onset times of essentially scatter‐free
electrons yield the lengths to 1 AU of the MC field lines
traversed by the electrons.
[7] Multiple energetic electron injections observed in an

MC on 18–20 October 1995 allowed Larson et al. [1997] to
validate quantitatively MC model field line lengths from the
Sun to 1 AU (Figure 1). Their result is accepted [e.g.,

Figure 1. Composite panel of particles and fields measurements on theWind spacecraft in the 18–20 October
1995 MC. (a) Observed and modeled interplanetary magnetic field of the MC 6. (b) The 3DP electron
fluxes antiparallel to the IMF and (c) the WAVES 10 MHz to 10 kHz emission. (d) The continuous
red line shows the computed model MC field line lengths LFC and the black line is an eye fit to the cross
symbol points calculated from the 3DP electron onset times. Each cross indicates one energy channel
measurement; clusters of points indicate each electron event. The cluster of points at 2200 UT 18 October
are often cited as confirmation of the extended field line length near the outer boundary of the MC.
Reconstructed from Larson et al. [1997].
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(Table 1 and Figures 7 and 8) exceed 1.2 AU, in agreement
with our assumed type III burst injections, and would be
inconsistent with much shorter travel distances based on
assumed injection delays of ∼10 min.

2.2. Magnetic Field Line Length Calculations
[14] To compare the electron travel distances Le with the

model field line lengths, we first let R0 be the radius of
the cylindrical cross section of theMC at 1 AU and let r be the
distance from the axis. Thus r/R0 is the dimensionless dis-
tance from the cloud axis. On the basis of CME coronagraph
images we estimate the Sun‐to‐Sun length of the axial
magnetic field line that reaches 1 AU at its most distant point
to be 2.7 AU and have chosen a range of axial field line
lengths L0 from the spacecraft to the Sun as 1.35 ± 0.25 AU.
Outside of the MCs a constant 1.2 AU Parker field line length
is used. We use two methods to calculate the MC field line
lengths. First, we use the traditional Lundquist solution
[Burlaga, 1995; Lepping et al., 2003, 2006] for which the
length LL of any field line from the Sun can be computed
assuming a two‐dimensional topology, characteristic of
force‐free flux ropes with no field components perpendicular
to the rope axis. LL can be expressed in terms of the axial and
tangential components of the MC magnetic field, which are
orthogonal to each other:

LL ¼
Z L0

0
1þ J1 !r=R0ð Þ

J0 !r=R0ð Þ

! "2
" #1=2

dl ; ð1Þ

where J0 and J1 are Bessel functions, dl is an infinitesimal line
segment along the axial field line, and a is a dimensionless
constant usually set to the value of 2.4. The term under
the square root is independent of dl and can be removed from
the integral, thus making the integral trivial and yielding the
length LL of the axial uncoiled field line [Farrugia et al.,
1993]. That is, the MC field line length at any distance r
from the axis of symmetry can be expressed as a function of
the central field line length L0. Note that this result is inde-
pendent of the variation of R0 as a function of r, the distance
from the Sun. Using the 1 AU MC fits [Lepping et al., 2006]
for the timing and geometry, LL at any point inside the MC
can be estimated and compared to particle observations as
shown for MCs 21 and 81 in the bottom panels of Figures 4
and 5. A similar plot for MC 54, which includes the elec-
tron events of Figure 3, is shown in the work of Kahler et al.
[2009].
[15] Our second computational method uses magnetic flux

conservation, which demands that the axial field component
varies as 1/r2. On the other hand, current conservation in the
cylindrically symmetric topology of a MC demands that the
tangential component BT vary as 1/r. Since the Lundquist
solution has only one free variable, the axial field strength B0,
at least one of these conservation laws is violated. It is,
however, possible to maintain magnetic flux and current
conservation and reformulate a field line length computation
LFC. Somewhat arbitrarily, one can model the radius of the
circular magnetic cloud cross section as a function of the
distance from the Sun along the cloud axis l as

R lð Þ ¼ R0 sin
"

2
l
L0

! "
: ð2Þ

This simple Flux Conservation model, used by Larson et al.
[1997], basically states that the cloud cross section radius R(l)
(minor radius) approaches zero at the two ends (near the Sun)
and is maximum at the furthest point (1 AU). The advantage
of the model is that it has only two free parameters: R0, the
minor radius at 1 AU, obtained from fits to the in situ mea-
surements, and L0, discussed above. Then using the r
dependence of the magnetic field components derived above
from the conservation principles, the field line length integral
from above, and the simple cloud cross section model, we get

LFC r; L0ð Þ ¼
Z L0

0
1þ BT r; L0ð Þ

BA r; L0ð Þ sin
"

2
l
L0

! "! "2
" #1=2

dl; ð3Þ

where only the sin term has any l dependence. All other terms
are constants that can be determined from 1 AU measure-
ments. Note that this formulation does not assume or require
an exact Lundquist Bessel function for the magnetic field at
any location. The requirements of this model are that the MC
still has approximate cylindrical symmetry; thus its cross
section can be described with a minor radius R0, and one can
still define a dimensionless distance from the axis r/R0. This is
why in equation (3), we replaced the Bessel functions with the
1 AU field components. Though we no longer require a pure
Lundquist solution, we still assume that the Lepping et al.
[2006] flux rope fits give a reasonable estimate for the size,
orientation, and impact parameter (the minimum r/R0) of
the MCs. At this point, we could take the actual measured
magnetic field vectors at 1 AU and express them in MC
coordinates. However, commonly superimposed on the MC
fields are significant wave and other local features that do
not represent global topological features. Therefore we use
the smooth, fitted model field configurations generated by
the Lepping et al. [2006] Lundquist solutions, which are also
over‐plotted on the data in Figures 4 and 5 (top).
[16] It also should be noted, as discussed at length by

Lepping et al. [2006], that these fitted field profiles are
allowed to go past the nominal boundaries of the ideal
Lundquist flux ropes, leading to the reversal of the axial
component. This does not adversely impact our conservation
model as its input is simply the observed field line compo-
nents. On the other hand, this was not allowed by our previous
Lundquist formulation that assumed a pure Bessel function
formulation of the MCs. We used equation (3) to evaluate
numerically LFC for each MC as shown in the examples of
Figures 4 and 5, where they are compared with LL and the
values of Le from the electron events. The calculated LL and
LFC values are given in the third and fourth columns of
Table 1. When the values are changing rapidly over the onset
times of the 3DP electron events, we give the estimated value
range. Otherwise we assume an uncertainty of ±20% in LL
and LFC scaled from our uncertainty in the above estimate of
L0. A detailed analysis of how theMCmodel parameters vary
with magnetic field noise has been given by Lepping et al.
[2003].
[17] The comparisons of the model field line lengths in

Figures 4 and 5 reveal two important points. First, the two
models differ little from the assumed axial lengths, taken here
as 1.35 AU, across a broad range closest to the MC axis. The
field line length differences increase as the MC boundary is
approached, so the electron event test cases best for dis-
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properties of MC flux ropes

property typical values at 1 AU

cross-sectional radius (a) 0.1 – 0.5 AU

axial (toroidal) flux 1019-21 Mx

azimuthal (poloidal) flux per AU 1020-22 Mx

magnetic helicity per AU 1040-44 Mx2

magnetic twist per AU 3 - 5 turns, or more

(Lepping et al. 2000, Lynch et al. 2005, Kahler et al. 2011, Hu et al. 2014)

How are flux ropes formed?



association with solar source regions

CDAW (1996-2005) 
identified solar source 
for 88 geomagnetic 
storms (Dst < -100 nT), 
46 being MCs.    

#	of	MCs	(46) Solar	Source

28	(61%) Active	Regions

8	(17%) Quiet	Sun

10	(22%) unknownZhang et al. (2007)



The debate on nature or nurture: the flux rope is born from 
below the photosphere (emerging flux rope), or is made in 
the corona, by reconnection, during its eruption (in-situ 
formed flux rope), or a hybrid of the two. 

genesis of a flux rope

Pre-existing	rope	 In-situ	formed	rope

idea Formed	in	convection	zone,	
emerges	to	the	corona,	or	
formed	in	the	corona,		but	
prior	to	eruption

Formed	in-situ	during eruption	by	
magnetic	reconnection

models Chen89,	Low96,	Gibson98,	
Fan04,	Forbes-Priest-Isenberg-
Lin,	VanBallegooijen89

Moore80,	Mikic88,	Mikic94,	
Choe96,	Demoulin96,	Titov99,		
Antiochos99,	Amari03,	Longcope07

observations filaments,	sigmoids,	other	
indirect	signatures.

sheared	arcades,	other	indirect	
signatures.

problems cannot	measure	magnetic	
field	in	the	corona

cannot	measure	magnetic	field	in	
the	corona



prominence (HAO) SXT/Yohkoh

examples of a pre-existing flux rope

Filaments and sigmoids are magnetized plasma structures 
present prior to eruption with higher chance of MC 
occurrence.

Canfield et al. 2000

SXR 
sigmoid



infer flux rope properties from surface signatures

Physical property Surface signatures research

dynamics CME speed Gopalswamy01

orientation, 
handedness

global magnetic field
loop arcade
filament
Sigmoid
dimming

Mulligan00
McAllister98
Rust94, Bothmer98
Canfield99, Pevtsov01
Webb00

axial (toroidal) flux active region
filament
dimming

Leamon04
Lepping97
Webb00

azimuthal (poloidal) 
flux, electric 
current,
helicity

active region
dimming
CME/flare
flare

Demoulin02, Nindos03, 
Leamon04
Mandrini05, Attrill06
Moore07
Longcope07, Qiu07, 
Kazachenko09,12



Flux rope formed by magnetic reconnection of a sheared 
arcade, transferring shear to twist.

van Ballegooijen & Martens (1989)

flux ropes formed by reconnection



poloidal or azimuthal 
magnetic flux Fp: the 
amount of twist along the 
field lines

The helical structure, 
or the twist, results 
from magnetic 
reconnection. 

toroidal or axial 
magnetic flux Ft

ribbons

flux rope formed by
reconnection

poloidal flux

reconnection flux Fr  

reconnection

Longcope et al 
(2007a, b), Priest 
et al. (2016, 2017)



reconnection is “visible” in disk observations

Flare loops and their foot-points are bright because of 
plasma heating along post-reconnection flux tubes.



reconnection 
rate (general)

dAin

Bin

BR

dAR

reconnection
Vin

reconnection is measured from flare ribbons

v

v

(Forbes & Priest 1984)

(Terry Forbes)



by mapping ribbons on the magnetogram
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reconnection flux is a good fraction of the AR flux

reconnection flux
(1020-22 Mx)

reconnection rate
(1017-19 Mx/s)

Qiu et al, 2002-2010, Kazachenko et al. (2017)



toroidal flux from the standard-model

Moore et al. (2001)

The erupting rope causes 
coronal dimming at the two 
feet, with which the axial 
flux of the rope is estimated. 



handedness of reconnection formed flux rope

Yurchyshyn et al. 2001, Leamon et al. 2004, Hu et al. 2014



WEBB ET AL.: ORIGIN AND DEVELOPMENT OF MAY 1997 MAGNETIC CLOUD 27,255 

Figure 3. (Top) EIT difference image (0507 UT-0450 UT) and (bottom) MDI image (0454 UT). Superposed are the area masks 
which were used to estimate total magnetic flux at the assumed footpoints of erupting loop system. Masks used for the southwest 
(left) and northeast (right) dimming regions. 

(see the paper of D. Berdichevsky et al., Interplanetary fast flux direction, relative to the field direction, changed sign from 
shocks and drivers observed through the twenty-third solar negative to positive, where it remained throughout the cloud. 
minimum by Wind over its first 2.5 years, submitted to Journal The period between the shock and the cloud onset was a 
of Geophysical Research, 1999) had a surface normal that was 
very close (within 6 ø) to perpendicular to the cloud's axis, as 
expected if it were being driven by the CME/cloud. This 
approximately orthogonal relationship between the shock 
normal and a cloud axis has been observed for other cases. 
After the shock arrived at Wind, the plasma density, tempera- 

ture, and velocity all increased sharply. The plasma signatures 
that best mark the cloud onset occurred at 0950 UT. At this 

time the proton temperature decreased sharply, and the heat 

turbulent region usually considered to consist of compressed 
ambient solar wind material and draped ambient IMF. How- 
ever, some of these structures were possible overlying preexist- 
ing fields that might be ejected as part of the CME, i.e., that lie 
between the shock and the coronal cavity/magnetic cloud 
[Tsurutani et al., 1998]. 

The plasma observations at Wind showed the following: (1) 
Unlike the earlier January 1997 halo CME [Burlaga et al., 
1998; Webbet al., 1998], there was no high-density material or 

An event on 1997 May 12-15 analyzed by Webb et al. (2000)

parameters Solar surface 
signatures

MC flux 
rope

Projected	
orientation

450 NE	of	equator	
300 - 550 NE	(range)	
550 axis	of	dimmings
Filament	rotates	

toward	E-W

-110 ecliptic	
latitude,	
1080 ecliptic	
longitude	
S-E-N	type

handedness left left

Magnetic	
flux

1.0x1021 Mx
(dimmings)

7.35x1020	Mx
(axial)

speed 600	km/s	(CME	front) 430-500	
km/s	

compare MC and solar signatures



(Qiu et al. 2007, Hu et al. 2014)

reconnection flux and MC flux



(Qiu et al. 2007, Hu et al. 2014)

reconnection flux and MC flux



dimming flux and MC flux

(Qiu et al. 2007, Mandrini et al. 2005, Attrill et al. 2006)



flare configuration and MC twist

An event with decreasing 
twist (Hu et al. 2014)



flare configuration and MC twist

An event with flat twist (Hu 
et al. 2014)



flare configuration and MC twist

Which one is correct? What do we see in MC flux rope 
and flare? (Priest et al. 2016, 2017)



Summary

MC measurements provide evidence of flux ropes, which 
probably carry a large amount of twist. 

MC flux ropes are formed in the Sun, and reconnection 
plays an important role in its formation, as well as its 
energetics.


