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Abstract. Using Advanced Composition Explorer (ACE) in Keywords. Interplanetary physics (Interplanetary magnetic
situ data we identify and describe an interplanetary mag-ields) — Solar physics, astrophysics, and astronomy (Flares
netic cloud (MC) observed near Earth on 13 April 2006. and mass ejections)

We also use multi-instrument and multi-wavelength observa-
tions from the Solar and Heliospheric Observatory (SOHO),
the Transition Region and Coronal Explorer (TRACE) and
ground-based solar observatories to determine the solak Introduction

source of this magnetic cloud.

A launch window for the MC between 9 and 11 April 2006 Magnetic clouds (MCs) are a subset of interplanetary coro-
was estimated from the propagation time of the ejecta obhal mass ejections (ICMEs), and are defined by three main
served near Earth. A number of |arge active regions (ARS)characteristics: the magnetic field rotates Smoothly through
were present on the Sun during this period, which were ini-& large angle during an interval of the order of one day, the
tially considered to be the most likely candidate source re-magnetic field strength is higher than that in the average solar
gions of the MC. However, it was determined that the So_Wind, while the temperature is lower than that in the average
lar source of the MC was a small, spotless active region obsolar wind Burlaga et al.1981, Burlaga 1995. Richardson
served in the Northern Hemisphere. Following an eruptionand Cang1999 found that ICMEs typically have’), <T,.,
from this region on 11 April 2006, the ACE spacecraft de- WhereT), is the proton temperature affg is the “expected
tected, 59 h later, the passage of the MC, preceded by thé," determined from the empirical correlation between the
arrival of a weak, forward fast shock. velocity of the solar wind and’,. Other large-scale solar

The link between the eruption in this active region and thewind_strqctures,_such as interplanetary sector boundaries, co-
interplanetary MC is supported by several pieces of evidence/Ctating interaction regions or post-shock ICME flows can
including the location of the solar source near to the disk cen&Xhibit any of the above featureBdthmer and Schwenn
tre and to the east of the central meridian (in agreement witht992, but the combination of all three appears to be unique
the spacecraft trajectory through the western leg of the mag!® magnetic clouds (e.gothmer and Schweni998.
netic cloud), the propagation time of the ejecta, the agree- ICME identification remains a fairly ambiguous process
ment between the amount of flux in the magnetic cloud andsince many of the signatures associated with ICMEs are not
in the active region, and the agreement between the signs dgiresent for every ICME, and they often do not define pre-
helicity of the magnetic cloud and the active region (which Cisely the same boundaries. This is expected since the var-
differs from the sign of helicity of each of the other active ious signatures arise from different physical phenomenon
regions on the Sun at this time). In addition, the active re-(€.9.Zwickl et al, 1983 Crooker et al. 1990 Richardson
gion is located on the boundary of a coronal hole, and a highand Cang1995 Neugebauer and Goldste997 Mulligan
speed solar wind stream originating from this region is ob-et al, 1999 Richardson et al2003.
served near Earth shortly after the passage of the magnetic Structures on the Sun can be quantitatively linked to MCs

cloud. at Earth for quiescent filament eruptions (eBgthmer and
Schwenn 1998 Mulligan et al, 1998 and active regions
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shockA B and by comparing the orientation of the coronal and inter-
25 o T ' planetary magnetic field@moulin 2008.
20 M/ We first describe in Sects. 2 and 3 the components that
—0 15 comprise an ICME observed atl AU on 13 April 2006,
@_5 10 and the signatures from which this ejecta is identified as a

magnetic cloud. We also define its boundaries from mag-
g I N i netic field and plasma parameters and describe the geometry
1 of the MC. The time of eruption of the coronal mass ejec-

m 10 tion (CME) at the Sun is estimated and we then describe the
0@3 e 5 process used to determine the solar source in Sect. 4, and
< 0 discuss the elimination of several larger active regions as the
A -5 solar source. In Sect. 5 we present the evidence that suggests
-58 —— the eruption originated from a small, Northern Hemisphere
active region on 11 April 2006. Finally, in Sect. 6 we link
% o 10 the events observed near Earth and in the corona.
5
;E 2 Observational evidence of the ICME
m 10 2.1 Determining the boundaries of the ICME
& E 0 We anal i
) ysed 16 second resolution data from the
R 1o ACE/Magnetometer Instrument (MAGSmith et al,
y 1998 and 64 second resolution data from ACE/Solar Wind,
2 %8 Electron, Proton and Alpha Monitor (SWEPANIcComas
'E —~ 25 et al, 1999, located in the vicinity of the Lagrangian point,
é’ ? 212 L1, over the 3 day interval 12:00 UT on 12 April 2006 to
g § 10 12:00 UT on 15 April 2006. Magnetic field intensity and its
I ~ 5 components in Geocentric Solar Ecliptic (GSE) coordinates,
A 8 , proton density, solar wind speed and proton temperature
70 as a function of time are shown in Fig. 1 and were used
;?600 to describe and characterise the magnetic cloud arriving at
EESOO ~1 AU on 13 April 2006.
=400 We observed the arrival of a weak, forward fast shock at
ACE at~11:00UT on 13 April 2006. This was identified
342 in the data by simultaneous observations of discontinuities in

the magnetic field intensity, proton density, solar wind bulk
speed, and proton temperature, each of which were seen to
increase at this time. This shock was produced because the
speed of the leading edge boundary of the cloud relative to
0 the solar wind was greater than the magneto-acoustic speed
0 1.0 . . (Lepping et al.1997. Following this, between-11:00 UT
Time aft and~16:00 UT on 13 April 2006, the, gsg By,cse and

B, cse components of the magnetic field become more vari-

able, fluctuating rapidly. The proton density and temperature
Fig. 1. Interplanetary mggnetic field and plasma data qbtained fromgre also observed to peak during this interval, and the com-
the ACE spacecraft during the passage of the ICME ejecta. We plopination of these three signatures indicates the passage of the

the magnetic field intensity, and its components in Geocentric : “ » . .
Solar Ecliptic (GSE) co-ordinates, proton density, solar wind bulk h,?etl’ derr;iig)ilrieutz:;:n\(j;g??ﬁz?\ﬂ(S:heath plasma, immedi
ptely p g .

speed and the proton temperature as a function of time. Vertica ) e . .
lines indicate the arrival of a shock (red) af.1:00 UT 13 April The identification of the MC and the locations of its

2006 and the boundaries, A and B, (blue) of the magnetic clouddoundaries were determined by considering a number of
at ~16:00 UT 13 April 2006 and~01:15UT 14 April 2006, re- magnetic field and plasma signatures that are considered to
spectively. The duration over which counterstreaming, supratherbe typical of magnetic flux ropes. A decrease in the vari-
mal electrons are observed is indicated by the horizontal green lin@bility of B was observed betweenl6:00 UT on 13 April
between~14:30 UT anc~22:00 UT 13 April 2006. 2006 and~01:15UT on 14 April 2006, accompanied by

Proton Temp
(kelvin)
(&)
H
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an increase irB from ~5nT to ~20nT. A smooth, coher- T
ent rotation of theB, gsg, By gsk andB; gse components ‘
of the interplanetary magnetic field was also observed, with
a bipolar signature seen in th, gse component. During
this interval, the proton temperature remains predominantly
low, with values similar to pre-event levels ef5x10*K,
even though the solar wind speed is higher than in the pre- ‘ [
event region. Counterstreaming, suprathermal electrons were =20 . | 4 -20L.

By,cloud (nT)
°. .3,

._.
L2

sl vl s
also observed during the passage of the ejecta, between %Lclg?ld (3% 50 -lgx’ C?O‘lel(?lT) 20
~14:30UT anc~22:00UT on 13 Apl'" 2006. —_ 30T rrrrrrrr 71
g
E
3 Determining the geometry of the MC g
m

Magnetic clouds are widely modelled as force-free, large-
scale, cylindrical magnetic flux ropes (elgepping et al,
199Q Lynch et al, 2003 Marubashj 1997. The lines of
force of the magnetic field given by the solution for a cylin-
drically symmetric force-free field with constamtare a fam-

ily of helices with pitch increasing from the axis of the mag-
netic cloud (where the magnetic field is a straight line), to
the boundary (where the lines of force are circl&)r{aga
1988.

The orientation of the axis of the observed MC was de-
termined using a minimum variance analysis (MVA) of the
magnetic observationsSénnerup and Cahjlll967). This
method can be used to find the natural co-ordinate system of j5-1
aflux rope. Figure 2 shows the magnetic field components in L '2 L £|1 L1 61 L1 é -
local magnetic coordinates obtained from the minimum vari- Time after: 13 April 2006 16:00 (Hours in UT)
ance analysis. ThB, coud Panel shows a bipolar signature
in the maximum variance direction and represents the rota-
tion of the azimuthal field, whilst the axis of the cloud, the Fig. 2. Magnetic field components in local magnetic coordinates
B cloud COMponent, is in the intermediate direction. from the minimum variance analysis performed over the duration
of the magnetic cloud (16:00 UT 13 April 2006—01:15UT 14 April

Figure 3 shows the orientation of the magnetic cloud in
the y-z GSE plane. The MV analysis suggests that the aX_2006). The two upper panels show the hodograms for the MC. The

. L . . . . upper left panel shows the coherent rotation, while the upper right
'a_l me_lgnetlc field of th_e MC is r_namly_m th? po_S'tM@SE panel shows the noise in the cloud direction. The lower three
direction and the maximum variance is mainly in $se  panels show the evolution of the magnetic field components (with

direction, rotating from positive to negative. The MV analy- the orientation of the cloud given by the minimum variance method,
sis gives a ratio between the intermediate and the minimungee Sect. 3).

eigen-values of-17 (which implies that the minimum vari-
ance direction is well-defined{scoe and Suey972) and

T IIIIIIIIlIIIl[IlI-

Bx,cloud (nT)

a low mean value and no large-scale trend forBhgioud Se- The spacecraft impact parameter (the minimum distance
ries inside the MC, which are arguments in favour of havingfrom the spacecraft trajectory to the axis of the cloyg)),
a well-defined MC axisGulisano et al.2007). is estimated using the method describedGylisano et al.

The MC axis orientation is described Byand¢, whered (2007, which is valid for the force free.undquist(1950
is the angle between the ecliptic plane and the MC axis, andnodel. The deviation from zero of the mean value of the
¢ is the angle betweengsg and the projection of the MC By cloud COMponent of the magnetic field (in the direction of
axis on the ecliptic plane (measured positive when anticlock-minimum variance) can be used to obtain an estimatiqm of
wise). We find that~68° and $~294, so the projection  as p~R./<Bx cloud>/1.6 Bo), whereR is the radius of the
of the axis of the cloud on the ecliptic plane points predomi- MC and By is the central field strength.
nantly towards the solar west (hegativgsg direction) with a By cloud IS expected to be zero when the spacecraft passes
positivexgsg component. The field rotation implies that the through the centre of the MC (whea0). For this MC, the
MC is left-handed and this means that the sign of the helicitymean value ofB, cloud Was measured to be3nT and the
of the MC is negative. magnetic field at the cloud axi®g, can be estimated as the

www.ann-geophys.net/26/3159/2008/ Ann. Geophys., 26, 3B38-2008
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GSE y-z plane 3.2 Effects of the boundary selection

1.0
' N | The rear boundary of this magnetic cloud is not clearly de-

E+W . fined; however from using the expected conservation of the

- magnetic flux in closed structures, such as flux ropEséo
et al, 2006, and fixing the start time as 16:00UT on 13
April, we can select the rear boundary to be near 01:15 UT,
where there is also a discontinuity By gsg, as is expected
to be observed at current sheets that separate different mag-
netic connectivitiesPasso et a).2006).

A number of locations for the rear boundary were explored
before the boundary at01:15 UT on 14 April 2006 was se-
lected. For each of the preliminarily identified boundaries we
performed an MV analysis over the MC duration, and this
indicated that changes in the rear boundary location between
, _ ~01:15UT and~11:00 UT 14 April 2006 do not result in
-1.0 major changes in the orientation of the MC axis.

0.5 S
Z 00|

-0.5|

4 Locating the solar source of the ejecta
Fig. 3. The orientation of the magnetic cloud obtained from per- o )
forming a minimum variance analysis over the cloud duration is4.1 Estimating the launch window of the MC

illustrated in the y-z GSE plane. The axial field is mainly in the )
positivezgsg (northward) direction, whilst the rotation of the MC ~ The average speed of the ejecta near Earth was measured to

is mainly in theygsg direction, rotating positive to negative (eastto be 520kms?t. Assuming that this remained relatively con-
west). This indicates that the MC is left-handed and the sign of he-stant as the MC propagated away from the Sun, we might
licity of the MC is negative. (Adapted frofBothmer and Schwenn  expect a propagation time of 80 h from the corona to 1 AU,
1998. calculated from the arrival time of the centre of the MC. Se-
lecting the time of arrival of the centre of the cloud, rather
) ! , . than that of the shock front, reduces the likelihood of mix-
maximum observed field because at this position the magy, g the expansion of the structure and its global motion in
netic field is practically axial: cioud is the largest field com- the solar wind. This suggests that the CME is likely to have
ponent by a faCt,ONG); t,hUSBONw nT. A va!ue forp/R of originated at the Sun at12:00 UT on 10 April 2006. How-
~30% was obtained (with the true central field strengh ever, since the ICME was travelling significantly faster than

or an estimate with fitting a model to the data, this estimatethe solar wind, the ejecta is unlikely to have been propagat-

of p would only be slightly lower). _ ing at a constant speed and was most probably decelerated as
From the measured vel_ocny, tr_'e spacecr{;\ft trajectory; propagated into interplanetary spaée(ner et al.2007).
through the cloud and the time period over which ACE 0b- \ g itaple launch window for the magnetic cloud was con-

i i —2
SEerves the_ cloud, we eSt'mgte a radub_B,vS.?x 102 AU, sidered to be between 9 April 2006 and 11 April 2006.

which |mpI|es_a small magnetic cloua8 times smaller than An initial survey of the Sun during this launch window re-
averagel(epping et al. 1990). vealed none of the more obvious CME signatures that might
be expected. No large, eruptive flares, and no large propagat-
ing dimmings or deep dimmings were observed, making the

From the value obtained for the radius of the cloud and an esS$ource region of the MC more difficult to determine.
timate of the magnetic field at the cloud axBy, the classi-
cal, linear force-free model of Lundquist (1950)x B=«B,

with ponstanta (e.g. Burlaga et al. 1931' Burlaga 1985.5 . There were four known active regions on the Sun at
Lepping et al, 1990 can be used to estimate the flux within ~12:00 UT on 10 April 2006. AR10871 was located on the

the magnetic cloud. The ax!al flu, IS ~2.0x 10210 Mxand — qog limb, AR10866 and AR10867 were located on the west
the azwputhal fluxF per'umt Iength', is-1.1x 10! Mx/AU. . limb, and AR10869 was located slightly south-west of the
The a2|_muthal flux within _the MC. is greater than the axial centre of the disk. There was also a region of emerging flux
flux, as is expected for a highly twisted flux rope. east of disk centre, which later developed into AR10870. A
small active region north-east of disk centre emerged on 10
April 2006, but did not become sufficiently large to develop
sunspots or be allocated a NOAA active region number. The

3.1 Magnetic flux of the MC

4.2 Survey of possible source regions

Ann. Geophys., 26, 3153168 2008 www.ann-geophys.net/26/3159/2008/
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active regions on the limbs were much larger than those on A positive twist is expected in Southern Hemisphere ARs
the disk, but any CMEs erupting from these regions wereaccording to the hemispheric chirality ruleBejitsov and
considered unlikely to be directed towards the Earth, since @8alasubramanian2003. Further investigation of AR10869,
CME is expected to propagate away from the Sun approxi{ocated in the Southern solar Hemisphere, indicated that this
mately radially Hundhausenl 994 St. Cyr, 1999 2000. is likely to be the case for this active region. Since the sign

The SOHO/Extreme-Ultraviolet Imaging Telescope (EIT, of helicity of this AR does not seem to be in agreement with
Delaboudinére et al. 1995, which observes the full Sun reg- the negative sign of helicity of the magnetic cloud, AR10869
ularly with four different filters and with a pixel size of 2.6 is unlikely to be the solar source of the MC.
arcsec, was initially used to look for any eruptive activity in ~ An inspection of the helicity signs of all of the remaining
the active regions present on and around 10 April 2006. Atactive regions on the Sun at this time by considering mag-
05:47 UT on 10 April 2006, an EUV brightening was ob- netic “tongues” when the apex of the flux rope was crossing
served at 198 corresponding to a GOES B4.4 class X-ray the photosphere, indicated that it is likely that all except one;
flare in active region 10869 with an onset time of 05:42 UT the small, Northern Hemisphere active region, had a positive
(peaking at 05:48 UT), indicating possible reconnection fol- Sign of helicity. Assuming conservation of magnetic helic-
lowing an eruption in this region. The EIT observations of ity, this allowed us to rule out each of the regions with an
the ejecta, combined with the location of the active regionopposite helicity sign to that of the MC.
near to the disk centre and the good agreement of the time
of the eruption with the propagation time estimated for the4.2.2 Disappearing filaments
ejecta to travel from the corona tel AU, suggests that this ) _

CME might be the solar source of the magnetic cloud ob-Filaments, or eruptive prominences frequently accompany
served near Earth on 13 April 2006. However, it is necessanf-MES (e.gHundhauser1993 Hanaoka et a 1994 Gopal-
to check other association criteria and analyse any other pogWwamy et al. 1996. When a filament begins to rise dur-

sibility of eruption from other regions before concluding. N the eruption of a CME, the ¢l emission is Doppler
shifted and may no longer be visible in narrow band im-

ages. These are known as “disappearing filameriRalk(

et al, 2006. They represent a good proxy for the config-
uration of the coronal magnetic field: they over-lie polarity
inversion lines and the surrounding coronal magnetic fields
Magnetic helicity is an approximately conserved quantity in are highly sheared. CMEs accompanied by a disappearing
resistive MHD with low resistivity Berger 1984 and pro-  fjlament are useful in order to try and predict their magnetic
vides a quantitative link between eruptions from the coronagopology Bothmer and Schwenri994 1998 Mulligan et

and corresponding CMEs observed in situ at 1 AU. Thus, theg| | 1998.

erupting structure in the solar corona is expected to have gy opservations, obtained from a number of solar obser-
the same helicity sign as the ICMBgthmer and Rust  yatories, show several filaments present on the disk during
1997). For a magnetic flux rope, the helicity is given by the Jaunch window of the magnetic cloud. Some small fila-
H=®*(T,,+W,), where® is the axial magnetic flux within - ments can be identified in the active regions, whilst there are
the rope.T;, is the twist or number of windings of the field 150 some quiet-Sun filaments present in both the Northern
lines around the axis, andl, is the writhe; which is a mea-  ang Southern Hemispheres. The evolution of the only visi-
sure of the distortion of the flux rope axis. For a cylindrical e quiet-Sun filament located in the Northern Hemisphere,
flux rope with little or no writhe, the sign of helicity of the \yhich was expected to have negative helicity, was studied to
rope equals the sign of twist. Positive helicity corresponds togetermine if the magnetic cloud could have originated from
positive (right-handed) twist and negative helicity to negative 5 quiet-Sun source, but this filament is not seen to erupt be-
(left-handed) twist. tween 9 and 11 April 2006.

There are several ways to determine the sign of helicity in - The spatial resolution of thedddata was not sufficient to
the coronal field Démoulin 2008, however in the present resolve any filaments or filament eruptions in the Northern
case, there is only one way to determine the sign of helic-Hemisphere active region.
ity from the available data. When the apex of a flux rope
emerges across the photosphere, the presence of twist prd-2.3 Coronagraph observations
duces a contribution of the azimuthal field projected onto
the line-of-sight component. This is observed in longitudi- A very faint, partial halo CME was observed-a06:00 UT
nal magnetogram data as two elongated “tongues” of oppoen 10 April 2006 by the SOHO/Large Angle Spectroscopic
site polarities in the active region field§pez Fuentes etal. Coronagraph (LASCOBrueckner et a).1995, extending
2000. For a positive twist, the leading polarity appears elon-towards the south west of the Sun. This is the only par-
gated and extends southward of the following polarity. Thetial halo CME recorded in the LASCO CME catalog dur-
situation is the mirror image for a negative sign of twist. ing the launch window of the MC, and this was verified by

4.2.1 Determining the magnetic helicity signs of possible
source regions

www.ann-geophys.net/26/3159/2008/ Ann. Geophys., 26, 3B38-2008
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graph. The linear speed and the estimated onset time of this
CME recorded in the LASCO CME catalog are 183km s
and~04:00 UT, respectively. A lack of eruption signatures
on the solar disk corresponding to this CME have led us to
conclude that this was a back-sided event.

5 Analysis of the Northern Hemisphere solar source

Using the SOHO/Michelson Doppler Imager (M3¢cherrer

et al, 1995, observations of the small Northern Hemisphere
active region (identified in Fig. 4) can be made just as the
apex of the2 loop is emerging. It is seen in magnetograms
of this AR from SOHO/MDI in Fig. 5 that the leading (pos-
itive) polarity extends northward of the following (negative)
polarity during the early emergence phase. This indicates
that the emerging flux rope contained negative helicity. The
schematic included in Fig. 5 more clearly illustrates the rela-
tive positions of two elongated “tongues” of opposite polari-
ties when a region has a negative sign of helicity.

At 09:24 UT on 11 April 2006, a cusp was observed in
this AR by SOHO/EIT at 198, and the formation of post-
eruption loops was observed by the Transition Region and
Coronal Explorer (TRACEHandy et al. 1999 at 171A.
Figure 6 shows the coronal evolution of this active region
in EUV with SOHO/EIT and TRACE. Highlighted are cusp-
shaped coronal loops that are thought to be produced as a
result of the reconnection of field lines previously opened by
an eruption, so provide a signature of eruptiStufrock and
Smith, 1968.

This active region is situated on the boundary of a coro-
nal hole. Whereas ARs contain mainly closed magnetic field
lines, coronal holes are regions of low emission dominated
by “open” magnetic field lines{opp and Holzer1976. De-
spite the small size of this active region, its location means
that it might be expected to erupt more readily than if it were
OHO'MDI 09:35 UT situated in the quiet Sun. Reconnection between the active
region field and the coronal hole field leads to closed AR
fields being opened. This removes field overlying the core of
the AR and leads to the rapid decrease of the field strength

Fig. 4. The locations of all of the active regions on the visible disk . . .
of the Sun at the time at which the CME associated with the mag—WIth respectto height, and increases the ease of the escape of

netic cloud erupted. At 09:24 UT on 11 April 2006, there are four the QjectaBaker et al.2007 Torpk and Kliem 2007).
active regions on the Sun observed by SOHO/EIT atA@&d ob- Liu (2007 showed observationally that CME source re-
served a short time later by SOHO/MDI. The eruption originates 9i0Ns in coronal holes produce fast ejecta (with speeds of up
from a small, spotless active region located slightly north east ofto 2000 km s1). This suggests that the velocity of this erup-
disk centre (shown within the boxes). AR10869 is located towardstion may be faster than might be expected for a region of this
the west limb, and AR10870 and AR10871 are both located east ofize. Observations of the MC near Earth indicate that it was
the central meridian. All of the active regions that have been a|-propagating at a velocity of 520 kms However for this
located NOAA active region numbers are situated in the SoutherncME to travel 1 AU in only 59 h, it must have had a substan-
solar Hemisphere. tially faster initial velocity, which decreased as it propagated
away from the Sun. We estimate that the mean velocity of
this ejecta, during its transit from the Sun to 1 AU, must have
a visual inspection of the LASCO data. The first observa-been nearer to 710 knts.
tion of this CME was by the C2 coronagraph at 06:06 UT, SOHO/MDI returns the line of sight (longitudinal) flux
and at 11:18 UT the CME became visible in the C3 corona-density, averaged over the pixel field of view. Multiplying

11 April 2006 SOHO EIT 09:24 UT

Ann. Geophys., 26, 3158168 2008 www.ann-geophys.net/26/3159/2008/
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Fig. 5. Longitudinal magnetogram observations from SOHO/MDI of flux emerging in the small, Northern Hemisphere active region. White
corresponds to positive polarity magnetic field, whilst black corresponds to negative polarity magnetic field. The first magnetogram (left)
shows magnetic flux in the active region soon after it begins to emerge. In the second magnetogram (centre) the leading (positive) polarity
field extends to the north of the following (negative) polarity field. Included on this magnetogram is a schematic illustrating the relative
positions of two elongated “tongues” of opposite polarities when the emerging active region has a negative sign of helicity, as in the case of
this active region. The last magnetogram (right) shows the well separated footpoints of the developed active region.

the flux density by a given area then gives the total flux con- — From the in situ data, it is predicted that the ACE space-
tained within this area. To measure the magnetic flux within craft crossed the western leg of the MC (sigee294°,
an active region a polygonal contour, defined by visual in- the MC axis is in the quadrant defined kygse>0 and

spection, is fitted around the region and the flux is summed  ygsg<0). Thisis in agreement with the eastern position
within it. The MDI instrument requires some corrections and of the source region with respect to the central meridian.
for this we follow the method of Berger and Lites (2003). In ) o )

our data, the flux values must be corrected by a factor of 1.45 — The magnitude of the flux within the magnetic cloud

which gives the magnetic flux of the active region (average d_oes not exceed the calculated flux within the active re-
between values obtained for the positive and negative fluxes) 90N

0
to be 7¢:0.4)x 10O Mx. Moreover, the location of the source region near to the central

meridian at the time of the eruption, together with its close
6 Linking the coronal eruption to the interplanetary prOX|m|ty_to a coronal hole that Is situated to the e,_ast of this
MC AR explains the presence of a high speed solar wind stream
following the magnetic cloud. Prior to the arrival of the MC,

In Sects. 2 and 3 we described an interplanetary MC observel1€ solar wind speed is representative of thelaverage speed of
near Earth on 13 April 2006. This MC and the coronal erup-the slow solar wind propagating a400kms . The prop-

tion described in Sect. 5, have properties that indicate thei@gation speed of the magnetic cloud is faster than this solar
probable association, as follows. wind flow, and this consequently results in the formation of a

forward fast shock. Shortly after the time at which the CME
— The eruption occurs close to disk centre, and sinceerupts from the small, Northern Hemisphere AR, the coro-
CMEs predominantly propagate away from the Sun innal hole passes the central meridian of the Sun and a high
a radial direction, this implies that the event could also speed solar wind stream originating from this region is ob-
have been observed by ACE. served near Earth, with speeds reaching up @0 kms?

following the passage of the MC.
— Two and a half days travel time means that this eruption

occurs within the expected launch window of the CME,
given that this CME must have erupted from the Sun7 Discussion and conclusions

with a much higher initial velocity than the velocity of ) )
the MC measured near Earth, due to its location on thel he ICME observed near Earth on 13 April 2006 was iden-

boundary of a coronal hole. tified as a magnetic cloud. The magnetic field rotated
smoothly, the magnetic field strength was elevated, and the
— The magnetic helicity sign of the MC and that of the proton temperature was low for a duratiornre® h. Analysis
small, Northern Hemisphere active region are in agree-of the geometry of the cloud implied that it was orientated ap-
ment, providing evidence of the same region ICME con- proximately in the direction east-north-west, and that it had
nection. left-handed (negative) twist.
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1. Simple expansion of coronal loops or pre-existing flux
rope. In this scenario the axial flux of the magnetic
cloud should match the longitudinal flux in the dim-
mings (which is thought to reveal the “feet” of the ex-
panding and erupting magnetic structure). However, the
eruption studied in this event showed no dimming signa-
ture. In this case, the longitudinal flux contained within

. the active region sets an upper limit for what is expected

11 April 2006 08:48 UT : : to be detected in the MC. In our case this holds, as we

find that the active region flux is a factor of 3.5 larger

than the axial flux of the MC.

2. Flux rope formation during the eruption. In this sce-
nario the flux rope was not present before the eruption,
but instead was formed through successive reconnec-
tion as the eruption proceeded. This means that the az-
imuthal field of the MC comes purely from reconnection
which not only produces the ejected flux rope, but also
produces the flare loops below. As a result of tis et
al. (2007 propose that in this case the azimuthal flux is
approximately equal to the reconnection flux observed
in the flare ribbons. In our case no flare ribbons were
produced so we cannot further investigate this scenario.

11 April 2006 09:12 UT | 11 April 2006 09:12 UT

3. Eruption of a flux rope with reconnection proceeding
underneath. In this scenario (also known as the CSHKP
scenario Carmichael1964 Sturrock 1966 Hirayama
1974 Kopp and Pneumari976, as the flux rope rises
reconnection proceeds below it. This reconnected flux
closes down to form flare loops and up to add azimuthal

Fig. 6. Coronal evolution of the small, Northern Hemisphere active flrx to the pre-eXISrt]lng ;IUX r_ope.h I:]ﬂthl§ casQju eth
region prior to and following the eruption that occured in this re- al. (2007 propose that the azimuthal flux is greater than

gion at~09:24 UT on 11 April 2006. The left column shows data the reconnected flux. Again, the absence of flare ribbons
from SOHO/EIT at 19%\. A cusp-shaped coronal loop is oberved means that this scenario cannot be tested.

at 09:24 UT (red dashed line) providing evidence of an eruption inW d h ffici b . | evid d
this region. The right column shows data from TRACE at A7In e do not have suiiicient observational evidence to deter-

which post-eruption loops are observed coinciding with the time of MiNe With any certainty which of these scenarios is most
the eruption estimated from the SOHO/EIT observations. The fieldlikely to have occured for this event, although we do observe
of view of these images is 120120 arcsec (2.62 arcsec per pixel). @ cusp which indicates that reconnection does take place,
even though it is not energetic enough to produce a solar
flare. The presence of reconnection in the AR combined

) L . with the magnetic fluxes measured in the AR and in the MC
There was eruptive activity in a small, Northern Hemi- favours the second or third scenarios.

sphere activ_e region for Whigh th_e timing was in agreement 1. 0qrini et al.(2009 studied an eruption from an X-ray
with the estimated propagation time required for the CME p, it hoint situated within a coronal hole; which formed the
to travel from the corona to 1 AU. Evidence for this eruption g,5j1est magnetic cloud observed to that point in time. Al-
included a cusp and post-eruption loops identified in EUV 01 there are similarities between our event and that stud-
observations. At this time, this appears to be the only activeggq by Mandrini et al., there are also some interesting dif-
region on the_visible _disk with _a_negative sign of helicity, In ¢t ances The eruption iMandrini et al.(2009 produces a
agreement with the sign of helicity of the cloud. transition from sigmoid to cusp in the structure of the X-ray
Combining observations of the same event of both the Surbright point, and twin dimmings. These can be used to inves-
and in situ near Earth helps us to investigate the magnetitigate the erupting field, and Mandrini et al. propose that the
topology of the erupting structure directly, and understand-longitudinal flux in the dimmings (60% of the X-ray bright
ing the magnetic topology of the structure is crucial to the point’s flux) is well correlated with the azimuthal flux in the
understanding of how and why an eruption occured. Theramagnetic cloud. In our case, the observational signatures are
are several possible eruption scenarios for this event: far more subtle and we are unable to investigate this aspect.

11 April 2006 09:24 UT | 11 April 2006 09:24 UT
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Also, there is a factor of 2 difference between the source reBrueckner, G. E., Howard, R. A., Koomen, M. J., et al.: The Large
gion flux in these two case studies, yet a factor of 10 differ- Angle Spectroscopic Coronagraph (LASCO), Sol. Phys., 162,
ence in the axial field and the azimuthal field per unit length  357-402, 1995.

between the studied magnetic clouds, with the MC cloud inBurlaga, L., Sittler, E., Mariani, F., and Schwenn, R.. Magnetic
this work being the larger in all cases. loop behind an interplanetary shock: Voyager, Helios and IMP 8

. L . . . observations, J. Geophys. Res., 86, 6673-6684, 1981.
This event highlights the complexities associated with lo- Burlaga, L. F.: Magnetic clouds and force-free fields with constant

cating the solar source of an ICME observed near Earth, and gpha, 3. Geophys. Res., 93, 7217-7224, 1988.
serves to emphasise that it is the combination of a number oBurlaga, L. F.: Interplanetary Magnetohydrodynamics, Oxford
physical characteristics and signatures that is important for Univ. Press, New York, 89-114, 1995.
successfully tying together the Earth-end and the Sun-end ofarmichael, H.: A process for flares, in: AAS-NASA Symposium
an event. on Solar Flares, edited by: Hess, W. N. (NASA SP-50), 451,
1964.
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