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Abstract. We analyze two magnetic clouds (MCs) observed1 Introduction
in different points of the heliosphere. The main aim of

the present study is to provide a link between the differ-coronal mass ejections (CMEs) are extremely dynamic
ent aspects of this phenomenon, starting with informationgyents in which the plasma, initially contained in closed
on the origins of the MCs at the Sun and following by coronal magnetic structures, is ejected into interplanetary
the analysis of in-situ observations at 1AU and at Ulyssesspace_ When they are detected in-situ by a spacecraft located
The candidate source regions were identified in SOHO/EITj the interplanetary medium, they are termed interplanetary
and SOHO/MDI observations. They were correlated with cpes (ICMEs). If a smooth rotation in the magnetic field
H-o images that were obtained from ground-based obseryector is present, together with relatively high magnetic field
vatories. Hints on the internal magnetic field configura- intensity and low plasma temperatures (Burlaga, 1991), then
tion of the associated coronal mass ejections are obtaineghe |CME is called a magnetic cloud (MC). The distinction
from LASCO C2 images. In interplanetary space, magneticyetween a cloud and a non-cloud ICME can only be made
and plasma moments of the distribution function of plasma; interplanetary space. Only in-situ data can help discern-
species (ACE/Ulysses) were analyzed together with informa1-ng between the two types. When the CME is seen remotely,
tion on the plasma composition, and the results were coMnere js no apparent way of forecasting what the interplane-
pared between both spacecraft in order to understand howgyy structure will look like. We have compared the features
these structures interact and evolve in their cruise from thgypserved at the Sun during and after the eruption of the mag-
Sun to 5AU. Additionally, estimates of global magnitudes petic structure with features observed in interplanetary space,

of magnetic fluxes and helicity were obtained from magneticyrst at 1 AU (from ACE data) and after at the Ulysses loca-
field models applied to the data in interplanetary space. Wgjon.

have found that these magnetic characteristics were well kept
from their solar source, up to 5 AU where Ulysses provided
valuable information which, together with that obtained from
ACE, can help to reinforce the correct matching of solar
events and their interplanetary counterparts.

Our starting point was a list of events compiled in the
frame of an ISSI (International Space Science Institute)
workshop. This (non exhaustive) list contains halo CMEs
during the SOHO (Solar and Heliospheric Observatory,
Domingo et al., 1995) era which, after the arrival at Earth
of the ejected CMEs, were followed by severe geomagnetic
storms. For the present paper, we have selected two events
which were also seen by the Ulysses spacecraft. For one
of them (November 2001), the Ulysses spacecraft was at
very high latitudes, while for the second one (January 2005)
Correspondence td:. Rodriguez Ulysses was located close to the ecliptic plane. Both events
(rodriguez@oma.be) were highly geoeffective. The magnetic storms they caused
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and the profiles in the Dst index will be subject of a future the natural way through which the active region corona is
publication. able to expel helicity that accumulates due to photospheric

During the 23rd solar cycle, the solar conditions have beermotions (see the discussion in e.g. Mandrini et al., 2004).
continuously monitored by the SOHO spacecraft. LASCOThe ejected plasmoid carries part of the magnetic helicity
(Large-Angle Spectroscopic Coronagraph, see Brueckner &tf its original source magnetic field into the interplanetary
al., 1995) allows the detection of CMEs (including the Earth- medium. Thus, estimations of the magnetic helicity varia-
directed CMEs observed as full or partial halos) and mea-ion in the solar corona due to an ejection and comparison
surements of their properties in the solar corona, while EITwith the helicity content in the interplanetary flux tube are
(Extreme-ultraviolet Imaging Telescope, see Delabo@dii relevant to associate phenomena in the two domains. Us-
et al., 1995) shows the source regions of frontside CMEsing a global model, as those mentioned above, to describe
EIT observations are used also to discriminate between théhe magnetic structure of MCs or a model independent tech-
frontside and backside halo CMEs, thus allowing us to de-nique to compute MHD global invariants, some authors have
termine if a halo CME is directed towards or away from estimated the helicity content in clouds (see e.g. Dasso et
the Earth. The possibility of identification of solar sources al., 2003, 2005, 2006; Lynch et al., 2005; Hu and Dasgupta,
of ICMEs using SOHO observations has been convincingly2005). Mandrini et al. (2005) and Luoni et al. (2005) com-
demonstrated (see e.g. Webb et al., 2000; Zhang and Golulputed the magnetic helicity ejected from a very small active
2003; Zhukov, 2005). region (AR) and a typical size AR and compared those values

Using magnetic field models to interpret in situ measure-to the helicity in the MC associated to each ejection. They
ments can provide important insights into the properties offound a very good agreement in both cases (small AR with
ICMEs. Flux rope fitting models have been applied to in situ small MC, typical size AR with typical MC) that differed in
data for more than 20 years. Beginning with linear force- ~3 orders of magnitude.

free models (Goldstein, 1983; Lepping et al., 1990), they |n the present work we use the tools mentioned above to
have evolved to include the effect of expansion (Osherovichanalyze the two ICMEs under study. Their counterparts close
et al., 1993), non force-free effects (Mulligan et al., 2001; to the Sun, i.e. their associated CMEs, were identified in
Hidalgo et al., 2002a), elliptical geometries (Hidalgo et al., the SOHO/LASCO coronagraphs by tracing back in time the
2002b), the development of a Grad-Shafranov reconstructiointerplanetary disturbances, taking into account their speed
technique (Hu and Sonnerup, 2001) and the generalizatio@t 1 AU. Often more than one candidate CME was detected
of the Lundquist solution for an oblate cylinder (Vandas andwithin the required temporal window. In addition, the asso-
Romashets, 2003). ciated source regions of the candidate CMEs were identified
A valuable tool to link solar and interplanetary condi- in SOHO/EIT extreme-UV images of the low corona, as well
tions is the information from the heavy elements in the solargs in SOHO/MDI magnetograms and indHmages from the
wind, which provide extremely important information about H-o Network (ttp://www.bbso.njit.edu/Research/Halpha/
the origin of the solar wind. Since the ionic composition |ater on, in situ measurements were carefully compared with
does not change in interplanetary space, it provides a ditheir close-to-the-Sun counterparts, by considering the three-
rect measurement of the plasma properties below a few solagimensional position of the spacecraft with respect to the
radii. Therefore, by means of the freezing-in principle in- Sun, the properties of the interplanetary disturbances, the
troduced by Hundhausen et al. (1968), the electron temperfmorphology and orientation of the involved CMEs (see Cre-

ature (or freezing-in temperature) in the low corona can bemades and Bothmer, 2004), and the characteristics of the as-
derived. Nowadays, it is clear that the periods in which high-sgciated solar sources.

est freezing-in temperatures are detected correspond almost
unambiguously to ICMEs (i.e. Richardson and Cane, 2004).
Henke et al. (1998), Rodriguez et al. (2004) and Rodriguez
et al. (2005) demonstrated that the ionization level of oxygen? The November 2001 events
is particularly increased if the ICME has a MC structure.

Other characteristic of magnetic clouds, helpful to link 2.1 The solar events
them with their solar source, is their chirality (the sign of
their magnetic helicity). Magnetic helicity is one of the few On 21 November (DOY 325) a halo CME was observed by
magnetohydrodynamic (MHD) quantities which is almost LASCO/C2. It started at 14:06 UT as a partial halo, with out-
preserved even under non-ideal conditions in the solar atmoline asymmetry towards the SW (Fig. 1a). It appeared in the
sphere (Berger, 1984) and in the heliosphere. This quantitfield of view (FOV) of LASCO/C3 at 15:18 UT, and later de-
measures the degree of shear and/or twist in coronal and imeloped as a full halo. This CME was not fast and probably
the interplanetary magnetic structures. A clockwise rotationdid not have an accompanying shock. Estimated plane-of-
and right-handed twist of coronal loops or interplanetary flux sky (POS) speeds are 395 km'gfrom Halo CME Archive
tubes implies positive helicity, and vice versa for negative he-at http://lasco-www.nrl.navy.mil/halocmeand 518 kms?
licity. Rust (1994) and Low (1996) suggested that CMEs areand 502 kms? (linear and second order fits respectively,

Ann. Geophys., 26, 21229 2008 www.ann-geophys.net/26/213/2008/
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Fig. 1. Wavelet processed LASCO/C2 images of the CMEs in November ZBpCME from 21 November (DOY 325)b) first CME from
22 November (DOY 326) anft) second CME from 22 November.

2001-11-2

2001-11-21 13:12:37 38 200 30 - 20n111-22

Fig. 2. EIT images of the post eruptive arcades (top panels) and coronal dimmings (bottom panels) corresponding to the three eruptions in
November 2001. The lower panels show difference imagasCME from 21 November (DOY 325)p) first CME from 22 November
(DOY 326) and(c) second CME from 22 November.

from LASCO CME Catalog atttp://cdaw.gsfc.nasa.gov/ From the inspection of LASCO/C2 images, ratio and
CME._list). wavelet-processed (the latter availablehtip://lasco-www.

The long duration event (LDE) C4.7 from NOAA AR9704 nr!.navy.miI/index.php?pzcontenywavglahe main axis of
(514W19), with peak emission at 14:58 UT, was most likely this CME seems to be hl_gh_ly vertically inclined, as sggges_ted
associated with this CME. If a disappearing filament was in-by_the uprlght threads W'thm. the CME and by the orientation
volved in this eruption, it must had been an active one, notOf its associated source region.
observable with the cadence of the instruments of the H-  The following day, 22 November (DOY 326), two halo
Network on that day. In Fig. 2a EIT post-eruptive loops and CMEs were observed. The first came into the field of view
coronal dimmings are shown for this event. in LASCO/C2 at 20:58 UT on the SW limb. It was so fast

www.ann-geophys.net/26/213/2008/ Ann. Geophys., 26,223-2008
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Fig. 3. H-« images (from Kanzelbhe Observatoryhttp://www.

solobskh.ac.at/lof the filament disappearance on 22—23 November

(DOY 326-327), 2001. Fig. 4. MDI images showing the evolution of the magnetic con-
figuration of AR 9704. The images have been derotated to central
meridian passages (CMP). The FOV is 37 pixels (each pixel

that only one image of the developed event could be recorded 1.98 arcsec size) and the field is saturated below (abe¥8p G

(Fig. 1b). It appeared for the first time in the LASCO/C3 (500G).

FOV at 21:18 UT, showing strong outline asymmetry to-

wards the SW. A very tenuous rim surrounded the C3 0C-jgcated to the N of NOAA AR9704 (Fig. 3). It was fol-

culter, probably being the manifestation of a shock. The|gued by an EIT wave, a dimming, and post-eruptive loops
POS speed estimated in the Halo CME Archive amounts 1qFig. 2c). GOES registered a M9.9 flare with peak at

1246kms*, while the LASCO CME Catalog determines 23:30 UT, centered in S17W24. iimages from the fila-

values of 1443 kmst and 1231 km'st from linear and 2nd  ment before its eruption/disappearance suggest that it is sinis-
order fits. tral, which means that it has a positive magnetic helicity (see
The eruption could be tracked down to the low corona ase g. Pevtsov et al., 2003), accordingly EIT loops indicate
observed by the EIT instrument. It was accompanied by &ight handedness.
bright flare, dimming in the low corona, an EIT wave, and  After the inspection of LASCO/C2 images, both ratio and
post-eruptive loops in NOAA AR9698 (Fig. 2b). GOES de- wavelet-processed, we concluded that the main axis of this
tected an M3.8 flare in that region, centered in S25W67,CME seems to be oriented in the N-S direction. Even if the
which peaked at 20:36 UT. Again, the cadence and observsouyrce region of this CME was located in the Southern Hemi-
ing time intervals of the instruments from thedHretwork  sphere, the material was ejected in the northward direction.
did not allow the observation of the eruption of an active fil- Note that a possible reason for such a deflection could be the
ament within this active region. There is a small filament to |gcation of the heliospheric current sheet (HCS) on that day.
the west of NOAA AR 9698 that is a candidate to play a role The HCS (derived from potential field source surface maps
in this eruption. However, the source region is almost on thefrom Wilcox Solar Observatory) was positioned at more than
limb on the next day, hindering its inspection. Yohkoh data3gp N.
was unavailable after 16:30 UT on this day. Figure 4 shows the evolution of the magnetic configuration
The morphology of this CME appears highly bubble-like in AR 9704, from 16 (DOY 320) to 22 (DOY 326) Novem-
in LASCO/C2 ratio images. However, wavelet enhancingper. This AR was born to the east of a big decaying region.
suggests an axis oriented mostly in the E-W direction; this isThe latter is a Hale AR (negative polarity preceding the posi-
indicated by the linear features in the CME seen titedD°  tive one), but the former seems to be non-Hale, with the posi-
from the ecliptic, though still in projection. tive polarity preceding the negative one. There is marked flux
The second halo CME on 22 November (DOY 326) was emergence during the AR disk transit with the negative polar-
first observed by LASCO/C2 at 23:30 UT, as a highly sym- ity becoming stronger, while the positive area grows, seems
metrical halo, with some brightness asymmetry towards theto rotate around the negative polarity and is, partially, can-
NW (Fig. 1c). It appeared in the LASCO/C3 FOV at celled by it. This rotation has been seen before and, in gen-
23:42 UT, propagating with similar, high speed. The POSeral, is an indication of the presence of a highly active region
speed calculated by the Halo CME Archive is 1500kihs  (Lopez Fuentes et al., 2002). By 21 November (DOY 325) a
while the LASCO CME Catalog gives 1437 km's(linear  new bipole is observed emerging to the north of the AR (see
fit) and 1371 (2nd order fit). This event caused a proton stornFig. 4, bottom right panel), this bipole has a strong negative
in LASCO images. polarity and a more diffuse positive one. This strong flux
In the low corona, the eruption began with the activation emergence could have caused the destabilization and erup-
and rising of a large filament~20° long), quite curved, tion of the filament discussed in the previous paragraphs.

Ann. Geophys., 26, 21229 2008 www.ann-geophys.net/26/213/2008/
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Table 1. Characteristics and timings of the candidate halo CMEs, their associated solar signatures and interplanetary counterparts.

Halo CME EIT signatures Flare Filament ACE (date, event)lysses (date,
time and duration) event, time and
duration)
Date, time in Type Speed  (1st Flare type, Flare site, associ-
c2 and 2nd or- peak time ated AR
der, kms1)

21 Nov 2001 Outline asymmetry 395 Dimming ca4.7 S14W19 Not observed 24 Nov 26 Nov

14:06 to SW 518 14:58 AR9704 Shock Shock
06:00 15:00
Period 1 Period 1
08:00, 3h 22:00,6h
Period 2 Period 2 (27 Nov)
17:00,9h 10:00, 17h
Period 3 (25 Nov)  Period 3 (28 Nov)
03:00, 12h 03:00, 15h

22 Nov2001  Outline asymmetry 1231 Dimming, M3.8 S25W67 Probably

20:58 to SW 1443 Wave, Arcade 20:36 AR9698 active

22 Nov 2001 Brightness asym- 1437 Dimming, M9.9 S17W24 ~20 deg long.

23:30 metry to NW 1371 Wave, Arcade  23:30 AR9704 Sinistral

19 Jan 2005 Outline asymmetry 2020 Dimming, X1.3 N15W51 Not observed 21 Jan 26 Jan

08:29 to NW 1844 Wave, Arcade 08:22 AR0720 Shock Shock
17:00 19:00
MC 30 Jan
21:00, 24h MC

15:00,5d5h
20 Jan 2005 Brightness asym- 882 Dimming, X7.1 N14W61 Probably
06:54 metry to NW 940 Wave, Arcade 07:01 AR0720 active and

dextral

Information on solar and interplanetary characteristics ofa brief period of around three hours, starting at 08:00 UT
these events is grouped in Table 1. on 24 November (DOY 328), a structure appears which is
somewhat different from normal sheath plasma. It presents a
rotation in the magnetic field, accompanied by very high field
intensity, with a peak above 60nT and a local maximum in

On 24 November (DOY 328), a disturbance arrived at thethe OFT, reaching almost 2 MK. Inspection of WIND plasma

ACE spacecraft, located at the L1 Lagrange point. A data shows that this is a period of increased proton temper-
strong shock was clearly seen in magnetic field data aroundture and density. The other period which shows distinctive
06:00 UT, plasma data were absent for that period but the&haracteristics is the one coming right after the end of the

presence of the shock was confirmed by data from the WINDMC (shaded area number 3). It shows all the signatures of an

nasa.goyl As it can be seen in Fig. 5, where plasma andtempe.ra.\ture' and strong magnetic field). It is worth noticing
magnetic field parameters for this event are displayed, thdhat bidirectional spprathermal electrons (BDEs) measured
shock (first vertical line in the figure) was followed by a Py the SWEPAM instrument onboard ACE, even though
sheath region, with compressed magnetic field and plasma@tchy, were present throughout the duration of these tran-
which extended until 17:00 UT on the same day. Right afterSient events and especially during the period which is de-
the end of the sheath, a zone which shows the signatures of aiffibed here as a MC.
ICME, possibly a magnetic cloud (MC) is seen (shaded area At Ulysses, located at ?2horth of the ecliptic plane and
number 2). The signatures of this event are a strong magnetig. 3 AU (Fig. 6) the situation was quite similar to that in ACE,
field magnitude, a smooth variation in the field componentswhich can be surprising considering the large latitudinal sep-
(even though it is not a clear rotation), low plasma beta andaration. We show the Ulysses data in Fig. 7a, in the same
increased charge states (shown here as oxygen freezing-farmat as Fig. 6. There is a shock clearly discernable in
temperature, OFT, reaching up to 2.5 MK). The decreasinglasma and magnetic field data at approximately 16:00 UT
velocity profile evidences that the cloud was expanding as iton 26 November (DOY 330), followed by a sheath region
passed ACE. in which we again see a structure within the normal chaotic
We believe that there are two other structures which can beheath configuration (shaded area number 1). In this case,
detected in the vicinity of the one mentioned in the previousthe structure is much clearer than in ACE, showing all the
paragraph. The first one appears hidden within the sheatfeatures of a small scale magnetic cloud, lasting approxi-
preceding the cloud (shaded area number 1). There, only fomately 6 h. Then a period containing a more classical MC

2.2 Interplanetary observations

www.ann-geophys.net/26/213/2008/ Ann. Geophys., 26,223-2008
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Fig. 5. ACE observations of the events in November 2001. The first vertical line marks the arrival of a shock (corroborated with Wind plasma
data, not shown here). The first shading region shows an atypical region within the sheath. The second, bigger, shaded region represents tt
ejection, with the vertical line close to the middle separating a first part which shows MC characteristics from a second part which presents
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ACE 3

329.00 329.12 330.00

24 Nov 2001 (doy: 328) - 26 Nov 2001 (doy: 330)

appears (shaded area number 2), with its typical rotation an@orrespond to the normal solar wind (shaded area number 3).
low plasma beta. There is a small discontinuity in plasmalt is marked by high proton density and increased values of
and magnetic field data close to the middle of the cloud. Im-OFT, but does not have the corresponding magnetic field con-
mediately following the cloud, there is a region that does notfiguration in order to be classified as a cloud. As in ACE,

Ann. Geophys., 26, 21229, 2008
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BDEs are detected through the duration of the event. This
event was also studied by Reisenfeld et al. (2003) and Lariojg

etal. (2004). p }lesses P
Summarizing, we see, first at ACE and then at Ulysses, ! i . .
three closely related intervals which can be the interplane-§ : : 72 ,2-3 AU

tary manifestation at 1 AU and 2.3 AU, of the three events |§
that left the Sun several days earlier. Considerations of tran
sit speeds and arrival times are consistent with this identifica-j
tion. Even though our separation into three periods in inter- |
planetary space might seem arbitrary, we believe that therg
are enough clues for it. Nevertheless, it is clear that the sep i
aration in parts of an ejecta/s of such complexity is difficult ;
and probably impossible (see Burlaga et al., 2002). What |
is clear is that three eruptions occurred at the Sun and, afte
a reasonably well matched amount of time, their combined §
manifestation was detected in in-situ data. Gopalswamy et
al. (2003) analyzed these CMEs and concluded also that the
interacted in interplanetary space.
A deeper analysis of the magnetic field data provides fur-
ther clues into the configuration of the event termed earlier a
a MC, the central event. The chirality at both spacecraft cor-
responds with that seen at the Sun for the erupting filament
and arcade (r|ght handed, positive)_ By app|y|ng a magnetid:ig. 6. Relative position of Ulysses and the Earth (ACE) for the
field model from Hidalgo et al. (2002b) we obtain the orien- events in November 2001.
tation of the cloud axis at both spacecraft. This is a non-force
free, elliptical cross-section model. The model provides nine
parametersd and¢ (attitude of the cloud axis), and« (fac-
tors of the current density); (eccentricity factor), t0 (char-
acteristic expansion timey, (orientation of the cloud cross

section), Byo (magnetic field of the cloud axis), yo (closest 1 ; ;
approach distance of the spacecraft to the cloud axis). the CME as~1855kms ™. The CME Catalog gives linear

; 1
Looking at the orientation of the cloud axis from the val- and 2nd-order fit speeds of 2020 kmtsand 1844 kms?,

ues obtained from the model, it can be seen that at ACE if SSPectively.

corresponds to a highly inclined flux rope with an angle of ~ This CME is most likely associated with an eruption in
76° with respect to the ecliptic plane (theta) and 18dth NOAA AR10720, which produced several flares. The closest

respect to the Earth-Sun line (phi). At Ulysses, in RTN co- N time to the eruption was an X1.3 flare located in N15W51,
ordinates, we obtain the cloud axis of thet& 4@orth) with with peak emission at 08:_22 UT. There was a secqnd eruption
respect to the RT plane and longitude with respect to the sun@fter the main one, associated with an M2.7 flare in N17W52

Ulysses line of 360 (phi). The fits done to the data are shown With peak at 10:24 UT. The material ejected in this erup-
in Fig. 7b. This configuration corresponds with an inclined tion was injected into the bulk of the previous CME. Both

CME as seen from Earth, in agreement with the orientationeruptions were associated with EIT waves, coronal dimmings
of the second CME and its associated erupting filament or?nd post-eruptive loops (Fig. 10a). ddimages of NOAA

22 November (DOY 326) whose uppermost part was samAR10720 reveal the presence of several active filaments,
pled by Ulysses with an axis pointing close to the UIysses-WhiCh were interpreted to have dextral chirality, meaning a

Sun direction (a sketch of the scenario is shown in Fig. 8). negative helicity sign (see Pevtsov et al., 2003). It is difficult
to tell from the poor cadence of the instruments observing

at that time, if one (or more) of them left the Sun to become

probably outlines the shock. It is only this faint shell which
appears to surround the C3 occulter after full development of
the CME. The Halo CME Archive estimated the speed of this
faint envelope as-1960 km s, and the speed of the bulk of

3 The January 2005 events part of the CME. The near-limb location of this region further
complicates its characterization.
3.1 The solar events This CME exhibits a bubble-like morphology with hints

of an axis oriented almost horizontally, as evidenced by
On 19 January, LASCO C2 observed a CME, appearing ovethe flux-rope like features seen in Fig. 9a. The location of
the NW limb at 08:29 UT in its FOV (Fig. 9a). It reached C3 NOAA AR 10720 near the limb by the time of eruption and
at 09:16 UT and was classified as a full halo CME. The bulkthe apparent geometry of the CME suggest that its principal
of the CME was surrounded by a tenuous envelope, whicltdirection of propagation lies approximately on the plane of

www.ann-geophys.net/26/213/2008/ Ann. Geophys., 26,223-2008
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Fig. 7a. Ulysses measurements of the events in November 2001. The first vertical line marks the arrival of a shock. The first shading region
shows an atypical region within the sheath. The second, bigger, shaded region represents the ejection, with the vertical line close to the
middle separating a first part which shows MC characteristics from a second part which presents a non-cloud ICME structure.

the sky. However, this event could well have reached bothHar limb, where no apparent activity on the visible disk can
ACE and Ulysses. be observed. Itis therefore reasonable to classify this halo as

) backsided.
A second full halo was observed on 19 January. This was

classified as front-sided by the Halo CME Archive, due to On 20 January, an extremely intense proton “snowstorm”
the intense activity on the front-sided NOAA AR 10720. event degraded LASCO images so severely that the respon-
However, this faint halo CME appears first on the NE so- sible halo CME could be hardly discerned. Only the first
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Fig. 9. (a)LASCO C2 image of the CME on 19 January 2005. Note
the circular features towards the NW end of the F@.The only
LASCO C2 snapshot of the CME on 20 January 2005. Due to the
proton storm, the image looks blurred after cosmic ray removal.

appearance of the CME could be observed in the C2 FOV,
at 06:54 UT (Fig. 9b). After that, all frames appear totally
ruined due to the intense proton storm, also in LASCO C3.
The only frame in which the CME can be observed, suggests
a halo CME with an outline asymmetry towards the NW. The
POS linear speed of this event was estimated by the CME

Fig. 8. A sketch showing the scenario of the 3-D magnetic cloud Catalog to be 882knTs, based only on 3 data points.

topology as it travels far away from the Sun (blue colour corre-

This “noisy” halo CME seems to be also associated with

sponds to the cloud when it passes the ACE spacecraft, and gre\OAA AR 10720. GOES reported an X7.1 flare in that re-
colour corresponds to the cloud when it is observed by Ulysses). gion (centered at N14W6) with peak emission at 07:01 UT

www.ann-geophys.net/26/213/2008/

(start: 06:36 — end: 07:27). About an hour prior to the flare
onset, expanding loops from NOAA AR 10720 can be ob-
served in EIT. The flare is followed by bright post-eruptive
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2005-01-181

Fig. 10. EIT images of the post eruptive arcades (top panels) and coronal dimmings (bottom panels) corresponding to the activity in
NOAA AR 10720 in January 2005. The lower panels show difference imgge€ME from 19 Januaryb) CME from 20 January.

loops (Fig. 10b). Hx high-cadence images from Culgoora polarity inversion line, where this strongest bipole emerged.
Solar Observatory show the appearance of a two-ribbon flar@hese motions increased the non-potentiality of the region
at ~06:44 UT. Again, the filaments in this AR seem to be (Zhao and Wang, 2006) and were favorable for the creation
dextral. It is hard to tell if any of those active filaments was of a twisted flux tube, or for increasing the flux of an already

associated with this halo CME, due to the limb location of present flux tube. The flux could increase up to the point
this source region and poor spatial resolution of the availableat which the tube would become unstable and erupt giving
H-a data. rise to several eruptive events. Figure 11 shows the evolution

Itis not possible to deduce anything about the morphology®f AR 10720 magnetic configuration from 12 to 20 January.
of this halo CME. However, the global geometry of the post- The magnetic helicity of AR 10720 is negative, as derived

eruptive loops seen in EIT suggests an oblique orientatiorPy Zhang (2007), who gstimzated that between 12 and 18 Jan-
of its main axis. This inclination is about 4550° from the ~ Uary a total of—2x10% Mx? of magnetic helicity was in-

north-south line, but opposite to that predicted by Joy’s lawl€cted into the region because of the emergence of the highly
for filament orientations. sheared bipole near the main polarity inversion line.

Analyzing MDI data, it can be seen that AR 10720 ap- As in the previou; case, information on solar and i.n ter-
peared at the east solar limb as a simple bipolar region Ol;planetary characteristics of these events is grouped in Ta-
10 January. During its disk transit several bipoles emergecpIe 1.
within the AR on 12, 13 and 16 January, the most promi-
nent one in flux and magnetic shear appeared on 13 Januai2 Interplanetary observations
(Zhao and Wang, 2006). All major flares (including 5 X-
class X-ray flares) occurred in this region after this last emer-A shock arrived at ACE at~18:00 UT on 21 January,
gence. Strong shearing motions could be seen along the mam couple of hours after an ICME with magnetic cloud
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characteristics was observed in the data (Fig. 12). The mag
netic field observations point towards a glancing encounter
with a side of the cloud, that is the reason why the rotation
is not pronounced. The decreasing velocity profile (there is -
more than 100 kms' difference between the start and end of . f*
the cloud) tell us that the cloud was clearly expanding. The
plasma signatures show a low plasma beta, decreased proto
temperatures and high oxygen charge states in the cloud.
Considering that Ulysses was at 5.3 AU, Isbuth of the
ecliptic and 29 west of the Earth in longitude (Fig. 13), the
travel time derived from the solar wind speed of the MC |
(close to 800 kms! at the front) that arrives on 30 January,
is consistent with the eruption time of the solar events dis-
cussed in the previous section. The same event was stud

by Jackson et al. (2005). The signatures of a MC start
around 16:00 UT on that day and continue until 20:00 UT, Fig. 11. MDI images showing the evolution of the magnetic con-
4 February (DOY 35, Fig. 14). The larger size of the cloud figuration of AR 10720. The images have been derotated to central
(~0.7 AU) at Ulysses, compared to theéd.4 AU at ACE, iS  meridian passages (CMP). The FOV is 3207 pixels (each pixel
consistent with the radial expansion of the cloud. The signas 1.98 arcsec size) and the field is saturated below (abe88) G
tures are clear: low plasma beta, extremely high charge statg§00 G).
(the oxygen freezing-in temperature reaches values above
4 MK), the alpha to proton density ratio increases markedly
(and continues to increase beyond the borders of the cloudghown in Fig. 15. The plasma data also show differences be-
the magnetic field rotates smoothly and has a small variancgween the two locations. It is clear that the MC was sampled
On 26 January, there was a shock present in the data (nett different parts by the two spacecraft. Foullon et al. (2007)
shown in the figure), marking the close arrival of a big dis- analyzed this cloud at 1 AU using different techniques and
turbance at Ulysses. concluded that the core of the cloud is located north of the
Even though Ulysses was not far from the Sun-Earth direc-ecliptic and west of the Sun-Earth direction. This is consis-
tion, the magnetic field and plasma profiles were quite differ-tent with the cloud expanding on its cruise to 5 AU where it
ent at both spacecraft. Using the magnetic field observation¥as sampled by Ulysses, located south of the ecliptic plane
at Ulysses, we applied first a minimum variance analysisand west of the Sun-Earth direction. The same authors con-
(MVA, Sonnerup and Cahill, 1967) obtaining a theta of 54 cluded that the most probable direction of the cloud axis at
and phi 320 for the axis of the MC. By applying the MVA, 1 AU would be nearly perpendicular to the ecliptic, with theta
the direction corresponding to the minimum, intermediate~90°. Nevertheless, no model could be successfully applied
and maximum variance of the magnetic field components car fit the magnetic field data correctly. We therefore consider
be obtained (e.g. Bothmer and Schwenn, 1998). The direcanother possibility that could produce similar observations:
tion of intermediate variance corresponds to the axis of thelamely the possibility that the axis has a horizontal orienta-
flux rope, in the ideal case that the spacecraft is passing righion. almost parallel to the spacecraft path. In this case the
through the axis of the cloud. Any deviation from this ideal SPacecraft would sample the “leg” of the cloud at 1 AU. Mag-
case (the spacecraft not going directly through the cloud axisietic field observations at 1 AU are not conclusive; they are
would increase the errors in the results (e.g. Gulisano et al Simply consistent with both scenarios: In the first scenario,
2007). From the Hidalgo et al. (2002b) model, a similar ACE observed the edge (with a very large impact parameter)
theta (33), but a different phi was obtained (131 The  ©of a very large flux rope whose axis was nearly perpendic-
discrepancies in the phi angle could be the consequence dflar to the ecliptic. Thus, the observed magnetic field vec-
a large impact parameter (minimum distance between thdor, B, is almost parallel to the X axis in GSE coordinates
cloud’s axis and the spacecraft's path through the MC). Thesince ACE observed~B,,, which is tangential to the az-
chirality of the cloud was found to be sinistral at both space-imuthal magnetic field component close to the cloud bound-
craft, in agreement with the sign derived from the solar ob-ary. In the second scenario, ACE observed the leg of a not
servations. The fit to the Hidalgo et al. (2002b) model is SO large flux rope whose axis was close to the Earth-Sun di-
rection, lying in the ecliptic with its field pointing during all
1Gulisano, A. M., Dasso, S., Mandrini, C. H., anémoulin, p.;  the observations along its axis, so, a flat axial component of
Estimation of the bias of the minimum variance technique in the de-the magnetic field and negligible azimuthal field even at the
termination of magnetic clouds global magnitudes and orientation cloud boundaries. This corresponds to a distorted magnetic
Adv. Space Res., submitted, 2007. structure when compared to those typically observed. In this

www.ann-geophys.net/26/213/2008/ Ann. Geophys., 26,223-2008



224 L. Rodriguez et al.: Magnetic clouds in the Heliosphere

ACE
2.0
1.8
g 16
£
& 14p
1.2
1.0
1000
900
z
E 800
=
700
&
600 -
500
0.10
0.08
o
£ o006
&
s 0.04
4
0.02
0.00
90
451
o -
e o
£
-45
i88
%0
£ o
-90
-180
40
30
=
(=
=20
-
10
0
% 1.00
2]
g o.10
w0
©
& o0t

21.00 21.12 22,00 22.12 23.00 23.12

21 Jan 2005 (doy: 21) - 23 Jan 2005 (doy: 23)

Fig. 12. ACE observations of the events in January 2005. The first vertical line marks the arrival of a shock. The shaded region shows a MC.

second scenario, ACE crosses the flux rope close to its axis (age velocity of~700kms1). We can use these two values,

low impact parameter), sB is expected to be almost parallel assuming a negligible impact parameter, to compute the mag-

to X in GSE. netic helicity content in the cloud using Lundquist’s model
(see e.g. Lepping et al., 1990, for the equations of the mag-

We can estimate the average magnetic field intensity fro”hetic field components for this model). Takingo® nT,
observations as 81 nT and the size of the cloud transverse p_» A anda=—2.4 AU-1. the magnetic helicity per unit

to Ulysses trajectory as 2 AU (from its duration and an aver-
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length is~—3.6x10*2 Mx?2 AU~ (for expressions of helic-
ity see Dasso et al., 2003). Recalling that the total magnetic
helicity input by shearing motions in AR 1072042x 10*3
Mx? and assuming that this amount was ejected by each of
the 4 halo CMEs that originated in the AR during the pe-
riod of helicity injection (Zhang, 2007), we can deduce, as a
crude approximation, a length efl AU for the cloud when
observed by Ulysses. This comparison only shows that our|
helicity computation is consistent with the solar estimates.

There is a second possibility to consider at Ulysses. Close
to the middle of the cloud, there is a clear discontinuity in
magnetic field and plasma data. This could be considered as
a point to place the end of the cloud. We have repeated thd
calculations for this short period (extending up to 17:00 on
1 February, DOY 32; marked with a vertical line in Fig. 14).
From the MVA we obtain axis angles of theta®18nd phi
330, with sinistral chirality as it was obtained for the previ-
ous interval. From the helicity calculations, and assuming a
null closest approach distance between Ulysses and the M} ‘ . '
axis, we obtained a value ef1.4x 100 Mx2 AU~1, which is 5. 3 s e Ulysses ™
much lower than for the previous estimate (mainly because Of | AN :
the small MC size considered in this case) and further awayjg ' '
from the values obtained at the Sun. We tend to believe thatiie
the rotation continues after this discontinuity and the marked
decrease in the field magnitude can be explained as a result
of the high expansion that the cloud was undergoing. ThisFig. 13. Relative position of Ulysses and the Earth (ACE) for the
signature, beyond the trailing edge of the small magneticévents in January 2005.
structure with high B, is consistent with the observation of
a structure which originally was part of the rear of a previous
larger closed flux rope, as discussed by Dasso et al. (2006, The first period took place in November 2001, during so-
2007) for two different MCs. In those cases (both analyzedlar maximum when Ulysses was located above the northern
only at 1 AU), these authors proposed that magnetic flux wagolar pole. There are three clear events on the Sun, one oc-
removed from the cloud front in previous times because ofcurring on day 21 and two more the day after with a small
magnetic reconnection between the MC front and its envi_separation in time. The first and the third events originate
ronment; however, magnetic flux at the rear was not removedrom the same active region. The third one is associated
and it still remained there. In our case, from the comparisorith the eruption of a vertical sinistral filament. In inter-
of the observations at ACE and at Ulysses and consideringlanetary space we identified three different periods at each
the expansion via the relative velocity of the front and the spacecraft. The most prominent one is a MC that we be-
back of the ICME, shaded region in Fig. 12 seems to cor-lieve to be associated with the eruption of a filament whose
respond to the equivalent shaded region in Fig. 14 and no®rientation and chirality deduced at the Sun are in agreement
with the small time interval. This is in agreement with both With these parameters deduced from observations at the ACE
points of view to interpret Ulysses observations: a large Mcand Ulysses spacecraft. It appears as a highly inclined cloud
(Foullon et al., 2007, who also studied this event at UlyssesWhich ACE was seeing close to its nose and Ulysses was
find approximately the same interval as the one shown in théampling through its uppermost flank. Both spacecraft ob-
shaded area of F|g 14) or a small MC p|us the expandingﬁerved a shock preceding the MC. Within the sheath follow-
back region. ing the shock there appears to be a region, lasting only a few

hours, which belongs to a structure with characteristics dif-
ferent from those corresponding to a normal sheath. We be-
lieve that this might be the manifestation of the first CME
4 Summary and conclusions that left the Sun on 21 November (DOY 325) and was being
overtaken by the CME (that later appeared in the in-situ data
We have analyzed two very active periods at the Sun and theias a MC) which left the Sun the day after. The difference
consequences in the heliosphere. Remote sensing data froim velocity favors this explanation. The third period that we
1 AU and in-situ observations at the L1 point and at Ulyssescan differentiate is the one coming right after the MC, where
orbit were used for the study. observations of BDE (bidirectional suprathermal electrons)

. A7, 53AU &
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Fig. 14. Ulysses observations of a MC (shaded area) in January 2005. The vertical line marks the end of the smaller cloud considered as a
second possibility in Sect. 3.2.

cover the full period. This seems to be the result of the two The second period occurs during the decaying phase of
events occurring at the Sun on 22 November (DOY 326),solar activity, in January 2005. There were two CMEs leav-
interacting in interplanetary space and showing a first paring the Sun on days 19 and 20 coming from the same active
which presents a magnetic field rotation and other characterregion. The possibility that they interact in interplanetary
istics typical of a MC, and a second part resembling an ICMEspace is high. There is no obvious filament disappearance
but apparently without cloud structure. but the filaments that can be discerned are dextral. ACE and
Ulysses see only one MC. The probability that the events
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