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ABSTRACT

This Thesis aims to study coronal mass ejections (CMEs) and their interplanetary counterparts
(ICMEs) using remove sensing observations from the solar corona, interplanetary in situ data
and observations from ground-based cosmic ray detectors. CMEs have a central role on the Sun-
Earth relationships because they are one of the main sources of geomagnetic disturbances. We
have started the analysis by using a list of magnetic clouds (MCs) observed in the Earth-vicinity
from 2008 to 2011. After probing the interplanetary structure, we identified the CMEs ejected
in appropriate time and direction to produce each magnetic cloud. The CME propagation
directions were studied thanks to the simultaneous observations of the solar corona from three
viewpoints: one from the LASCO (Large Angle and Spectroscopic Coronagraph) and two others
from SECCHI (Sun Earth Connection Coronal and Heliospheric Investigation). We developed a
new methodology to track the CMEs in 3D combining pseudo-automatic tracking by texture with
triangulation and tie-pointing analysis. For each CME analyzed, we estimated the tridimensional
speed (magnitude and direction) using the new method and compared the results with previous
works. Combining observations of four ground-based cosmic ray (muon) detectors, we deduced
the cosmic ray density gradient during each magnetic cloud period and the overall position of
the MC center. In some cases, we fit a model of cosmic ray distribution inside magnetic clouds
to the observed data and deduced further properties of the MCs, such as orientation and
diameter. Finally, for each case, the results derived in the solar corona were compared with

those derived from cosmic ray observations.






ESTUDO DE EJECOES SOLARES E SEUS CORRESPONDENTES INTERPLANETARIOS UTILIZANDO
OBSERVACOES CONJUNTAS DE DETECTORES DE RAIOS COSMICOS DE SUPERFICIE E
CORONOGRAFOS

RESUMO

O objetivo desta Tese é estudar ejecGes coronais de massa (conhecidas pela sigla CME, da
expressdao em Lingua Inglesa, coronal mass ejections) e suas correspondentes estruturas
interplanetarias usando observacées de sensoriamento remoto da coroa solar, dados de campo
magnético e plasma in situ do meio interplanetdrio e observacdes de detectores de raios
cosmicos instalados na superficie da Terra. As CMEs tém um papel central na relacdo Sol-Terra
porque elas sdo uma das principais causadoras de tempestades geomagnéticas. Iniciou-se a
anadlise desta Tese a partir de uma lista de nuvens magnéticas observadas entre 2008 e 2011 nas
vizinhangas da Terra. Uma vez caracterizadas as estruturas interplanetarias, identificaram-se as
CMEs ejetadas no periodo e dire¢do apropriados para produzir cada uma das nuvens magnéticas.
A direcdo das CMEs pode ser estudada gracas a observacao simultanea da coroa solar a partir
de trés pontos de observagdo distintos: um proveniente do instrumento LASCO (Large Angle and
Spectroscopic Coronagraph) e outros dois do SECCHI (Sun Earth Connection Coronal and
Heliospheric Investigation). Desenvolveu-se um novo método para rastrear as CMEs em trés
dimensdes usando o rastreio pseudo-automatico por textura, triangula¢do e pontos de amarra.
Para cada CMEs, estimou-se a velocidade tridimensional (tanto a magnitude como a diregdo)
usando o novo método e, nos casos ja abordados em trabalhos anteriores, compararam-se os
resultados. Por outro lado, combinando-se observacdes de quatro detectores de raios cdsmicos
(muons), deduziu-se o gradiente da densidade dos raios cdsmicos para todos os casos de nuvens
magnéticas observadas e, por conseguinte, estimou-se a sua posi¢cdo geral. Em alguns casos,
ajustou-se um modelo da distribuicdo dos raios cdsmicos no interior da nuvem magnética com
os dados observados e deduziram-se outras propriedades da nuvem magnética, como
orientacdo e diametro. Finalmente, para cada caso, resultados obtidos na coroa solar foram

comparados com aqueles deduzidos por observagdes de raios césmicos.
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A (red). This picture was made using the animator tool that is part of Sunloop
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A simple model of a CME with spherical front (gray region) propagating
approximately toward the Earth in the ecliptic plane with an angle B with
respect to the Sun-Earth line. The STEREO A and B are supposed to be
separated by the same angle 6. The dashed lines indicates the camera rays
that are tangent to the CME model and, therefore, produce the brightest
feature in the coronagraph FOV. Due to the DALE effect, the location

calculated is the indicated by the red circle instead of the center of the CME.

The illustration on the right details the geometry from the figure on the left....

The estimative of the error due to the DALE effect for the longitudinal
propagation angle for § = 10° (black curve) and § = 20° (red curve). Af <

0 indicates that the longitude estimated is smaller than the actual longitude.

In this Figure we assume a/R = 0.5. ..occoviiiiniiniiieeeeeree s
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Figure 6.58 - The cosmic ray decrease observed by the vertical directional channels of the
GMND during the MC on 2011/03/29. The vertical continuous lines
correspond to the MC period suggested by the ICME catalog. .........cccccceuuueee. 178

Figure 6.59 - The cosmic ray decrease observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/03/29. The vertical

continuous lines correspond to the MC period suggested be the ICME catalog.

Figure 6.60 - The observation and modeling of cosmic ray depleted region associated to the
magnetic cloud in 2011/03/30 using the conventional correlation system.
The stair plot is the observed data and the line with diamonds is the modeling
of the cosmic ray depleted region. The first panel, from top to bottom, shows
the isotropic CR intensity. The remaining three plots show the orthogonal
components of the fractional cosmic ray density gradient in the GSE
(oo Yo Yo [T o =Y I 2 A=Y o DU 181
Figure 6.61 - The observation and modeling of cosmic ray depleted region associated to the
magnetic cloud in 2011/03/30 using the conventional correlation system.
The stair plot is the observed data and the line with diamonds is the modeling
of the cosmic ray depleted region. The first panel, from top to bottom, shows
the isotropic intensity. The remaining three plots show the orthogonal
components of the fractional cosmic ray density gradient in the GSE
(oo Yo T ge I a =Y AT A =Y o DO PP 182
Figure 6.62 - A tridimensional representation of the cylinder derived from CRC model on
2011/03/31 at 03:00 UT. The Earth is located in the origin of the GSE
coordinate system (represented by the three axis)........cccceeeeeeviiecieeccieenineenns 183
Figure 6.63 - The projection of the GCS model (represented in blue and black) and elliptical
flux rope model (in green). For the former, the blue outline is the maximum
measured height. The black outline is the model projected to the height
when the front crosses Earth. The dashed line is the axis at the center of the
cavity. Source: Colaninno (2012). ...cueeiieecieee e 184
Figure 6.64 - The interplanetary magnetic field and plasma parameters during a MC

0bSErVed 0N 201 1/05/28. ..eveeeieceiieeeeeeeeeeeteee ettt e et e e e e st e e s e sae e e anaaaee s 186

XXV



Figure 6.65 - The cosmic ray decrease observed by the vertical directional channels of the
four muon detectors of the GMND during the MC on 2011/05/28. .................
Figure 6.66 - The cosmic ray decrease observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/05/28. ....................
Figure 6.67 - The cosmic ray gradient and omnidirectional intensity observed the GMDN
during a MC observed on 2011/05/28.........ooueeeeeeeieeeeeeeeireeeeeeeeeeeeereeeeeeeens
Figure 6.68 - The first earthward CME observed on 2011/09/06 on COR2A (left column) and
COR2B (right column) FOVS. ...ccuiiiiieciee ettt e etee e sveeseae e srae s sraeesnneeens
Figure 6.69 - The second earthward CME observed on 2011/09/06 on COR2A (left column)
and COR2B (right column) FOVS. ......ccccuiiiiiiecee ettt e
Figure 6.70 - The CME observed on 2011/09/08 on COR2A (left column) and COR2B (right
(oo Y 181091 o) I 2@ 1V SR
Figure 6.71 - The CME observed on 2011/09/09 on COR2A (left column) and COR2B (right
column) FOVs. In this Figure only the first three frames are shown. ................
Figure 6.72 - The CME observed on 2011/09/09 on COR2A (left column) and COR2B (right
column) FOVs. In this Figure only the last two frames are shown. ...................
Figure 6.73 - The interplanetary magnetic field and plasma parameters during a MC
observed 0N 2011/09/10. ......ooiueieeiieeeee e e
Figure 6.74 - The cosmic ray count rate observed by the vertical directional channels of the
four muon detectors of the GMND during the MC on 2011/09/10. .................
Figure 6.75 - The cosmic ray decrease observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/09/10. ....................
Figure 6.76 - The cosmic ray isotropic intensity and orthogonal components of the gradient
during the period of the MC (indicated by the vertical lines) observed on
2012709710, ittt ettt ettt et sttt ea e b eae et b eatenes
Figure 6.77 - The interplanetary magnetic field and plasma parameters during a MC on
2011/09/17. The vertical lines indicate the magnetic cloud timing. .................
Figure 6.78 - The CME observed on 2011/09/14 in COR2A (left column) and COR2B (right
column) FOVs. Only the first three frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is

approximately pointing toward the bottom of the image........cccccceevvveerennnen.

XXVi

187

188

190

192

193

195

196

198

199

200

201

203



Figure 6.79 - The CME observed on 2011/09/14 in COR2A (left column) and COR2B (right
column) FOVs. Only the fourth, fifth and sixth frame are shown here. Notice
that the images are rotated to the stereo baseline and that the north of the
image is approximately pointing toward the bottom of the image. ................. 206

Figure 6.80 - The CME observed on 2011/09/14 in COR2A (left column) and COR2B (right
column) FOVs. Only the last two frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image.........cccccovveeiirnnni, 207

Figure 6.81 - The radial speed of the CME front observed on 2011/09/14 as a function of
latitude and longitude (in HEEQ coordinate system). The black diamond
indicates the center of the CME front. ......ccocceivieiniiiiniieneeeeeec e 208

Figure 6.82 - The cosmic ray decrease observed by the vertical directional channels of the
four muon detectors of the GMND during the MC on 2011/09/17. ................. 209

Figure 6.83 - The cosmic ray decrease observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/09/17. .................... 210

Figure 6.84 - The cosmic ray isotropic intensity and orthogonal components of the gradient
during the period of the MC (indicated by the vertical lines) observed on
2001709717, oottt ettt ettt e et et ee s e eeeeree e 211

Figure 6.85 - The interplanetary magnetic field and plasma parameters during a MC on
2011/10/06. Within the thin vertical lines, there are three interplanetary
structures. The thick vertical lines indicate the MC timing (disturbance #2)....213

Figure 6.86 - The CME observed on 2011/10/01 in COR2A (left column) and COR2B (right
column) FOVs. Only the first three frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image. Notice the presence
of the another CME (located slightly northward) included in the boundary
FOUNA DY CORSET .....oiiicieee ettt et tee e e et e e e e eabee e e e earaee e enreas 215

Figure 6.87 - The CME observed on 2011/10/01 in COR2A (left column) and COR2B (right
column) FOVs. Only the fourth, fifth and sixth frames are shown here. Notice
that the images are rotated to the stereo baseline and that the north of the

image is approximately pointing toward the bottom of the image. There is

XXVii



another CME located slightly northward of the CME we are interested, but it
is hard to distinguish them in the frames shown here. ........cccoceeiiciiiiiiinnnns 216
Figure 6.88 - The CME observed on 2011/10/01 in COR2A (left column) and COR2B (right
column) FOVs. Only the seventh and eighth frames are shown here. Notice
that the images are rotated to the stereo baseline and that the north of the
image is approximately pointing toward the bottom of the image. There is
another CME located slightly northward of the CME we are interested, but it
is hard to distinguish them in the frames shown here. ......cccccocviiviiiiiniinnnnnns 217
Figure 6.89 - The CME observed on 2011/10/02 in COR2A (left column) and COR2B (right
column) FOVs. Only the first three frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image........cccccceecvvveeennneen. 218
Figure 6.90 - The CME observed on 2011/10/02 in COR2A (left column) and COR2B (right
column) FOVs. Only the last three frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image........ccccccoecvvveeennnenn. 219
Figure 6.91 - The radial speed of the CME front observed on 2011/10/01 as a function of
latitude and longitude (in HEEQ coordinate system). The black diamond
indicates the center of the CME front. .......cccoevieiiineninenececeeeeee e 221
Figure 6.92 - The radial speed of the CME front observed on 2011/10/02 as a function of
latitude and longitude (in HEEQ coordinate system). The black diamond
indicates the center of the CME front. .......cccovvieiiinienenee e 222
Figure 6.93 -The cosmic ray decrease observed by the vertical directional channels of the
four muon detectors of the GMND during the MC on 2011/10/06. ................. 224
Figure 6.94 - The cosmic ray decrease observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/10/06. .................... 224
Figure 6.95 - The cosmic ray isotropic intensity and orthogonal components of the gradient
during the period of the MC and two other interplanetary structures. The
vertical lines indicate the period since the beginning of the first structure
until the end of the [ast ONE.......ooiiiiii e 225
Figure 6.96 - The interplanetary magnetic field and plasma parameters during a MC on

2011/10/25. it 227

XXViii



Figure 6.97 - The CME observed on 2011/10/22 in COR2A (left column) and COR2B (right
column) FOVs. Only the first three frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image........cccccceevvveeennnen. 229

Figure 6.98 - The CME observed on 2011/10/22 in COR2A (left column) and COR2B (right
column) FOVs. Only the last two frames are shown here. Notice that the
images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image.........cccccovveeiirnnni, 230

Figure 6.99 - The height-time profile of the CME on 2011/10/22 on the COR2A FOV for the
fastest moving position angle. A linear fit is shown and the speed calculated
in indicated. This CME was tracked by CORSET from 02:24 UT to 04:24 UT. ... 231

Figure 6.100 - The height-time profile of the CME on 2011/10/22 on the COR2B FOV for the
fastest moving position angle. A linear fit is shown and the speed calculated
in indicated. This CME was tracked by CORSET from 02:24 UT to 04:24 UT. ... 232

Figure 6.101 - The radial speed of the CME front as a function of latitude and longitude (in
HEEQ coordinate system). The black diamond indicates the center of the CME
I ONE. et e 233

Figure 6.102 - The cosmic ray decrease observed by the vertical directional channels of the
four muon detectors of the GMND during the MC on 2011/10/25. ................ 234

Figure 6.103 - The cosmic ray decrease observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/10/25. .................... 235

Figure 6.104 - The observation and modeling of cosmic ray depleted region associated to
the magnetic cloud in 2011/10/25 using data from the conventional
correlation system. The stair plot is the observed data and the line with
diamonds is the modeling of the cosmic depleted region. The first panel, from
top to bottom, shows the isotropic intensity. The remaining three plots show
the orthogonal components of the fractional cosmic ray density gradient in
the GSE coordinate system. The two vertical dashed lines correspond to the
beginning and the end of the cosmic ray depleted region chosen by eye.
These timings are indicated on top of the plot.........cccccveeeeeiiiiicciiec e, 237

Figure 6.105 - The observation and modeling of cosmic ray depleted region associated to

the magnetic cloud in 2011/10/25 using data from the new correlation

XXiX



system. The stair plot is the observed data and the line with diamonds is the
modeling of the cosmic ray depleted region. The first panel, from top to
bottom, shows the isotropic intensity. The remaining three plots show the
orthogonal components of the fractional cosmic ray density gradient in the
GSE coordinate system. The two vertical dashed lines correspond to the
beginning and the end of the cosmic ray depleted region chosen by eye.
These timings are indicated on top of the plot........cccoeceveieciei i, 238
Figure 6.106 - A tridimensional scale model of the cylinder derived from CRC model on
2011/10/25 at 08:00 UT using the conventional correlation system. The
actual cylinder length used in the model is infinite. The Earth is located at the
origin of the GSE coordinate system (represented by the three axes).............. 239
Figure 6.107 - The observation and modeling of cosmic ray depleted region associated to
the magnetic cloud in 2011/10/25 using data from the conventional
correlation system and imposing the latitude and longitude angles found by
the MVA analysis. The stair plot is the observed data and the line with
diamonds is the modeling of the cosmic ray depleted region. The first panel,
from top to bottom, shows the isotropic intensity. The remaining three plots
show the orthogonal components of the fractional cosmic ray density
gradient in the GSE coordinate system. The two vertical dashed lines
correspond to the beginning and the end of the cosmic ray depleted region
chosen by eye. These timings are indicated on top of the plot........cccccceeuneee. 240
Figure 6.108 - The interplanetary magnetic field and plasma parameters during a MC at
2011/00/07. oottt 242
Figure 6.109 - The cosmic ray count rate observed by the vertical directional channels of
the four muon detectors of the GMND during the MC at 2011/11/07. The two
vertical continuous lines indicate the beginning and end of the MC. ............... 244
Figure 6.110 - The cosmic ray count rate observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2011/11/07. The two
vertical dashed lines indicate the beginning and end of the MC....................... 245
Figure 6.111 - The isotropic cosmic ray intensity and the orthogonal components of the

cosmic ray fractional gradient during the MC period on 2011/11/07............... 246

XXX



Figure 6.112 - The interplanetary magnetic field and plasma parameters during a MC on

2000/10/29. ettt e e et b e st b et e 248
Figure 6.113 - The cosmic ray count rate observed by the vertical directional channels of

the four muon detectors of the GMND during the MC on 2011/11/29. The

vertical lines indicate the period of the magnetic cloud. ........c.ccccvvviiiiennnnnen. 249
Figure 6.114 - The cosmic ray count rate observed by three different neutron monitors

(Delaware, Thule and McMurdo) during the MC on 2011/11/29. .................... 250
Figure 6.115 - The isotropic cosmic ray intensity and the orthogonal components of the

cosmic ray fractional gradient during the MC period on 2011/11/29. The

error bars indicate the error calculated from the six data points calculated

using integration time of 10 MINULES......c.eiiiiciiii i 251
Figure 6.116 - The CME observed on 2011/11/26 in COR2A (left column) and COR2B (right

column) FOVs. Notice that the images are rotated to the stereo baseline and

that the north of the image is approximately pointing toward the bottom of

L8 0[Sl 0 P - TSP 253
Figure 6.117 - The height-time profile of the CME on 2011/11/26 in the COR2A FOV for the

fastest moving position angle. A linear fit is shown and the speed calculated

is indicated. This CME was tracked by CORSET from 07:39 UT to 08:54 UT...... 254
Figure 6.118 - The height-time profile of the CME on 2011/11/26 on the COR2B FOV for the

fastest moving position angle. A linear fit is shown and the speed calculated

is indicated. This CME was tracked by CORSET from 07:54 UT to 09:24 UT..... 255
Figure 6.119 - The radial speed of the CME front as a function of latitude and longitude (in

HEEQ coordinate system). The black diamond indicates the center of the CME

T OME. e e e 256

XXXi



XXXii



LIST OF TABLES

Page

Table 1.1 - Difference between the gradual and impulsive CMEs. Source: Sheeley et al. (1999)

Table 1.2 - The locations of each detector of the Global Muon Detector Network. .................. 19
Table 3.1 - The main characteristics of each conventional directional channel for Nagoya
Lo 1<y =Tt oY SRRSO 30

Table 3.2 - The main characteristics of each conventional directional channel for Hobart detector.

Table 3.4 - The main characteristics of each conventional directional channel for Sdo Martinho
A SEITA ETECTON. ..ttt ettt st sttt b e b e saee s e e eeens 31
Table 3.5- The coupling coefficient cO1calculated for the conventional correlation system. ... 39
Table 3.6 - The coupling coefficient c11 calculated for the conventional correlation system... 40
Table 3.7 - The coupling coefficient s11calculated for the conventional correlation system.... 41
Table 3.8 - The meaning of each term in EQ. 3. 1. ccoiiiiiieieee et 44
Table 4.1 - The average plus or minus one standard deviation GLCM for a CME in their first frame.
These values were calculated using COR2B for the CMEs observed on 2010/04/03,
2010/04/08 and 2010/07/30. ...ccuerueruereereeieieiieieeiesie ettt st 70
Table 4.2 - The average plus or minus standard deviation GLCM for a CME in the last frame
calculated using COR2B for the CME observed on 2010/04/03, 2010/04/08 and
2010/07/30. This depends of the expansion parameter used and it will be exactly the

same GLCM of first frame when Q=0 (no expansion, see explanation in Section 4.5).

Table 4.3 - The average GLCM for the background using COR2B for the CME observed on

2010/04/03, 2010/04/08 and 2010/07/30......cccererererrerieieieieeniesieseesieneeneeeeeeseenes 70
Table 4.4 - Comparison of the manual and automatic tie-points. .......cccecvveeieiieeeiiciiee e, 84
Table 5.1 - List of magnetic clouds analyzed in this Thesis. .....cccccceciiiiieciiee e, 93
Table 5.2 - The location of each Neutron Monitor Station. .........ccccceveereenienreeneeneenee e 95
Table 6.1 - The parameters of the MC observed on 2008/12/17. .....ccceevveveeecreecreecreecreennrenn. 105

XXXiii



Table 6.2 - Results of the latitude and longitude of the flux rope found by different methods.

Table 6.3 - Kinematic parameters of the CME derived using CORSET3D. The angles shown here
are given in HEEQ coordinate SYSteMi......ccccuiiiiiiiiiee ettt e e 113
Table 6.4 - Kinematic parameters of the CME on 2010/04/03. The angles shown here are given
in HEEQ cOOrdinate SYSEEML. .oiiiuiiiiiciiie ettt e e e e snnreee s 130
Table 6.5 - Comparison of the speed derived for the CME observed on 2010/04/03 by different
previous works and two automatic catalogs (indicated by an asterisk).................... 133
Table 6.6 - The projected speed of the CME observed on 2010/04/08 on the COR2A and COR2B
F OV S e s 142
Table 6.7 - Kinematic parameters of the CME derived using CORSE3D. The angles shown here
are given in HEEQ coordinate SYSteM.......cccuiiiiiiiieee ettt 143
Table 6.8 - The two CMEs associated to the MC observed in 2010/05/28........ccoovvvevvverveeennnn. 147
Table 6.9 - Kinematic parameters of the CME on 2010/05/23 and 2010/05/24. The angles shown
here are given in HEEQ coordinate SyStem. .......c.ceevciiiieeiiiee et 152
Table 6.10 - Comparison of the speed derived for the CME observed on 2010/05/23 (CME #1) by
different previous works and two automatic catalogs (indicated by an asterisk). ... 153
Table 6.11 - Comparison of the speed derived for the CME observed in 2010/05/24 (CME #2) by
different previous works and two automatic catalogs (indicated by an asterisk). ... 153

Table 6.12 - Parameters of the cosmic ray cylinder model of the MC observed on 2010/05/28.

Table 6.13 - Kinematic parameters of the two earthward directed CMEs observed on 2010/08/01.
The angles shown here are given in HEEQ coordinate system........cccccovcvveeiicneeennnns 170
Table 6.14 - Comparison of the direction and de-projected speed of the two earthward CMEs
observed on 2010/08/01 derived using different methods (in HEEQ coordinates).. 171
Table 6.15 - Kinematic parameters of the CME on 2011/03/25. The angles shown here are given
in HEEQ coordinate SYSTEM. ..ooeeiiiiieeeee e e e 176
Table 6.16 - The speed of the CME observed on 2011/03/25 on the COR2 A and COR2 B
Tolo] do ] aF-T={ ¢ 'e] o -7 SRR 177
Table 6.17 - Parameters of the cosmic ray cylinder model of the MC observed on 2010/03/30.

Table 6.18 - Results of the minimum variance analysis (MVA) using SP and LP........................ 185

XXXiV



Table 6.19 - Kinematic parameters of the four CME ejected toward Earth from 2011/09/06 to
2011/09/09. The angles shown here are given in HEEQ coordinate system. ........... 197
Table 6.20 - Kinematic parameters of the CMEs on 2011/09/14. The angles shown here are given
in HEEQ COOrdinate SYSEEML. ..cccuiiiiiciiiie ettt ettt e e e e e eaae e e seanraee s 208
Table 6.21 - The list of three consecutive ICMEs on the beginning of October 2011. Source: ICME
catalog from Richardson and Cane.........coecuiiiiiiiieieciiiec e 212
Table 6.22 - The Earthward CMEs observed in association to the MC event on 2011/10/06.. 220
Table 6.23 - Kinematic parameters of the CMEs on 2011/10/01 and 2011/10/02. The angles
shown here are given in HEEQ coordinate system.......cccccvecieeeiriiieeeniiiee e 223
Table 6.24 - Kinematic parameters of the CME on 2011/10/22. The angles shown here are given
in HEEQ coOrdinate SYStEML. ..iicuiiiiiciiieeciiiee ettt e e s e e s nasreee s 233
Table 6.25 - Parameters of the cosmic ray cylinder model of the MC observed on 2011/10/25.

Table 6.26 - Kinematic parameters of the CME on 2011/11/26. The angles shown here are given
in HEEQ COOrdinate SYSTEML. ..cccviiiiiciiiie et ettt e e et e e e e e e e s sanae e e seanreee s 256
Table 7.1 — MCs (observed from 2008 to 2010) and characteristics of corresponding CMEs. 258
Table 7.2 — MCs (observed in 2011) and characteristics of corresponding CMEs. .................... 259
Table 7.3 - Parameters used when tracking each CMEs using CORSET that were compared to
PIrEVIOUS WOTKS. . uiiiiiiiiiieieiiiee et ee sttt e e et e e et e e e s ata e e e s sataeeessasaeeesansaeeesnsaeeesannseeen 262

Table 7.4 - CME tracked by CORSET3D in this Thesis that could not be compared to previous

XXXV



XXXVi



AU
CME
CORSET
CR

CRC
EFR
FOV
GCS
GMDN
GSE
HEE
HEEQ
ICME
IMF
LASCO
MC
MVA
SECCHI
SOHO
STEREO

LIST OF ABBREVIATIONS

Astronomical Unit

Coronal Mass Ejection

Coronal Segmentation Tracking

Cosmic Ray

Cosmis Ray Cylinder

Elliptical Flux Rope

Field-of-View

Graduated Cylindrical Shell

Global Muon Detector Newtork
Geocentric Solar-Ecliptic

Heliocentric Earth Ecliptic

Heliocentric Earth Equation
Interplanetary Coronal Mass Ejection
Interplanetary Magnetic Field

Large Angle Spectrometric Coronagraph
Magnetic Cloud

Minimum Variance Analysis

Sun Earth Connection Coronal and Heliospheric Investigation
Solar and Heliospheric Observatory
Solar Terrestrial Relations Observatory

XXXVii



XXXViii



CONTENTS

Page

1 INTRODUCTION ..cotiiitieitieetteet ettt ettt sttt ettt be e st st et e b e sbeesbeesmee et e ebeesbeesanesanenane 1
1.1 CMEs: first observation and definition.......cc.ccooueiiiiiinienee e 2
1.2 Thomson scattered light and the spectral components ........ccocovevivciiiiincieee e, 6
1.3 The coronagraphs from SOHO and STEREO MISSIONS .......uvveeeeeeiviiiniiieeeeeeeecciivneeeeeeen 8
1.4 Tridimensional reconstruction of CMES.........cccooiiiiiiiiiniiinieeeeeeeee e 10
1.5 Propagation Of CIMIES............uiii ittt ettt e e et e e e e eaa e e e e aaae e e s anaeee s 12
1.6 Interplanetary coronal mass ejections and magnetic clouds........cccccceeeeeeiiicinreeeeeennn. 13
1.7 Cosmic rays: definitioN .......coicciiii i s 14
1.8 Cosmic rays in the interplanetary medium and in the Earth’s atmosphere................ 16
1.9 The Global Muon Detector Network (GIMDN) .......cooecuiieeeiiieeecciieee e e 18
1.10 The cosmic ray arrival direction and the effects of the geomagnetic field................. 23
1.11 A model for cosmic ray distribution inside the magnetic cloud ........ccccccoviirriernnen. 25

2 OBJECTIVES. .ttt ettt e e e e ettt e e e e e e bbbttt e e e e s e e nnrraeeeeeeeesnnnnneeeas 27
3 COSMIC RAYS (MUONS): FROM COUNT RATE TO COSMIC RAY DENSITY GRADIENT......... 29
3.1 The directional channels of the conventional and new correlation system............... 29
3.2 Removing the atmospheric effects on the muon count rate........ccceeveeeecieeeecineenn. 34
33 The concept of the aniSOTrOPY VECTON ......ccuviiieeiiie ettt e 37
3.4 Calculation of the coupling coeffiCients.........cevieeieie i 38
35 Calculation of the anisSotropy VECTOr ........uviiiiiiie e 44
3.6 The Compton-Getting effeCt ......cuviv i 47
3.7 The CoOSMIC ray Bradi@Nt .....ceeeee i e e e e e e e e ra e e e e eeeean 50

XXXiX



6

3.8 Recalculating the first order anisotropy vector and the cosmic ray gradient density

using integration time of 10 MINUEES.......ccciiii e e e e e e rre e e e 52
3.9 A model of cosmic ray density inside the magnetic cloud.........ccccoeeieviiniiiiincciiennnns 57
3.10 An additional model of cosmic ray density inside the magnetic cloud...................... 61
3.11 Testing the model from Kuwabara et al. (2009) .........eeeeeciiiiieiiiee e 61

DERIVING THE CORONAL MASS EJECTION KINEMATIC PARAMETERS.......ccivereerierienienne 65
4.1 B (S 000 ) = USRI 65
4.2 Why using CORSET instead of other manual or automatic catalogs?............ccceeenneee. 66
4.3 TEXEUIE @ANAIYSIS...uiiiiiiciiiie et ee ettt e e e e e e et r e e e s sabae e e srnbaeeeenabaeeeennnaeeen 68
4.4 Detection of the CME: segmenting it from the background.............ccccerviriineennnnnn. 71
4.5 TrackiNng The CIMIE ...t et e et re e e e ata e e e e aba e e e ennraea s 72
4.6 Deriving the radial speed of a CME in a coronagraphic image ......ccccccccevvcvveeeeinnenn. 73

4.7 Starting stereoscopy: a tridimensional reconstruction using the epipolar constraint 76

4.8 One tool to reconstruct CIMES front........cceeveeieeniiiienieeieeseesee e 79
4.9 Combining CORSET and SUNIOOP......ceiiiiiiieeiciiie ettt ettt e e e 81
4.10 Are the results similar using manual and automatic tie-points? .......ccccccevvvveeeiinenn. 84
4.11 Deriving the radial speed of the CME as a function of angle.........cceceevieirieinniennne. 85
4.12  The error @STIMAtiVe ..cc..i ittt sttt 86
4.13 Coordinates systems used in the solar CoroNa ........cccccveeeeciiieeeciiee e 91

CRITERIA TO SELECT THE LIST OF EVENTS ..coiiiiiiiiiiieee ettt 93
5.1 R e i 0 P d o 1=Y d ol ol [o TU o [y 93
5.2 Interplanetary magnetic field and solar wind plasma data ..........cccccccveeeecieeeecnneenn. 94
53 The cosmic ray decreases observed by neutron monitors ..........cccccceeeeeiiecccivieeenenn. 94
5.4  The cosmic ray analysis in Previous WOIKS.......c.cueeiicieeeeicieeeeecieeeeecieeeeesiieeeeevanee e 96
55 Events discarded from the list........coooeeiieiieniiieeeee e 96

RE S U LT S ettt ettt ettt et e e e e sttt e e e e e e e s s aabe b e e e e e e e e nnnebeeeeeeeeannnneeeeeeeeeeaannes 99



6.1 The magnetic cloud observed on 2008/12/17 ........coccueeeieeeciieeeeeeecieeecee e 99

6.1.1 The interplanetary MediUm .......ccceeiiiiiiiiecieie e e 99
6.1.2 The cosmic ray observations and modeling........cccccvveieeiiviiiee s 101
6.1.3 The origins in the SOlar COroNa.......ccvcvieieiiiiieicee e 107
6.2 The magnetic cloud observed on 2009/02/04 .........cccueeeeeecieeeeceeeeiieeecree e 116
6.2.1 The interplanetary MediUum .......cccceeeiiiiiiiciiie e e 116
6.2.2 The cosmic ray observations and modeling........cccccevvcieeiiviiee s 118
6.2.3 The origins in the SOlar COroNa.......ccccuveieiciieee e 120
6.3 The magnetic cloud observed 0n 2010/04/05.........cooveeeeeeeieeeeceeeeiee e 121
6.3.1 The interplanetary MediUum .......cccoeeeiiiiieeciiiecece e e e e 121
6.3.2 The cosmic ray 0bSErVation........cccveiiiiiiiieiie e 123
6.3.3 The origins in the SOlar COroNa.......cccocvieieiiiieeecce e 125
6.4 The magnetic cloud observed 0n 2010/04/12........ccooeeeceeecieieeceeeeieeeree e 133
6.4.1 The interplanetary MediUum .......cceee i e e 133
6.4.2 The cosmic ray ObSErVatioNS ........c..evieciiiieiiieee e 135
6.4.3 The origins in the S0lar COroNa.......ccocviiieiiiieieccee e 138
6.5 The magnetic cloud observed on 2010/05/28.........ccoveeeeeecieeeeceeeeieeecree e 145
6.5.1 The interplanetary MediUum ........ceeeeiiiie e e 145
6.5.2 The origins in the S0lar COroNa.......cccucvieieiiiiiieccee e 147
6.5.3 The cosmic ray observation and modeling.........ccccvevvieiiiiciee e, 154
6.6 The magnetic cloud observed 0n 2010/08/04 .........ccoeeeeeeecieeeeceeeeieeecree e 158
6.6.1 The interplanetary MediUum .......ccceeeeiiiii e e 158
6.6.2 The cosmic ray 0bSErvations .........ccceecuieeeiiiiee e 160
6.6.3 The origins in the S0lar COroNa.......ccccuveeecciiiieccee e 163
6.7 The magnetic cloud observed 0n 2011/03/30........cccciieeieeeieeeereeeeiee e 171
6.7.1 The interplanetary Medium .........ccuuiiiiiiei e 171



6.7.2 The origins in the S0lar CoOroNa.......ccccuveeeeiiiie e e 173

6.7.3 The cosmic ray observations and modeling........ccccceeeceeeiiiiee e 178
6.8 The magnetic cloud observed 0n 2011/05/28........ccovueeeeeeeceeeeeeeeeieeeeree e 185
6.9 The magnetic cloud observed 0n 2011/09/10........ccooveeeeeeeeeeeeeeeeiee et 189

6.9.1 The origins in the S0lar COroNa........ccccuveieeiiieiiece e e 189

6.9.2 The interplanetary medium and the cosmic ray modulation ...........ccccueee...e.e. 197

6.9.3 The cosmic ray 0bSErVAtioNS ......c.c.ueiiiiiiiieiiec e 199
6.10 The magnetic cloud observed 0n 2011/09/17 .....coouvieeueeecieeeeieeeeee e 201

6.10.1 The interplanetary MediUm .......ccccouiiiieiiiie et earee e 201

6.10.2 The origins in the Solar COrONA.......c.uiii i e 204

6.10.3  The cosmic ray observations and modeling........cccccveeieciieiinciieencciiee e 209
6.11 The magnetic cloud observed on 2011/10/06 ......c.ocovuveeueeeireeeeeieetee e eeeeeens 211

6.11.1 The interplanetary MediUm .......cccccuiriiiiiiie et aaee e 211

6.11.2 The origins in the Solar COrONA.......cuiii i 214

6.11.3  The cosmIc ray 0bSErVatioNS .......ccccvieiiicieie et e s e are e e 223
6.12 The magnetic cloud observed on 2011/10/24 ........ccveveeieeeeieiieeireeireesee e e 226

6.12.1 The interplanetary MediUm ........cccuiieiiiiiii it aree e 226

6.12.2  The origins in the Solar COrONA.......c.ueii it 228

6.12.3  The cosmic ray observations and modeling........ccccoeveiviieiiiiciiee e 234
6.13 The magnetic cloud observed on 2011/11/07 ....ccoevveiieieiiieiieereeeree e 241
6.14 The magnetic cloud observed on 2011/11/29.....cccuioiiieiiieeeceeeeee et 246

6.14.1 The interplanetary MediUm ........ccccuiieiiiiiie et e e e 246

6.14.2  The cosmic ray 0bSErVatioNS .......ccccviieiiiieee ittt e s aree e 249

6.14.3  The origins in the Solar COroNa.......c.ueiiiciiiie i 251

7  DISCUSSION OF THE RESULTS ...ouiiiiiiiiieeeiittee ettt e e ettt e e e e e e e e e e e s e smneeeee s 257
7.1 Earthward directed CMES 0bSErved..........ccceeiieeriiienieeiee e 257



7.2 Overall analysis of CORSET3D tracking results for each CME ..........ccccoecvveeevcineeenns 260

7.3 Results from cosmic ray 0bServation .........ccceeevccieeeeiiiee e 263
7.4 Comparing the properties of CMEs and corresponding ICMES.........cccceccveeeeriveeenns 265
8 CONCLUSIONS .. s 269
REFERENCES ...ttt st sttt et b e st s et st st e b e b e e s be e saeeemee et e e nbeesaeesaeenane 275

xliii



xliv



1 INTRODUCTION

The study of Sun-Earth relationships started more than a century and a half ago with the first
association of a solar flare with geomagnetic phenomena by R. C. Carrington and R. Hodgson
(CARRIGNTON, 1859; HODGSON, 1859). Since the beginning of the space era and the
development of scientific satellites and spacecraft, a huge amount of data has been collected,
both in situ in the interplanetary medium and from remote sensing of the Sun. This allowed the
observation, study and discovery of many solar and interplanetary phenomena that we know

today.

Among these phenomena, coronal mass ejections (CMEs) and their corresponding structures in
the interplanetary medium (known as ICMEs) are of great importance because they are directly
responsible for geomagnetic storms (GOSLING et al., 1990). They cause most of the intense
storms (GONZALEZ et al., 1999). Geomagnetic storms are perturbations in the magnetic field of
the Earth that are linked with damages in many technological systems. Onboard satellites,
memory devices may lose information (DUZELLIER, 2005). On the surface of the Earth, failures
in telecommunication systems and blackouts in the electric power grid may happen (BOTELER
et al., 1998). One way to prevent these damages is forecasting geomagnetic storms by studying

the CMEs that caused them.

Depending on some characteristics, the CMEs may or may not cause a geomagnetic storm. First,
we need to know the propagation direction of the CME close to the Sun to decide whether it is
coming toward the Earth or not. When a CME is directed toward the Earth, the onset of the
geomagnetic storm depends on the arrival time of the CMEs at the Earth. This arrival time ranges
from tens to hundreds of hours and, for this reason, studying the CME speed is of central interest.
Finally, a CME arriving at the Earth does not cause a geomagnetic storm if its magnetic
configuration does not follow a specific pattern that enables enhanced solar wind-
magnetosphere energy coupling through the magnetic reconnection mechanism (GONZALEZ et
al., 1999). The magnetic configuration of the CMEs close to the Sun has never been observed in
situ so far, but can be inferred using some reconstruction techniques (THERNISIEN et al., 2006).
This magnetic configuration, however, is not necessarily kept constant while the CME

propagates from the Sun to the Earth: sometimes the CMEs interact with other interplanetary



structures and their characteristics are changed (LUGAZ et al., 2012). Thus, it is necessary to

study the magnetic configuration of the corresponding ICME close to the Earth.

The motivation to start this Thesis is trying to improve the answer to whether a CME will have

the appropriate characteristics to cause a geomagnetic storm:
- is the CME coming toward the Earth?
- when will the ICME arrive at Earth?
- how is the magnetic configuration of the CME/ICME?

As there is no in situ data of the Sun so far, remote sensing is the key to study the Sun and the
CMEs. As will be explained later in this Chapter, observations from more than one viewpoint

started in 2006 allowing us to better study the propagation speed and direction of CMEs.

The magnetic configuration of ICMEs close to the Earth can be studied by analyzing the spatial
and temporal variation of cosmic rays which are electrically charged particles arriving to Earth
from outside the solar system. These particles are modulated by the magnetic structure of ICMEs
when they are near the Earth, this allows us to study ICMEs. The observation of these particles

was also highly improved in 2008 (OKAZAKI et al., 2008).

1.1 CMEs: first observation and definition

The first observation of a CME was made in December 14" 1971 by the spacecraft Orbiting Solar
Observatory 7 (0SO-7) and the term was mentioned for the first time by Gosling et al. (1975).
The definition of a CME is:
an observable change in coronal structures that (1) occurs on a
timescale between a few minutes and several hours and (2) involves

the appearance of a new, discrete, bright white-light feature in the
coronagraph field of view (HOWARD et al., 1997, p. 18).

Notice that the definition above is very focused on the observations. Mierla et al. (2010) describe
a definition more focused on the physical processes:
CMEs are enormous eruptions of magnetized plasma expelled from

the Sun into the interplanetary space, over the course of hours to days
(MIERLA et al., 2010, p. 203).



The detection of CMEs in white light requires an instrument called coronagraph. Such an
instrument is pointed toward the Sun but does not take the direct light incident from the solar
disk because the coronagraph blocks it with an occulting disk. The observation of a coronagraph
is equivalent to observing the Sun during a full eclipse. The light observed by coronagraphs is
called Thomson-scattered light (described in more details in the Section 1.2). These instruments
can be installed in observatories both on the ground and onboard a spacecraft. Nowadays, there
are at least two coronagraphs in operation: one onboard the Solar and Heliospheric Observatory,
hereafter SOHO (1996-now) and another onboard the twin Solar Terrestrial Relations
Observatory, hereafter STEREO (2006-now). There are also a few ground-based coronagraphs
such as the Mirror Coronagraph for Argentina (MICA). An example of a CME viewed by SOHO is

shown in Figure 1.1.

Figure 1.1 - An example of a coronal mass ejection observed by LASCO-C3 onboard SOHO spacecraft.
Source: http://sohowww.nascom.nasa.gov/ (2010).

The frequency of CME observation depends strongly on the phase of the 11-year solar cycle:

while during solar minimum around one is observed per day, nearly five per day are observed at



solar maximum (ST CYR et al., 2000; GOPALSWAMY et al., 2006). The mass carried lies in the
range of 10 to 10%g (VOURLIDAS et al., 2010). The transverse size of a CME can cover from a
fraction up to more than a solar radius, and the ejection speed is in the range from hundreds to
thousands of km/s. It is a consensus that a CME is associated with a release of magnetic energy
in the solar corona, but its relation to the flare phenomenon is controversial (GOSLING, 1993).

Even big flares have no associated CME in about 40% of the cases (ANDREWS, 2003).

A CME have a variety of shapes and there are some attempts to classify them. Howard et al.
(1985) classified the CMEs in 10 different categories taking into account their morphology. More

recently, Vourlidas et al. (2013) classified the CMEs into five observation-based categories:

- Flux-rope: CMEs that exhibit a clear three-part structure: a bright leading edge, a dark
void (also called cavity) and a bright core (ILLING; HUNDHAUSEN, 1986; HOWARD et al.,
1985), as displayed in Figure 1.2. These CMEs are considered to have embedded
magnetic flux ropes. This category agrees very well with CMEs classified as “structured
CMEs” by Cremades (2005);

- Loop: CMEs with a bright and filamentary loop but without core and/or cavity;

- Jet: narrow CMEs with width of less than about 40° lacking a sharp front, detailed sub-
structure, or circular morphology;

- Outflow: similar than the jets but wider;

- Failed: events that are very bright in the corona close to the Sun but that disappear while
they move outward;

- Unknown: events that cannot be classified in any of the other categories mainly due to

poor observational data.

The morphology of CMEs is subject of much debate, because of ambiguities from the line-of-
sight projection effects and the optical thickness of CMEs. Other point is that the shape of some
CMEs may change with time in the coronagraph field-of-view making the morphological

classification even more complicated (MIERLA et al., 2009). One example is shown in Figure 1.3.
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Figure 1.2 - A three-part structured CME showing the characteristic bright leading edge, dark void, and
bright core. This event was observed by the LASCO/C2 coronagraph on 2000/12/10. The visible solar disc
is represented by the white circle, while the larger dark disc shows the coronagraph occulter.
Source: Cremades (2005).

2007-08-31T721:31:01 2007-08-31T721:30:00 2007-09-01T01:53:31 2007-09-01T01:52:30

Figure 1.3 - An example of the change in the shape of a CME as it evolves. Two different timings of the
same CME ejected in 2007/08/31 are illustrated. The first timing is in the SECCHI-COR1 field-of-view (the
left two columns) and the second in the SECCHI-COR2 COR?2 field-of-view (the right two columns)
coronagraphs. Both A (second and fourth columns) and B (first and third columns) STEREO spacecraft
images are shown. In all panels, the visible solar disc is represented by the white circle, while the larger
dark disc shows the coronagraph occulter.

Source: adapted from Mierla et al. (2009).



Regarding shape of CMEs in a given coronagraph field-of-view, there are some terms frequently
used: halo, semi (or partial) halo and limb CMEs. Halo CMEs are those with an apparent width
of about 360° in a coronagraph field-of-view (HOWARD et al., 1982). They are directed parallel
or anti-parallel to the Sun-observer line. The partial halo CMEs are those which apparent width
lower than 360° but at least about 180°. Their propagation direction is almost parallel to the
observer-Sun line. We call limb CMEs those with apparent width smaller than 180° that are
ejected almost perpendicularly to the Sun-observer line. It is important to emphasize that a
given CME can be seen as a halo from a given observation point and as a semi halo or limb from

a different point of view.

1.2 Thomson scattered light and the spectral components

The white light emission of the solar corona originates from the Thomson scattering of the
photospheric light into free coronal electrons. The brightness we see in any coronagraph image
is related to the density of free electrons in a given region (MINNAERT, 1930). The
electromagnetic waves hit the free electrons in a plasma and accelerate them. The electrons will
then release radiation in the plane perpendicular to the incident wave. This plane is called
reemission plane. If an observer is located in a position that his/her line of sight is parallel to the
reemission plane, the observed brightness will be maximum. If the line-of-sight is perpendicular,

the observer does not see any brightness (BILLINGS, 1996).

When the electron is relatively close to the Sun, the reemission plane is parallel to the line-of-
sight. However, when the electron is significantly distant from the Sun, the reemission plane is
no longer parallel to the observer (see Figure 1.4, the red arrow represents the reemission plane).
The points that have reemission plane parallel to a given observer produce a spherical shell. This
sphere is called Thomson’s sphere (VOURLIDAS; HOWARD, 2006). One example of an electron

located on the Thomson’s sphere is shown in Figure 1.4by the green points.
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Figure 1.4 - Two arbitrary particles (represented by the green and red circles) from the solar corona
(represented in orange). These particles receive light from the photosphere of the Sun (represented by
the orange circle) and reemit it. Part of the reemission (black dashed lines) is seen by some observers
(black eye). The reemission is maximum in the plane indicated by each arrow close to the red and green
points. The geometric representation of all points in space where the emission is maximum forms a
sphere that is called Thomson’s sphere (whose projection in the ecliptic plane is shown in black).

A coronagraph observes the solar corona by blocking the direct light incident from the solar
photosphere. It should ideally observe only the white light coming from the corona. Beyond
some small contribution from the undesired direct photospheric light, the coronagraphs observe
brightness due to two spectral components: the kontinuierlish (K) and the Fraunhofer (F). The
“K” component comes from the solar corona but the “F” component does not. Therefore, it

needs to be removed.

The “K” component is due to photospheric light scattered by free electrons in the corona. This
component has a continuous spectrum and is partially polarized. This emission is optically thin
and what we see in the coronagraph is the integrated emission along the line-of-sight. The “F”
component comes from the photospheric light scattered by dust and it is unpolarized. Its
contribution increases with the increment of the distance from the Sun and cannot be ignored
after five solar radii if someone is interested in calculating the electron density from the

brightness of the coronagraph images (HAYES et al., 2000). Usually the “F” component is almost



constant with time (changes only in a period of days) while the “K” component is very dynamic

(changes from hour to hour).

1.3 The coronagraphs from SOHO and STEREO missions

The Solar and Heliospheric Observatory (SOHO) was launched in 1995 and it is located along the
Sun-Earth line in the point of equilibrium between the gravity of the Earth and the Sun (L1
Lagrangian Point), about 1.6 x 10% km distant from the Earth (HOWARD et al., 1997). The Large
Angle Spectrometric Coronograph (LASCO) is one of the instrument sets onboard SOHO. It
consists of three white-light coronagraphs, called C1, C2 and C3. Together the instruments cover
from 1.1 to 30 solar radii (BRUECKNER et al., 1995). Almost 20 years after the launch, LASCO-C2

and LASCO-C3 are still in operation.

The Solar-Terrestrial Relations Observatory (STEREO) is a set of two identical spacecraft, one
located ahead and the other behind the Earth when taking into consideration the orbit around
the Sun. Both spacecraft are located at about 1 Astronomical Unit (AU) distant from the Sun.
The spacecraft ahead is referred as STEREO A and the one behind as STEREO B. The orbits of
both spacecraft (Figure 1.5) are such that the angle between each one and the Earth (with origin
in the Sun) increases about 45 degrees per year (DUNHAM et al.,, 2009). When they were
launched, in the end of 2006, the angle was close to zero. After 4 years, the angle was about 90
degrees. In the meantime, the front side of the Sun was observed from two viewpoints. By the

end of 2014 the angle is close to 180° and they are remote sensing the backside of the Sun.
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Figure 1.5 - The orbits of the twin STEREO spacecraft seen in the ecliptic plane by an observer located
north of this plane. On the left, the trajectory is represented by an inertial Sun centered coordinate
system. On the right, the Sun-Earth line (represented in yellow) is fixed to show the increasing distance
from the Earth.

Source: Dunham et al. (2009).

Among other instruments onboard STEREO, the CMEs can be studied using a set of five
instruments called “Sun Earth Connection Coronal and Heliospheric Investigation” (SECCHI). The
acronym was chosen as a reference to the Italian astrophysicist Angelo Secchi (1818-1878), one

of the pioneers to photograph the Sun during eclipses (HOWARD et al., 2008).

SECCHI has three types of instruments. One is an extreme ultraviolet (EUV) telescope that allow
us to study the solar chromosphere and the solar corona up to 1.7 solar radii. This instrument is
known as EUVI. The second type is a white-light coronagraph, which is of primary interest in this
Thesis. Each one of the twin STEREO spacecraft has two coronagraphs, called COR1 and COR2.
Together they cover the corona from 1.4 to 4 solar radii and from 2.5 to 15 solar radii,
respectively. They are very similar to the C2 and C3 coronagraphs from the LASCO instrument.
The reason to split the observation range in two instrument is the high brightness gradient in
this range. The third type of instruments is called Heliospheric Imager (HI) and covers the corona

from 15 to more than 200 solar radii (HOWARD et al., 2008).



1.4 Tridimensional reconstruction of CMEs

The first studies of CMEs in three dimensions started in close timing to the beginning of the
STEREO mission because it was the first mission to allow simultaneous observations of the solar

corona from more than one viewpoint (HOWARD et al., 2008).

There are several methods to reconstruct CMEs in 3D and, therefore, to derive their kinematic
properties. These methods can be organized in three categories: a) those based in Thomson
scattering properties; b) those based in epipolar geometry and tie-points; c) those based in
forward modelling and inverse reconstruction. Each category is explained briefly in the next

paragraphs.

The degree of polarization of Thomson-scattered light by coronal electrons is a function of the
scattering angle between the direction of the incident light and the direction toward the
observer (BILLINGS, 1966). In Figure 1.4, this is the angle between the yellow and black lines. By
analyzing the ratio of polarized to unpolarized brightness, the scattering angle can be deduced
and, as a consequence, the distance of the scattering location from the plane of the sky can be
estimated (MORAN; DAVILA, 2004). All coronagraphs onboard LASCO and SECCHI take images
with polarized brightness in three different orientations and can be used to do this analysis. The
advantage of this method is that it does not need two viewpoints, therefore, it could be used
before the STEREQ/SECCHI era. More recently, it was applied independently to both STEREO
spacecraft and the two results were compared to each other, providing an idea of the method

uncertainty (MORAN et al., 2010)

Inhester (2006) introduced the application of epipolar geometry and tie pointing to CMEs. Tie-
points are pair of points (one in each image taken from two different viewpoints) that
correspond to the projection of the same object (or feature) in each image. Thanks to the
epipolar geometry, the tie-points are constrained in a given line and finding them becomes

easier. This methodology is used in this Thesis and it is described in Chapter 4.

The forward modeling techniques assumes a physical and/or geometric model of a CME. It is
very frequent the use a physical model of a magnetic flux rope (the same physical model used
in magnetic clouds, as explained in Section 1.6). The flux rope is then represented by the
graduated cylinder shell (GCS) model. It consists of a tubular section attached to two cones that

connect the main body of the CME to the solar surface (THERNISIEN et al., 2009). This structure
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has free parameters that adjust both position and orientation (8, ¢,y in the left side of the

Figure 1.6), as well as size (c, a, a, § on the right side of the same Figure) of the CME. Although

many authors assume a flux rope for any CME studied, only about 40% of the CMEs follow the

flux rope structure (see a discussion about this in Vourlidas et al., 2013).
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Figure 1.6 - The graduated cylindrical shell (CGS) model, a geometric model used to represent a CME

that has flux rope structure.
Source: Thernisien et al. (2009)

Using the GCS model, the forward modelling fits the free parameters until the actual observed

images from a coronagraph fit the projection of the CGS model over each coronagraph image.

One example of the application of the CGS model for a given CME using combined observations

from the two COR2A, COR2B and LASCO-C2 is shown in Figure 1.7.
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Figure 1.7 - Example of the application of the CGS method to a CME observed on 2010/04/03 at 10:39
UT. The image on the left corresponds to SECCHI-COR2A, the central image corresponds to LASCO-C2
and the right one to SECCHI-COR2B. The green structure superposed in in each image shows the
projection of the CGS model in each coronagraph FOV. In this example, the CME is directed toward the
Earth (and LASCO-C2). Both SECCHI coronagraphs see the CME as a limb.

Source: Colaninno (2012).

1.5 Propagation of CMES

After the CME reaches a given distance of about five solar radii from the Sun, the trend is that
the fastest CMEs tend to be decelerated while the slowest ones tend to be accelerated.
Gopalswamy et al. (2010) observed that, although initial CME speeds range from 124 to 1956
km/s, the speed of the corresponding structures in the interplanetary medium ranges from 320
km/s to 650 km/s. Sheeley et al. (1999), using coronagraph images from LASCO, found two kinds
of CMEs according to their velocity and acceleration profiles: gradual and impulsive. The main

differences between the two categories are shown in Table 1.1.
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Table 1.1 - Difference between the gradual and impulsive CMEs. Source: Sheeley et al. (1999)

Parameter Gradual CMEs Impulsive
Initial speed 400-600 km/s 750-1000 km/s
Acceleration Gradual between 3 and 40 m/s? Small or negative after 2 solar radii
Associated
Solar prominences Solar flares
solar structures

Source: Sheeley et al. (1999)

In principle there are three forces acting on CMEs after they reach a given distance from the
Sun: the gravitational force, the electromagnetic Lorentz force and the “aerodynamic” drag due
to the solar wind. The two first forces are considered negligible and the “aerodynamic” drag
force is the strongest beyond a few solar radii (VRSNAK et al., 2013). This drag force is able to

explain the results mentioned in the previous paragraph.

1.6 Interplanetary coronal mass ejections and magnetic clouds

The remnants of CMEs propagate in the interplanetary space and are called Interplanetary
Coronal Mass Ejections (ICMEs). The need for a new term comes from the definition of CMEs
that states that they are structures in the coronagraph field of view. ICME is the term mainly
used hundreds of solar radii away from the Sun. It is frequently used while working with in situ

data close to the Earth.

Magnetic clouds (MCs) are a special set of the ICMEs that have some special features associated
to the presence of a magnetic flux rope structure. They are regions of increased magnetic field
whose orientation varies slowly during their propagation in the interplanetary medium. The
proton temperature is very low inside the structure (BURLAGA et al., 1981; BURLAGA, 1982;
BURLAGA, 1995). The plasma pressure, dependent on the plasma temperature and density, is
normally smaller than the magnetic pressure inside such structures. The ratio of the thermal
pressure to the magnetic pressure is represented by the plasma beta parameter. This parameter
is typically low (< 0.1) inside MCs due to the dominance of the magnetic field, the low proton

temperature and the non-enhanced proton density (BURLAGA, 1990).

The geometry of a MC, when located at about 1 AU, is shown in Figure 1.8. Notice that the
magnetic field of the cloud is axial at the center of the cylindrical cross section. As much as we

move away from the center and close to the edge of the structure, the magnetic field becomes
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less axial and highly poloidal. In this Figure, the “z” axis has the highest changes, ranging from

negative to positive values. The “y” axis will oscillate between zero and negative values.
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Figure 1.8 - The magnetic field lines of a magnetic cloud in the interplanetary medium between the Sun
(represented in yellow) and the Earth (the green point).
Source: adapted from Dal Lago et al. (1999).

1.7 Cosmic rays: definition

A cosmic ray is a high energy particle — either an atomic nucleus or an electron— that travels
throughout the Milky Way, including the solar system. Most of these particles come from
sources outside the solar system and are known as galactic cosmic rays (GCRs). A few of them

are originated in the Sun or outside the Milky Way. Cosmic ray particles that arrive at the top of
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the Earth’s atmosphere are called primaries; their collisions with atmospheric nuclei give rise to

secondaries (FRIEDLANDER, 2014).

Cosmic rays are usually classified in three different groups depending on the place they come

from and are accelerated: galactic, anomalous and solar cosmic rays (JOKIPII, 1997).

Anomalous cosmic rays are probably originated in the interaction between the solar wind with
the interstellar medium. Neutral atoms streaming into the solar system become ionized. Later
they move outward and encounter the solar wind termination shock were they are accelerated
and gain energy. They are called anomalous because they produce a bump in the cosmic ray
spectrum at about 100 MeV. Their energy ranges from 20-300 MeV/nucleon and their

composition is mainly helium, nitrogen, oxygen, neon and protons (GIACALONE, 2010).

The solar cosmic rays are those particles originated and accelerated at the Sun either by solar
flares and shock waves associated to CMEs. Their flux is highly anisotropic since particles are
accelerated in the Sun and they are not significantly scattered in the interplanetary medium
because the magnetic field is low. The solar cosmic ray flux is not constant with time, being
higher in periods of a few minutes during solar flares or CMEs and negligible in the remaining

period (JOKIPII, 2010).

The galactic cosmic rays (GCRs) are high energy particles originated from extrasolar sources
within our galaxy. Although the source of GCRs has not been fully elucidated, supernova blast
waves are thought to be one source. They are confined for millions of years in the interstellar
magnetic field and they arrive in the heliosphere in a constant and isotropic way (JOKIPII, 2010).
GCRs then cross the heliosphere and enter the Earth’s atmosphere, where they are modulated
both by the interplanetary magnetic field (which is related to solar activity) and by the
geomagnetic field. Almost 90% of cosmic ray particles are protons, about 9% are helium nuclei,

about 1% are electrons, and the remaining are heavier nuclei.

GCRs have energy up to 10%! eV. Those particles with energy lower than 1 GeV do not easily
penetrate the solar system from outside because of the “sweeping-out” effect of the solar wind
(GIACALONE, 2010). At energies up to tenths of GeV, they are highly modulated by the solar
cycle (11 and 22 years) and the transient solar activity. When the particles arrive at the Earth,

they enter in a region where the magnetic field is hundreds of times higher than in the
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interplanetary space near the Earth where they might be reflected. Depending on the location

of the Earth, cosmic rays need to have energy of at least 10 GeV to arrive at the surface.

In this Thesis, the data used consists only of GCRs with energy range centered at tens of GeV.
This range is high enough so that particles can cross the magnetic field of the Earth and reach its

surface. Furthermore, itis low enough to be modulated by interplanetary structures such as MCs.

1.8 Cosmic rays in the interplanetary medium and in the Earth’s atmosphere

The passage of cosmic rays in the interplanetary medium can be explained by the combination
of four major physical processes: diffusion, convection, drifts and adiabatic energy change. This
theory was first introduced by E. Parker in 1965 (PARKER, 1965) and was complemented by

Jokipii (1977) and others, especially in the drift topic.

Due to the diffusion, particles move from one place with higher density to another with smaller.
Further, there are some directions where diffusion is more efficient than others. Since the
particles are electrically charged, diffusion is higher in the direction parallel to the magnetic field
lines. As an example, for cosmic rays with median rigidity of 60 GV, the parallel diffusion
coefficient is three orders of magnitude higher than the perpendicular diffusion (MUNAKATA et
al., 2006). Therefore, cosmic ray diffusion is highly anisotropic. In Mathematic terms, we express
diffusion by the Laplace Operator, that is, the divergence of the gradient of a function. In order

to include the anisotropy, we need to include a tensor inside the divergence.

The advection of the cosmic rays is due to the solar wind that sweeps particles away from the
Sun. This effect will produce a higher count rate in the Sun-Earth direction away from the Sun
when we compare to the remaining directions. The magnitude of this effect is proportional to
the solar wind speed and proportional to the inverse of the particle speed. For particles with
energy in the 10 GeV range, the convection produces an effect with an amplitude of about 0.6%
(KANE, 1974). For the 60 GeV range, some studies show that the effect is about 0.2% (BRAGA,
2011).

The most important drift effects in the heliosphere are the curvature drift and the magnetic field
gradient drift. The curvature drift comes from the centrifugal force of a particle while it is moving
in a curved magnetic field. This drift points normally to the curvature plane. The magnetic field

gradient drift is perpendicular both to the magnetic field direction and to the gradient direction.
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This effect can be understood by the change in the Larmor radius of the particle before finishing
a complete gyration cycle. When the particle enters a region with higher magnetic field, its

Larmor radius becomes smaller.

The adiabatic energy change rises from the fact that the solar wind has radial divergence and
the cosmic rays lose energy to the solar wind as they propagate inward the solar system. It also

takes places inside an expanding flux rope, such as a magnetic cloud.

After crossing the heliosphere, cosmic rays enter in the Earth’s atmosphere where their
trajectory depends mainly on the geomagnetic field. They will hardly ever hit the ground but will
collide (interact) with a nucleous of the air usually at an altitude of tens of kilometers producing
an air shower (Figure 1.9). Among many other secondary particles generated by cosmic rays in

the atmosphere, neutrons and muons are of special interest in this Thesis.
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Figure 1.9 - The cosmic ray air shower.
Source: Otaola & Valdés-Galicia (1992).
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Neutrons are generated by the interaction of primary GCRs with energy of ~10 GeV. Each
secondary neutron carries part of the energy and then collides again with other atmospheric
nuclei. The collision produces other new secondary neutrons. One can measure the secondary
neutrons that reach the surface with neutron monitors. Because of multiple collisions, the
incident direction of primary GCRs cannot be inferred from the observation of a single station

(OKAZAKI, 2008).

Muons are generated by the interaction of primary GCRs with energy of ~ 50 GeV. The first
interaction produces pions by the hadronic interaction with the atmospheric nuclei. These pions
then generate other secondary particles again by colliding with the atmospheric nuclei or
decaying into a muon and a neutrino in 29 ns. Some muons can reach the detector at the ground
level, preserving the incident direction of GCRs. The lifetime of muons of ~ 2.2 x 10°® s is
elongated by several hundred times due to relativistic time dilatation. Therefore, ground-based

muon detectors are able to observe them before they decay (OKAZAKI, 2008).

The observation of muons can be done both on the Earth’s surface and below it. Thanks to the
high mass of the detector and the necessary area to observe, there are no measurements of
cosmic rays in the 50 GeV range onboard satellite and ground-based instruments are considered
the state-of-the-art instruments for detecting this type of particles. (MCDONALD, 2000). The
detectors installed in the Earth’s surface have significant responses from ~10 GeV to several
hundreds of GeV. Underground detectors cover a higher energy range up to ~1000 GeV. While
the energy is increased, the modulation due to the solar activity and IMF decreases and
underground muon detectors are less sensitive to those effects than ground-based detectors

(DULDIG, 2000).

1.9 The Global Muon Detector Network (GMDN)

The cosmic rays (muon) data used in this Thesis comes from a set of four detectors that are
installed as homogenously as possible in the Earth’s surface. They are known as the Global Muon
Detector Network (GMDN) and the detectors are located in Nagoya (Japan), Hobart (Australia),
Sdo Martinho da Serra (Brazil) and Kuwait city (Kuwait), see Figure 1.10 and Table 1.2. In 1992,
the network began as a two-hemisphere observation network using the detectors of Nagoya
and Hobart. In March 2001, a small prototype detector was installed in S3o Martinho da Serra

with 4 m? to fill a gap in directional coverage of the network over the Atlantic and Europe. In
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December 2005, the detector in S30 Martinho da Serra had its area expanded to 28 m2. On
March 2006, a detector was installed in Kuwait City, completing the current configuration of the
GMDN. Since then no more detectors were added but two of them had their area increased: in
December 2010, the Hobart detector was upgraded to 16m? and in July 2012, the detector at

S3o0 Martinho da Serra had its area increased to 32 m?.

Sao Martinho da Serra

Figure 1.10 - The location of the four detectors that form the Global Muon Detector Network.
Background map source: http://earthsatellitemaps.com/wp-content/uploads/2009/06/mapofearth.jpg

Table 1.2 - The locations of each detector of the Global Muon Detector Network.
Sdao Martinho da

Detector Hobart Kuwait
Serra
Geographic 35.15° N, 43.00° S, 29.44° S, 29.37°N,
coordinates 136.97° E 147.29° E 53.81° W 47.98°E
Altitude 77 m 65 m 488 m 19m

Geomagnetic
11.5GV 1.8 GV 9.3 GV 13.0GV
cutoff rigidity

The GMDN is a joint project of the Shinshu University and Nagoya University (Japan), University
of Delaware (USA), National Institute for Space Research and Federal University of Santa Maria
(Brazil), Australian Antarctic Division and University of Tasmania (Australia), and University of

Kuwait (Kuwait).
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Typically, the muon detectors are arranged in two or more trays generally disposed one over
the other. Because the muons are relativistic, they cross all trays in a much shorter time than
the latent detection time. A muon will hit one detector in each tray and, by comparing the

relative position of the detectors in the tray, we can derive the direction of arrival.

An example of how the arrival direction is determined is shown in Figure 1.11. Suppose that the
detector is aligned in the North-South direction and that four particles are arriving in the muon
detector, one after the other (represented in the Figure by the four arrows). The particle shown
in red will be computed as arriving from the vertical direction. The particle represented by the
blue lines will be computed as arriving from the south direction because the particle crosses in
the lower layer (tray) in a position southward when compared to a detector in the upper layer.
If a particle is arriving from the south with a higher azimuth, such as the particle shown in green,
it will be computed in a different directional channel. Depending on its azimuth range, it is

computed as “South 2” or “South 3”.

Muon detectors produce electric pulses with duration of about 1 ms when they are hit by a
particle (Figure 1.12). First, the muon hit a scintillator that, as a result, emits photons. A
photomultiplier detects the photons and, by its turn, it produces electric pulses in its output.
Both scintillators and photomultipliers are installed inside a closed iron box isolated from

external sources of light. In this Thesis, we call this box as detection box.
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Figure 1.11 - A vertical cross section of a detector of the GMDN, except for Kuwait. Each detector is
formed by two layers; each one has an array of detection boxes (Figure 1.12). In between the two layers,
there is a 5 cm lead layer that absorbs the soft component of the cosmic rays. The four straight lines
represent four samples muon arriving at the detector. Each of these muons will be computed in a
different directional channel, as described in the text.

21



DETECTOR BOX PHOTOMULTIPLIER

Figure 1.12 - Diagram of the internal configuration of a detection box for the detectors of the GMDN,
except for Kuwait.

The detectors at Nagoya, Hobart and Sdo Martinho da Serra consist of two horizontal layers of
plastic scintillators, vertically separated by 1.73 m, with an intermediate 5 cm layer of lead to
absorb the soft component radiation in the air (see Figure 1.11). Each layer comprises an array
of 1 m? unit detectors, each one with a 0.1 m thick plastic scintillator viewed by a photomultiplier

tube of 12.7 cm diameter. The only difference between them is the detection area.

The muon detector installed at Kuwait University, on the other hand, it is designed with neither
plastic scintillators nor photomultipliers (Figure 1.13). It consists of four horizontal layers of 30
Proportional Counter Tubes (PCTs). Each PCT is a five-meter long cylinder with diameter of 10
cm. Along its axis, there is a 50 micron thick tungsten anode. Located above the detector, a5 cm
thick lead layer absorbs the soft component. The PCT axes are east-west geographically aligned
(X) in the top and third layers and north-south aligned (Y) in the second and bottom layers. The
top and second layers form an upper pair, while the third and bottom layers form a lower pair.
The two pairs are separated vertically by 80 cm. Muon recording is triggered by the fourfold
coincidence of pulses from all layers. The incident direction is identified from X-Y locations of

the upper and lower PCT pairs (OKAZAKI et al., 2008).
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Figure 1.13 - Diagram of the hodoscope installed at the University of Kuwait. Each tube is a proportional
counter. The top and second layers form an upper pair, while the third and bottom layers form a lower
pair.

Source: K. Munakata (personal communication), 2013.

1.10 The cosmic ray arrival direction and the effects of the geomagnetic field

The muons observed by the GMDN keep the arrival direction of this originating primary cosmic
ray and, in this way, observing the arrival direction of a muon allow us to know the arrival
direction of the primary cosmic ray. This would be true if the Earth did not have its magnetic

field.

The deflection due to the geomagnetic field is generally calculated using computer codes that
take into account some model of geomagnetic field. In the case of the GMDN, the International

Geomagnetic Reference Field (IGRF) from 1995 is used.

Using these codes, we are able to find the starting point of the particle’s trajectory in the top of

the atmosphere given the arrival point and direction of the detector on the surface of the Earth.
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Solving this problem is equivalent of inverting the sign of the particle charge (from positive to
negative) and the sign of the velocity vector (from toward to away from the Earth’s surface) and

interchanging the start and end of the trajectory (MCCRACKEN et al., 1962).

As an illustration of the trajectory of a cosmic ray particle, let us compare the trajectory of 3
protons with different energies arriving at the location of the Sdo Martinho da Serra muon
detector (Geographic latitude 29°, 26’, 24” South, geographic longitude 53°, 48’, 38” West, 488
m over the sea level). A detailed description of this simulation is available at Bobik et al. (2003).
The trajectories calculated using the computer code are shown in Figure 1.14. For a given proton
with energy of 180 GeV released from an altitude of 24 Earth radii, the deflection of the
trajectory is approximately 7 degrees of longitude westward and one degree southward. The
calculated geographic coordinates of the particle at the top of the atmosphere are (28.11° South,
46.25° West). As for the 60 GeV proton, the deflection was about 20° westward and 6°
southward and the calculated coordinates are (23.76° South, 33° West). Finally, for the proton
with lowest energy (20 GeV), the longitude deflection was 50° westward and 29° southward.

The calculated coordinates at the top of the atmosphere are (0.03° South, 0.04° East).

(A) (B) (C)

; H+ vertical H
H+vertical 60 Gev 180 GeV
20 GeV

Figure 1.14 - An example of the trajectory of the cosmic ray particles deflected by the geomagnetic field
using a simulation code from Bobik et al. (2003). Each trajectory shows a cosmic ray particle (proton)
with different energy from each other: (a) 20 GeV, (b) 60 GeV and (c) 180 GeV.

It is clear from the simulation results that the higher the energy of the particle, the lower the

deflection due to the geomagnetic field. Moreover, for the three particles shown here the
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deflection was westward and toward the pole. The westward deflection can be explained by the
dipolar configuration of the magnetic field pointing approximately to geographic north direction.
The deflection toward the pole comes from the fact that the vertical component of the
geomagnetic field increases as we get closer to the pole. In this way, the component of the

geomagnetic field perpendicular to the particle trajectory decreases.

1.11 A model for cosmic ray distribution inside the magnetic cloud

Using the cosmic ray transport equation, Munakata et al. (2006) calculated the distribution of
cosmic ray density inside a MC structure. Taking into account the cosmic ray density decrease
observed by Kuwabara et al. (2003) during a MC, the model supposes a cosmic ray intensity
decrease inside it. Taking into account the flux rope structure of a magnetic cloud, a cylinder
shape was taken as an approximation. The density was supposed to be axis symmetric. The
model also supposed that the cylinder is expanding as time passes to be in agreement with

results from in situ observation.

Since the MC is originated from a CME, the structure should not have significant cosmic ray
density right after the ejection from the Sun. In the simulation, the density at the start time was
set to zero (left side of Figure 1.15). The cosmic rays enter the magnetic cloud flux rope structure
by diffusion since the density outside is much higher that inside. Due to the magnetic
configuration of the MC, the diffusion is perpendicular to the magnetic field lines. This process
tend to increase the cosmic ray density inside the cloud. Other physical process that needs to
be taken into account is the adiabatic cooling, which is due to the expansion of the MC, which
lead to cosmic ray density decrease inside the cloud. The resulting density distribution was found

to be minimum in the center of the cylinder (right side of Figure 1.15).

This result is the theoretical basis for a model that allows reconstruction of the magnetic clouds

using cosmic ray distribution inside it. This model is detailed in Chapter 3.
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Figure 1.15 - The cosmic ray density inside a MC at the beginning (A) and end (B) of a simulation
performed and described by Munakata et al. (2006). The maximum cosmic ray density is represented by
the light colors.
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2 OBIJECTIVES

Since 2006, there are two different kinds of observational data to study the propagation of CMEs
close to the Sun and its consequent magnetic clouds close the Earth. One is the observation of
the solar corona performed by the twin STEREO spacecraft and the other is the Global Muon

Detector Network (GMDN).

In general terms, this Thesis aims to understand the relation between a CME and its

interplanetary counterparts close to the Earth. The main objectives are:

- To deduce the orientation of MCs by comparing data from the GMDN and a model of
cosmic ray distribution inside a magnetic cloud from Munakata et al. (2006). The free
parameters of the model (such as position of the magnetic cloud, orientation and radius)
will be adjusted according to the observed data. The same methodology was applied by
Kuwabara et al. (2009) for a set of events observed between 2001 and 2003 using a
network of muon detectors much smaller than the current Global Muon Detector
Network. This methodology has never been applied to newer events. This methodology
is described in Chapter 3. Our objective here is to apply the methodology to MCs
observed from 2006 up to 2011;

- To deduce the CMEs that caused the magnetic clouds studied in the topic above. For
those CMEs, studying the speed of propagation applying the Coronal Segmentation
Technique (CORSET, described in Chapter 4) and using data from coronagraphs onboard
each of the twin STEREO spacecraft. CORSET has never been applied before for any
extensive set of events from STEREO spacecraft. Goussies et al. (2010) studied only a set
of five events using STEREO and Braga et al. (2013) studied a significant set of events
(57) only for the LASCO-C3 onboard SOHO spacecraft.

- For any CMEs ejected up to 5 days before any MC, computing the direction of
propagation. A new methodology introduced in this Thesis derives the direction of
propagation and the real speed (free from projection speeds) using epipolar constraint
and automatic tie-points derived from CORSET results. The motivation and advantages

to use this new method are explained in Chapter 4.
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This Thesis ultimately aims to identify the CMEs responsible for MCs observed near the Earth.
Hence, this Thesis contributes to the forecasting of geomagnetic disturbances since they are

dependent on the orientation of the magnetic field of the CMEs and its corresponding ICMEs.
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3 COSMIC RAYS (MUONS): FROM COUNT RATE TO COSMIC RAY DENSITY GRADIENT

This Chapter describes the methodology to derive the cosmic ray density gradient in the
interplanetary space close to the Earth. We start from the muon count rate observed by each
one of the four detectors of the GMDN and then we derive cosmic ray anisotropy and gradient
in the interplanetary space. These results, as well as a model of cosmic ray density inside a MC,

are used latter in this Thesis to deduce the magnetic cloud orientations.

3.1 Thedirectional channels of the conventional and new correlation system

As introduced in Section 1.9, the GMDN allow us simultaneous observations of cosmic ray
particles arriving from different viewing directions thanks to the directional channels. In the
GMDN detectors, the directional channels are computed in two independent electronic circuits
that use different technologies. One is called conventional correlation system because it has
been used for more than 40 years since the muon detector at Nagoya was installed, in the 1970s.
The other was introduced by Yasue et al. (2003) and it is in operation for all detectors of the
GMDN since May 2007. From then on, there is data available from both the conventional and

new correlation system and both are used in this Thesis.

On the conventional correlation system, when a particle is detected simultaneously in one
detector from the upper layer and in another from the lower layer, this particle may be
computed in one of the directional channels arbitrarily defined. The directional channels include
the vertical direction and the rose wind directions (north, south, east, west, northwest,
northeast, southeast and southwest). The directions north, south, east and west are
discriminated in two or three different zenith angle levels, depending on the size of the detector.
In this way, up to 17 directional channels are formed for each detector. The construction of the
directional channels is illustrated in Figure 1.11. The average count rate and statistical error and
the median rigidity (calculated as explained in Section 1.10) are listed in Table 3.1, Table 3.2,
Table 3.3 and Table 3.4.
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Table 3.1 - The main characteristics of each conventional directional channel for Nagoya detector.

Directional channel Average count rate Error Pm
(10° count rate per hour) [%] [GV]
Vertical 2.984 0.06 59.5
North 1.352 0.09  64.5
South 1.334 0.09 62.7
East 1.330 0.09 66.6
West 1.364 0.09 61.8
Northeast 0.636 0.13 719
Northwest 0.667 0.12 66.7
Southeast 0.634 0.13  69.3
Southwest 0.655 0.12 65.7
North 2 0.646 0.12  83.1
South 2 0.635 0.13 80.6
East 2 0.616 0.13  88.1
West 2 0.654 0.12 79.4
North 3 0.187 0.23 | 105.5
South 3 0.186 0.23 103.9
East 3 0.182 0.23 1131
West 3 0.188 0.23 103.0

Table 3.2 - The main characteristics of each conventional directional channel for Hobart detector.
Average count rate per hour Error Pm

Directional channel

(10° count rate per hour) [%]
Vertical 1.471 0.08 54.6
North 0.621 0.13 59.0
South 0.586 0.13 59.0
East 0.608 0.13 59.0
West 0.600 0.13 59.0
Northeast 0.275 0.19 63.7
Northwest 0.274 0.19 63.7
Southeast 0.261 0.20  63.7
Southwest 0.261 0.20 63.7
North 2 0.207 0.22 753
South 2 0.197 0.23 753
East 2 0.200 0.22 753
West 2 0.203 0.22 753

30



Table 3.3 - The main characteristics of each conventional directional channel for Kuwait detector.
Average count rate per hour Error Pm

UG B (10* count rate per hour) [%] [GV]

Vertical 0.859 0.11 624
North 0.219 0.21  67.7
South 0.224 0.21 69.3

East 0.216 0.21 @ 73.0
West 0.223 0.21 65.9
Northeast 0.064 0.39  77.6
Northwest 0.065 039 724
Southeast 0.065 0.39  81.4
Southwest 0.068 0.38 73.0

North 2 0.027 0.60 @ 96.1

South 2 0.028 0.60 100.4
East 2 0.027 0.61 | 107.3

West 2 0.028 0.60 95.0

Table 3.4 - The main characteristics of each conventional directional channel for Sdo Martinho da Serra
detector.

Average count rate per hour Error Pm

DG B (10° count rate per hour) [%] [GV]

Vertical 3.025 0.06 55.6
North 1.222 0.09 599
South 1.260 0.09 59.1

East 1.438 0.08 616
West 1.451 0.08 583
Northeast 0.625 0.13 66.5
Northwest 0.639 0.13 62.8
Southeast 0.648 0.12 65.2
Southwest 0.651 0.12 623

North 2 0.420 0.15 75.7

South 2 0.433 0.15 741
East 2 0.579 0.13 787
West 2 0.592 0.13 731

On the new correlation system, one directional channel is computed for any possible zenith and
azimuth angles from a given detector. For a detector such as Nagoya, constructed with an array
of 6x6 detectors, 121 directional channels are computed. For the detector at Sdo Martinho da
Serra (9x4 detectors), 119 directional channels are possible. The directional channels are
represented here by a pair of points where the first indicates the displacement of the particle in
the east-west direction (east is positive) and the second indicates the displacement of the

particle in the north-south direction (north is positive). In this way, the directional channels
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corresponding to particles arriving from the vertical are called (0,0). Hereafter we will refer them
as vertical directional channels from the new correlation system. For example, for the muon
detector of Sdo Martinho da Serra, particles arriving from the north direction and
perpendicularly with the east-west direction are computed in the channels (0,1), (0,2) or (0,3),
depending on the zenith angle range they have. Among the three channels mentioned, (0,1) has
the lowest zenith angle and (0,3) has the highest zenith angle. For some detectors, a set of the
directional channels has a very low count rate due to the high zenith angle and they are ignored

in the analysis.

Sample plots using data regarded by the conventional and new vertical directional channels are
shown in Figure 3.1 and Figure 3.2. One can notice that the count rate from both correlation
systems of Hobart, Nagoya and Sao Martinho da Serra are very similar. These detectors are all
constructed with scintillators and detection boxes with areas of 1 m by 1 m. For all of them, the
new coincidence system is exactly matches the conventional correction system. For the detector
at Kuwait, however, there is a significant difference: it is constructed with Proportional Counter
Tubes (PCTs) and the vertical directional channel of the new correlation system has a very small
zenith angle range because the area of each element is 0.1 m by 0.1 m. As explained in Section
1.9, the PCTs have a diameter of only 0.1 m and this is the reason why the area of each element
is reduced for Kuwait detector by a factor of 10 in each dimension. In order to keep similarity
with the scintillation detectors, the conventional correlation system of Kuwait was
reconstructed supposing a hypothetical element with area of 0.8 m by 0.8 m, allowing zenith
angular range similar to the vertical channels of the conventional correlation system of the
remaining detectors. For this reason, the count rate of the new correlation system of Kuwait is
dramatically reduced when we compare it to the conventional correlation system. As a result,
the statistical error increases. Notice in Figure 3.1 and Figure 3.2 the difference between the

new and conventional vertical directional channels of Kuwait.
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Figure 3.1 - The count rate observed by the vertical directional channels for the conventional (black
lines) and new (red lines) correlation system using one-hour integration times.
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Figure 3.2 - The count rate observed by the vertical directional channels for the conventional (black
lines) and new (red lines) correlation system using ten-minute integration times.

3.2 Removing the atmospheric effects on the muon count rate

The muon count rate observed at the surface of Earth depends on both the atmospheric
pressure and temperature because the production and decay of these muons depend on those

atmospheric conditions (DORMAN, 2004). Since we are interested in the primary cosmic ray
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distribution, the atmospheric effects need to be removed from the observed data as much as

possible.

The atmospheric pressure effect is basically anti-correlated with the muon count rate (SAGISAKA,
1986). Vieira et al. (2012) describes the application of this method for one detector of the GMDN

in details. The same methodology is used in this Thesis.

The temperature effect for the GMDN was done in collaboration with Mendonca (2015)* using
the mass-averaged temperature method. This method is based on determining the mass-
averaged temperature in the atmosphere using a temperature profile and the distribution of
mass in different parts of the atmosphere (BERKOVA et al., 2011). In other words, this method
takes into account the temperature in all layers of the atmosphere (from the ground until the
exosphere) and the weight of each layer depends on its atmospheric depth (MENDONCA et al.,
2013).

One example of the relative vertical count rate before and after the correction of both

atmospheric effects in shown is Figure 3.3.

LR. R. S. de Mendonca. Correction of the atmospheric temperature effect observed by the Global Muon
Detector Network. S3o José dos Campos, National Institute for Space Research, 2015. Private
Communication.
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Figure 3.3 - One example of the muon count rate before and after the removal of the atmospheric
influence due to the temperature and pressure effects. The data shown here is from the conventional
correlation system. The violet curve refers to the data uncorrected for neither temperature effect nor

pressure effects. The red curve refers to data corrected only for the pressure effect. The black curve
indicates data corrected for both atmospheric temperature and pressure effects.
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3.3 The concept of the anisotropy vector

Suppose that we have a cosmic ray anisotropy vector in interplanetary space and that it is

stationary. We represent this anisotropy by a vector pointing toward the maximum cosmic ray

interplanetary

intensity. This anisotropy & produces a different anisotropy vector at the Earth’s

surface with smaller amplitude and with a different direction. Hereafter we call the former as

EE“”" (see Figure 3.4). The relation between the anisotropy vectors can be expressed by a

transformation matrix A. Each term of this matrix is called coupling coefficient and its calculation

is explained in Section 3.4.

In this Thesis, we adopt a Cartesian coordinate system with origin in the center of the Earth. x
and y directions lie on the equatorial plane of the Earth with x pointing away from the Sun (in
other words, to midnight in local time) and y pointing toward dawn (6:00 in local time). The z
direction completes the right-handed coordinate systems and points toward the Geographic
North Pole. Hereafter, we refer this coordinate system simply as non-rotational geographic
(hereafter, NRGeo) since it is similar to the geographic coordinate system but x and y axis do

not follow the daily rotation of the Earth along the z axis.

Earth _ Interplanetary
N ¢ =A-¢

12h . .
A: matrix of coupling

coefficients

18h= = TLT

y ¢(Earth)
OhLT
¢(interplanetary)

|E(Earth)| < |é(interplentary) |

Figure 3.4 - An illustration of the anisotropy vector in the interplanetary medium and the anisotropy
vector observed in the Earth’s surface. The orange circle represents the Earth seen from above.
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3.4 Calculation of the coupling coefficients

The coupling coefficients are a result of a mathematical calculation from Nagashima et al.
(1971A, 19718, 1971C, 1971D) that relates a given anisotropy in the interplanetary medium
with its effect on a given directional channel of a detector taking into account its location (and

consequent geomagnetic deflection), the declination and the rigidity spectrum.

Every directional channels of a muon detector has a coupling coefficient. Mathematically, each
coupling coefficient is a complex number ¢ + is where i = v/—1. Its magnitude ranges between
0 and 1. It represents the relative intensity ratio between a given modulation observed in the
interplanetary medium and its corresponding effect observed by a directional channel of a muon
detector at a given location on the surface of the Earth. The phase of the number represents the
difference in the longitude of the viewing direction of a given directional channel and the
longitude of the detector. This difference in longitude comes from effects such as the

geomagnetic field deflection and declination/azimuth of the directional channel.

Following the notation from Nagashima et al. (1971A, 1971B, 1971C, 1971D), each coupling
coefficient has a superscript and a subscript. The superscript of the coupling coefficients
represents the order of the anisotropy. The subscript represents the order of the harmonic
component observed on the surface of the Earth. In this Thesis, as well as in all previous works
using data from the GMND (see the references from Rockenbach et al., 2014) we have calculated

and used only the first order coupling coefficients ¢}, ¢ and s.

For the conventional system, we have calculated the coupling coefficients in a similar way that
was done by Da Silva (2009). The results are shown in Table 3.5, Table 3.6 and Table 3.7. Notice
that we have calculated two different sets of coupling coefficients for Hobart detector. This was
necessary due to the upgrade done on December 2010: its area was enlarged from 9m? to
16m? and the East-West direction of the detector was inclined 28° from the geographic East-
West direction. Up to date, all publications using data from the GMDN did use data from before
the upgrade in this detector. This work, on the other hand, uses data from 2008 to 2012, a period
that spans from before to after the upgrade. We also calculated the coupling coefficients for

each directional channel of the new correlation system (Figure 3.5 and Figure 3.6).
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Table 3.5- The coupling coefficient ccalculated for the conventional correlation system.

Hobart Hobart Sdo
Directional
(before (after Kuwait Martinho da Nagoya
Channel
upgrade) upgrade) Serra

Vertical -0.52 -0.50 0.28 -0.26 0.30
North -0.33 -0.28 0.56 0.04 0.48
South -0.63 -0.69 -0.04 -0.51 0.06
East -0.33 -0.42 0.29 -0.14 0.15
West -0.64 -0.55 0.21 -0.36 0.43
North-east -0.17 -0.20 0.53 0.12 0.32
North-west -0.46 -0.32 0.52 -0.04 0.61
South-east -0.45 -0.59 0.02 -0.37 -0.06
South-west -0.75 -0.72 -0.13 -0.62 0.18
North 2 -0.11 -0.02 0.72 0.31 0.56
South 2 -0.66 -0.76 -0.31 -0.66 -0.17
East 2 -0.14 -0.30 0.25 -0.03 0.01
West 2 -0.67 -0.50 0.07 -0.39 0.47
North 3 - - - 0.44 0.60
South 3 - - - -0.70 -0.34
East 3 - - - 0.03 -0.06
West 3 - - - -0.37 0.48
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Table 3.6 - The coupling coefficient c] calculated for the conventional correlation system.

Hobart Hobart Sdo
Directional
(before (after Kuwait Martinho da Nagoya
Channel
upgrade) upgrade) Serra

Vertical 0.68 0.67 0.56 0.66 0.56
North 0.87 0.85 0.41 0.76 0.33
South 0.44 0.44 0.58 0.45 0.72
East 0.67 0.57 0.27 0.49 0.41
West 0.61 0.72 0.76 0.74 0.63
North-east 0.84 0.72 0.16 0.57 0.21
North-west 0.79 0.89 0.59 0.86 0.38
South-east 0.43 0.35 0.30 0.32 0.54
South-west 0.37 0.47 0.80 0.52 0.81
North 2 0.93 0.90 0.16 0.73 0.08
South 2 0.17 0.18 0.48 0.21 0.74
East 2 0.56 0.39 -0.02 0.28 0.22
West 2 0.46 0.65 0.77 0.70 0.57
North 3 - - - 0.66 -0.08
South 3 - - - 0.05 0.75
East 3 - - - 0.15 0.10
West 3 - - - 0.60 0.50
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Table 3.7 - The coupling coefficient sicalculated for the conventional correlation system.

Hobart Hobart Sdo
Directional
(before (after Kuwait Martinho da Nagoya
Channel
upgrade) upgrade) Serra

Vertical 0.34 0.33 0.45 0.41 0.46
North 0.20 0.34 0.31 0.38 0.49
South 0.44 0.31 0.57 0.43 0.40
East 0.59 0.61 0.69 0.66 0.68
West 0.05 0.02 0.11 0.09 0.16
North-east 0.46 0.61 0.57 0.62 0.69
North-west -0.09 0.03 -0.05 0.06 0.23
South-east 0.67 0.57 0.77 0.67 0.63
South-west 0.17 0.00 0.26 0.13 0.10
North 2 0.06 0.33 0.13 0.32 0.46
South 2 0.49 0.25 0.60 0.42 0.30
East 2 0.75 0.77 0.78 0.80 0.78
West 2 -0.23 -0.28 -0.27 -0.24 -0.13
North 3 - - - 0.26 0.45
South 3 - - - 0.37 0.25
East 3 - - - 0.85 0.83
West 3 - - - -0.49 -0.36
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Figure 3.5 - The coupling coefficients calculated for Hobart (upper row) and Kuwait (lower row) detectors. The columns, from left to right, represent the

coupling coefficients c}, ¢} and s}, respectively.
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Figure 3.6 - The coupling coefficients calculated for Nagoya (upper row) and Sdo Martinho da Serra (lower row) detectors. The columns, from left to
right, represent the coupling coefficients cZ, ct and s, respectively.
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3.5 Calculation of the anisotropy vector

Before starting the calculation of the anisotropy vector, all data were corrected for both the
atmospheric pressure and temperature effects, as explained in Section 3.2. The data were also
normalized to the average of each directional channel in a way to have it in percentage.
Hereafter, we refer this data by cosmic ray intensity. After this, we started the calculation of the

anisotropy vector. In this Thesis, we combine two methodologies.

One was introduced by Kuwabara et al. (2004) and was used for periods of a few days during
magnetic clouds observation in the interplanetary medium. Hereafter, we identify the
anisotropy vector calculated by this method as §5. We fit the normalized count rate for each

station i and directional channel j by the following equation:

I{;t(t) =1°(t) + & ()(cf; j cos wt; — sy sinwt;)
(3.1)

S . S
+§y (3] (sh]- cos wt; + clli,j sin a)tl-)+EZ (t)cfl-’j.

The meaning of each term in Eq. 3.1 is given in Table 3.8. By this equation, at each time, the

intensity levels observed at detectors rotating with the Earth are transported into an isotropic

component I°(t) plus the anisotropy vector (Efc, E;, E; ). Notice that the anisotropy is already in

a coordinate system not rotating with the Earth that is suitable for studying the interplanetary
medium. The information about the location of each detector are contained in the local time of

each detector and in the coupling coefficients.

Table 3.8 - The meaning of each term in Eq. 3.1.

i-th cosmic ray detector
j-th directional channel
The isotropic cosmic ray intensity
First order coupling coefficients with daily periodicity
First order coupling coefficients without periodicity

The angular rotation speed of the Earth. w = 21 /24 (radian/hour)
The local time at the j-th cosmic ray detector
The x-component of the anisotropy in the NRGeo coordinate system

The y-component of the anisotropy in the NRGeo coordinate system

The z-component of the anisotropy in the NRGeo coordinate system

Universal time
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This method has one drawback when we use it for periods such as one month or one year. If we
take data from a period like this and normalize it by its average, sometimes the intensity level
of one detector is significantly higher than the average for some days. It is unlikely that this
difference is caused by interplanetary sources because the difference is kept constant during
the rotation of the detector with the Earth. If it were from interplanetary origin, it would
somehow show a daily variation due to the daily rotation of the detector. The reason for this
difference is unknown, probably due to the difference between the atmospheric effects in the
different detectors (OKAZAKI et al., 2008). Other possibility might be some instrumental effect.
The consequence of this effect on the anisotropy vector is a spurious daily variation with high
amplitude. If we take a shorter period to calculate the anisotropy (for example, only those days
that produced the intensity difference), the normalization of the data will remove such intensity
difference keeping all directional channels to a level close to zero. As a result, the spurious daily

variation on the anisotropy vector will not be present.

To overcome this limitation, Okazaki et al. (2008) introduced another methodology that is
suitable for longer periods such as one month or one year. Hereafter, the anisotropy vector
calculated by this methodology is referred as E’. It does not use the normalized cosmic ray count
rate but rather it takes the difference between a given directional channel and the vertical
channel of the same detector. To keep consistency, the coupling coefficients also need to be

subtracted from its vertical:

1 — .1 1

Aciyj = C14j — C1in (3.2)
1 R 1

Asiij = S1ij — S1in (3.3)
0 —_ .0 0

Acyyj = ¢35 — C1in- (3.4)

Similarly, the primary cosmic ray median rigidity Pml.j also needs to be normalized. The

expression used is:
P .
AP . = (3.5)

where Pm i118 the primary median rigidity of the vertical channel of the i-th detector and Pm 11

is the primary median rigidity of the vertical directional channel of Nagoya muon detector.
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After this, we fit the observed cosmic ray count rate for each station i and directional channel j

by the following equation:

fit _ q0r11
AL (@) =1 (0)4P,, L

+E,lc(t)(Ac%i,]- cos wt; — Asllirj sinwt;)
(3.6)
+E§,(t) (As}i’j cos wt; + Ac%i_]- sinwt;)

+EL(t) Acyy ).

If we assume that the atmospheric effects are the same for all directional channels of a given
detector, this method automatically removes any atmospheric effect from the cosmic ray data.
Unfortunately, the anisotropy vector calculated using this method is noisier than the one from
Kuwabara et al. (2004) because the difference between two directional channels of a given

detector is closer to zero than the actual intensity of a given directional channel.

Finally, we combine the results from both the methodology from Kuwabara et al. (2004) and

Okazaki et al. (2008) using the following expression:

O =[FO-FO]+§W® (3.7)
where
1 t
FO=5; ) £O 39
t—23
and
e
f0 =5, ) §® 39)
t—23

are the 24-hour trailing moving average of the anisotropy vectors. By these calculations, we take
the lowest frequency component from the long-term anisotropy vector (last term on the right
side of Eg. 3.7) and we remove the long-term anisotropy vector from the short-scale vector

(term between brackets in the right side of Eq. 3.7).
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We developed new IDL codes for calculating the anisotropy both in hourly basis and in 10-
minutes basis. Previously the calculations were performed only in hourly basis using Fortran

routines.

The methodology described in this section was used for all data observed by the GMDN in the
period from 2008 to 2012. We have done this calculation using both the new and conventional
correlation system. For the new correlation system, the directional channels with counting rate
error higher than 1% were ignored, remaining 244 directional channels. For the conventional

correlation system, all 56 directional channels were used.
3.6 The Compton-Getting effect

Up to the last section, all the calculations were performed in the NRGeo coordinate system
(described in Section 3.3). From this section onwards, the anisotropy is used in the Geocentric
Solar Ecliptic (GSE) coordinate system. This system is centered at the Earth and the xy plane is
aligned with the Ecliptic Plane, a plane formed by the rotation of the Earth around the Sun; the
x axis is aligned with the Earth-Sun line (point toward the Sun), the y axis points toward dusk
and y axis points northward of the Ecliptic Plane. Notice that the GSE xy plane is not exactly
correspondent to the NRGeo xy plane because the equator of the Earth is inclined in relation to
the Ecliptic Plane. Moreover, the “x” and “y” axis are basically antiparallel to each other when

comparing the two coordinate systems.

Following the original formulation from Gleeson & Axford (1968) and the previous works from

Okazaki et al. (2008), we removed the Compton-Getting effect using the following expression:
EOG = EOE + 2 +1[vsw(®) —vgl/c (3.10)

where the subscript (W) means the reference frame on the solar wind and the subscript (E)
means the Earth frame of reference. %’(t)g;% is free from the Compton-Getting effect since it is
free from the change of solar wind speed with time. y is the index of the GCR energy spectrum
which we set to 2.7 following Okazaki et al. (2008). v, (t) is the solar wind velocity vector as a
function of time, v is the velocity vector of Earth’s orbital motion and c is the speed of the light.
We use OMNI combined and definitive data averaged for multispacecraft interplanetary

parameters. The data is time-shifted to the nose of the Earth's Bow Shock. See more details

about the data in the section “Interplanetary magnetic field data”.
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The average solar wind velocity vector has a magnitude of hundreds of kilometers per second
pointing roughly from the Sun to Earth. On the GSE coordinate system, this corresponds to a
highly negative x component and negligible y and z components. If the solar wind speed is
about 500 km/s, the contribution of the anisotropy effect will be about 0.8% in the x component.
In y and z components, however, the effect is one order of magnitude smaller and can simply

be ignored.

As for the Earth’s orbital motion, we use a rough approximation of vy = (0, —30,0) km/s. The
contribution from this term will be about 0.05% and, therefore, it is on the error range of the

anisotropy vector and could simply be ignored in the analysis done here.

We calculated and removed the Compton-Getting effect from the anisotropy vector calculated
for every hourly period between 2008 and 2012. As an example, we selected an arbitrary period
to show the anisotropy vector before and after the Compton-Getting effect correction (Figure
3.7). Notice that the contribution is much larger in the x component than in the “y” and “z”
components. There are some gaps on 2011/10/25 and 2011/10/26 in the anisotropy vector after

Compton-Getting effect correction due to gaps in solar wind data.
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Figure 3.7 - Cartesian components of the anisotropy vector in the GSE coordinate system calculated
using the new correlation system. The black line refers to data before the removal of the Compton-
Getting effect and the red curve after its removal. An arbitrary period from 2011/10/22 to 2011/10/27
in shown here.
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3.7 The cosmic ray gradient

Bieber & Evenson (1998), using data from a network of neutron monitors, observed enhanced
cosmic ray anisotropy in periods associated to MCs and suggested that the cosmic ray anisotropy
and interplanetary magnetic field B are predominantly perpendicular to each other. Kuwabara
et al. (2004, 2009) had obtained similar conclusions but using a network of muon detectors
whose primary energy is higher than for neutron monitors. This result is used in this section to

establish a mathematical expression to calculate the cosmic ray density gradient.

According to the cosmic ray transport equation, there are four sources of the enhanced
anisotropy observed during MC periods: convection, perpendicular diffusion, parallel diffusion
and the B X Vn drift. If convection were the source of the anisotropy, the anisotropy would
have its maximum pointing from the Sun to the Earth. It is clear for many years that this is not
true (KANE, 1974). Since the component of the anisotropy parallel to B is very small, we can
dismiss parallel diffusion. The perpendicular diffusion is considered much smaller than the B X
Vn drift for energy range observed by neutrons monitors (see, for example, Bieber & Evenson,

1998). Therefore, we may conclude that the B X Vn drift is the source of the anisotropy.

The drift B X Vn occurs when we have a gradient of a given charged particle density in a
direction perpendicular to the magnetic field, as illustrated in Figure 3.8 and Figure 3.9. Then we

can write:

Vn
drift = Ryb x — (3.11)

where b is the unit vector in the direction of the interplanetary magnetic field. Notice in Figure

3.9 that the drift and the anisotropy will have opposite sign, therefore:

Vn
W) = _R,b x — (3.12)

50



000
., 0000
G000

Figure 3.8 - The B X Vn drift. Left side figure: each circle is a cosmic ray (positive charge) spinning due to
the magnetic field B. The particle density at the top is smaller than in the bottom. Right side figure is a
“zoom” of the scenario on the left; the 3 arrows indicate the 3 sample particles rotation. As there are
more particles in the bottom, a current (drift) will be formed following the direction of rotation of the
particles in the bottom.
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Figure 3.9 - An explanation of the B X Vn drift and the anisotropy vector drift in the Sun-Earth medium.
Notice that the anisotropy and drift are pointing in opposite directions.

The superscript (W) indicates the anisotropy in the solar wind frame of reference and the
subscript L indicates that we are taken into account only the component perpendicular to the
IMF. Due to the properties of the cross product, the anisotropy component parallel to the IMF
is automatically neglected. In this way, we needed to check if the desired anisotropy is
approximately perpendicular to the magnetic field. If this is not true and the anisotropy is almost

parallel to the magnetic field direction, we cannot use this equation for calculating the gradient.

Using the cross product properties, we can write:
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Vn

R,—=bx&", (3.13)
n

By using the Eq. 3.13, we have one expression to calculate the fractional cosmic ray gradient.

For shortly, the term on the left hand side of Eq. 3.13 has its Cartesian components referred as

9x, 9y and g, in the plots in this Thesis.

3.8 Recalculating the first order anisotropy vector and the cosmic ray gradient density

using integration time of 10 minutes

The GMDN data analysis performed up to now used data with integration time of 1-hour since
only this integration time was available for all detectors until 2006. Since 2007, after upgrades
in all detectors of the GMDN, their data started to be recorded with integration time of 10-
minutes. Although more than six years passed since this data is available, the data in integration

times of 10 minutes have never been used before.

We made new code in Interactive Data Language (IDL) software to correct the pressure and
temperature effects on the observed data in 10-minutes basis and, after this, calculating the
anisotropy and the cosmic ray gradient. We selected an arbitrary period with significant
anisotropy magnitude in 2011. An example of the comparison between the anisotropy vectors
in both integration times is shown in Figure 3.10. Both anisotropy vectors have values very
similar to each other. For the same arbitrary period, the gradient in both hourly and 10-minutes
integration periods is shown in Figure 3.11. The difference between both gradient vectors is
higher than the difference between both anisotropy vectors. The reason is the difference in the
IMF vector in hourly and 10-minutes basis, which is clear in the last hours of 2011/10/24 and in
the first hours of 2011/10/25 (Figure 3.12). We also calculated, for each hour, the average and
standard deviation of the gradient using the six data points calculated using 10-minutes
integration time (Figure 3.13). Notice that for vast majority of the points the standard deviation
is much smaller than 0.1 and might be considered negligible since it is much smaller than the

statistical error of the instrument.
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Figure 3.10 - Comparison of the anisotropy vector calculated in integration times of one hour (red) and
ten minutes (black) using data from the new correlation system and already corrected for Compton-
Getting effect.
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Figure 3.12 - The interplanetary magnetic field magnitude (first panel at the top) and its Cartesian
components in the GSE coordinate system (remaining three panels). The hourly-averaged data is shown
in red and the 10-minutes averaged is represented in black.
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Figure 3.13 - The perpendicular fractional gradient calculated using the original hourly integration time

(black curves) and using the 10-minute integration time as an estimate of the error (red curve). For the

latter case, we calculated the average vector for each hourly period using the six data points available in
each period. The gray curves show the average plus or minus the standard deviation.
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3.9 A model of cosmic ray density inside the magnetic cloud

We use a model of an axisymmetric straight cylinder as a local approximation of a flux rope
model of a magnetic cloud. The cylinder axis orientation is supposed to be constant during the
magnetic cloud period. We assume the cylinder is moving with average solar wind velocity
vector observed in the OMNI database during the magnetic cloud period. We do not use the
hourly average because we are assuming that the cylinder is possibly expanding and, therefore,
the velocity observed will be a superposition of the cylinder displacement as a whole plus the
apparent speed due to the cylinder expansion. If this hypothesis were true, we would expect the
solar wind speed profile to be gradually increasing inside a magnetic cloud if it is expanding. If

the magnetic cloud were shrinking, the solar wind profile would be increasing.

We use the unit vector A4 pointing above the ecliptic plane to represent the cylinder axis and the
vector Pg(t) that at any time t points from the Earth to the closest point on the cylinder axis
(see Figure 3.14). Notice that depending on the solar wind direction, a different portion of the
cylinder will be closer to the Earth as time passes. The normalized distance from the cylinder

center is defined as:

_Pg(D)]
" R()

where R(t) is the cylinder radius. Since we are using the cylinder from the time it touches the

x(t) (3.14)

Earth for the first time until it leaves, it willhave 0 < x < 1.

GSE-Z

Figure 3.14 - An illustration of the cosmic ray gradient vector for two different positions of the magnetic
cloud flux rope approximated in this case by a straight cylinder.
Source: Kuwabara (2005)
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Munakata et al. (2006) calculated the numerical solution of the cosmic ray transport equation
for the specific case of a magnetic cloud. According to that work, the cosmic ray fractional

isotropic intensity I can be expressed as:

I(x) = Z a,x", (3.15)
n=0
where
F —
a, = {(ﬁ) a,_, for n=2,4,6, .. (3.16)
0 forn=1,3,5,..

where I' is a dimensionless parameter defined by:

2(2 +
r=2@*tn (3.17)
3K0

Here y is the cosmic ray power spectrum index, which we will assume to be 2.7. Here K is a

dimensionless parameter given by:
o = 0]
0= ————
R(t) *Vex

where Kk (t) is the perpendicular diffusion coefficient and I, is the cylinder radius increase

(3.18)

rate (hereafter, expansion speed of the cylinder).

The expression in Eq. 3.15 then can be written as:

I(t) = 1+E (t)2+E ®*+ r )%+ - (3.19)
I i 64~ 2304 '

This expression expects an isotropic decrease with maximum in the cylinder axis (x = 0) and
fractional isotropic decrease agy in the center of the cylinder. One example of the isotropic
cosmic ray intensity as a function of position inside a magnetic cloud is shown in Figure 3.15.

Notice that 0 < ay < 1. For example, a 1% decrease corresponds to ag = 0.99.
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Figure 3.15 - Example of the cosmic ray isotropic intensity as a function of the normalized distance from
the cylinder axis x.
Source: Munakata et al. (2006).

The cosmic ray isotropic intensity is minimum at the axis of the cylinder. In this way, the gradient
of the cosmic ray isotropic intensity will always be perpendicular to the cylinder axis and pointing
away from it. Notice that it is antiparallel to Pg(t). Using the expression of the fractional

isotropic intensity, we may write the following expression for the cosmic ray fractional gradient:

R; VI
g () = - (Lt)% (3.20)
ex _ RL Qo r FZ F3 PE(t)
g p(t) = _R(t)l_{zx(t)l +RX(t)3 +ﬁ)€(t)5 + } |PE(t)| (3.21)

Beyond the information about the expected cosmic ray gradient and isotropic intensity, we can
make some geometric constraints to our model. Now we define the vector Py which points from
the Earth to the point where the magnetic cloud is closer to the Earth. This vector is illustrated

in Figure 3.16. When the magnetic cloud is closer to the Earth (t-) we have Py = Pg(t.).
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Moreover, P is perpendicular both to the cylinder axis A and to the solar wind velocity vector

Vg . Therefore, we can write:

A X vgy (3.22)

Pp=d—W
0 |A X gyl

where d = x(t.) is the distance from the Earth to the cylinder axis at the time t. when the

cylinder is closest to the Earth.

In the plane formed by the Earth and the solar wind velocity vector (see Figure 3.16), we define

the vector P(t) which is given by:

P(t) = PO + vSw(t - tC) (3.23)

Figure 3.16 - The cosmic ray cylinder at three different hypothetic positions. In each position the vectors
P and P used in the model are shown (see text for details). The position at the center of the picture
corresponds to the time t, when the cylinder is closest to the Earth. The cylinder velocity vector is
supposed to be coincident with solar wind velocity vy, indicated in the figure.

Source: Kuwabara (2005)

Once we have an expression for P(t), we can find Pg(t) by subtracting from P(t) its projection

into the cylinder axis A.

Pr(t) = P(t) - (A- P)A (3.24)
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We suppose that the cylinder radius will correspond to the position vector of the cylinder axis in

the entrance and exit times of the cylinder. Therefore, we may write:

R(tout) = |PE(tout)| (3.25)

and

R(tin) = |Pg(tin)l- (3.26)
where the subscripts in and out refer to the timing when Earth enters and leaves the cylinder,
respectively. The cylinder radius increases linearly as a function of time with expansion speed

given by:

_ R(tout) - R(tin) (3-27)

|74
e tout - tin
In this way, we are able to estimate the cylinder radius at any time inside the magnetic cloud

period using the following expression:

R(t) = R(tin) + Vox = (t — tin)- (3.28)
3.10 An additional model of cosmic ray density inside the magnetic cloud

One additional model to deduce the cylinder of cosmic ray depleted region during a MC event
was proposed by Kuwabara et al. (2004). Roughly speaking, it is similar to Kuwabara et al. (2009)
except for two points: 1) it does not allow any expansion of the cylinder radius and 2) it does use
a Gaussian distribution for the isotropic cosmic ray density decrease. Since the model from
Kuwabara et al. (2009) can take into account the possibility of expansion, we did not apply the
method for our new list of events. We only tested this model for the same MC studied in
Kuwabara et al. (2004), observed on 2003/10/29. The results were similar to those from

Kuwabara et al. (2004).
3.11 Testing the model from Kuwabara et al. (2009)

Before starting the application of the cosmic ray cylinder model from Kuwabara et al. (2009) in
new events observed between 2008 and 2012, we wrote IDL codes using only the information
on Kuwabara et al. (2009) and tested it for a very strong event observed in 2003/10/29. We fit

the model to the same data used by Kuwabara et al. (2009) and the results are shown in Figure
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3.17, Figure 3.18 and Figure 3.19. Notice that the results found are in good agreement with the

reference.
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Figure 3.17 - Comparison of the results from the current work (upper panel) and those from Kuwabara
et al. (2009) (lower panel) for the x component of the fractional gradient. The observed data is indicated
by the curve with asterisks in the upper panel and with the bold curve with circles in the lower panel.
The curves without symbols show the data fit by the model.
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Figure 3.18 - Comparison of the results from the current work (upper panel) and those from Kuwabara
et al. (2009) (lower panel) for the y component of the fractional gradient. The observed data is indicated
by the curve with asterisks in the upper panel and with the bold curve with circles in the lower panel.
The curves without symbols show the data fit by the model.
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Figure 3.19 - Comparison of the results from the current work (upper panel) and those from Kuwabara
et al. (2009) (lower panel) for the z component of the fractional gradient. The observed data is indicated
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The curves without symbols show the data fit by the model.
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4  DERIVING THE CORONAL MASS EJECTION KINEMATIC PARAMETERS

This Chapter describes the methodology applied to process the images from the coronagraph
SECCHI-COR2 onboard both the STEREO spacecraft. First, we explain briefly how the Coronal
Segmentation Technique (CORSET) tracks CMEs and why it was chosen here among other
methods. The result from CORSET is the identification of the CME boundary in each image. This
boundary is then used to calculate the position of the CME and speed in each coronagraph field-
of-view (FOV). Once this step is done, we start the methodology to derive the tridimensional
parameters by combining the result from one coronagraph onboard STEREO A and the other
onboard STEREO B. In this Thesis, we developed a new method that combines the results from
CORSET, triangulation and tie-pointing. This methodology allows us to calculate the
tridimensional speed and direction of propagation. Results from the application of this

methodology are shown and discussed later, especially in Chapter 6.

4.1 The CORSET

The Coronal Segmentation Technique (CORSET) is a texture-based technique devised to isolate
a CME from its background in a coronagraph FOV. CORSET is not a manual method to identify
CMEs because a cursor is not used to define their boundaries. CORSET is also not an automatic
method that is able to identify automatically the beginning and the end of the CME and find its
boundary based only on some computer program. In CORSET, the user needs to define the
period (a set of frames) where the CMEs are in the coronagraph FOV. In one of the images of
the subset, an user-estimated sample area of the CME is also required. After this, the algorithm
detects and tracks the event as it develops, by analyzing the texture of neighboring pixels to
evaluate whether they belong to the CME feature or to the background. In this way, CORSET is
neither a human-based manual method nor human-independent automatic method to track
CMEs. It is a supervised (pseudo-automatic) procedure (GOUSSIES et al., 2010). One example of
a CME tracked by CORSET is shown in Figure 4.1 where the continuous white line indicates the

area considered to be the CME.
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STEREO B COR2 2010-05-23T20:24:28

Figure 4.1 - One example of the application of CORSET to track a CME in the SECCHI-COR2B FOV. The
white line is the contour derived by CORSET.

4.2  Why using CORSET instead of other manual or automatic catalogs?

There are some manual catalogs of CMEs available such as the SOHO CDAW catalog (YASHIRO

et al.,, 2004). This catalog is available online at http://cdaw.gsfc.nasa.gov/CME list/ and it

contains information about all the CMEs observed in LASCO-C2 and LASCO-C3 FOV since the
beginning of the SOHO mission (in 1996) up to date. For each image available, the CME is
identified by an observer who defines the boundary of the CME using visual inspection. The
criteria used to select the boundary of the CME is purely subjective. Once the CME is identified
in all frames available, many kinematic properties are calculated such as angular width, speed,
acceleration and mass. Due to the unclear criteria to select CMEs, there are discrepancies when
we compare the SOHO CDAW catalog with other works that identified CMEs manually. For
instance, Yashiro et al. (2004) identified 1084 CMEs between January 1996 and June 1998. St
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Cyr et al. (2000), on the other hand, identified only 841 CMEs. Among the CMEs from the later
work, 23 of them do not correspond to any CME identified by Yashiro et al. (2004).

There are many techniques used to track CMEs automatically as well as many catalogs. Among
them we can cite the “Computed Aided CME Track” (CACTus) that autonomously detect CMEs
in a sequence of images from both LASCO-C2, LASCO-C3 and SECCHI-COR2 by constructing
height-time maps and using Hough transform to identify structures that are CMEs. This method
is fully described in Robbrecht & Berghmans (2004) and the catalog is available online at

http://sidc.oma.be/cactus/. Another fully automated catalog is the “Solar Eruptive Event

Detection System” (SEEDS) available at http://spaceweather.gmu.edu/seeds/ (OLMEDO et al.,

2005; OLMEDO et al., 2008). This catalog includes both the coronagraphs LASCO-C2 and SECCHI-
COR2.

The advantage of the automatic catalogs when compared to manual ones is that they are more
objective because the criteria to detect CME are clearly written in an algorithm. There are many
discrepancies when we compare different automated catalogs and when we compare them to
manual inspection of CMEs. One reason for the discrepancies is that the catalogs do not have
any criteria to distinguish two adjacent CMEs seen in the coronagraph FOV at the same time.
Since the CMEs are optically thin, different CMEs or other coronal structures might be
superposed. This point is one of the well-known limitations of CACTus: the impossibility to
distinguish between different CMEs when they are observed in close timing and position. For an
extensive discussion about the strength and weakness of CACTus, the reader is referred to Bonte
et al. (2011). Other complication is that CMEs have a wide range of shapes (see explanation in
Section 1.1) and therefore a unique fixed shape cannot be used as a constraint when tracking
CMEs. Other drawback is the splitting of some CMEs in more than one CME when there is
actually only one. As a result, part of the angular range is considered one event and the
remaining part another. Thanks to this fact, automatic catalogs tend to have a higher number of

events observed than the manual catalogs do.

The CORSET method has the advantage of being an objective method with explicit criteria to
track CMEs and, even so, it is flexible in a way to avoid the limitation of fully automated catalogs.
A detailed discussion about the usage of CORSET instead of other existing methods and a
detailed comparison of results from different catalog and CORSET can be found in Braga et al.

(2013).
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In the following section, we briefly address the idea behind texture analysis. The reader is
referred to Goussies et al. (2010) and references therein for the mathematical details behind

CORSET.
4.3 Texture analysis

Texture analysis is one of the fundamental methods used to discriminate between a background
and an object (HARALICK et al., 1973). This approach, alone or combined with other features
(e.g., shape, brightness, motion, etc.), is commonly applied in computer vision to distinguish,

characterize, and eventually extract objects in digital images (TRUCCO; VERRI, 1998).

Image texture is briefly defined as a function of the spatial variation of the pixel intensities (gray
levels). It is assumed that the texture information of an image is contained in the overall spatial
relationship that the gray levels in the image have to one another. Hence, Haralick et al. (1973)
proposed the use of the so-called Gray Level Co-occurrence Matrix (GLCM) as a mean to capture
and therefore characterize the texture of the different regions. In other words, the GLCM is a
matrix that contains information about the distribution of the intensity levels inside the region.
The elements of the GLCM are simply the relative frequencies of occurrence of pairs of grey-
level values of pixels separated by a given distance in a certain direction. More specifically, this
texture-content information can be specified by a matrix composed of the relative probabilities
P; jthat two neighboring pixels separated by distance d in a given direction have gray levels i
and j, respectively. Such gray-level matrices of spatial dependence frequencies are a function of
(1) the angular relationship between the neighboring pixels and (2) the distance between them.
One example of how a 4x4 GLCM is computed is shown in Figure 4.2 using distance of one pixel
for four different directions. Notice that the matrix is symmetric and it will always be due to the

definition.
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(B)

(A)
0 0 1 1 #0,0) #(0,1) #(0,2) #(0,3)
0 2 2 2 #(1,0)  #(1,1)  #(1,2) #(1,3)
2 2 3 3 #(2,0)  #(2,1) #(22) #(2,3)
#(3,00 #(3,1) #(3,2) #(3,3)
(C) 0° (D) 90°
4 2 1 6 0 2 0
2 4 0 0 4 2 0
1 0 6 2 2 2 2
0 0 1 0 0 2 0
(E) 135° (F) 45°
2 1 3 4 1 0 0
1 2 1 1 2 2 0
3 1 0 0 2 4 1
0 0 2 0 0 1 0

Figure 4.2 - One example of the GLCM computation. (a) 4 x 4 image with four gray-tone values (0, 1, 2
and 3). (b) General form a GLCM for any image with four gray-tone values (0, 1, 2 and 3). #(i,j) stands for
the number of times gray tones i and j have been neighbors (c)-(f) GLCM for different angles and
distance of 1 pixel.

In this Thesis, following the work from Goussies et al. (2010) and Braga et al. (2013), the GLCM
were computed using distance of one pixel (d = 1) and direction of 45° (0° is the right side of
the image and the angle increases counterclockwise) with four gray-tones (therefore the GLCM
has 4x4 elements). Some examples of the GLCM for an arbitrary set of three CMEs and
corresponding background analyzed in this Thesis for COR2B are shown in Table 4.1, Table 4.2
and Table 4.3. Each element of the tables corresponds to one element of the GLCM (as
illustrated in Figure 4.2), except for one difference: P; ; is normalized by the sum of the matrix

elements. More specifically, these tables show the average value plus or minus its standard
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deviation calculated for the three GLCM available in each case. Results for COR2A were very

similar and are omitted here.

Table 4.1 - The average plus or minus one standard deviation GLCM for a CME in their first frame. These
values were calculated using COR2B for the CMEs observed on 2010/04/03, 2010/04/08 and
2010/07/30.

0.0103+0.0157
0.0189+0.0267
0.0000+0.0000
0.0000+0.0000

0.0189+0.0267
0.6191+0.2661
0.0152+0.0130
0.0001+0.0001

0.0000+0.0000
0.0152+0.0130
0.1752+0.1546
0.0101+0.0114

0.0000+0.0000
0.0001+0.0001
0.0101+0.0114
0.1069+0.1464

Table 4.2 - The average plus or minus standard deviation GLCM for a CME in the last frame calculated
using COR2B for the CME observed on 2010/04/03, 2010/04/08 and 2010/07/30. This depends of the
expansion parameter used and it will be exactly the same GLCM of first frame when Q=0 (no expansion,
see explanation in Section 4.5).

0.033810.0344
0.0387+0.0297
0.0000+0.0000
0.0000+0.0000

0.0387+0.0297
0.7461+0.1155
0.0111+0.0117
0.0001+0.0001

0.0000+0.0000
0.0111+0.0117
0.0939+0.1229
0.0031+0.0041

0.0000+0.0000
0.0001+0.0001
0.0031+0.0041
0.0198+0.0243

Table 4.3 - The average GLCM for the background using COR2B for the CME observed on 2010/04/03,
2010/04/08 and 2010/07/30.

0.3125%0.0236
0.2016%0.0080
0.0000+0.0000
0.0000+0.0000

0.2016%0.0080
0.2840+0.0115
0.0001+0.0001
0.0001+0.0001

0.0000+0.0000
0.0001+0.0001
0.0000+0.0000
0.0000+0.0000

0.0000+0.0000
0.0001+0.0001
0.0000+0.0000
0.0000+0.0000

One can notice that there is a trend that the GLCM of the background to have higher elements

withi < 2 andj < 2, in other words, with GLCM elements related to the lower gray-tones. The

remaining terms are negligible. For the CME, the diagonal terms are higher, especially P; ; and

P; 5.

A GLCM of a CME depends on its brightness. For the CME on 2010/07/30, which has low

brightness, the terms P; ; and P; 3 are smaller than 0.03 for both COR2A and COR2B; the term

P, ,~0.9. The CME on 2010/04/03, on the other hand, is much brighter and the terms P, ; and



P; 5 are two times higher and P, ; < 0.8. In spite of the fact that the 3 CMEs tested here CMEs

have significant differences, they all have P ; + P, , + P33+ P, 4 > 0.9.
4.4 Detection of the CME: segmenting it from the background

Goussies et al. (2010) found that the GLCM for the CME features does not follow exactly a known
probability density function and introduced a y? statistical test to overcome the absence of a
known probability density function. The test evaluates up to a certain level of significance

whether the GLCM of a given pixel resembles that of the background or the foreground (CME).

To create the foreground model, the user must identify a region of interest (ROI), i. e., an
approximate area comprising the CME feature, in the image where the event is first seen (Figure
4.3). Similarly, a region excluding the CME feature must be selected to identify the background
(Figure 4.4). This procedure needs to be done by the user manually for each event of interest.
The regions are defined by delineating with the computer mouse a contour around at least a

part of the feature. The total area does not need to be selected.

Figure 4.3 - Example of a user-selected area (in red) for the CME on 2010/04/03 in the COR2B FOV. The
image shown here is the difference of the first two images where the CME is visible in the FOV.
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Figure 4.4 - Example of the user-selected area (red region) for the background associated to the CME on
2010/04/03 in the COR2B FOV. The image shown here is the difference of the two last images before
the CME enters the FOV.

Note that the ROI can be arbitrarily selected as long as it is within the feature, i. e., it does not
have to follow exactly the boundaries of the event. This presents an advantage with respect to
human-based detection: despite the subjectivity involved in the determination of the initial
boundaries, the CME feature in this first image is uniquely segmented based upon its texture

characteristics.
45 Tracking the CME

Once the CME feature is segmented in the first frame, the region found is used as an initial guess
for the following frame, and the detection procedure repeated. However, as mentioned in
Goussies et al. (2010), some events, especially those that start with large speeds, do not keep a
similar texture as they evolve, especially during their early development. To take into account
the texture variability, the GLCM of the foreground is reevaluated in a region that corresponds
to an isotropically expanded version of the region found in the previous frame, and only after

this, the procedure is repeated. The degree of expansion is user-controlled. Briefly, if we call Z
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the number of pixels comprising the region defined in frame i — 1, the extent of the expansion
is calculated as Z/Q in each direction perpendicular to the boundary of the feature segmented,

Q being a heuristically user-defined parameter between 1 and 60 (Q = 0 implies no expansion).

4.6 Deriving the radial speed of a CME in a coronagraphic image

Once we tracked a CME using CORSET, we have a region of the CME segmented for each frame
on a given period that was manually selected. In principle, all frames where the CME is
simultaneously present in the COR2A and COR2B FOV are used. From our experience with
CORSET, we did not include in the analysis the frames in that the CME front already reached the
outer limit of the coronagraph FOV. In some cases, the CME brightness is very low close to the
outer boundary of the coronagraph and the result derived from CORSET is not consistent with
the CME definition or only part of it is selected. These frames are removed from the analysis.
Once the set of frames is defined, we start the calculation of the radial speed in each
coronagraph FOV. Notice that the speed derived here is done independently in COR2A and
COR2B data. Both speeds are not the tridimensional speed that is the main objective of this

Thesis; they are only the projection of the speed in the plane-of-the sky.

For each frame, the distance to the center of the Sun’s disk of each position angle is calculated.
A height-time (HT) profile is then obtained for each angle. A linear speed is finally computed as
the slope of a first order fit to the data points in the HT profiles. The result is a speed profile as

a function of angle. Two examples of such plots are shown in Figure 4.5 and Figure 4.6.
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Figure 4.5 - One example of the radial speed as a function of the angle (degrees, after rotation for the
stereo baseline). The CME shown here was observed on 2011/09/05 by COR2B and it was tracked from
03:24UT to 05:39 UT. The vertical dashed lines indicate the lateral boundaries of this region and the
continuous line corresponds to the position angle of maximum radial speed.
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Figure 4.6 - Similar to Figure 4.5 but for a CME tracked from 2011/09/13 23:54 UT to 2011/09/14 02:54
UT by COR2A. The vertical dashed lines indicate the lateral boundaries of this region.
For many events studied in this Thesis in COR2A FOV (the list of events is detailed in Chapter 5),

it is common to observe peaks (i.e. relative high speeds) close to the angular limits of the CME
(this is absent in Figure 4.5 but very clear in Figure 4.6). We manually inspected these
measurements and confirmed that the peaks are spurious. Many velocity profiles also show
steep increases in one lateral side and steep decreases on the other, as in Figure 4.5. The
velocities in this range of the profile are also spurious. For that reason, the angular extent of
the events was manually validated and the region considered appropriate was selected while
the spurious parts were ignored. The vertical dashed lines in Figure 4.5 and Figure 4.6 indicate
the lateral boundaries of this region. Within the appropriate range, the distribution of the radial
speeds generally is smooth and frequently follows a parabolic-like curve. All the trends
commented here were identified previously using data from LASCO-C3 FOV both in CORSET and
the in CACTus catalog (BRAGA et al., 2013).

Once these steps are done, the maximum linear speed is selected among the manually validated
region. In Figure 4.5 and Figure 4.6, it is indicated by the vertical continuous line. Notice that the

maximum speed is not necessarily at the center of the CME angular range.
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Since CORSET was never used before to derive the speed in COR2, the results we derived by this
methodology are compared with previous works using different methodologies in order to check

possible systematic errors. The results are shown in Chapter 6.

4.7 Starting stereoscopy: a tridimensional reconstruction using the epipolar constraint

Up to now the methodology described is used to derive the CME properties projected on a given
coronagraph FOV. From this section on, the analysis described is about the tridimensional

reconstruction (stereoscopy).

Stereoscopy consists on the reconstruction of surfaces starting from a pair of images from the
same object but taken from different viewpoints. Each pair of images is called stereoimage. As
human beings, we are used to see a 3D environment from the images formed in the focal plane
of the eyes. We have a sense of deepness calibrated since the childhood and, when we see the
two projections of an image in our eyes, we associate it immediately to the 3D object that we
have in mind. Thus, the simple observation of two-dimensional projections of one tridimensional
object is not enough. It is necessary to include additional information in order to reconstruct

one object from its two projections (INHESTER, 2006).

In this Thesis, we take advantage of a special geometric constraint used in stereoscopy called
epipolar constraint (illustrated in Figure 4.7). The line connecting the viewpoints is called stereo
base line, which subtends the stereo base angle between the two main view directions. The
position of the observers and any point to be studied in three dimensions define a plane, which
is called epipolar plane. Since we have many points to be reconstructed we need to define a set

of epipolar planes (INHESTER, 2006).
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Figure 4.7 - One example of an epipolar geometry used to do stereoscopy of the Sun (represented in
yellow). The two observers are represented by two black dots. Between the Sun and the observers, a
sample image taken by each one is shown. Each epipolar plane is represented by a rectangle in a
different color. Here only five epipolar planes are shown, but as many as desired can be constructed.
The intersection of these planes with the images forms the epipolar lines.

Source: Inhester (2006).

The intersection of any epipolar plane with the observer’s image defines a line. Any of these
lines is called an epipolar line. Itis important to notice that the epipolar images depend on the
position of both observers; any change in the position of one observer requires a new

determination of the epipolar lines for all observers (INHESTER, 2006).

In order to make the reconstruction easier, it is desirable to have the epipolar lines mapped into
horizontal lines. This corresponds to the case when both spacecraft would have their optical
axes directed parallel to each other. When this is not the case, the images are processed in such
a way that epipolar lines become parallel to each other and preferably horizontal, as illustrated

in Figure 4.8. This process is called rectification.

77



Figure 4.8 - An example of a pair of stereoimages before (upper row) and after (lower row) the
rectification process. Some sample epipolar lines are shown in each image (black lines). Notice that the
epipolar lines became parallel after the rectification. Source: Loop & Zhang (1999).

The forth step consists in correctly matching the projections of a given object in one image in
each of the stereoimages. Two hypothesis are implicit here: a) all the points to be reconstructed
must be visible in both images and b) a given structure in space is seen in a similar way in both

images (TRUCCO; VERRI, 1998).

Matching a given point in space over one epipolar line in both stereoimages is not trivial and it
needs specific methodologies, depending how the object to be reconstructed is. Usually, the
matching process in done manually by identifying corresponding points in a pair of stereoimages.
The pair of points that correspond to the selection of the same feature in both stereoimages is
called tie-point. Thanks to the epipolar constraint, the tie-points must lie in the same epipolar

line and, therefore, the problem of matching is reduced from two-dimensions to one dimension.
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4.8 One tool to reconstruct CMEs front

The CME front could be reconstructed using the forward fitting method such as the CGS method.
Since we are using CORSET, that does not have any geometric constraint, it is desirable to use a
reconstruction method that does not rely on such restriction. For this reason, we do not use the
CGS model from Thernisien et al. (2009) in this work. Instead, we use the “Sunloop”, an
application to perform the tie-pointing and triangulation using images from SECCHI developed

by Liewer et al. (2009).

First, the images are preprocessed and slowly varying (monthly minimum) backgrounds are
subtracted. This removes the contribution of the F-corona. The images are then scaled and
corrected for the different distances of the two spacecraft from the Sun to make the plate scales
identical. The difference in distance is about 10% in the later phase of STEREO mission. During
some periods, especially in the first years of the mission, the difference is very small but it is
corrected anyway. Using the epipolar constraint, the images are rectified in such a way that the
horizontal lines in the images correspond to epipolar lines. Tie-points are then placed in each
image using a cursor. Each position on an image defines a camera ray; the rays defined by the
tie-points lie in an epipolar plane and, using triangulation, the location of the tie-pointed feature
is the intersection of the two rays (LIEWER et al., 2011). One example of the application of the

Sunloop is shown in Figure 4.9.
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Figure 4.9 - The graphical user interface of the Sunloop application tie-pointing tool on the leading edge
of a sample CME observed on 2008/03/25. The tie-points locations are represented by the white
crosses. The COR2B (A) image is on the left (right). Sunloop is available as part of the Solar Soft SECCHI
software library (e.g., http://www.Imsal.com/solarsoft/).

Source: Liewer et al. (2011).

After the tie-pointing is completed for all images where the CME is visible in the FOV, the results
are shown in a visualization tool called Animator. The points obtained by triangulation are
connected with straight-line segments to visualize the tridimensional reconstruction of the CME

front (LIEWER et al., 2011). One example of such result is shown in Figure 4.10.
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Figure 4.10 - Tridimensional reconstruction of the leading edge of the CME observed in 2008/03/25 at
five consecutive times shown in relation to the Sun (3D globe). The third reconstruction (represented in
green) refers to the tie-points shown in Figure 4.9. The three colored straight lines (here, and in other
3D reconstruction figures in this Thesis) show the directions to STEREO B (violet), Earth (green), and
STEREO A (red). Two viewpoints are shown, the left one is along the Sun-Earth line and the right one is
along the propagation longitude.

Source: Liewer et al. (2011).

From the set of leading edge reconstructions, the trajectory is determined by selecting, at each
time, the point on the reconstructed edge furthest from the Sun (the apex of the front). The
trajectory propagation direction is the average over the directions from the Sun to the apex for

each time; the velocity is obtained from a linear fit to the true (3D) distance versus time data.

4.9 Combining CORSET and Sunloop

We introduce here a new methodology that combines CORSET and Sunloop. While CORSET is
useful to define the boundary of the CME, the Sunloop method allows an interactive way to

perform the triangulation and tie-pointing.

Sunloop could be used without any input from CORSET, using a set of tie-points defined by eye.
An epipolar line constraints the tie-point in one dimension of the image. Hence, once a tie-point
is defined in a given view, the corresponding tie-point in the other view is free (along the
epipolar line) and needs to be defined by the user. The exactly same feature must be selected
in each image of the pair by visual inspection. By doing this, the result will be subjective and will
depend on user decision. In this Thesis, we aim to define a more objective way to define the

CME boundaries and the tie-points that does not depend on visual inspection. Firstly, we

81



included only the boundary found by CORSET in Sunloop and defined the tie points according to
the boundary shown. Although there are some minor differences in the results according to the
pixel selected by the user, this approach is independent from user decision (this topic is explored
in Section 4.10). It is, however, very time consuming and tedious. Finally, we constructed an

algorithm to create the tie-points automatically using the contours for each stereoimage.

We suppose that each tie-point of the CME front contour (as defined by CORSET) in a given view
corresponds to a tie-point in the corresponding image pair, which is defined by the intersection

of the CME front contour in this image pair and the corresponding epipolar line (Figure 4.11).

Typically, the algorithm defines automatically from 50 to 200 tie-points in each COR2 image
(2048 x 2048 pixels). We observed that the tie-points close to the lateral side of the CME
produced inconsistent results, probably because they do not point to the same CME feature. For
this reason, we arbitrarily choose an angular range where only the front of the CME is located

and we ignore the points of the contour of the CME outside this region.

Once the set of matching tie-points pairs are defined in this automatic way, the Sunloop code
calls the SolarSoft routine ssc_triangulate to perform the triangulation. Hereafter, we will call
this methodology CORSET3D since it depends on the results from CORSET and it allows
tridimensional reconstruction of the CME front. One example of the application of CORSET3D is

showin in Figure 4.12.

.
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The “apex” part of
the contour

Figure 4.11 - A diagram illustrating the selection of the apex of the CME (dashed black line) from the
contours provided by CORSET (white contour) in each coronagraph image. The blue horizontal lines
represent the epipolar lines.
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Figure 4.12 - A screen dump of the “Sunloop/Tiepointer” tool showing the placement of automatic tie-
points (black and white crosses on the CME leading edge contour). The white line shows the contour
previously derived using CORSET (we modified the Sunloop code to allow the inclusion of the contours
and the automatic determination of the tie-points to be used for 3D reconstruction).

The diagram in Figure 4.13 wraps up the main steps that need to the done when using CORSET3D.
The steps indicated in gray are performed independently on images from each coronagraph and
they are based on CORSET (BRAGA et al.,, 2013). Those indicated in orange require two

viewpoints and are based on the Sunloop method (LIEWER et al., 2011).

| /l » Define a set of images to be tracked

] A * Define a set of images to construct the background

| /l * Define a sample image area for the background

user decision

Steps that do not | /l e Set a expansion factor Q
require user decision

Steps that requi - .
L ops that require ) /l » Define a sample image area for the CME

* Perform the tracking

in each viewpoint

[:| Steps done independently c * Calculate tie-points in each coronagraph field-of-view

| /l * Define an appropriate angular range

I:| Steps that required two
viewpoints

M * Derive the 3D coordinates for each tie-point

M * Compute the radial speed

Figure 4.13 - Diagram showing the main steps that need to be done when working with CORSET3D.
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4.10 Are the results similar using manual and automatic tie-points?

In this section we compare the results derived using CORSET3D with the use of Sunloop with tie-
points placed manually. The contour derived by CORSET was placed over each coronagraph
image inside the Sunloop Graphical User Interface (GUI) but the tie-points were created

manually by using a cursor. The leading edge derived in each case is shown in Figure 4.14.

The differences found for a set of three CMEs tracked in shown is Table 4.4. The difference is
very small for the speed and can be considered negligible. For the direction, the difference is up

to 5 degrees.

Table 4.4 - Comparison of the manual and automatic tie-points.

Parameter Method 2008/12/12 2009/10/27 2011/09/14
Automatic 341 km/s 173 km/s 525
Speed
Manual 348 km/s 178 km/s 534
Difference 7 km/s 5 km/s 9 km/s
Stonyhurst Automatic 2° 3° 37°
Longitude
Manual 3° 4° 32°
Difference 1° 1° 5°
Stonyhurst Automatic 5° 7° 15°
Latitude
Manual 7° 6° 19°
Difference 2° 1° 4°
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Figure 4.14 - One example of the difference of the reconstruction of the “apex” of the CME with the
automatic tie-points derived using the CORSET contours in the Sunloop tool (right) and manually placing
the tie-points in the Sunloop tool using the contour from CORSET only as a reference (left). Each linein a
different color shows one of seven consecutive frames of a CME observed in 2008/12/12 between 10:07

and 13:07 UT. The Sun is represented by the 3D globe. The three colored straight lines (here, and in

other 3D reconstruction figures) show the directions to STEREO B (violet), Earth (green), and STEREO A
(red). This picture was made using the animator tool that is part of Sunloop application.

4.11 Deriving the radial speed of the CME as a function of angle

For each time that a coronagraph image is available (typically two or three times every hour)
during the tracking time of a given CME (t4,.., t;, ... t;,), we have a couple of tie-points defined
(generally from 10 to 50, depending on many factors such as the size of the CME and the distance

from the Sun). For these points, we have the Cartesian and polar coordinates.

First, we find a range of latitudinal (6,,..,0},...6,) and longitudinal (¢,.., P, ... ¢,) angles
where all the frames of the CMEs have at least one tie-point. Inside this range, we define a radial
line for every step of one degree of latitude j and longitude k. For each radial direction (6;, ¢y)
for each frame t; , we find the closest tie-point to the line and we define a new point with the
same radial distance of the tie-point and the latitude and longitude from the radial direction. If
the distance between the new point and the tie-point is too big (higher than an arbitrary limit
of 300,000 km) we ignore this point. Radial distances defined is this way are a function of time

and direction and will be represented by r(t;, 6}, p).

Using the new points created here, we calculate the instant speed for all consecutive frames for

any possible radial direction using the following expression:
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We also compute the group speed v, of the CME front at each time ¢; with i > 1 by the

expression:

1 0 p
vy (tiv1) = mzjzl Zk:l vy (ti41, 05, D) (4.3)

4.12 The error estimative

When every tie-point is determined in each image, due to the finite resolution of the image,
thereis an errorin each image. The error on the resulting tridimensional point constructed from
this tie-point is ds/sin(y/2) where y is the separation angle between the two STEREO
spacecraft and ds is the error on each image along the epipolar line (MIERLA et al., 2010). When
y = 90° (January 2009), the error will be about 1.41ds and when y = 150° (August 2010), it is
2ds.

Other source of error that is uniquely present in the tie-pointing and triangulation is due to
different appearing leading edges (DALE) effect. It comes from the fact that different
coronagraphs may not see exactly the same leading edge of the CME. In this section, we apply a
simple model to estimate the error due to the DALE effect developed by Liewer et al. (2011).

The assumptions of the model are:

- The CME follows a model of spherical shell with radius a and with its sphere center
distant R from the Sun, see Figure 4.15. The center of this CME forms an angle 8 with
the Sun-Earth line;

- The CME is located in the ecliptic plane and the longitude of the propagation angle is

close to the Sun-Earth line;
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- Both STEREO spacecraft are located one Astronomical Unit distant from the Sun and at
the same angle 8 from the Sun-Earth line but at different sides. We further assume that
B<0;

- The brightest features in the coronagraph will result from lines-of-sight with the longest
path length through the CME. Since the tangent lines have the largest integrated
electron density and thus higher intensity of Thomson scattered light, they are observed
by the coronagraph;

- The coronagraphs can be interpreted as cameras at infinity, the camera rays are parallel
to the spacecraft direction (represented by the dashed lines in Figure 4.15). This
assumption is reasonable because when a CME is in the coronagraph FOV, the distance
from the Sun is a few solar radii and the distance to the spacecraft is much higher, at

about 200 solar radii.

ToSCA
-

\‘\\“ o
;h—Tc Earth

T

ToSCB

Figure 4.15 - A simple model of a CME with spherical front (gray region) propagating approximately
toward the Earth in the ecliptic plane with an angle B with respect to the Sun-Earth line. The STEREO A
and B are supposed to be separated by the same angle 6. The dashed lines indicates the camera rays
that are tangent to the CME model and, therefore, produce the brightest feature in the coronagraph
FOV. Due to the DALE effect, the location calculated is the indicated by the red circle instead of the
center of the CME. The illustration on the right details the geometry from the figure on the left.
Source: Liewer et al. (2011).

According to this model, the resulting position of the CME front “apex” found by the
triangulation and tie-pointing is represented in Figure 4.15 by the red triangle. Notice that this

point is more distant from the Sun than the actual position of the “apex”.
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According to the model from Liewer et al. (2011), when 8 < 0 the angle calculated by the

triangulated and tie-pointing S, is given by:

tan By = Rsinf 4.4)
" RcosB +a/sin@ '

The error of the propagation longitude is thus defined as Af = S+ — 8 and it depends on the
geometry of the CME (a,R), the separation angle between the STEREO spacecraft (8) and the
propagation direction of the CME (f3).

In the present Thesis, the period of analysis ranges from December 2008 to December 2011. The
separation angle of the STEREO spacecraft increases as time passes: it was 40° at the beginning
and 105° at the end. The results from the application of Eq. 4.4 for § = 10°and § = 20° are
shown in Figure 4.16 (supposing /R = 0.5) and Figure 4.17 (supposing a/R = 1.0). According
to these calculations, for a CME ejected approximately aligned with the Earth-Sun line, the
systematic error is such that the longitude determined by triangulation and tie-pointing is
smaller (close to the Sun-Earth line) than the true propagation longitude. Moreover, the error
will be minimum when the CME is propagating close to the Sun-Earth line and will be maximum

when it is directed toward one of the spacecraft.
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Figure 4.16 - The estimative of the error due to the DALE effect for the longitudinal propagation angle
for f = 10° (black curve) and § = 20° (red curve). Af < 0 indicates that the longitude estimated is
smaller than the actual longitude. In this Figure we assume a/R = 0.5.

DALE effect; a/R=1.0

AB degrees

15 o | |
40 60 80 100

6 degrees
Figure 4.17 - The same than Figure 4.16 but assuming a/R = 1.0.
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The DALE effect error was also computed for the velocity. As shown in Liewer et al. (2011), if a

CME is propagating close to the Earth-Sun line, the fractional error in the velocity is given by:

2acos B a?
H _ J1+ Rsin@ +(Rsin 0% 1 (45)

v 1+a/R

We calculated the fractional error of the speed using Eq. 4.5 for the specific context of this
Thesis: CME ejected approximately toward the Earth (§ = 0°,8 = 10°,8 = 20°)and 40° < 8 <
100°. The results are shown in Figure 4.18 (a/R = 0.5) and Figure 4.19 (a/R = 1). Notice from
both Figures that the speed derived tends to be higher than the actual speed. The error is highly
dependent of the separation angle between the STEREO spacecraft and it is higher at the

beginning of the mission and negligible when the separation angle is close to 90°.

DALE effect; <8; a/R=0.5
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Figure 4.18 - The fractional error on the velocity of the CME due to the DALE effect supposing a/R = 0.5
and 8 = 0° (black), 8 = 10° (red) and 8 = 20° (green).
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Figure 4.19 - The fractional error on the velocity of the CME due to the DALE effect supposing a/R = 1.0
and 8 = 0° (black), 8 = 10° (red) and 8 = 20° (blue).

4.13 Coordinates systems used in the solar corona

The coordinate system used in the interplanetary medium close to the Earth is the GSE, already
introduced in Section 3.6. This coordinate system is geocentric, i. e., its origin is at the Earth and,

therefore, it is not suitable when working with the solar corona.

Two coordinate systems are frequently used when working with the solar atmosphere. One is
the Heliocentric Earth Equatorial (HEEQ) whose “x” is the intersection between solar equator

“un
z

and solar central meridian as seen from the Earth and toward the North Pole of the solar
rotation axis (HAPGOOD, 1992). The coordinates resulting from the conversion of the HEEQ
coordinate system into polar coordinates is frequently called Stonyhurst heliographic
coordinates (THOMPSON, 2006). The angles 8 and ¢ are given in degrees with 6 increasing

toward Solar North and ¢ increasing toward the West limb of the Sun (Figure 4.20)
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North pole

Fast limb

South pole
Figure 4.20 - A diagram of the Sun, showing lines of constant Stonyhurst heliographic longitude and
latitude on the solar disk. The origin of the coordinate system is at the intersection of the solar equator
and the (terrestrial) observer's central meridian. Source: Thompson (2006).

Other heliocentric coordinate system frequently used is the Heliocentric Earth Ecliptic (HEE) with

“_n
z

“x” pointing from the Sun to the Earth and toward ecliptic North Pole. The remaining axis

completes the right-handed Cartesian triad and points approximately toward the West limb.

The results from this Thesis (Chapter 6) are displayed in HEEQ coordinates, except in those cases

when a previous work has results in HEE.
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5 CRITERIATO SELECT THE LIST OF EVENTS

5.1 List of magnetic clouds

In this Thesis, we started our analysis from the ICMEs catalog from Richardson & Cane (2010)

available and updated online at: http://www.srl.caltech.edu/ACE/ASC/DATA/level3/icme

table2.htm. We found 18 events from January 2008 to December 2011. The timing of the

magnetic clouds are listed in Table 5.1.

Table 5.1 - List of magnetic clouds analyzed in this Thesis.

1 2008/12/17 03:00 2008/12/17 14:00 9 350
2 2009/02/04 00:00 2009/02/04 16:00 11 400
3 2009/10/29 05:00 2009/10/29 23:00 11 380
4 2010/02/07 18:00 2010/02/08 22:00 11 410
5 2010/04/05 12:00 2010/04/06 14:00 22 800
6 2010/04/12 01:00 2010/04/12 15:00 12 430
7 2010/05/28 19:00 2010/05/29 17:00 14 390
8 2010/08/04 10:00 2010/08/05 00:00 14 600
9 2010/12/28 03:00 2010/12/28 15:00 14 370
10 2011/02/04 13:00 2011/02/04 20:00 16 420
11 2011/03/29 23:00 2011/03/31 04:00 14 380
12 2011/05/28 05:00 2011/05/28 21:00 13 540
13 2011/09/10 03:00 2011/09/10 15:00 14 500
14 2011/09/17 14:00 2011/09/18 06:00 14 490
15 2011/10/06 12:00 2011/10/06 23:00 12 380
16 2011/10/24 22:00 2011/10/25 16:00 24 510
17 2011/11/07 17:00 2011/11/07 23:00 10 360
18 2011/11/29 00:00 2011/11/29 08:00 17 500
Average 14+4 4561108
Maximum 24 800
Minimum 9 350
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5.2 Interplanetary magnetic field and solar wind plasma data

We used 1-minute averaged multispacecraft interplanetary magnetic field (IMF) and Plasma
data time-shifted to the Nose of the Earth’s Bow Shock taken from the OMNI database. The
OMNI data used here is produced using data from two spacecraft: Wind and ACE (Advanced
Composition Explorer). More information about the spacecraft are available at ACE Science

Center (http://www.srl.caltech.edu/ACE/) and Space Physics Data Facility at the Goddard Space

Flight Center (http://pwg.gsfc.nasa.gov/wind.shtml).

In each plot of IMF and plasma data in Chapter 6, we follow the same pattern. From top to

bottom, the content of each panel is:

1) magnitude of the average IMF vector (nT);

2) ”x” component of the magnetic field vector in GSE coordinate system (nT);
3) “y” component of the magnetic field vector in GSE coordinate system (nT);
4) “z” component of the magnetic field vector in GSE coordinate system (nT);
5) flow speed (km/s);

6) proton temperature (K);

7) proton density (cm3);

8) plasma beta parameter (dimensionless).

The date and time of the beginning and end of each magnetic cloud are shown at the top part
of each plot. In each time-series plot, the vertical continuous line indicates these timing. All
time-series data plots show data starting one day before the beginning of the MC and ending

one day after its end.

5.3 The cosmic ray decreases observed by neutron monitors

As commented in Chapter 1, neutrons are produced by primary cosmic rays with energy at about
10 GeV, a lower energy than the primary cosmic ray than originate the muons observed by the
GMDN. Since neutron monitor data is highly modulated by magnetic clouds, we decided to

include a brief analysis of some neutron data here.
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In order to have an idea of the magnitude of the cosmic ray depleted region produced by each
magnetic cloud we analyzed the cosmic ray decreases observed by three neutron monitors:
McMurdo, Thule and Newark. The Bartol Research Institute from University of Delaware
(http://www.bartol.udel.edu/) provides this data already corrected for the atmospheric
pressure effect. The location of each neutron monitor is described in Table 5.2 and the decrease

observed for each event is shown in Figure 5.1.

Table 5.2 - The location of each Neutron Monitor Station.

Geographic Latitude Geographic Longitude Altitude
McMurdo, Antarctica 77.9°S 166.6° E 48 m
Thule, Greenland 76.5°N 68.7°W 26 m
Newark, Delaware,
United States of 39.7°N 75.7° W 50 m
America
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Figure 5.1 - Decreases (percentage) observed by each neutron monitor during each of the 18 magnetic
clouds observed from 2008 to 2011. The date indicated in each bar indicates the beginning day of the
magnetic cloud.
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Since the energy range of primary cosmic ray is lower for neutron monitors than for muon
detectors, the neutron decrease associated to a magnetic cloud is expected to have higher
magnitude. While the maximum cosmic ray decreases observed by muon detectors do not
exceed 2%, neutron monitor has decrease amplitude higher than 5%. For the neutron monitor

data shown here, the highest decrease is observed during the event in 2011/10/24.

5.4 The cosmic ray analysis in previous works

This Thesis applied the same methodology from Kuwabara et al. (2009), which is an evolution of
the methodology from Kuwabara et al. (2004). In general terms, the difference between them
is that the article from 2009 takes into account the possibility of expansion of the magnetic cloud

as times passes and the other does not, keeping the radius constant over time for a given event.

Kuwabara et al. (2004) analyzed only one event were the isotropic decrease was higher than
10% as observed by cosmic ray (muon) detectors. The event studied was the Halloween event
in October 2003. Kuwabara et al. (2009) selected all the events observed between 2001 and
2003 that had isotropic decrease higher than 2%. It is important to notice that all the events
studied here have magnitude smaller than 2% and, therefore, none of them would be selected

by the criteria used in Kuwabara et al. (2009).

After the period analyzed by previous works, the GMDN was highly improved: a new detector
was installed at Kuwait city; the muon detector at Sdo Martinho da Serra was enlarged from 4

to 28 m? and the detector at Hobart was enlarged from 9 m? to 16 m2.

One more difference is that the anisotropy vector was calculated using the methodology from
Okazaki et al. (2008) that should have some advantages when compared to the anisotropy
calculated previously. Other point is that Kuwabara et al. (2009) did not use correction of the

atmospheric temperature effect, it corrected only the atmospheric pressure effect.

5.5 Events discarded from the list

There is a gap in the OMNI data during the MC period on 2009/10/29 and thus, the cosmic ray

gradient cannot be determined. There are several data gaps in LASCO-C3 and COR2A and it is
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not possible to determine if a CME is directed toward the Earth or not. We found a possible

earthward directed CME but CORSET was not successful in tracking the CME on COR2 FOV.

On 2010/12/28, the data does not correspond to a MC signature and there is no clear decrease
observed by neutron monitors nor muon detectors. It was possible to use CORSET to track the
CME but results from CORSET3D were discarded: there was a high error in tie-pointing for this
event because the separation of STEREO A and STEREO B is close to 180° and therefore the lines
of sight of both spacecraft are almost parallel to each other. The analysis of the triangulation
and tie-pointing had a very high error for this CME (up to 0.5 solar radii in the cases while up to

0.2 solar radii in the remaining). We considered this result spurious and discarded it.

The MC on 2011/02/04 does not have any gaps in the interplanetary data and the event seems
to be a good example of a magnetic cloud with a high magnetic field intensity (23 nT) and low
beta parameter. We identified the CME ejected on 2011/01/30 first seen at 12:36 UT as been
earthward directed and as a source of the MC. However, there is gap in the coronagraph data
from 2011/02/02 14:00 UT to 2011/02/04 00:00 UT and another CME might have been ejected
toward the earth during this period. The results from CORSET3D for this event were also

discarded because the separation angle between the STEREO spacecraft was 179°.
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6 RESULTS

This Chapter describes the main results of this Thesis for all the 18 MC periods described before,
except the four discarded in Section 5.5. For each event, a comprehensive analysis was made in
order to identify the solar origins of the MC. In the interplanetary medium, we inspected the
possibility of having more than one ICMEs associated to a given MC period. When possible, the
cosmic ray cylinder (CRC) model was used to derive the magnetic cloud orientation and position.
For some events, there are previous results from other authors. In those cases we compare the
results as much as possible, taking into account that the difference between the methods used

by other authors and explaining possible reasons of the discrepancies, when is this is the case.

6.1 The magnetic cloud observed on 2008/12/17

6.1.1 The interplanetary medium

The MC observed on 2008/12/17 (Figure 6.1) is a reasonable good example of a MC since many
of the signatures are present inside its period, namely: a) the magnetic field is higher, reaching
a level of 9 nT; b) the magnetic field has a smooth and wide rotation, particularly in its “z” axis;
c) there are smaller fluctuations inside the MC; d) there is lower proton density; e) plasma beta
parameter is smaller than 0.1 in a significant part of the MC and close to it on the remaining

period.
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Figure 6.1 - The interplanetary magnetic field and plasma parameters during a MC on 2008/12/17.

The proton temperature, on the other hand, is not as low as expected for a magnetic cloud. The

solar wind speed is very low inside the MC, ranging from 340 km/s at the beginning to 330 km/s
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at the end. This solar wind time profile suggests a magnetic cloud with negligible expansion while

the spacecraft crossed it.

There is simultaneous observations of both ACE and Wind spacecraft of this event. Both
spacecraft data are very similar, except for the proton temperature data that is not available on
ACE. According to the ICME catalog, this MC started at 03:00 and ended at 14:00 UT on
2008/12/17. In this Thesis, we consider a slightly different MC period starting at 04:40 and
ending at 15:00. The beginning of the period was chosen due to 1) a clear reduction in proton
density, 2) a reduction of the fluctuations of the magnetic field, 3) an increase of the magnetic
field and 4) decrease in the beta parameter from more than 1.0 to less than 0.1. The end of the
period can be identified observing the “x” and “y” components of the magnetic field and a quick
increase in the beta parameter from ~0.2 to ~0.7 in a few minutes. The flow speed is reduced

about 20 km/s at the beginning of the MC and reduced again ~20 km/s at the end. When looking

to the temperature profiles, it is not very clear where the limits of the MC should be set.

There are no other MCs nor ICMEs observed in the interplanetary magnetic field and plasma
datain the period up to 4 days before and after this MC. After this period, parameters are typical
from a quiet period. There is some disturbance starting at about 12:00 UT on the day before the
MC. There are some discontinuities before the MC. The magnetic field orientation suggests a
toward sector (longitudinal angle between 90° and 180°) from at least four days before the MC
until some hours after it ends. From then on, its orientation changes to away sector (longitudinal

angle lying between 270° and 360°).

6.1.2 The cosmic ray observations and modeling

The cosmic ray (muon) detectors from the GMDN do not show a very significant cosmic ray
decrease during the period of the current MC for any directional channels. The four vertical
channels (from the conventional correlation system) are shown in Figure 6.2. Hobart detector
observes the decrease with the highest amplitude. For comparison, we plot the time profiles of
three neutron monitors (Delaware, Thule and McMurdo) during the same period. The decreases

observed range between 1% and 2% during the period of the magnetic cloud (Figure 6.3).
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Figure 6.2 — The normalized cosmic ray count rate observed by the vertical directional channels of the
GMND during the MC on 2008/12/17. The two vertical continuous lines indicate the beginning and end
of the MC.
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Figure 6.3 - The normalized cosmic ray count rate observed by three different neutron monitors
(Delaware, Thule and McMurdo) throughout the MC on 2008/12/17. The two vertical dashed lines
indicate the beginning and end of the MC.
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We inspected the cosmic ray anisotropy vector direction in relation to the IMF direction and we
noticed that, during the MC period, the component of the cosmic ray anisotropy perpendicular
to the IMF is much higher than the parallel component. Therefore, the cosmic ray gradient

calculated using Equation 3.13 is a good approximation of the total gradient.

The cosmic ray isotropic intensity and the orthogonal components of the fractional gradient
during the MC are shown in Figure 6.4 (GSE coordinate system) and the three dimensional
representation of the CRC is shown in Figure Figure 6.5. The first signature of a MC period is a
decrease in the cosmic ray isotropic intensity followed by an increase to a similar level than
before the beginning of the decrease. In this case, the amplitude of the decrease is about 0.2%,
much smaller than the 2% minimum decrease amplitude chosen by Kuwabara et al. (2009).

Although small, the decrease observed on the isotropic intensity fits very well the model.

The second signature that we expect to observe when a MC is approaching the Earth is a
negative “x” component of the gradient in the beginning of the MC period followed by a gradual
increase that ends up in positive values. This signature can be observed reasonably well, see

second panel of Figure 6.4, from top to bottom.

The best fit of the model is compared with the observed data in Figure 6.4. We have done the
best fit of the model using data from both the conventional and new correlation systems. The
parameters derived using both datasets are shown in Table 6.1. Notice that there is some
difference between the results. Since the isotropic intensity and the gradient are similar in both
correlation systems, the differences illustrate how sensitive each parameter is to the data, i.e,

to have an estimate of the error in each parameter.
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Figure 6.4 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud on 2008/12/17. The stair plot is the observed data and the line with diamonds is the modeling of
the cosmic ray depleted region. The first panel, from top to bottom, shows the isotropic intensity. The
remaining three plots show the orthogonal components of the fractional cosmic ray density gradient in
the GSE coordinate system. The two vertical dashed lines correspond to the beginning and the end of

the cosmic ray depleted region chosen by eye. These timings are indicated on top of the plot.
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# 5 of 10; Radius: 0.066 AU
Impact dist (x,y,2): (0.024, -0.023, 0.047) AU

Figure 6.5 - A tridimensional representation of the cylinder derived from CRC model on 2008/12/17 at
10:00 UT. The Earth is located in the origin of the GSE coordinate system (represented by the three axis).
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We can see that the component of the gradient is always negative from 2008/12/16 10:00
UT until the next day at 20:00 UT. This behavior shows that the cosmic ray depleted region is
located mainly above the ecliptic plane. Since the cosmic ray depleted region probably
corresponds to the MC location, we may conclude that the MCis located more above the ecliptic

plane than below it.

Table 6.1 - The parameters of the MC observed on 2008/12/17.

Conventional New correlation

correlation system system
2008/12/17 05:00  2008/12/17 05:00
2008/12/17 15:00  2008/12/17 15:00

intensity

0.996 0.993
0.03 0.03
35° 41°
135° 120°
0.05 0.06
122 89
0.06 0.07
-0.002 0.003
0.008 0.011

Position at start [GSE coordinates, AU] 0.05, -0.01, 0.06 0.08, -0.02, 0.06
Position at end [GSE coordinates, AU] -0.01, -0.04, 0.04 0.01, -0.04, 0.05

10
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The model results suggest that the cylinder is shrinking as time passes. This fact might not
necessarily indicate that the magnetic flux is shrinking. Probably the cosmic ray population
increases inside the flux rope in a way that close to its outside boundary the density becomes
similar to outside it. This hypothesis here is supported by the results from a simulation
performed by Kubo & Shimazu (2010) for the 60 GeV cosmic rays inside a magnetic cloud. Their
results suggest that the cosmic ray populates first the region closer to the outer boundary and,

after this, the density in the innermost region starts increasing.

In a rough approximation, the cylinder diameter should be similar to the duration of the MC (in
this case about 0.5 days) times the speed of the MC (which should be similar to the speed of the
solar wind, about 300 km/s in this case). This simple calculation results in 0.09 AU. Liu et al.
(2010) also analyzed this event and estimated the diameter of the MC to be 0.10 AU. The result
found here using the conventional and new correlation system is 0.12 AU and 0.14 AU,

respectively.

Looking to the interplanetary magnetic field and plasma data, we may suggest two causes of the
very small cosmic ray isotropic density decrease. The first is the low intensity of the magnetic
field with maximum of about 9 nT. The second might be the low solar wind speed and the long
propagation time of the MC from the Sun to the Earth. According to previous works from Liu et
al. (2010), this MC is the result of a CME ejected about 5 days before, in 2008/12/12. The cosmic

ray intensity inside the cloud should increase as time passes due to perpendicular diffusion.

In order to compare the orientation angles, we also performed the Minimum Variance Analysis
(MVA) using the period indicated in Table 6.1. The latitude and longitude found are shown in
Table 6.2. The MVA was also done using a time offset of up to two hours before and after the
beginning of the period indicated. In this way, the MVA was calculated 25 times for each case.
The values indicated in the Table 6.2 are the averages plus or minus the standard deviations. In
this event, the MVA calculations resulted in 4,/A; > 2 in 22 of the 25 cases. If we take into

account the MVA standard deviation, the results from the MVA and CRC are similar to each other.

For the same event, Liu et al. (2010b) reconstructed the MC cross section using the Grad-
Shafranov (GS) technique (HU; SONNERUP, 2002) and found a maximum axial field above the

ecliptic plane with a tilt angle of 6°. The same reference, using the GCS model found the flux
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rope to be 53° inclined with the ecliptic plane. These results are listed in Table 6.2. Notice that
only the longitude has a reasonable agreement between all methods and the latitude of the
Grad-Shafranov orientation is significantly different from the remaining results.

Table 6.2 - Results of the latitude and longitude of the flux rope found by different methods.
CRC -

CRC - new GS from GCS from
conventional
correlation Liu et al. Liu et al.
correlation
system (20108B) (20108B)
system

single MVA 40°
Latitude 35° 41° 6° 53°
multiple MVA 32+23°
single MVA 95°
Longitude 135° 120° 95° -

multiple MVA  101431°

6.1.3 The origins in the solar corona

We inspected the LASCO-C3 images from 2008/12/12 to 2008/12/16 in order to identify
earthward directed CMEs that might be the solar source of this MC. We found only one halo
CME which is observed on the first day analyzed (Figure 6.6). Beyond this CME, there are at least
five limb CMEs and most of them with low brightness. By comparing the configuration of the
limb CMEs with its observations in SECCHI, we confirmed that only the halo CME is earthward

directed.

CORSET simultaneously tracked the CME on COR2A and COR2B FOV from 11:07 UT to 13:37 in
six frames. The CME tracked in each frame is shown in Figure 6.6 and Figure 6.7. We used Q = 0
because the brightness of the CME does not change significantly with time in the six frames
choosen in this analysis. For the foreground model (explained in Section 4.4), we used a sample
region in the fourth frame. To our understanding, the front of the CME selected here is
consistent with its definition. An internal portion of the CME in the STEREO A images are not
selected because it has low brightness. This results from a subtraction of a bright structure in
the background image. They come from the base image used to subtract every image to be
tracked by CORSET: the base image has a bright structure. This structure changes the texture of
the CME and CORSET becomes unable to track the CME in that region. This explains why the
dark region in the CME is missed in the CORSET tracking. In COR2B, on the other hand, there is
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no such structure in the base image and the CORSET tracked the inner part of the CME without
any problem. Since we are interested in calculating the speed of the CME, this limitation does

not affect the results because only the front side of the CME is used.
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STEREO_A COR2 2008-12-12T11:07:30 STEREO_B COR2 2008-12-12T11:08:05

STEREO_A COR2 2008-12-12T11:37:30 STEREO_B COR2 2008-12-12T11:38:05

STEREO_A COR2 2008-12-12T12:07:30 STEREO_B COR2 2008-12-12T12:08:05

Figure 6.6- The CME observed on 2008/12/12 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the first three frames are shown.
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STEREO_A COR2 2008-12-12T12:37:30 STEREO_B COR2 2008-12-12T12:38:05

STEREO_A COR2 2008-12-12T13:07:30 STEREO_B COR2 2008-12-12T13:08:05

STEREO_A COR2 2008-12-12T13:37:30 STEREO_B COR2 2008-12-12T13:38:05

Figure 6.7 - The CME observed on 2008/12/12 on COR2A FOV (left column) and COR2B FOV (right
column). In this Figure, only the last three frames are shown.
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The height-time plot derived for the fastest moving part of the CME front in each coronagraph
FOV is shown in Figure 6.8 and Figure 6.9. The resulting CME speeds derived using CORSET3D

are shown in Figure 6.10.
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Figure 6.8 - The height-time profile of the CME on 2008/12/12 on the COR2A FOV for the fastest moving
position angle. A linear fit is shown and the speed calculated is indicated. This CME was tracked by
CORSET from 11:07 UT to 14:37 UT.
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Figure 6.9 - The height-time profile of the CME on the COR2B FQV for the fastest moving position angle.
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A linear fit is shown and the speed calculated is indicated.
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CME average speed at a given direction (km/s)
327 337 347 357 367 376 386

fram 2008—12—12T711:07:54.0007 to 2008—12—12T13:37:54.0007

Figure 6.10 - The radial speed 7, of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The black diamond indicates the center of the CME front.

Table 6.3 - Kinematic parameters of the CME derived using CORSET3D. The angles shown here are given
in HEEQ coordinate system.

Parameter Result
Minimum and maximum latitudes [-6°, 15°]
Minimum and maximum longitudes [2°, 7°]
Group speed v, averaged over time 357419 km/s
Central direction of the CME averaged over time (longitude) 4°
Central direction of the CME averaged over time (latitude) 4°
Minimum value of v—r(o,-, i) 327 km/s
Maximum value of v_r(Gj, i) 386 km/s
Group speed as a function of time v, (¢;.1) [266, 346, 480, 379, 253]
km/s
Maximum error of the triangulation 0.1 solar radii
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The direction of propagation with respect to the Sun-Earth line was calculated previously by
Lugaz (2010) using triangulation and the tangent-to-a-sphere method in the Heliospheric Imager
FOV. The second method “assumes that the measured part is not a single particle but a sphere
(or a circle in the ecliptic plane) connected to the Sun at all times” (HOWARD; TAPPIN, 2009).
The results were 3t4° for the first method and 8110° for the second, respectively. The direction
of propagation as a function of time is shown in Figure 6.11. Although both methods were done
at further distances from the Sun, their results are in good agreement with the direction of

propagation (longitude) estimated by CORSET3D (shown in Table 6.3).
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Figure 6.11 - The direction of propagation for the CME on 2008/12/12. The blue points refer to the front
track of the CME and the orange points to the back of the CME. On the left panel, the results from the
tangent-to-a-sphere method are shown. On the right, results from the triangulation method are shown.
Source: modified from Lugaz (2010).

If we suppose that this CME propagates only radially after COR2 FOV until it reaches the Earth,
it would be observed at the Earth with its center in the negative side of “y” axis GSE. This
expectation is in agreement with the positions derived using the cosmic ray cylinder model (see
the last two lines of Table 6.1). Furthermore, notice in Figure 6.10 that all the points of the radial
speed derived here are located above the ecliptic plane (it corresponds to a few negative
degrees of latitude in the HEEQ coordinate system). Again, if we suppose that the CME
propagates only radially and that the front of the CME propagates as a unique structure, this
result agrees with the cosmic ray cylinder model that found a MC located mainly above the

ecliptic plane (see section 6.1.2).

A previous study from Liu et al. (2010) used triangulation in the COR2 FOV and in the Heliopheric

Imager FOV and tracked the CME in its path from the Sun to the Earth for more than two days.
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The results are reproduced in Figure 6.12. Each panel shows two structures identified in time-
elongation maps constructed from running difference images along the ecliptic plane. These two
structures (called “feature 1” and “feature 2” by the authors) represent only one CME, the same
CME analyzed in this work. Error bars in Figure 6.12 were calculating by supposing a 10-pixel
error in each instrument. This error was then propagated to elongation angle, distance and
finally to speed units. The direction of propagation (shown in the upper panel) is calculated along
the Sun-Earth line. Positive (negative) angles indicate positions westward (eastward) of the Sun-
Earth line. Close to the Sun, the direction of propagation has good agreement with the results
from this Thesis. As the ICME gets closer to the Earth (in the last hours of 2008/12/14 and in
2008/12/15), it is deflected eastward. If the CME propagates radially from this point up to the
arrival at Earth, the trend is that it crossed the Earth eastward of the Sun-Earth line. The results
from the cosmic ray cylinder, on the other hand, show the center of the cylinder westward on
the Sun-Earth ling, i.e., in the negative range of the “y” axis. Another reference (LIU, DAVIES, et
al., 2010) found the propagation direction to be 8° above the ecliptic plane. These results agrees

well with CORSET3D.
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Figure 6.12 - Previous results from Liu et al. (2010) for the direction of propagation of the CME observed
on 2008/12/12. Source: Liu et al. (2010).

6.2 The magnetic cloud observed on 2009/02/04

6.2.1 The interplanetary medium

The interplanetary magnetic field and plasma parameters for the MC observed on 2009/02/24
are shown in Figure 6.13. The vertical lines show the period indicated by the catalog, but it does
not agree with our understanding that the magnetic cloud should have some reduction in the
plasma beta parameter. It is close to the unity during the MC period while an ideal event should
have it close to 0.1. The magnetic field intensity is rather small with maximum about 10 nT. The

solar wind speed is low, not reaching 400 km/s. The only signature of a magnetic cloud here is a

ll g “un

somehow smooth rotation of the magnetic field, mainly in the and “z” components.
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Magnitude of avg. field vector

LLESEL LI

flow speed, GSE

termperature

Plasma beta

06:00 16:00 02:00 12:00 22:00 08:00
Start Time (03—Feb—09 00:00:00)

Figure 6.13 - The interplanetary magnetic field and plasma parameters observed during a MC on
2009/02/04.

117



6.2.2 The cosmic ray observations and modeling

Both the cosmic ray observed by the GMDN and the neutron monitors do not have a very

expressive nor clear decrease during the magnetic cloud period (Figure 6.14 and Figure 6.15).
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Figure 6.14 - The normalized cosmic ray count rate observed by the vertical directional channels of the
GMND during the MC on 2009/02/04.

Neutron monitor data corrected for pressure
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Figure 6.15 - The normalized cosmic ray count rate observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC ON 2009/02/04.
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In the same way that was done in section 6.1.2, we inspected the cosmic ray anisotropy vector
direction in relation to the IMF direction and we found that, during the MC period, the
component of the cosmic ray anisotropy perpendicular to the IMF is much higher than the
parallel component. Therefore, the cosmic ray gradient calculated using Eq. 3.13 is a good

approximation of the total gradient.

When looking to the isotropic intensity, the first signature of a MC approaching the Earth is
present here: the cosmic ray isotropy decrease is about 0.5% and it is very clear (Figure 6.16).
We also expect the data to show a signature of a structure approaching the Earth in the “x”
component, i.e., this component should increase with time. This signature, however, is not
present here. In principle, the MC period we are using is not suitable for the application of the
cosmic ray cylinder model. We tested it in this case and a completely different result is derived
when we use both the new and conventional correlation system. Moreover, neither of them is
consistent with a structure coming from the Sun and approaching the Earth. Since the “y”
component of the gradient is significant, the results show a structure coming from the negative
“y” axis. Moreover, they change dramatically when using the new and conventional correlation

systems. For all these reasons, we conclude that the results found in this event using CRC model

are spurious.
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hourly averages, conventional correlation system
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Figure 6.16 - The isotropic cosmic ray intensity and the orthogonal components of the cosmic ray
fractional gradient during the MC period on 2009/02/04.

6.2.3 The origins in the solar corona

We inspected the coronagraph images from 2009/01/30 to 2009/02/03 in order to identify the
CMEs possibly Earthward directed.

The LASCO-C3 data does not show any halo or partial halo CME during this period. There is a
data gap from 2009/02/01 12:00 UT to 2009/02/01 20:00 UT but during this period there is data

from the SECCHI coronagraphs and we did not identify any CME.

In this way, taking into account the observation from the interplanetary data, the cosmic ray
modeling and the solar origins, it is very likely that there is no CME directed toward the Earth in

this case and the interplanetary structure described as a MC by the catalog is probably not a MC.
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6.3 The magnetic cloud observed on 2010/04/05

6.3.1 The interplanetary medium

In opposition to the MCs described in sections 6.1.1 and 6.2.1, this structure has a magnetic field
peak intensity of more than 20 nT and peak solar wind speed of ~800 km/s (Figure 6.17). The

o, .n

orthogonal components of the magnetic field (GSE) show a maximum variation in the “y” axis

“u_n
Z

which changes from about -20 nT to 0 nT. The minimum variation is in the “z” component, which

changes less than 10 nT.

The IMF sector polarity is toward the Sun (angle between 270° and 360° GSE) for at least four
days before and after the MC period. There is no other clear interplanetary structure observed
and the IMF magnitude is ~5 nT outside the MC. The next significant increase in the IMF happens

on 2010/05/11, about 6 days later than the current event.
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MC from 2010/04/05 13:00:00 to 2010/04/06 14:00:0
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Figure 6.17 - The interplanetary magnetic field and plasma parameters during a MC on 2010/04/05.

122



This ICME is considered a “good” magnetic cloud (type 2) by the Richardson and Cane catalog
because some sort of rotation in the magnetic field is observed. It has, however, some significant

discrepancies from the ideal case:

(a) the magnetic field is high only during a period of less than 4 hours and it is quite low (lower

than 10 nT) and stable in the remaining period;

(b) the plasma beta parameter is much higher than 0.1 during most of the duration of the MC.
This is not the case in the very first hours of the magnetic cloud because in this period beta is

close to 0.1.

6.3.2 The cosmic ray observation

The cosmic ray count rates observed by the GMDN do not have a common decrease among each
other: while Sdo Martinho da Serra does have a small decrease, others have some small
increases (Figure 6.18). The cosmic ray count rates observed by the three neutron monitors used
in this Thesis, on the other hand, show a decrease of about 2% during the ICME phase (Figure

6.19).
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Figure 6.18 - The normalized cosmic ray count rate observed by the vertical directional channels of the
GMND during the MC on 2010/04/05.

Neutron monitor data corrected for pressure

T T T
1
0 ............. §
-1
1
2 0
= .
& =
-
=
c
3
8 1
0 g
- 5
=
[%]
=

| L L L | L L 1 | L L L | L L L | L
02-Apr 04-Apr 06-Apr 08-Apr 10-Apr
Start Time (01-Apr-10 14:00:00)
Figure 6.19- The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2010/04/05.
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The anisotropy parallel to the IMF is negligible in the period plotted. Therefore, the gradient
calculated using Equation 3.13 is a good approximation of the total cosmic ray gradient and can

be used in the current analysis.

We are not able to use the cosmic ray cylinder model even changing the time window used. The
reasons are the absence of both signatures expected: there is no clear isotropic decrease and
the “x” component of the gradient not consistent with a structure approaching the Earth (Figure

6.20).
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Figure 6.20 - The isotropic intensity and the orthogonal components of the gradient during the MC
observation on 2010/04/05.

6.3.3 The origins in the solar corona

We inspected the LASCO-C3 images observed from 2010/04/01 0:00 UT to 2010/04/06 0:00 UT
and we found only one halo CME on 2010/04/03 at about 11:00 UT. This CME was tracked in

125



both COR2 coronagraph between 10:39 UT and 11:54 UT using the default tracking parameter
from Braga et al. (2013): the expansion factor Q was set at four. For the base image, we take the
average of the images at 06:24 UT and 06:54 UT. The resulting region is shown in Figure 6.21
and Figure 6.22. The speed derived in each coronagraph (with projection effects) is indicated in

Figure 6.23 and Figure 6.24. The results from CORSET3D are shown in Figure 6.25 and Table 6.4.
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STEREO_A COR2 2010-04-03T10:39:00 STEREO_B COR2 2010-04-03T10:39:20

STEREO_A COR2 2010-04-03T10:54:00 STEREO_B COR2 2010-04-03T10:54:20

STEREO_A COR2 2010-04-03T11:24:00 STEREO_B COR2 2010-04-03T11:24:20

Figure 6.21 - The CME observed on 2010/04/03 in COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the first three frames are shown.
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STER‘EO_A COR2 2010-04-03T11:39:00 STEREO_B COR2 2010-04-03T11:39:20

STEREO_A COR2 2010-04-03T11:54:00 STEREO_B COR2 2010-04-03T11:54:20

Figure 6.22 - The CME observed on 2010/04/03 in COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the last two frames are shown.
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Figure 6.23 - The height-time profile of the CME on 2010/04/03 on the COR2A FOV for the fastest
moving position angle. A linear fit is shown and the speed calculated in indicated. This CME was tracked
by CORSET from 10:24 UT to 11:54 UT.
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Figure 6.24 - The height-time profile of the CME on 2010/04/03 on the COR2B FOV for the fastest
moving position angle. A linear fit is shown and the speed calculated is indicated. This CME was tracked
by CORSET from 10:39 UT to 11:54 UT.

Table 6.4 - Kinematic parameters of the CME on 2010/04/03. The angles shown here are given in HEEQ
coordinate system.

Parameter Result

Longitude 0+4°
Latitude -31+12°
Group speed v, averaged over time 982+5 km/s
Minimum value of time average radial speed 7, (6}, ¢y.) 965 km/s
Minimum value of time average radial speed v_r(ej, qbk) 989 km/s
Group speed as a function of time vg(t,-+1) [1048, 872, 1046, 1070] km/s
Maximum error of the triangulation < 0.1 solar radii

130



CME average speed at a given direction (km/s)
965 969 973 977 8981 8985 989

framm 2010-04—-03T10:39:00.000Z to 2010—-04—-03T11:54:00.000Z

Figure 6.25 - The radial speed 7. of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The CME shown here was observed on 2010/04/03. The black diamond indicates
the center of the CME front.

From CORSET3D results, the tridimensional average speed of the CME in the COR2 FOV is 984
km/s. Colaninno (2012) computed the apex of the GCS model and fit the height-time profile to
multiple polynomial functions. The starting speed, computed at five solar radii, is similar to the
result from this work. Rollett et al. (2012) studied this event using only the Heliospheric Imagers
onboard STEREO, not using the observation from COR. They used two methods, the Fixed-® and
Harmonic Mean. The first method was introduced by Sheeley et al. (1999) and it “assumes a

radial propagation of a single plasma element along a straight line”. Although this result is
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derived at distances much further from the Sun than in the CORSET3D analysis, the speed found

is similar to the results from this Thesis if we take into account the error provided by the authors.

According to the results found from CORSET3D, this CME is directed significantly below the
ecliptic plane (-29° in HEEQ, -22° in HEE). If the error of the triangulation method does not
exceed 10° as estimated by Mierla et al. (2010), the CME should be directed at least about 10°
toward south after taking into account the error. One possible source of error is that the region
selected by CORSET3D does not correspond to the apex of the CME and corresponds only to a
portion of it, ignoring some significant region. If these hypotheses were true, the results found
by CORSET3D should not agree with previous works using different methods, but this is not the
case. Colanninno (2012) applied the CGS method at about 10 solar radii and found -19° of
latitude (HEEQ). Other similar studies of this CME do not have any information about its
latitudinal direction of propagation in coronagraphs FOV (ROLLETT et al., 2012; LIU et al., 2011).
Liu et al. (2011) affirm that the source region of this CME is an active region located -25° of

latitude.

The longitude of the CME propagation found using CORSET3D is -2° of the Sun-Earth line in a
range up to 12 solar radii. Many previous papers also computed the longitude of the CME using
different methods than CORSET3D. At 10 solar radii, Colannino (2012) found 6° using the CGS
method. Another article computed the CME average longitude up to 16 solar radii and the result
is 4° of longitude (MOSTL et al., 2011). Other two articles extended the analysis at much further
distances from the Sun including the observation from the Heliospheric Imagers. In the analysis
of Liu et al. (2011) the direction of propagation is a function of time. Considering only the period
covered by CORSET3D, the CME longitude starts at about -10° of longitude and gradually goes
toward positive values, reaching about 10° at the end. At further distances from the Sun than
studied here, the result from Liu et al. (2011) ranges mainly from 0° to 15° of longitude. Rollett
et al. (2012), using exclusively the data from Heliospheric Imagers, got similar results using the
Fixed-® method. The same authors also applied the Harmonic Mean method and the results are
in disagreement with all the others mentioned here. In summary, the longitude found for this
CME using CORSET3D seems to agree with most of previous works. The results commented here

are listed in Table 6.5.
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Table 6.5 - Comparison of the speed derived for the CME observed on 2010/04/03 by different previous
works and two automatic catalogs (indicated by an asterisk).
Method and COR2A | COR2B De-projected

Latitude Longitude Details
reference Speed Speed speed

CORSET3D average up to 12
984 km/s -2° (HEE)
(this Thesis) km/s km/s (HEE) solar radii
CGS 809 800 -19° average up to 10
917 km/s 6° (HEE)
(Colaninno, 2012) km/s km/s (HEE) solar radii
Triangulation [800-1000] [-10°, 15°] COR2, HI1 and
(Liu et al., 2011) km/s (HEE) HI2 FOVs
average up to
- - 829 km/s 4°
(Mostl et al., 2014) 16.5 solar radii
Fixed- ®
HI1 and HI2
(Rollett et al., - - 829 + 122 km/s - 3°+-4°
FOVs
2012)
Harmonic Mean HI1 and HI2
- - 829 +122 km/s - -25° +- 10
(Rollett et al. 2012) FOVs
833 833
CACTus (*) - - - COR2 FOV
km/s km/s
810 929
SEEDS (*) - - - COR2 FOV
km/s km/s

6.4 The magnetic cloud observed on 2010/04/12

6.4.1 The interplanetary medium

According to the ICME catalog, a MC was observed in the interplanetary medium from
2010/04/12 01:00 UT to 2010/04/12 15:00. The interplanetary data from OMNI is shown in
Figure 6.26. This event has a maximum magnetic field intensity of 12 nT and the solar wind speed
is always lower than 450 km/s. The beta parameter has some decrease during the MC period
but it is much higher than 0.1. We slightly changed the period of the MC as indicated by the
continuous vertical lines in Figure 6.26 in order to have a better agreement with the beta

parameter and the IMF magnitude. The IMF is not smooth inside the magnetic cloud and the
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orthogonal components have some small discontinuities. From the characteristics cited above,

this event does not fill all the MC criteria.
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Figure 6.26 - The interplanetary magnetic field and plasma parameters during a MC on 2010/04/12.

From 2010/04/07 until the beginning of the MC, there is no ICME observed and the IMF is always
lower than 5 nT, a typical value of a calm period. There is a shock at about 12:00 UT on

2010/04/08 and there is a sheath region between the shock and the beginning of the MC. There
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also is a sector boundary in the interplanetary medium about 2 hours later the end of the MC
period. The transition is from a sector toward the Sun (longitude of the IMF higher than 270°) to

away from the Sun (longitude higher than 90°).
6.4.2 The cosmic ray observations

There is no clear decrease observed by the three neutron monitors during the MC period but
there is a 1% decrease observed by McMurdo approximately half a day before probably due to
the shock and/or sheath region, see Figure 6.27. The cosmic ray count rate from the GMDN does

not have a common decrease for all stations (Figure 6.28).

Neutron monitor data corrected for pressure
‘ e

Delaware

Ex q - = —.Z1q.4).—. gl Gy A s 2L

Count rate [%]
Thule

o —

McMurdo

| I L I | I L L | L L I | I L L |
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Start Time {07-Apr-10 15:00:00)

Figure 6.27 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2010/04/12.
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Figure 6.28 - The cosmic ray decrease observed by the vertical directional channels of the GMND during
the MC on 2010/04/12.

Using the methodology described in Chapter 3, the resulting cosmic ray isotropic intensity has a
decrease of about 0.5% (Figure 6.29). We calculated and compared the anisotropy components
parallel and perpendicular to the IMF. From at least one day before the MC until its end, the
perpendicular component is dominant and, thanks to this, the cosmic ray gradient calculated

using Equation 3.13 is a good approximation of the total gradient.
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hourly averages, conventional correlation system
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Figure 6.29 - The isotropic cosmic ray intensity and the orthogonal components of the cosmic ray
fractional gradient during the MC period on 2010/04/12.

One explanation for the low cosmic ray count rate decrease might be the combination of low
values of maximum IMF intensity (12 nT) and low solar wind speed (440 km/s). The "z"
component of the cosmic ray gradient is mainly negative since the beginning of the plot until
the end of the event. This fact suggests that some structure was modulating the cosmic rays
before the period of the magnetic cloud, possibly another structure but not the MC, perhaps a
shock and/or sheath region. This structure produced a decrease in the cosmic ray intensity
above the ecliptic plane, therefore producing a maximum of the cosmic ray density below the
ecliptic. The modeled cosmic ray cylinder moves mainly in the GSE “y” direction and with less
amplitude in the GSE “x” direction. To our understanding, the CRC model result is not consistent

with a magnetic cloud since it is not approaching the Earth and we discarded the results. One

hypothesis here is that the cosmic rays observed by the GMDN in the period analyzed here are

137



modulated mainly by the sector boundary rather than by the MC. As a result, the model is

actually reproducing a sector boundary region moving perpendicular to the Sun-Earth line.

6.4.3 The origins in the solar corona

According to the CDAW CME catalog (YASHIRO et al., 2004), there is only one halo CME observed
by LASCO-C2 and LASCO-C3 from 2010/04/07 to 2010/04/11. We inspected the position angle
of all CMEs on COR2A and COR2B FOVs and we conclude that the halo CME was ejected toward

the Earth and no other CME propagates in the same direction.

The earthward CME was ejected on 2010/04/08 and was tracked using CORSET in six frames
observed from 05:24 UT to 06:54 UT. We tested CORSET using the standard set of parameters
but we notice that the area selected in the last frames included not only the CME but also part
of the background. On the first frames, however, part of the CME was not selected. In this way,
CORSET selected different features and different frames. This effect could lead to an erroneous

idea of acceleration of this CME.

After testing other possibilities without proper CME identification, we adopted Q = 0, i.e., the
region used to compute the GLCM has the size kept constant for all frames (more details about
the expansion factor are explained in Section 4.5). When we set Q = 0 we do not use a sample
area to compute the CME in the first frame because its texture can possibly be so different from
the texture of the last one so that the latter is computed as a background by CORSET. As an
illustration, we tested CORSET using a sample area on the first frame and the CME was identified
correctly only on that frame. On the remaining, the area selected decreased as time passes so
that the last one had a negligible area. This result was discarded because it certainly did not
follow the CME definition. If the sample region to compute the texture is taken from the first
frame, the GLCM of the last frame will have intermediate values between the background matrix
and the CME matrix. As a result, the statistical test may consider parts of the CME as being
background. If the sample region is taken from a frame close to end of the CME observation

period, this possibility is reduced.

Finally, we kept Q@ = 0 and used a sample area of the CME taken from the fourth frame (in case
of COR2A) and from the sixth frame (in case of COR2B). The result found is consistent with the

definition of CME and seems to keep selection of the same feature of the CME as time passes.
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As for the base image, we used the mean of a pair of frames observed up to one hour before
the first CME observation in COR2. In the case of A, the pair is 02:54 and 03:24 and for B is 03:24
and 03:54. The result of the CME tracking using CORSET is shown in Figure 6.30 and Figure 6.31.
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STEREO_A COR2 2010-04-08T05:24:00 STEREO_B COR2 2010-04-08T05:24:21

STEREO_A COR2 2010-04-08T05:39:00 STEREO_B COR2 2010-04-08T05:39:21

STEREO_A COR2 2010-04-08T05:54:00 STEREO_B COR2 2010-04-08T05:54:21

Figure 6.30 - The CME observed on 2010/04/08 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the first three frames are shown.
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STEREQ_A COR2 2010-04-08T06:39:00 STEREO_B COR2 2010-04-08T06:39:21

STEREQ_A COR2 2010-04-08T06:54:00 STEREO_B COR2 2010-04-08T06:54:21

Figure 6.31 - The CME observed on 2010/04/09 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the fourth, fifth and sixth frames are shown.
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The results of the projected speed compared to previous works are shown in Table 6.6. All
methods shown used a linear fit on the height-time profile produced only on COR2 FOV. Due to
limitations of CORSET, the time window is smaller than the one used in other studies mentioned
here: while we tracked the CME here for two hours, the automatic catalogs tracked it for more
than three. According to Table 6.6, the trend is that the speed from CORSET tend to be higher
than the remaining, except for CACTus. In the height-time profiles from CORSET, the linear fit
produced is good. In those from SEEDs, we noticed that the first point in both coronagraphs do
not fit with the remaining. As a result, speeds derived from the linear fit are smaller than they

should be. From the remaining references, we do not have the height-time available.

Table 6.6 - The projected speed of the CME observed on 2010/04/08 on the COR2A and COR2B FOVs.

512 km/s [05:24-07:24] 576 km/s [05:24-07:24]
421 km/s ? 425 km/s ?

520 km/s [03:54-07:54] 543 km/s [04:24-08:24]
478 km/s [03:24-07:24] 492 km/s [03:54-06:54]

The results from CORSET3D are shown in Figure 6.32 and Table 6.7. We noticed by the tie-points
that this CME has maximum distance from the Sun in the portion with higher latitude. This trend
is kept for any time available. For instance, on the last frame, the tie-point with highest latitude
(4°) is 10.8 solar radii distant from the Sun while the tie-point in the other extreme portion
(latitude of -15°) is 9.8 solar radii. Taken into account that the triangulation error is less than 0.1

solar radii for this case, the difference cannot be ignored.
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CME average speed at a given direction (km/s)

265.3 571.7 578 584.4 590.8 597/.2 603.5
| | \

fram 2010-04-08T705:24:00.000Z to 2010-04-08T06:39:00.0007

Figure 6.32 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The CME shown here was observed on 2010/04/08. The black diamond indicates
the center of the CME front.

Table 6.7 - Kinematic parameters of the CME derived using CORSE3D. The angles shown here are given
in HEEQ coordinate system.

Longitude 7+7°
Latitude -5+9°
Group speed v, averaged over time 590%19 km/s
Minimum value of time averaged radial speed v_r(ﬂj, ¢k) 560 km/s
Maximum value of time averaged radial speed v—,(e,-, i) 639 km/s
Group speed as a function of time v, (¢;.1) [720, 385, 619, 656] km/s
Maximum error of the triangulation 0.1 solar radii
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Using the GCS and forward modeling at 10 solar radii, Colaninno (2012) found -2° of longitude
and -3° of latitude in the HEE coordinate system. Converting the result from CORSET3D to the
same coordinate system, we have 7° of longitude and -4° of latitude. Although the difference in
the direction of propagation is 9° of longitude, the results from both methods are in agreement
with each other if we take into account the error estimated by Mierla et al. (2010). The de-
projected speed we derived using CORSET3D (590 km/s), however, is significantly higher than
the initial speed found by Colaninno (2012) which is 468.5 km/s.

As mentioned above, the CME has highest de-projected speed on its portion located at
maximum latitude. This fact suggests, combined to the latitude observed close to the ecliptic,
that the ICME/MC should be observed at Earth close to the ecliptic plane. The cosmic ray
gradient calculated in Section 6.4.2 indicates some structure located mainly above the ecliptic
plane. This is because the cosmic ray gradient is highly negative in the “z” direction (GSE
coordinates) during the ICME period, suggesting that the cosmic ray depleted region is probably

“n
Z

located mainly in the positive direction (GSE coordinates).

The application of the GCS model close to the Earth vicinity also suggests that the ICME is located
above the ecliptic plane (COLANINNO, 2012). This is shown in the second panel of Figure 6.33
(represented by the blue curve). The structure shown in green is the elliptic flux rope (EFF) model
in the vicinity of the Earth calculated from in situ data. Both models are expected to produce
similar results since they are done for a corresponding pair of CME and MC. However, “there is
no similarity between the results of the GCS and the EFR for this CME” since “the size between
the two models differs by an order of magnitude” and “the tilt of the models is different by 45°”
(COLANINNO, 2012). According to our observation from the in-situ data from interplanetary
medium (Section 6.4.1), this event is not a good example of the magnetic cloud and, therefore,
the application of flux rope model is expected to be worse than in the cases were the
interplanetary structure does not follow the MC criteria strictly. The axis of the EFR model were
found to be 0.02 AU and 0.01 AU. These values are quite small for a typical MC whose radius is
expected to be 0.5 AU. Due to these two reasons, we believe that the results from the GCS model

are more reliable than those from the EFR.
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Figure 6.33 - The projection of the GCS model (blue) of the elliptical flux rope model (in green) which is
done using in situ data and the GCS model. Source: Colaninno (2012)

6.5 The magnetic cloud observed on 2010/05/28

6.5.1 The interplanetary medium

The interplanetary magnetic field and plasma parameters for the MC observed on 2010/05/28
are shown in Figure 6.34. The two vertical continuous lines indicate the beginning and end of
the structure. These limits are chosen according to the beta parameter. In this plot, the main
signature of the magnetic cloud is the smooth and wide rotation of the magnetic field vector
and the magnitude has a maximum of about 15 nT. Other signature of a MC is the low proton
temperature inside it than outside. The plasma beta also shows a typical signature of a MC: its
value is very close to 0.1 during most of the MC period. The solar wind during this MC is

considerably slow (about 350 km/s).
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MC from 2010/05/28 21:00:00 to 2010/05/29 18:00:00
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Figure 6.34 - The interplanetary magnetic field and plasma parameters during a MC observed on
2010/05/28.
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A few days before the MC (2010/05/26), there is a sector boundary and the polarity changes
from away to toward the Sun. Latter, there is a sheath structure observed (notice the
discontinuity in the first hours of 2010/05/28). The IMF magnitude, the flow speed, the proton
temperature and density increase during this period. After the MC period, the interplanetary
medium does not have typical behavior of a calm period because the IMF is at relatively high
levels. The structure following the MC does not have the characteristics of another MC. The IMF
magnitude decreases only on 2010/05/31 when it reaches an average value of approximately 5

nT, a typical value of a calm period.

6.5.2 The origins in the solar corona

We inspected the LASCO-C3 images between 2010/05/23 0:00 UT to 2010/05/28 0:00 UT and
found two halo CMEs. Then we inspected the coronagraph images from COR2A and COR2B to
decide whether these CMEs were ejected toward or away from the Earth and we concluded that
both are earthward directed. The first earthward CME was observed on 2010/05/23 and the
second on 2010/05/24. See details in Table 6.8.

Table 6.8 - The two CMEs associated to the MC observed in 2010/05/28.

Parameter CME #1 CME #2
Date 2010/05/23 | 2010/05/24
First observation at LASCO-C2 18:06 14:06
First frame tracked by CORSET on COR2 FOV 18:54 15:39
Last frame tracked by CORSET on COR2 FOV 20:39 16:24
Expansion parameter Q 4 (A); 8(B) 4
Number of frames tracked 6 3

The results of the CME tracking using CORSET are shown in Figure 6.35, Figure 6.36 and Figure
6.37. The images shown here were processed using a base difference image, in other words, we
subtract a given common image (called base) from all the images of the analyzed period. Since
the corona is very dynamic, we need to choose images from a period as close as possible to the
beginning of the MC. If we choose an image where any CME is present it creates a region of a
“ghost CME” (dark region due to the subtraction of the bright structure) which may prevent
CORSET from identifying the CME satisfactorily.

147



STEREO_A COR2 2010-05-23T18:54:00 STEREO_B COR2 201 0-05-23T18:54:28

STEREO_A COR2 2010-05-23T19:24:00 STEREO_B COR2 201 0-05-23T19:24:28

STEREO_A COR2 2010-05-23T19:39:00 STEREO_B COR2 201 0-05-23T19:39:28

Figure 6.35 - The CME observed on 2010/05/23 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the first three frames are shown.
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STEREO_A COR2 2010-05-23T19:54:00 STEREO_B COR2 201 0-05-23T19:54:28

STEREO_A COR2 2010-05-23T20:24:00 STEREO_B COR2 201 0-05-23T20:24:28

STEREO_A COR2 2010-05-23T20:39:00 STEREO_B COR2 201 0-05-23T20:39:28

Figure 6.36 - The CME observed on 2010/05/23 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the fourth, fifth and sixth frames are shown.
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STEREO_A COR2 2010-05-24T15:39:00 STEREO_B COR2 2010-05-24T15:39:28

STEREO_A COR2 201 0-05«%”‘1 5:54:00 STEREO_B COR2 2010-05-24T15:54:28

STEREO_A COR2 2010-05-24T16:24:00 STEREO_B COR2 2010-05-24T16:24:28

Figure 6.37 - The CME observed on 2010/05/24 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the first three frames are shown.
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The base image chosen here created a dark region close to the occulter and this resulted in
inconsistent selection of the CME in the inside region. Since we take into account only the
external shell of the CME, this error do not affect the results of neither the speed and direction
estimations. The results of the radial speed of the CME, after the application of CORSET3D, are
shown in Figure 6.38, Figure 6.39 and Table 6.9.

CME average speed at a given direction (km/s)

356 367 378 389 407 412 473
| | |

fram 2010-05-23T18:54:00.000Z to 2010-05-23T20:39:00.0007

Figure 6.38 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The CME shown here was observed on 2010/05/23. The black diamond indicates
the center of the CME front.
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CME average speed at a given direction (km/s}
587 599 611 623 635 647 658

fram 2010-05-24T15:39:00.000Z to 2010-05-24T18:24:00.000Z

Figure 6.39 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The CME shown here was observed on 2010/05/24. The black diamond indicates
the center of the CME front.

Table 6.9 - Kinematic parameters of the CME on 2010/05/23 and 2010/05/24. The angles shown here
are given in HEEQ coordinate system.

Parameter 2010/05/23 2010/05/24 ‘
Minimum and maximum latitudes [-10.0°, 15.8°] [-20.4°, 14.0°]
Minimum and maximum longitudes [-4.8°, 8.1°] [0.7°,10.6°]
Group speed v, averaged over time 394+18 km/s 610+18 km/s
Central direction of the CME averaged over time 2° 6°
(longitude)

Central direction of the CME averaged over time (latitude) 3° 3°
Minimum value of v_r(Bj, i) 356 km/s 587 km/s
Maximum value of 17_,(0]-, i) 423 km/s 658 km/s

Group speed as a function of time v, (t;.1) [371, 364, 388, [661, 574] km/s
393, 466] km/s
Maximum error of the triangulation < 0.1 solar radii < 0.1 solar radii
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Lugaz et al. (2012) previously studied both CMEs analyzed here and their results are compared
to those from CORSET3D in Table 6.10 (first CME) and Table 6.11 (second CME). Projected speed
from automatic catalogs such as CACTus and SEEDs are also listed for comparison. These
catalogs, unfortunately, do not have any study of the de-projected CME speed nor the direction
of propagation. Colaninno (2012) did not include this event in her analysis because events with
more than one CME earthward directed in the days preceding the ICME were ignored. Results

derived using CORSET3D for the first CME are in good agreement with those from Lugaz et al.

—_

2012) for both the speed and direction. For the second CME, there is a difference in the

longitude angle of 19° which is higher than the estimated error or 10°.

According to the results found here and in Lugaz et al. (2012), the first CME, ejected less than 24
hours ahead of the second CME, has a significantly lower speed than the second CME. A simple
calculation suggests that the second CME will reach the first before their arrival at Earth. By
using observations from the Heliospheric Image, Lugaz et al. (2012) concluded that the CMEs
interact with each other and that the propagation angle is changed after the collision: the first
CME is deflected slightly eastward and the second westward of the Earth.

Table 6.10 - Comparison of the speed derived for the CME observed on 2010/05/23 (CME #1) by

different previous works and two automatic catalogs (indicated by an asterisk).

Reference COR2A COR2 B 3D speed Latitude D|rect|on. of Details
Speed Speed propagation

Average up to 12

This work 393 km/s 467 km/s 413 km/s 4° S (HEE) 3° W (HEE)

solar radii
Lugaz et al. 378 km/s [300-400] . . CGS method at 9.5
(2012) S lams km/s 0°S 107w solar radii

CACTus (*) 378 km/s 390 km/s - - - -
Average up to 12

363 km/s 365 km/s - - - solar radii

Table 6.11 - Comparison of the speed derived for the CME observed in 2010/05/24 (CME #2) by
different previous works and two automatic catalogs (indicated by an asterisk).
COR2 A COR2 B Direction of

Reference Speed Speed 3D speed Latitude i) Details

. 4°S o Average up to 12
This work 766 km/s 646 km/s 603 km/s (HEE) 7° W (HEE) solar radii
Lugaz et al. . . CGS method at 9.5

(2012) 650 km/s  650km/s  [500-700] km/s 2°S 26° W solar radii

CACTus (*) 480 km/s No CME - - - -
Average up to 12

504 km/s 536 km/s - - . solar radii
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6.5.3 The cosmic ray observation and modeling

When inspecting the GMDN vertical count rate, the decrease during the MC period is not very
clear because the count rate is not stable in the days before (Figure 6.40). On the other hand,
the three cosmic ray neutron monitors used in this Thesis shown a decrease up to ~2 % starting
in close timing with the beginning of the MC, as shown in Figure 6.41. McMurdo has a sharp

decrease (compared to the other two stations) followed by an increase and, right after, by

another decrease.
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Figure 6.40 - The normalized cosmic ray count rate observed by the vertical directional channels of the
GMDN during the MC on 2010/05/28.

154



Neutron monitor data corrected for pressure
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Figure 6.41 - The normalized cosmic ray count rate observed by three different neutron monitors
(Delaware, Thule and McMurdo) during the MC on 2010/05/28.

We carefully compared the component of the anisotropy parallel to the IMF with the component
perpendicular to the IMF and concluded that the first is much smaller than the second
component. Therefore, we can consider the perpendicular component of the gradient as a good
approximation of the total gradient and we may use the cylinder model with the perpendicular

component of the gradient, i.e., we can use Eq. 3.3.

We selected a slightly different period for the cosmic ray cylinder model than the period shown
in Figure 6.42 chosen using the interplanetary parameters: the last hour was removed because
the isotropic intensity does not continue to increase in that hour and starts decreasing. The
results of the model are shown in Figure 6.42 and Figure 6.43. Since the isotropic intensity must
be similar at the beginning and end of the cosmic ray cylinder model, the inclusion of the last
hour increases the residue when we use it in the model. The model was ran using the
conventional and new correlation system and both results are shown in Table 6.12. If we change
the beginning and at the end of the cosmic ray cylinder model period, the results do not change

significantly or change less than the differences between the two columns of Table 6.12.

The cosmic ray gradient is always positive in the “y” component (Figure 6.42), this indicates that

ou. . n

the cloud axis is always located in negative “y” axis. Notice, however, that the magnitude of the

155



a..n

y” component (last row of Table 6.12) is never bigger than the cylinder radius indicating that
the depleted region extends until the positive side of the “y” component, surrounding the Earth
during all the period. This result is consistent with CME direction of propagation from this Thesis
and from Lugaz et al. (2012) since both CMEs were ejected westward of the Earth and the

resulting structure formed by the interaction should be located westward of the Earth.

2010/05/28 21:00:00 2010/05/29 17:00:00
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Figure 6.42 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud on 2010/05/28. The stair plot is the observed data (from conventional correlation system) and the
line with diamonds is the modeling of the cosmic ray depleted region. The first panel, from top to
bottom, shows the isotropic intensity. The remaining three plots show the orthogonal components of
the fractional cosmic ray density gradient in the GSE coordinate system. The two vertical dashed lines
correspond to the beginning and the end of the cosmic ray depleted region chosen by eye. These
timings are indicated on top of the plot.

156



AN

# 10 of 20; Radius: 0.074 AU
Impact dist (x,y,2): (0.014, -0.052, 0.013) AU

Figure 6.43 - A tridimensional representation of the cylinder derived from CRC model on 2010/05/29 at
07:00 UT. The Earth is located in the origin of the GSE coordinate system (represented by the three axis).

Table 6.12 - Parameters of the cosmic ray cylinder model of the MC observed on 2010/05/28.
Conventional New
Parameter correlation correlation
system system

2010/05/28 21:00:00
2010/05/29 17:00:00
10:57 09:26
0.7 % 0.8%
0.02 0.02
33° 45°
186° 186°
-0.05 -0.04
109 122
0.07 0.07
-0.001 -0.001
0.013 0.015
[0.04,-0.05,-0.05]  [0.06, -0.04, 0.05]
[-0.02,-0.05,-0.03]  [-0.03, -0.04, -0.03]

The radius of the flux-rope is found to be 0.11 AU by Lugaz et al. (2012) while the radius found
by the cylinder model ranges from 0.09 AU (at the beginning) to 0.07 AU (at the end).

Lugaz et al. (2012) performed the Grad-Shafranov reconstruction and it shows a structure with

main axis of 80° of latitude. The MVA using the same period of time than the cosmic ray cylinder
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model (2010/05/28 21:00 UT to 2010/05/29 17:00 UT) results in latitude 8 = 72° and longitude
¢ = 71°and ratio of 1, /43 = 10.6. Taking into account all the possible combinations shifting
the beginning and end of the MC up to two hours, the results are 8 = 68° + 9°and ¢ = 73° +
32°and in all cases A, /15 > 5. If we use the period of the MC chosen from the interplanetary
data (2010/05/28 21:00 UT to 2010/05/29 18:00 UT), the result is 8 = 73°, ¢ = 95° and
A, /A3 = 7.5. In this way, the orientation of the cylinder found in this event using the CRC model

is significantly different from results derived from other methods.

6.6 The magnetic cloud observed on 2010/08/04

6.6.1 The interplanetary medium

According to the ICME catalog (RICHARDSON, CANE, 2010) an ICME with MC characteristics was
observed from 2010/08/04 10:00 to 2010/08/05 00:00, as shown in Figure 6.44. During this
period, the plasma beta parameter is considerably lower than in the remaining period (close to
0.1). The IMF is higher than on the days before, it is quite smooth and shows some indication of

rotation.

Approximately half a day before the MC, an interplanetary shock was observed on the last hours
of 2010/08/03. This structure is very clear by the sudden increase in the IMF, flow speed,
temperature and density. Within the shock and the MC, we can identify two regions with
different behavior of the parameters. At the first hours, we see a region with high temperature.
Right after, the temperature is strongly reduced and the IMF has some sort of rotation. This
structure is not reported by the catalog but it has some signatures a MC. Its duration, however,

is very short for a typical MC event.
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MC from 2010/08/04 10:00:00 to 2010,/08,/05 00:00:00
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Figure 6.44 - The interplanetary magnetic field and plasma parameters during a MC observed on
2010/08/04.
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6.6.2 The cosmic ray observations

The cosmic ray count rate observed both by the GMDN and by selected neutron monitors do
not have a clear modulation before the interplanetary shock observation. The vertical
directional channels of the GMDN have a count rate decrease with clearly different intensities:
it is about 1% for Nagoya, Sao Martinho da Serra and Kuwait, but it is almost 2% for Hobart

(Figure 6.45). For the three neutron monitors used here, the decrease is about 3% (Figure 6.46).
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Figure 6.45 - The cosmic ray count rate observed by the vertical directional channels of the GMND
during the MC on 2010/08/04.
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Neutron monitor data corrected for pressure
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Figure 6.46 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2010/08/04.

There is an isotropic decrease observed by the GMDN starting on 2010/08/03, in close timing to
the shock. The CR recovery phase back to the level before the shock starts on 2010/08/06. In
between those periods (during the MC observation), the isotropic level is kept basically
unchanged, see Figure 6.47. Therefore, it is not possible to apply the cosmic ray cylinder model

in the magnetic cloud observation in the interplanetary medium.
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hourly averages, conventional correlation system
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Figure 6.47 - The isotropic cosmic ray intensity and the orthogonal components of the cosmic ray
fractional gradient during the MC period on 2010/08/04.

Although we cannot apply we CRC model, the direct inspection of the orthogonal components
of the gradient may give us some idea of the position of the MC. We calculated the anisotropy
components perpendicular and parallel to the IMF and found that the former is significantly
higher than the later during the MC period. From Figure 6.47, one can notice that during the
MC period the "y" and "z" components of the gradient have a pronounced and stable behavior
for approximately 12 hours. The "z" component is negative and suggests a cosmic ray depleted
region located mainly above the ecliptic plane. The "y" component is positive, suggesting the

cosmic ray depleted region to be located westward of the Earth-Sun line.
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6.6.3 The origins in the solar corona

We identified two halo CMEs in the LASCO-C3 data from 2010/07/30 to 2010/08/02. By checking
the angular position of these events in COR2A and COR2B, we can affirm that both are earthward
directed. The first one has small angular width and the second one is wider, brighter, and faster
than the first. The results from the application of CORSET to the two CMEs are shown in Figure
6.48, Figure 6.49 and Figure 6.50.
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STEREO _A COR2 2010-08-01T05:39:00 STEREO ‘B COR2 2010-08-01T05:39:49

STEREO_A COR2 2010-08-01T05:54:00 STEREO_B COR2 2010-08-01T05:54:49

STEREO_A COR2 2010-08-01T06:24:00 STEREO_B COR2 2010-08-01T06:24:49

Figure 6.48 - The first earthward CME observed on 2010/08/01 on COR2A (left column) and COR2B
(right column) FOVs.
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STEREO_A COR2 2010-08-01T08:54:00 STEREO_B CORZ2 2010-08-01T08:54:49

STEREO A COR2 2010-08-01T09:24:00 STEREO_.B COR2 2010-08-01T09:24:49

Figure 6.49 - The second earthward CME observed on 2010/08/01 on COR2A (left column) and COR2B
(right column) FOVs. In this Figure, only the first two frames tracked by CORSET are shown.
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STEREO_A COR2 2010-08-01T09:39:00 STEREO_B COR2 2010-08-01T09:39:49

STEREO_A COR2\201 0-08-01T09:54:00 STEREO_B COR2 2010-08-01T09:54:49

o

Figure 6.50 - The second earthward CME observed on 2010/08/01 on COR2A (left column) and COR2B
(right column) FOVs. In this Figure, only the last two frames tracked by CORSET are shown.

A previous work from Liu et al. (2012) reported three CMEs directed toward the Earth in
association to this MC (Figure 6.51) but we tracked only two CMEs in this Thesis: the second and
third one. We do not interpret that the first CME is a halo or partial halo but rather a limb event.
Due to the wider angular range it covers on COR2B than on LASCO-C3, the direction of
propagation is closer to STEREO B than to the Earth. We tracked it using CORSET but we were
not able to perform the triangulation due to the different angular ranges it has in COR2A and
COR2B: while the later was tracked on the north part of the coronagraph image, the former was

tracked on the east portion.
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Figure 6.51 - The three earthward directed CMEs identified by a previous study. Source: Liu et al. (2012)

The results from the application of CORSET3D are shown in Figure 6.52, Figure 6.53 and Table
6.13. Both CMEs ejected approximately toward Earth analyzed here are directed eastward of

o, n

the Sun-Earth line (i.e., at the positive “y” GSE direction) and northward of the ecliptic plane.

The last CME, which is considerably faster, may interact with the previous one. We believe that
the second CME on 2010/08/04 is the source of the MC structure observed on 2010/08/04 and

that the fist CME is the cause of the structure observed right before.

The comparison of the results found here and in previous references using different methods is
shown in Table 6.14. For the CME #1, the speed calculated by CORSET3D is significantly smaller
than the calculated by the other method. One explanation for the difference is the shorter time
windows used when calculating CORSET3D. The direction of propagation of this CME, however,
is in quite good agreement among all the methods. For the CME #2, the speed calculated has a
very good agreement but there is a considerable difference in the direction of propagation. In

the results from CORSET3D, the latitude and longitude are closer to zero.

According to Temmer et al. (2012), the first CME is originated in a small active region (NOAA

11094) located at longitude -14° and latitude 14°. For the second CME, the origin is another
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active region (NOAA11092) located at longitude -35° and latitude -20°. Notice that the position
of the active region of the second event is northward and eastward of the first. This trend is kept
in the CME analyzed here by many different methods, as listed in Table 6.14, except for
CORSET3D. One can notice that the direction of propagation of both CMEs derived from Temmer

et al. (2012) and Liu et al. (2012) is closer to the solar source than the results from CORSET3D.

If we suppose that the CME will keep the direction of propagation we derived here, the results
here are in agreement with the analysis of the cosmic ray gradient that indicated a CRC region

located mainly northward and eastward of the Earth.
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CME average speed at a given direction (km/s)

362 379 397 414 4327 449 467/
\ \ |

from 2010-08-01TG5:39:00.0007 to 2010-08-C1T06:24:00.0002

Figure 6.52 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). This Figure corresponds to the first earthward CME observed on 2010/08/01. The
black diamond indicates the center of the CME front.
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CME average speed at a given direction (km/s)

1092 1104 1115 1127

1138 1150

fram 2010-08-01T039:24:00.0007 to 2010-08-01T709:54:00.0007

Figure 6.53 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). This Figure corresponds to the second earthward CME observed on 2010/08/01.
The black diamond indicates the center of the CME front.

Table 6.13 - Kinematic parameters of the two earthward directed CMEs observed on 2010/08/01. The
angles shown here are given in HEEQ coordinate system.

Parameter CME #1 CME #2
2010/08/01 2010/08/01
Minimum and maximum latitudes [0°, 14°] [-4°, 16°]
Minimum and maximum longitudes [-33°,-23°] [-15°, -7°]

Group speed v, averaged over time

404+29 km/s

1126+19 km/s

Central direction of the CME averaged over time

-28° -11°
(longitude) 8
Central direction of the CME averaged over time (latitude) 7° 6°
Minimum value of 7,.(6;, ¢;) 362 km/s 1092 km/s
Maximum value of 7,.(6;, ¢, 467 km/s 1161 km/s
Group speed as a function of time v, (tiv1) [438, 402] km/s [105k2n'1}5201]
Maximum error of the triangulation 0.1 solar radii 0.1 solar radii

170



Table 6.14 - Comparison of the direction and de-projected speed of the two earthward CMEs observed
on 2010/08/01 derived using different methods (in HEEQ coordinates).
CME #1 CME #2

Method Speed Speed
(km/s)

(km/s)
-28° 7 -11° 6°

+ +
LI 404229 | o0 | e 1ae) | 1126219 | oo | e gge) | COR2

GCS COR1
(Temmer et 650+£150 -20+£10° 9+5° 1160+200 -2815° 20+5° and
al., 2012) COR2
Triangulation COR2
(Liu et al., 732+350 -21+9° - 1138+550 -20£5° - and
2012) HI1
Triangulation”
(Liu et al., - [-28°, -22°] - - [-16, -24°] - COR2
2012)

Longitude Latitude Longitude Latitude

6.7 The magnetic cloud observed on 2011/03/30

6.7.1 The interplanetary medium

The ICME catalog suggests a MC event beginning on 2011/03/29 at 03:00 and ending on
2011/03/31 04:00. We inspected the interplanetary magnetic field and plasma parameters data
during this period (Figure 6.54). As expected for a MC, the magnetic field increases from about
5 nT to 14 nT and the plasma beta is close to 0.1. One can see that the beta parameter keeps
this low value up to the half 2011/04/01, many hours later than the period suggested by the
ICME catalog. The magnetic field magnitude also has high intensity (close to 10 nT) after the
period. Taking into account the beta parameter and the magnetic field intensity, we would
rather consider a much wider period to be part of the MC. The continuous vertical lines in Figure
6.54 indicate this period. The period originally proposed by the catalog as well as the extended
period suggested here are both used to perform the cosmic ray analysis and are discussed in
Section 6.7.3. Although we see some rotation of the direction of the magnetic field, its
orthogonal components behavior is not smooth at all times. The rotation is seen mainly in the

“uyn
Z

component. The temperature is low and the solar wind speed does not reach 400 km/s.

171



MC from 2011/03/30 04:00:00 to 2011/04/01 16:00:00
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Figure 6.54 - The interplanetary magnetic field and plasma parameters during a MC observed on
2011/03/30.
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There is a shock on 2011/03/28 at about 18:00, approximately ten hours before the magnetic
cloud. It should be noticed that there is a sector boundary at about 17:00 UT on 2011/04/01
when the IMF changes from away sector (angle between 90° and 180°) to toward sector (angle
between 270° and 360°). The previous sector boundary was on 2011/03/22. Beyond these

structures, there is no observation of any other that could modulate cosmic ray.

6.7.2 The origins in the solar corona

When searching for CMEs responsible for this ICME, we found two candidate halo events. One
is an earthward ejected on 2011/03/25 and it is visible in both coronagraphs from 7:24 UT to
14:24 UT. This CME is very weak and slow, and it is quite difficult to visually separate it from the
background. There is a second CME on 2011/03/26 but it is ejected away from the Earth. Beyond
these two CMEs, there are no other halo or semi-halo events reported by the CDAW catalog.
Moreover, there is no data gap in neither COR nor LASCO instruments. In this way, we can be
sure that the CME on 2011/03/25 must be the solar origin of the MC studied here. A previous

result from Colaninno (2012) confirms our conclusion.

The CME was tracked by CORSET from 09:39 to 12:24 and the results are shown in Figure 6.55
and Figure 6.56. One can notice that this event has a very low brightness and it rises in both
coronagraphs FOV with very low speed. The default set of parameters was not able to track it
and we tested many other possible parameters here. Due to the low brightness, the texture of
the CME and the texture of the background become similar in this example. The solution
adopted was a sample area for the CME in the latest frame where the CME is visible and defining
Q = 0 (COR2A) and Q = 14 (CORB). On COR2A FOV, CORSET selected only part of the CME and
ignored a significant part of it. Since in this analysis we are interested only in the front part of

the CME, we understand that the result is acceptable.
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STEREO_A COR2 2011-03-25T10:54:00 STEREO_B COR2 2011-03-25T10:54:24

STEREO_A COR2 2011-03-25T11:24:00 STEREO_B COR2 2011-03-25T11:24:24

STEREO_A COR2 2011-03-25T11:39:00 STEREO_B COR2 2011-03-25T11:39:24

Figure 6.55 - The CME observed on 2011/03/25 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the first three frames are shown.
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STEREO_A COR2 2011-03-25T11:54:00 STEREO_B COR2 2011-03-25T11:54:24

STEREO_A COR2 2011-03-25T12:24:00 STEREO_B COR2 2011-03-25T12:24:24

Figure 6.56 - The CME observed on 2011/03/25 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure, only the last two frames are shown here, the remaining are shown in Figure 6.55.

According to the results from CORSET3D, the average speed is 180 km/s with average direction
of propagation of 3° of longitude and -3°of latitude in HEEQ coordinates. The map of radial speed
distribution is shown in Figure 6.57 and summarized in Table 6.15. Taking into account the error
ranges of the angles, this result shows that the CME is basically centered in the Sun-Earth line

but the speed is higher on the east portion of the front.
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CME average speed at a given direction (km/s)
164 171 178 184 191 188 203

fram 2011-03—25T10:54:00.0007 to 2011-03-25T12:24:00.0002

Figure 6.57 - The time average radial speed of the CME front observed on 2011/03/25 as a function of
latitude and longitude (in HEEQ coordinate system). The black diamond indicates the center of the CME
front.

Table 6.15 - Kinematic parameters of the CME on 2011/03/25. The angles shown here are given in HEEQ
coordinate system.

Parameter Result

Minimum and maximum latitudes [-11°, 5°]
Minimum and maximum longitudes [-10°,17°]
Group speed v, averaged over time 178+12 km/s
Central longitude 3°
Central latitude -3°
Minimum value of time average radial speed v_r(Bj, i) 164 km/s
Minimum value of time average radial speed v—r(e,-, ¢k) 205 km/s
Group speed as a function of time v (¢;,1) [200, 201, 10,
170] km/s
Maximum error of the triangulation 0.0 solar radii
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This CME was also studied by Colaninno (2012) using the GCS model. At 10 solar radii, the
longitude and latitude found are -27° and 3°, respectively (in HEE coordinates). Converting
CORSET3D results to HEE, the longitude is 3° and the latitude is -2°. The difference found here
for the longitude is very significant and much higher than the error estimates of Mierla et al.
(2010) that are within 10° of each other. One possible source of the error for this event is the
low brightness of the CME that makes both the analysis on CORSET and GCS more difficult. Other
point is that the longitude and latitude found here correspond to the central portion of the CME
front line. As the map of radial speed suggests (Figure 6.57), the fastest moving part of the
structure it not correspondent to its central position. If we considered the fastest part, the
longitude found would be more eastward. Other possible explanation for the disagreement
between results is a superposition of another CME on the GCS analysis. A set of three frames
were used: one shows the CME at about 10 solar radii, the second at 20 solar radii and the last
one at 50. On the last frame, the current CME is superposed by another halo CME ejected on
the first hours of 2011/03/26 on LASCO-C3 FOV. On COR2A and COR2B there is no superposition
since the projections are located in opposite sides, approximately 180° from each other. This
event is also aligned with the Earth-Sun line but it is directed away from the Earth. Since the
analysis of the GCS model is done by visual inspection, the superposition might bias adjustments

of the GCS parameters that are done by visually inspection.

Colaninno (2012) derived the tridimensional speed using multiple polynomial functions from
Wood et al. (2009). The average speed found in the first 8 hours after the ejection was found to
be 46.7 km/s. The speeds projected on the coronagraphs FOV calculated in this Thesis and in
previous works are indicated in Table 6.16.

Table 6.16 - The speed of the CME observed on 2011/03/25 on the COR2 A and COR2 B coronagraphs.
Reference COR2 A Speed Time range COR2 B Speed Time range

158 [118-158] 202 [140-202]
This Thesis [03:39-15:24] [09:39-12:24]

km/s km/s
Colaninno (2012) 100 km/s - 142 km/s -
235 [178-297]
CACTus No CME found [07:24-15:24]
km/s
199 km/s 171 km/s
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6.7.3 The cosmic ray observations and modeling

The cosmic ray count rate observed by vertical directional channels of the GMDN seems to have
a significant daily variation before the MC and it has an apparent decrease is about 1% during it
(Figure 6.58). For the neutron monitors used in this Thesis, the decrease ranges between 2% and

3% (Figure 6.59).

HBT

NGY

SMS

Count rate [%]

KWT

26—Mar 28—Mar 50—Mar 01—Apr 03—Apr
Start Time (25—Mar—11 23:00:00)

Figure 6.58 - The cosmic ray decrease observed by the vertical directional channels of the GMND during
the MC on 2011/03/29. The vertical continuous lines correspond to the MC period suggested by the
ICME catalog.
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Neutron monitor data corrected for pressure

Delaware

Count rate [%]
Thule

McMurdo
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Start Time (26-Mar-11 04:00:00)

Figure 6.59 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/03/29. The vertical continuous lines correspond to the MC
period suggested in the ICME catalog.

We compared the intensity of the parallel and perpendicular components of the anisotropy in
the eight days before and after the MC period. In the days before the MC, there is a daily
variation in the cosmic ray count rate that corresponds mainly to an anisotropy parallel to the
interplanetary magnetic field. From 2011/03/29 on, the component of the anisotropy
perpendicular to the IMF becomes significantly higher than the component parallel to it. One

exception happens on the first hours of 2011/03/30 and it lasts a few hours.

Considering that the cosmic rays were modulated by a MC with similar time ranges suggested
by the catalog, i.e., extending up to the first hours of 2011/03/30, the cosmic ray cylinder model
was tested using many possible combinations of periods slightly different from each other. Our
objective with this is testing how sensitive the model is to small period changes. The starting
point was set at 2:00 UT, 3:00 UT or 4:00 UT; the ending point at 2011/03/30 23:00 UT or
2011/03/30 0:00 UT. The results of any pair of tests changes less than the difference between
results shown in Table 6.17 for the new and conventional correlation systems derived using
identical periods. Among the periods tested, the residue is minimum for the one shown in Table

6.17. The observed cosmic ray data and the results from the modeling are shown in Figure 6.60.
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For the remaining cases, it extends up to 0.014 for the conventional correlation system and up

to 0.017 for the new correlation system.

Table 6.17 - Parameters of the cosmic ray cylinder model of the MC observed on 2010/03/30.
Conventional New Conventional New

Parameter correlation correlation correlation correlation
system system system system

Beg'""'"gp ::i::;e analysis 2011/03/30 04:00:00 2011/03/30 04:00

End of the analysis period 2011/03/30 23:00:00 2011/04/01 02:00
Time V\{Ith mlrjlrr.\um c?smlc 15:00 16:00 22:00 22:00
ray isotropic intensity (2011/03/30) (2011/03/30)
. Ampl{tu.de of f:osmlc ray 0.5 % 0.5 % 0.4% 0.4%
isotropic intensity decrease

0.02 0.02 0.06 0.08
36° 48° 16° 18°
127° 130° 158° 140°
-0.11 -0.11 -0.03 -0.01
44 46 246 215
0.12 0.11 0.09 0.13
Cylinder radius expansion
-0.004 -0.004 0.001 0.001
0.012 0.015 0.014 0.013
Position at the beginning [GSE [0.15, 0.13, - [0.03, 0.06,
coordinates, AU] 0.02] [0.14, 0.12, 0.00] 0.02] [0.07,0.08,0.02]
Position at the end [GSE [0.02, 0.09, - [0.00,0.09,-  [-0.05,-0.06,-  [-0.11,-0.10,-
coordinates, AU] 0.08] 0.06] 0.08] 0.07]
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Figure 6.60 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud in 2011/03/30 using the conventional correlation system. The stair plot is the observed data and
the line with diamonds is the modeling of the cosmic ray depleted region. The first panel, from top to
bottom, shows the isotropic CR intensity. The remaining three plots show the orthogonal components of
the fractional cosmic ray density gradient in the GSE coordinate system.

Other possibility is considering that the cosmic rays were modulated by a flux rope structure on
a wider MC period proposed in Section 6.7.1 according to the observation of the beta parameter.
From this period, we decided to remove a few hours at its end to avoid possible modulation of
the cosmic ray observations by the sector boundary. Even though, the period used in the current
analysis is more than two times longer than the one indicated in the second and third columns
of Table 6.17. To distinguish the shorter and longer periods, hereafter we refer them as SP and
LP, respectively. The comparison of the observed and modeled data is shown in Figure 6.61 and
the parameters derived are listed in the last two columns of Table 6.17. The cylinder modelled

is shown in Figure 6.62.
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Figure 6.61 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud in 2011/03/30 using the conventional correlation system. The stair plot is the observed data and
the line with diamonds is the modeling of the cosmic ray depleted region. The first panel, from top to
bottom, shows the isotropic intensity. The remaining three plots show the orthogonal components of
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182



# 23 of 46; Radius: 0.092 AU
Impact dist (x,y,2): (-0.009, 0.002, -0.031) AU

Figure 6.62 - A tridimensional representation of the cylinder derived from CRC model on 2011/03/31 at
03:00 UT. The Earth is located in the origin of the GSE coordinate system (represented by the three axis).
The cylinder modelled seems to reproduce the long term trends of the observed data reasonably

well. The diameter found is 0.2 AU, a size that is consistent with theoretical expectations.
Comparing the two scenarios of the CRC model, there is one important difference between the
results: while the cylinder is expanding when using the LP, it is shrinking in the results from the
SP. Taking into account the interplanetary magnetic field intensity time profile, one can notice a
trend to a decrease as time passes (see section 6.7.1). This suggests a magnetic flux rope
expanding with time. Therefore, the longer CRC model is probably more appropriate. Colaninno
(2012) studied this magnetic cloud using the Elliptical Flux Rope (EFR) model. This is shown in
Figure 6.63 by the green projections. The axis of the ellipse found for this case are 0.04 AU and
0.01 AU, quite small for a flux rope. The same author used the GCS model to estimate the size
of the MC close to the Earth and found a structure one order of magnitude larger (radius of 0.4

AU). This is shown in Figure 6.63 by the blue and black curves.
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Figure 6.63 - The projection of the GCS model (represented in blue and black) and elliptical flux rope
model (in green). For the former, the blue outline is the maximum measured height. The black outline is
the model projected to the height when the front crosses Earth. The dashed line is the axis at the center

of the cavity. Source: Colaninno (2012).

One can also notice that the cylinder found by the expanding flux rope model is lying in the HEE
X-Y plane (which is the ecliptic plane) basically perpendicular to the Sun-Earth line. The CRC
model found a cylinder whose axis forms 36° and 16° degrees with the ecliptic for the SP and LP,
respectively. The GCS structure is located mainly in the east side of the Earth (negative “y” in
HEE, positive “y” in GSE coordinate system). The longitude found by the CRC model ranges from
90° to 180° and indicates that the portion of the cylinder on east side arrived before at Earth
then the portion on the west side. In this way, the results using different methodologies and
data tend to agree. From the CRC modelling data, one can notice that the “y” component of the
observed gradient is centered in zero before the modeling period starts and it is negative during
the MC up to 2011/03/31. The CRC model from the SP resulted in a MC located mainly in the
positive “y” direction, that is, in the dusk side of the Earth (closer to STEREO B than to STEREO
A). The values can be seen in the last row of Table 6.17. When using the LP, the position lies in
the positive “y” direction on the first hours and latter moves to the negative direction. This can

be interpreted as the east portion of the cylinder arriving first and the portion located westward

arriving later.

In order to compare the orientation angles, we also performed the MVA using both SP and LP.
The latitudes and longitudes found are indicated in Table 6.18. The method was also performed
using a time offset of up to two hours before and after the beginning of the time windows used.
In this way, the MVA was calculated 25 times for each case. The average plus or minus one

standard deviation is indicated in the Table 6.18. In this event, all the MVA calculations resulted
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in A,/A; > 2. The MVA result does not agree with the EFR model results when using the SP:
both the latitude and longitude changes more than 50°. For the LP, the difference between the
EFR and MVA reduced significantly and it is less than 20° for each angle. When comparing the
MVA and the CRC model, the LP also produces smaller differences between the results: the
latitude found is the same and the longitude changes less than 40°.

Table 6.18 - Results of the minimum variance analysis (MVA) using SP and LP.
Shorter MC period Longer MC period

Latitude (single MVA) 56° 16°
Latitude (multiple MVA) 53+4° 1613°
Longitude (single MVA) 81° 107°

Longitude (multiple MVA) 76+16° 107°t4

Another significant difference between the CRC model using the SP and LP is on the Larmor
radius. Considering the electromagnetic Lorentz force, a 60 GV particle traveling on a magnetic
field of 10 nT will have Larmor radius equal to 0.13 AU. On the other hand, the model using the
SP found a Larmor radius that corresponds to a magnetic field intensity of 20 nT. The maximum
IMF intensity observed is 14 nT. The difference found here can be explained by the fact that the
IMF observed in situ might not be correspondent to the central axis of the cylinder where its
magnetic field is maximum, i.e., there is some displacement between the cylinder central axis
and the Earth. On the other hand, the Larmor radius found by the CRC model using the SP
corresponds to a magnetic field of 60 nT, more than four times higher than the maximum

observed.

6.8 The magnetic cloud observed on 2011/05/28

Although the ICME catalog reports a MC type “two” on 2011/05/28, from our analysis we did
not find any earthward directed CME from 2011/05/23 to 2011/05/27. There are two partial
halo CMEs but both were directed away from the Earth.

This period does not have clear signatures of a magnetic cloud, for example: a) the plasma beta
parameter is always much higher than 0.1; b) the magnetic field is not smooth inside the period,

especially in the first half. This is shown in Figure 6.64.
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Figure 6.64 - The interplanetary magnetic field and plasma parameters during a MC observed on
2011/05/28.
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There is a sector boundary on 2011/05/26 right after 12:00 UT. Notice that the magnetic field
changes quickly from an angle between [90°-180°] GSE to [270°-360°] GSE. This corresponds to
a change from the away sector to toward sector. This sector polarity is kept, at least, until the

end of the month. This change happens about 2 days before the MC period.

Neither the cosmic ray count rate observed neither by muon detectors nor neutrons monitors
do have a significant common modulation during this period (Figure 6.65 and Figure 6.66). The
cosmic ray omnidirectional intensity does not decrease during this period and the “x”
component of the gradient does not have the signature of an approaching CME. This is in

agreement with our conclusion that there is no CME ejected toward the Earth.
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Figure 6.65 - The cosmic ray decrease observed by the vertical directional channels of the four muon
detectors of the GMND during the MC on 2011/05/28.
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Neutron monitor data corrected for pressure
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Figure 6.66 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/05/28.

The isotropic component of the cosmic ray intensity do not have any decrease associated to the
MC period (Figure 6.67). There is, however, a significant increase after the MC period of
approximately 0.5%. The variations with maximum amplitude in the cosmic ray gradient are
observed in the “y” component. This behavior might suggest some structure following the

rotation of the Sun, like a sector boundary.
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hourly averages, conventional correlation system
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Figure 6.67 - The cosmic ray gradient and omnidirectional intensity observed by the GMDN during a MC
observed on 2011/05/28.

6.9 The magnetic cloud observed on 2011/09/10

6.9.1 The origins in the solar corona

We inspected the CMEs ejected from 2011/09/05 to 2011/09/09 using a similar methodology

than described in previous events. In this case, four earthward CMEs were observed.

The first CME was tracked on 2011/09/06 from 3:24 to 4:59 on the COR2 FOV. The result from
the application of CORSET is shown in Figure 6.68. One can notice that another CME is observed
in all frames shown here toward north (bottom part of each coronagraph image shown here).
This northward CME is especially visible on COR2A FOV where its brightness is higher than in
COR2B. For both coronagraphs, we set Q = 14. Even though it is hard to identify the transition

line between one CME and the other, we understand that the area selected by CORSET is
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appropriate. According to the results from CORSET3D, this CME has origins at high latitude, with

longitude close to zero and speed of ~500 km/s.

STEREO_B COR2 2011-09-06T03:24:50

STEREO_A COR2 2011-09-06T03:24:00

STEREO_A COR2 2011-09-06T03:39:00 STEREO_B COR2 2011-09-06T03:39:50

STEREO_B COR2 2011-09-06T03:54:50

STEREO_A COR2 2011-09-06T03:54:00

Figure 6.68 - The first earthward CME observed on 2011/09/06 on COR2A (left column) and COR2B
(right column) FOVs.
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The second CME was tracked from 2011/09/06 23:24 to 2011/09/07 00:24 using the default
expansion factor Q = 4. The result from the CME tracking by CORSET is shown in Figure 6.69.
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STEREO_A COR2 2011-09-06T23:24:00 STEREC_B COR2 2011-09-06T23:24:50

STEREO_A COR2 2011-09-06T23:39:00 STEREO_B COR2 2011-09-06T23:39:50

STEREO_A COR2 201 1—09—06T23:54:00 STEREO_B CORZ2 2011-09-06T23:54:50

Figure 6.69 - The second earthward CME observed on 2011/09/06 on COR2A (left column) and COR2B
(right column) FOVs.
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The third CME was tracked from 2011/09/07 23:54 to 2011/09/08 1:24 and using expansion
factor Q = 10. Its propagating direction is close to 30 degrees of latitude and longitude (Figure
6.70). One can notice that all the coronagraph images from this CME have a dark region. This is
due to the base image subtracted from each image were a previous CME was visible and bright
enough to produce this dark region. The CME on the background is not directed toward the

Earth and is excluded from our analysis.

STEREO_A COR2 2011-09-07T23:54:00 STEREO_B COR2 2011-09-07T23:54:50

STEREO_A COR2 2011-09-08T00:24:00 STEREO_B COR2 2011-09-08T00:24:50

STEREO_A COR2 2011-09-08T00:54:00 STEREO_B COR2 2011-09-08T00:54:50

Figure 6.70 - The CME observed on 2011/09/08 on COR2A (left column) and COR2B (right column) FOVs.
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The fourth CME was tracked on 2011/09/09 from 9:24 to 11:24 using Q = 14 (Figure 6.71 and
Figure 6.72). This CME is seen brighter on the COR2A FOV than in the COR2B, suggesting that its
propagation direction should be closer to the former than to the latter. The same hypothesis is
suggested by the images from LASCO C3, which shows a CME directed mainly westward of the
Earth-Sun line. The result found by triangulation is 30 degrees of longitude and -2 degrees of
latitude, confirming our expectations of the westward propagation. The instantaneous speed is
decreasing as a function of time from 461 to 269 km/s, and the average speed during the

tracking period from 09:24 to 11:24 is 376 km/s, a rather slow CME.
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STEREO_A COR2 201 1-09-09T09:24:00 STEREO_B COR2 2011-09-09T09:24:50

a

STEREO_A COR2 2011-09-09T09:54:00 STEREO_B COR2 2011-09-09T09:54:50

STEREO_A COR2 2011 -09-09T10:24:00 STEREO_B COR2 2011-09-09T10:24:50
1

Figure 6.71 - The CME observed on 2011/09/09 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure only the first three frames are shown.
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STEREO_A COR2 201 1-09-09T10:54:00 STEREO_B COR2 201 i—09»09T1 0:54:50

STEREO_A COR2 201 1-09-09T11:24:00 STEREO_B COR2 2011-09-09T11:24:50

Figure 6.72 - The CME observed on 2011/09/09 on COR2A (left column) and COR2B (right column) FOVs.
In this Figure only the last two frames are shown.

The main characteristics of the four CMEs tracked by CORSET3D are listed in Table 6.19. Among
the four CMEs studied here, the CME #2 is the one extending closer to the coordinates (0°, 0°).
The remaining CMEs are distant from this coordinate in at least one of its coordinates. In the
CME# 1 and #3, the latitude does not get closer to zero. In the CME #4, the longitude is distant

from zero. Therefore, the CME #2 is more likely to be observed in situ near the Earth.

Comparing the speed of the four events, notice that the #2 is considerably faster than the CME
#1 ejected approximately 20 hours before. Depending on the acceleration and/or deceleration
of these CMEs beyond the outside limit of COR2 FOV, they may interact with each other. If the
speeds are kept constant, the collision will be approximately 20 hours after the CME #2 ejection

0.4 AU distant from the Sun.
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Table 6.19 - Kinematic parameters of the four CME ejected toward Earth from 2011/09/06 to

2011/09/09. The angles shown here are given in HEEQ coordinate system.

Parameter CME #1 CME #2 CME #3 CME #4
. 2011/09/06 2011/09/06 2011/09/07 2011/09/09
First frame tracked 03:24 23:24 23:54 09:24
2011/09/06 2011/09/07 2011/09/08 2011/09/09
Last frame tracked 03:54 00:24 01:24 11:24
Minimum and maximum latitudes [28°, 38°] [5°, 62°] [19°, 41°] [-13°, 8°]
Minimum and maximum o Ao o moo o a0 o peo
longitudes [3°, 10°] [-2°, 28°] [8°, 41°] [24°, 42°]
Group speed v, averaged over
— b s 43546 km/s | 861+39km/s | 570+13km/s | 372+18 km/s
Central longitude 6° 13° 25° 33°
Central latitude 33° 33° 30° -2°
Minimum time averaged radial
_ & 423 km/s 794 km/s 538 km/s 339 km/s
speed 7, (60}, ¢y.)
Maximum time averaged radial
_ 447 km/s 1086 km/s 592 km/s 399 km/s
speed vr(e,-, ¢k)
Group speed as a function of time [452,417] [915, 1065, [592, 572, [278, 375, 372,
Vg (tis1) km/s 836] km/s 482] km/s 458] km/s
Maxm'!um errc!r e SO s?lar 0.2 solar radii 0.2 solar radii 0.1 solar radii
triangulation radii

6.9.2 The interplanetary medium and the cosmic ray modulation

According to the ICME catalog, this MC event starts at 2011/09/10 03:00 UT and it ends at
2011/09/1015:00 UT. The analysis of the interplanetary medium is unfavorable due to data gaps
(Figure 6.73). From the information available, this event does not strictly follow the definition of
a magnetic cloud: the beta parameter is significantly higher than 0.1 and the IMF magnitude

does not have a smooth behavior.
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Figure 6.73 - The interplanetary magnetic field and plasma parameters during a MC observed on
2011/09/10.
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Inspecting the longitude of the IMF (not shown here), we found a sector boundary in close timing
to this MC. From 2011/09/03 to 2011/09/08 the longitude of the IMF lies in the angular range
from 90° to 180° (GSE coordinates), a typical behavior of a away sector. From 2011/09/10 on,

the longitude ranges mainly from 270° to 360°, a toward sector.

This event might have a superposition of more than one ICME since four CMEs were ejected
toward the Earth during a period of a few hours. In special, the CME #2 had higher speed than
the CME #1 and there is a possibility that they CME #2 overtook CME #1 in the interplanetary

medium before reaching the Earth.
6.9.3 The cosmic ray observations

The vertical directional channels of the GMDN show a count rate decrease during this event
(Figure 6.74). The cosmic rays observed by the three neutron monitors used in this Thesis do

also have a common decrease of at least 2% during the magnetic cloud period (Figure 6.75).

HBT

NGY

SMS

Count rate [%]

KWT

12—Sep
Start Time (06—Sep—11 03:00:00)
Figure 6.74 - The cosmic ray count rate observed by the vertical directional channels of the four muon
detectors of the GMND during the MC on 2011/09/10.
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Neutron monitor data corrected for pressure
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Figure 6.75 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/09/10.

There is a decrease of about 1% in the cosmic ray density observed by the GMDN (Figure 6.74).
The anisotropy in this period is basically perpendicular to the IMF, except during a short period
of 3 hours starting at 00:00 2011/09/10. Despite of this, the cosmic ray cylinder model is not
suitable because the isotropic intensity decrease is not followed by an increase back to the level

registered before the decrease started.

The cosmic ray gradient is also unfavorable in this event due to some hours with missing IMF
data. From the information available (Figure 6.76), one can notice a significant negative “z”
cosmic ray gradient of about 1% during the passage of the MC on the Earth. This suggests a

cosmic ray depleted region crossing above the ecliptic plane.
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Figure 6.76 - The cosmic ray isotropic intensity and orthogonal components of the gradient during the
period of the MC (indicated by the vertical lines) observed on 2011/09/10.

According to conclusions from Section 6.9.1, all CMEs have significantly positive latitudes and
the resulting ICME should also be located mainly above the ecliptic plane. So, the overall latitude
of propagation deduced from coronagraph observations agrees with the overall position of the

cosmic ray depleted region deduced from GMDN data.

6.10 The magnetic cloud observed on 2011/09/17

6.10.1 The interplanetary medium

The MC observed on 2011/09/17 is shown in Figure 6.77. This event is a reasonable example of
the MC because:

- the plasma beta parameter is close to 0.1 in large part of the MC period;

- the proton density is low;
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- the IMF is quite smooth inside the MC when compared to the period before it;
- the orthogonal components of the IMF suggest some sort of rotation, especially in the

“uyn

“y” and “z” components.

The period of the MC was chosen by visual inspection using the IMF and beta parameter as a
reference. Except for a sheath region observed a few hours before the MC (also shown in Figure
6.77), there is no other interplanetary structure observed in the interplanetary medium in the

period up to four days before or after the MC.
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Figure 6.77 - The interplanetary magnetic field and plasma parameters during a MC on 2011/09/17. The
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vertical lines indicate the magnetic cloud timing.
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6.10.2 The origins in the solar corona

We inspected LASCO-C3 images from 2011/09/13 to 2011/09/16 and we found only one halo
CME. Inspecting the angular range of this CME on the COR2AB data, we concluded that it must
be Earthward directed. We tracked it using CORSET with @ = 4 in both COR2 coronagraphs and
the results are shown in Figure 6.78, Figure 6.79 and Figure 6.80. To our assessment, the front
of the CME is satisfactorily identified but there is a lateral excess on the area included as part of
the CME in both coronagraphs. This is clear mainly in the last frames. Since we are not studying
the angular extension of the CME here, this problem will probably not affect the radial speed

calculated close to the central portion of the CME front.

The map of the CME radial speed is shown in Figure 6.81 and the summary of the radial speed
is listed in Table 6.20. It is clear that this CME is directed northward and westward of the Earth.
Direct observation of the CME angular range on LASCO-C3 FOV supports our conclusion of the

overall direction of propagation.
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STEREO_A COR2 2011-09-14T00:39:00 STEREO_B COR2 2011-09-14T00:39:52

STEREO_A COR2 261 1-09-14T00:54:00 STEREO_B COR2 2011-09-14T00:54:52

STEREO_A COR2 '201 1-09-14T01:24:00 STEREO_B COR2 2011-09-14T01:24:52

Figure 6.78 - The CME observed on 2011/09/14 in COR2A (left column) and COR2B (right column) FOVs.
Only the first three frames are shown here. Notice that the images are rotated to the stereo baseline
and that the north of the image is approximately pointing toward the bottom of the image.
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STEREO_A COR2 2011-09-14T01:39:00 STEREO_B COR2 2011-09-14T01:39:52

STEREO._A COR2 2011-09-14T01:54:00 STEREO_B COR2 2011-09-14T01:54:52

STEREO_A COR2 2011-09-14T02:24:00 STEREO_B COR2 2011-09-14T02:24:52

Figure 6.79 - The CME observed on 2011/09/14 in COR2A (left column) and COR2B (right column) FOVs.
Only the fourth, fifth and sixth frame are shown here. Notice that the images are rotated to the stereo
baseline and that the north of the image is approximately pointing toward the bottom of the image.
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STEREO_A COR2 2011-09-14T02:39:00

STEREO_A COR2. 2011-09-14T02:54:00 STEREO_B COR2 2011-09-14T02:54:52

Figure 6.80 - The CME observed on 2011/09/14 in COR2A (left column) and COR2B (right column) FOVs.
Only the last two frames are shown here. Notice that the images are rotated to the stereo baseline and
that the north of the image is approximately pointing toward the bottom of the image.
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CME average speed at a given direction (km/s)
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m 2011-09-14T00:39:00.0007 to 2011-09-14T02:54:00.0002

Figure 6.81 - The radial speed of the CME front observed on 2011/09/14 as a function of latitude and
longitude (in HEEQ coordinate system). The black diamond indicates the center of the CME front.

Table 6.20 - Kinematic parameters of the CMEs on 2011/09/14. The angles shown here are given in
HEEQ coordinate system.

Parameter Result

Minimum and maximum latitudes [-7°,49°]
Minimum and maximum longitudes [8°, 34°]
Group speed v, averaged over time 57126 km/s
Central direction of the CME averaged over time (longitude) 21°
Central direction of the CME averaged over time (latitude) 21°
Minimum value of v—r(o,-, ¢k) 486 km/s
Maximum value of v_r(Gj, ([)k) 593 km/s
[584, 545, 601,
Group speed as a function of time v, (¢;.1) 604, 460, 605,
555] km/s
Maximum error of the triangulation 0.2 solar radii
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6.10.3 The cosmic ray observations and modeling

The cosmic ray count rate observed by the vertical directions of the GMDN are shown in Figure
6.82. Notice that there is no common decrease in the cosmic ray density inside the MC period.

The neutron monitor data is shown in Figure 6.83 and their count rate have a decrease up to 2%.
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Figure 6.82 - The cosmic ray decrease observed by the vertical directional channels of the four muon
detectors of the GMND during the MC on 2011/09/17.
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Neutron monitor data corrected for pressure
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Figure 6.83 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/09/17.

There is no isotropic cosmic ray decrease observed by the GMDN during this MC and the CRC
model cannot be used here, see Figure 6.84. The component of the cosmic ray anisotropy
perpendicular to the IMF is dominant but the time profile of the “x” component of the gradient

does not show any signature of the interplanetary structure approaching the Earth.
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hourly averages, new correlation system
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Figure 6.84 - The cosmic ray isotropic intensity and orthogonal components of the gradient during the
period of the MC (indicated by the vertical lines) observed on 2011/09/17.

6.11 The magnetic cloud observed on 2011/10/06
6.11.1 The interplanetary medium

According to the ICME catalog, there are three ICMEs in close timing to the MC observed on
2011/10/06, starting at about 7:36 on 2011/10/05 (Table 6.21). In principle, we were interested
in studying only the events with MC quality index equal to two and therefore only the second
ICME is of our primary interest here (see explanation about the quality index in Table 6.21).
However, the interval between one event and the other is less than 24 hours. Distinguishing the
effect of each one on both cosmic ray and interplanetary data is not straightforward.

Consequently, we need to do this study taking into account all the three ICMEs.
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Table 6.21 - The list of three consecutive ICMEs on the beginning of October 2011. Source: ICME catalog
from Richardson and Cane.

2011/10/05 2011/10/05 2011/10/05 1: “the ICME shows evidence of a rotation in

07:36 10:00 22:00 field direction, but lacks some other
characteristics of a magnetic cloud”
l 2011/10/06 2011/10/06 2011/10/06 2: “the ICME has the clear features of a
12:00 12:00 23:00 magnetic cloud”
2011/10/07 2011/10/07 2011/10/07 0: “the ICME is not a reported magnetic cloud,
02:00 02:00 17:00 and lacks most of the typical features of a

magnetic cloud”

Beyond the ICMEs, there is a shock at the beginning of the first ICME. Therefore, the search for
Earthward directed CMEs needs to be done in the period from 5 to 1 days before the beginning
of the first ICME, that is, from 2011/09/30 to 2011/10/04 (section 6.11.2). The sector polarity
before the set of ICMEs is neither a clear toward nor away sector. From 2011/10/07 on, the

polarity is toward the Sun (mainly in the range from 270° to 360°).

The period of the MC is shown in Figure 6.85 (disturbance #2). During the MC period, the IMF
intensity has less oscillations. The magnetic field maximum intensity is ~ 12 nT and it is almost
constant during this period. From the orthogonal components of the IMF, we can identify some

oun
z

hints of rotation in both “y” and components. The rotation shown probably does not exceed

oun
z

90° degrees since the “y” and components do not change signal. The solar wind speed is
almost constant and has magnitude of ~ 370 km/s. The temperature is never higher than 0.5 MK.
The beta parameter, which should be 0.1 according to the criteria of MC, is always higher than
0.3. In summary, this MC does not have all the signatures of a MC although there are indications
of rotation in the IMF. The two remaining ICMEs identified by the catalog are much more distant
from the definition of the MC because the magnetic field has sinificant oscillations, and the

orthogonal components do not show clear rotation. The last ICME has a remarkably low IMF

magnitude of ~ 5 nT.
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Figure 6.85 - The interplanetary magnetic field and plasma parameters during a MC on 2011/10/06.
Within the thin vertical lines, there are three interplanetary structures. The thick vertical lines indicate
the MC timing (disturbance #2).
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6.11.2 The origins in the solar corona

We carefully analyzed all the CMEs between 2011/09/30 and 2011/10/06 observed by the three

spacecraft in order to identify those directed toward the Earth.

On 2011/09/30 there is a slow northward CME starting at about 2:00 UT in the LASCO-C3 FOV.
In close timing, COR2B FOV has a CME in the northeast quadrant and COR2A FOV in the
northwest quadrant. These combined observations indicate a CME ejected on the backside of

the Sun, away from the Earth.

On 2011/10/01 there is a small CME seen in both COR2A and COR2B in close timing, starting just
a few minutes before and directed slightly toward north. The CME is potentially a source of any
ICME observed close to the Earth and we tracked it with CORSET in both COR2A and COR2B from
11:39 to 13:54. Unfortunately it was not possible to distinguish one CME from the other in the
images from COR2A using both Q@ = 4 and Q = 16. On COR2B both CMEs were selected using
Q = 16 but only the desired CME was selected using Q = 4. It is surprising that the same set of
parameters (Q = 4) did not produce the same results when comparing COR2A and COR2B. One
hypothesis is that the difference of brightness (and texture) between the two CMEs is much
higher on COR2B when compared to COR2A. We also ran CORSET using Q = 0 but the result was
a region with progressively decreasing area without any consistency with the CME definition. As
we need to keep consistency between the structures selected in both COR2A and COR2B to
perform a reliable triangulation, we adopted the result with Q = 16. Notice that in this scenario,
although a significant part of the area selected is not part of the desired CME and the width of
the area selected is not consistent, the front part of the desired CME is not affected by the
adjacent CME. The results of the CME tracking is shown in Figure 6.86, Figure 6.87 and Figure
6.88.
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STEREO._A COR2 2011-10-01T11:39:00 STEREO_B COR2 2011-10-01T11:39:55

STEREO. A COR2 2011-10-01T11:54:00 STEREO_B CQR2 2011-10-01T11:54:55

STEREO_A .COR2 2011-10-01T12:24:00 STEREO_B COR2 2011-10-01T12:24:55

Figure 6.86 - The CME observed on 2011/10/01 in COR2A (left column) and COR2B (right column) FOVs.
Only the first three frames are shown here. Notice that the images are rotated to the stereo baseline
and that the north of the image is approximately pointing toward the bottom of the image. Notice the
presence of the another CME (located slightly northward) included in the boundary found by CORSET.

215



STEREO_A COR2 2011-10-01T12:39:00 STEREO_B COR2 2011-10-01T12:39:55

STEREO_A COR2 2011-10-01T12:54:00 STEREO_B COR2 2011-10-01T12:54:55

STEREO_A COR2 2011-10-01T13:24:00 STEREO_'B COR2 2011-10-01T13:24:55

Figure 6.87 - The CME observed on 2011/10/01 in COR2A (left column) and COR2B (right column) FOVs.
Only the fourth, fifth and sixth frames are shown here. Notice that the images are rotated to the stereo
baseline and that the north of the image is approximately pointing toward the bottom of the image.
There is another CME located slightly northward of the CME we are interested, but it is hard to
distinguish them in the frames shown here.
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STEREO_A COR2 2011-10-01T13:39:00 STEREO_B COR2 2011-10-01T13:39:55

STEREO_A COR2 2011-10-01T13:54:00 STEREO_B COR2 2011-10-01T13:54:55

Figure 6.88 - The CME observed on 2011/10/01 in COR2A (left column) and COR2B (right column) FOVs.
Only the seventh and eighth frames are shown here. Notice that the images are rotated to the stereo
baseline and that the north of the image is approximately pointing toward the bottom of the image.
There is another CME located slightly northward of the CME we are interested, but it is hard to
distinguish them in the frames shown here.

At the end of 2011/10/01, there is another CME seen as halo for both COR2A and COR2B and as
semihalo on LASCO-C3 FOV. This CMEs is also not earth-directed, it is directed toward STEREO B
or STEREO A. This CME is certainly not responsible for any ICME observed close to the Earth by
ACE and/or WIND.

On 2011/10/02, there is an earthward CME visible in both COR2 coronagraphs from 01:54 UT to
05:24 UT. The base image for this event is contaminated by the previous halo CME observed less

than 3 hours before. By the time this CME is ejected, the halo CME is not very bright but still
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present close to the outermost part of the coronagraph. By using the default parameter Q = 4

this CME was tracked with reasonable result (Figure 6.89 and Figure 6.90).

STEREO_A COR2 2011-10-02T02:39:00 STEREO_B COR2 2011-10-02T02:39:55

STEREO_A COR2 2011-10-02T02:54:00 STEREO_B COR2 2011-10-02T02:54:55

STEREO_A COR2 2011-10-02T03:24:00 STEREO_B COR2 2011-10-02T03:24:55

Figure 6.89 - The CME observed on 2011/10/02 in COR2A (left column) and COR2B (right column) FOVs.
Only the first three frames are shown here. Notice that the images are rotated to the stereo baseline
and that the north of the image is approximately pointing toward the bottom of the image.
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STEREO_A COR2 2011-10-02T03:39:00 STEREO_B COR2 2011-10-02T03:39:55

STEREO_A COR2 2011-10-02T03:54:00 STEREO_B COR2 2011-10-02T03:54:55

STEREO_A COR2 2011-10-02T04:24:00 STEREO_B COR2 2011-10-02T04:24:55

Figure 6.90 - The CME observed on 2011/10/02 in COR2A (left column) and COR2B (right column) FOVs.
Only the last three frames are shown here. Notice that the images are rotated to the stereo baseline
and that the north of the image is approximately pointing toward the bottom of the image.
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On 2011/10/03 at about 3:00 UT, there is a CME on COR2A FOV extending from north to east
and on COR2B from north to west. Although this CME is not ejected in the direction away from
the Earth, this CME is seen as a narrow limb on LASCO-C3 FOV and therefore it is hard to suppose

it will hit the Earth.

The following day, there is one full halo CME observed by LASCO/C3. This event is very bright
and easy to identify. Although there is some data gaps in COR2A and COR2B, the CME was
observed simultaneously at a single frame on both STEREO coronagraphs and, thanks to this, we

concluded that it is directed away from the Earth.

On the period from 2011/10/05 to 2011/10/06, there is no CME possibly directed toward the

earth since none of the CMEs is seen as a semi-halo in the LASCO-C3 FOV.

To wrap up, among all the CMEs ejected in this period, we can affirm that there are only two
Earthward directed, as specified in Table 6.22. The map of the distribution of the radial speed is
shown in Figure 6.91 and Figure 6.92.

Table 6.22 - The Earthward CMEs observed in association to the MC event on 2011/10/06.
First appearance on Relative First frame tracked Last frame tracked Average speed on

LASCO-C2 FOV time on COR2AB FOV on COR2AB FOV COR2AB FOV
2011/10/01 09:36 Oh 10:54 13:54 491 km/s
2011/10/02 03:00 16 h 02:39 03:39 782 km/s
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CME average speed at a given direction (km/s)

447 456 465 475 484 493 502
| | |

fram 2011-10-01T11:54:00.000Z to 2011-10-01T13:39:00.000Z

Figure 6.91 - The radial speed of the CME front observed on 2011/10/01 as a function of latitude and
longitude (in HEEQ coordinate system). The black diamond indicates the center of the CME front.
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CME average speed at a given direction (km/s)
670 697 7724 750 777 S04 830

fram 2011=10-02T02:33:00.000Z to 2011 —10-02T03:39:00.0007Z

Figure 6.92 - The radial speed of the CME front observed on 2011/10/02 as a function of latitude and
longitude (in HEEQ coordinate system). The black diamond indicates the center of the CME front.

The speed of propagation of the two Earthward directed CMEs was estimated using CORSET3D
and is given in Table 6.23. The second CME, ejected approximately 16 hours later than the first,
had a much higher speed than the first. Since the propagation direction of both is similar, they
probably interacted. The time passed since the first CME ejections until the shock arrival at
Earth is 93 hours. Considering the path from the Sun to the Earth, the first CME had an average
speed of 448 km/s and the second 541 km/s. It means that on average, both CMEs were

decelerated.
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Table 6.23 - Kinematic parameters of the CMEs on 2011/10/01 and 2011/10/02. The angles shown here
are given in HEEQ coordinate system.

Parameter Result for CME1  Result for CME2 ‘
Minimum and maximum latitudes [-19° 16°] [-29°, -11°]
Minimum and maximum longitudes [-21°, 4°] [-2°,11°]
Group speed v, averaged over time 474415 km/s 765168 km/s
Central direction of the CME averaged over time (longitude) -8° 4°
Central direction of the CME averaged over time (latitude) -2° -20°
Minimum value of v—,.(e,-, ¢k) 447 km/s 670 km/s
Maximum value of 7,.(6}, ¢y, 502 km/s 830 km/s
. . [410, 476, 459, [862, 612, 846]
Group speed as a function of time v, (¢;,1) 478, 609] km/s km/s
Maximum error of the triangulation 0.2 solar radii < 0.1 solar radii

6.11.3 The cosmic ray observations

Both cosmic ray muon and neutron monitor data show a count rate decrease on 2011/10/05 in

close timing to the beginning of the first ICME and the interplanetary shock. While the muon

detectors have a decrease ranging from 1% to 2%, the neutrons monitor have a decrease of

more than 2% (Figure 6.93 and Figure 6.94).
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Figure 6.93 -The cosmic ray decrease observed by the vertical directional channels of the four muon
detectors of the GMND during the MC on 2011/10/06.
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Figure 6.94 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/10/06.
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The isotropic cosmic ray intensity and the fractional gradient are shown in Figure 6.95. There is
some significant intensity decrease in close timing to the beginning of the first ICME but it does
not happen during the magnetic cloud period (second half of 2011/10/06). Therefore, it is not
possible to use the cosmic ray cylinder model in this example. The CRC model can neither be
applied to the ICME because the decrease on the cosmic ray intensity is not followed by an
increase back to a similar level observed before the ICME beginning. Since the CRC model was
developed for the scenario of a single MC arriving to the Earth, changes in the model are
probably necessary if someone intends to use it when two or more interplanetary structures are

arriving to the Earth in close timing to each other.

hourly averages, conventional correlation system

91, [%]

g1, [%]

91, [%#]

02-0ct 04-0ct 06—0ct 08-0ct 10-0ct
Start Time (01—-0ct—11 08:00:00)

Figure 6.95 - The cosmic ray isotropic intensity and orthogonal components of the gradient during the
period of the MC and two other interplanetary structures. The vertical lines indicate the period since the
beginning of the first structure until the end of the last one.
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6.12 The magnetic cloud observed on 2011/10/24

6.12.1 The interplanetary medium

During the MC period, the IMF magnitude ranges from 20 nT to 24 nT, the highest among the

“_n
Z

MC studied in this Thesis. Its orthogonal components “y” and suggests a rotation of the IMF.
The solar wind speed ranges from 550 km/s to 450 km/s. The temperature is always lower than
0.2 MK inside the MC period, although it is much higher in the period right before the MC. The

beta parameter is close to 0.1 and is never higher than 0.2 (Figure 6.96).

There is an interplanetary shock observed in front of the MC on 2011/10/24 between 16:00 UT
and 18:00 UT. Right after that, the IMF, density, temperature and flow speed increases
significantly. This period is a sheath region. Up to at least 4 days before and after the MC, there

is no indication of sector polarity changing and the IMF direction is toward the Sun.
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Figure 6.96 - The interplanetary magnetic field and plasma parameters during a MC on 2011/10/25.
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6.12.2 The origins in the solar corona

On 2011/10/19 and 2011/10/20, two CMEs were observed on LASCO-C3 FOV but neither of
them are halo nor partial halo. On 2011/10/22, there are two halo CMEs seen on LASCO-C3 FOV.
The first one was observed on the first hours of the day and, according to COR2, it must be
directed toward the Earth. The second CME is seen as a semi-halo by LASCO-C3 and as a halo on
STEREO. Therefore, it is directed toward STEREO and at least 90° distant from the Earth. There
is also a small and tenuous CME basically at the same time than the Earthward halo CME. On

2011/10/23, there is no halo CME in the LASCO FOV that could be directed toward the Earth.

Therefore, on the period from 2011/10/19 to 2011/10/23, there is only one earthward CME and
it must be the coronal origin of the MC observed on 2011/10/25. An article published
independently from this Thesis also found the same conclusion (MOSTL et al., 2014). Other
authors referred in previous section in this Chapter, such as Liu et al. (2012), Lugaz et al. (2012)

and Colaninno (2012), did not study this CME.

The results of the application to CORSET to this CME are show in Figure 6.97 and Figure 6.98.
The presence of other two CMEs in close angular range complicated the analysis. They were
ejected just a few hours before the Earthward CME. They were seen on COR2 FOV from the last
hour of 2011/10/21 on. One has at least 45° of width and was ejected southward (top part of
each coronagraph image). It is seen as a darker region because it reached the outside part of the
COR2 FOV before the first hour of 2011/10/22, when images were used to construct a base
image. The remaining CME is very narrow (< 30°) and was ejected toward north (bottom part of
each figure). Due to the background subtraction, this CME is seen in the Figure 6.97 and Figure
6.98 as a black region plus a front bright. It is quite difficult to distinguish the latter CME from
the earthward CME, especially on the last frames because the front part of both are aligned and,
as a consequence, it is hard to decide whether the region selected by CORSET covers the CME
completely or missed its part close to the northward CME. To our understanding, the selection
of the CME front is self-consistent between STEREO A and STEREO B and it is consistent on time.
For the expansion factor, we used Q@ = 4 but a very similar result was derived using Q = 10 or

Q = 14.
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STEREO_B COR2 2011-10-22T702:24:58

STEREO -A COR2 2011-10-22T02:54:00 STEREO_B COR2 2011-10-22T02:54:58

STEREO_A COR2 2011-10-22T03:24:00 STEREO_B COR2 2011-10-22T03:24:58

Figure 6.97 - The CME observed on 2011/10/22 in COR2A (left column) and COR2B (right column) FOVs.
Only the first three frames are shown here. Notice that the images are rotated to the stereo baseline
and that the north of the image is approximately pointing toward the bottom of the image.
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-10-22T03:54:58

STEREO_A COR22011-10- 24 STEREO™B.COR2 2011/10-22T04:24:58

Figure 6.98 - The CME observed on 2011/10/22 in COR2A (left column) and COR2B (right column) FOVs.
Only the last two frames are shown here. Notice that the images are rotated to the stereo baseline and
that the north of the image is approximately pointing toward the bottom of the image.

The radial speed of the CME projected in the coronagraph FOVs is show in Figure 6.99 and Figure
6.100. The de-projected radial speed of the CME is shown in Figure 6.101 and Table 6.24. Notice
that it is located basically above the ecliptic plane and propagating basically aligned with the

Sun-Earth line.
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Figure 6.99 - The height-time profile of the CME on 2011/10/22 on the COR2A FOV for the fastest
moving position angle. A linear fit is shown and the speed calculated in indicated. This CME was tracked
by CORSET from 02:24 UT to 04:24 UT.
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Figure 6.100 - The height-time profile of the CME on 2011/10/22 on the COR2B FOV for the fastest
moving position angle. A linear fit is shown and the speed calculated in indicated. This CME was tracked
by CORSET from 02:24 UT to 04:24 UT.
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CME average speed ot a given direction (km/s)
453 484 514 544 574 604 034

fram 2011-10-22T02:24:00.0007 to 2011—10-22T03:24:00.0007

Figure 6.101 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The black diamond indicates the center of the CME front.

Table 6.24 - Kinematic parameters of the CME on 2011/10/22. The angles shown here are given in HEEQ
coordinate system.

Parameter Result

Minimum and maximum latitudes [17°, 59°]
Minimum and maximum longitudes [-18°, 16°]
Group speed v, averaged over time 56344 km/s
Central direction of the CME averaged over time (longitude) -1°
Central direction of the CME averaged over time (latitude) 38°
Minimum value of 7,(6;, ¢ 453 km/s
Maximum value of 7,.(6;, ¢y.) 634 km/s
Group speed as a function of time v, (¢;,1) [479, 627] km/s
Maximum error of the triangulation 0.2 solar radii
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6.12.3 The cosmic ray observations and modeling

The cosmic ray count rate has a decrease associated to this MC observed by all detectors of the
GMDN (Figure 6.102). The decrease has an amplitude close to 2%, the biggest cosmic ray density
decrease observed during MC periods from January 2008 to December 2011. The decrease starts
a few hours before the shock at about 14 UT, approximately 4 hours before the beginning of the

sheath region observation by OMNI. As for neutron monitors, the decrease ranges from 4% to

more than 5% (Figure 6.103).
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Figure 6.102 - The cosmic ray decrease observed by the vertical directional channels of the four muon

detectors of the GMND during the MC on 2011/10/25.
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Neutron monitor data corrected for pressure

NN O M
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Start Time (20-Oct-11 16:00:00)

Figure 6.103 - The cosmic ray decrease observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/10/25.

After the MC period, the four GMDN detectors show a pronounced daily variation that was not
present before the MC. At the end of the month there is another modulation of the cosmic ray
due to some interplanetary structure which increases the interplanetary magnetic field intensity

to more than 10 nT.

There is a considerable contribution from the parallel anisotropy in this event, especially in the
“y” component on the first half of the MC. This contribution may be produced by the shock
reported a few hours before the MC starts. This contribution, however, is smaller than the

component of the anisotropy perpendicular to the IMF.

The results from the application of the cosmic ray cylinder model are shown in Table 6.25, Figure
6.104 and Figure 6.105. The tridimensional representation of the cylinder modelled is shown in
Figure 6.106. We have chosen a different period from 1 UT to 15 UT, i. e., we included two extra
hours at the end of the MC period because doing so the isotropic intensity is basically at the
same level at the beginning and end of the period. We used the model independently with data
from the conventional and new correlation system and the residue of the data fit is smaller when

using the former data (see Table 6.25).
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Conventional
Parameter correlation
system

Table 6.25 - Parameters of the cosmic ray cylinder model of the MC observed on 2011/10/25.

New
correlation
system

Start period of analysis 2011/10/25 01:00:00
End period of analysis 2011/10/25 15:00:00

07:20:00
2%
0.0091

19°

16°

0.02

55

0.04

0.00

0.015
[0.02, 0.00, -0.04]
[-0.02, 0.04, 0.01]
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08:20:00
-1.8%
0.0177
28°
20°
-0.02
86
0.05
0.00
0.016
[0.03,-0.01, -0.05]
[-0.02, 0.04, 0.02]
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Figure 6.104 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud in 2011/10/25 using data from the conventional correlation system. The stair plot is the observed
data and the line with diamonds is the modeling of the cosmic depleted region. The first panel, from top
to bottom, shows the isotropic intensity. The remaining three plots show the orthogonal components of

the fractional cosmic ray density gradient in the GSE coordinate system. The two vertical dashed lines

correspond to the beginning and the end of the cosmic ray depleted region chosen by eye. These
timings are indicated on top of the plot.
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Figure 6.105 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud in 2011/10/25 using data from the new correlation system. The stair plot is the observed data and
the line with diamonds is the modeling of the cosmic ray depleted region. The first panel, from top to
bottom, shows the isotropic intensity. The remaining three plots show the orthogonal components of
the fractional cosmic ray density gradient in the GSE coordinate system. The two vertical dashed lines
correspond to the beginning and the end of the cosmic ray depleted region chosen by eye. These
timings are indicated on top of the plot.
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# 7 of 14; Radius: 0.043 AU
Impact dist (x,y,2): (-0.001, 0.018, -0.013) AU

Figure 6.106 - A tridimensional scale model of the cylinder derived from CRC model on 2011/10/25 at
08:00 UT using the conventional correlation system. The actual cylinder length used in the model is
infinite. The Earth is located at the origin of the GSE coordinate system (represented by the three axes).

In both cases (when we use the conventional and new correlation system), the portion of the
cosmic ray cylinder close to the Earth is moving toward the negative “x” GSE direction (in other
words, from the Sun to the Earth) and toward the positive “y” GSE direction (somehow following

Parker spiral pattern).

The minimum variance analysis (MVA) was also performed for the same magnetic cloud period.
The result was an angle of 73° of latitude and 74° of longitude for its axis using the same period.
Using an offset of the period up to two hours before and after the original boundaries of the MC,
25 combinations of periods are possible and all of them have 4,/4; > 2 and were used to
calculate the MVA statistics. The result for the latitude is a mean of 66° and a standard deviation
of 9°; for the longitude, the mean is 78° and the standard deviation is 33°. Notice that the MVA
is very sensitive to the boundaries of the period to be analyzed. To our understanding, the most
appropriate period for the MVA analysis starts at 01 UT and ends at 13 UT because the field
clearly rotates approximately 180° in the maximum variance axis. In this case, the latitude found
is 62° and the longitude is 60°. If the beginning and/or the end of the magnetic cloud period used

in the MVA analysis is changed to more than 2 hours, the difference in the latitude and longitude
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increase dramatically. If we take into account the standard deviation, the result of the MVA does

not agree with the result from the cosmic ray cylinder analysis.

In order to assess the effect of this difference in the angle when comparing the observed cosmic
ray data with the expected data, we ran the cosmic ray cylinder model in a further test: we
imposed the latitude and longitude found by the MVA to the cosmic ray cylinder model and we
kept the remaining parameters of the model free. The period was kept the same than shown in
Table 6.25. The result is shown in Figure 6.107. When comparing to the results with the angle as
a free parameter, there are differences in the four time profiles but it is much more evident on
the “z” component of the gradient, which changed significantly and does not agree with the
actual data observed in the latter case. There is an expressive increase in the radius from 0.04

AU to 0.09 AU. The residue has increased from 0.015 AU to 0.023 AU.
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Figure 6.107 - The observation and modeling of cosmic ray depleted region associated to the magnetic
cloud in 2011/10/25 using data from the conventional correlation system and imposing the latitude and
longitude angles found by the MVA analysis. The stair plot is the observed data and the line with
diamonds is the modeling of the cosmic ray depleted region. The first panel, from top to bottom, shows
the isotropic intensity. The remaining three plots show the orthogonal components of the fractional
cosmic ray density gradient in the GSE coordinate system. The two vertical dashed lines correspond to
the beginning and the end of the cosmic ray depleted region chosen by eye. These timings are indicated
on top of the plot.
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The flux rope was expected to be located mainly northward the ecliptic plane given its original
ejection direction which is more than 10 degrees in HEEQ coordinates. The cosmic ray depleted

region, however, is located mainly below the ecliptic plane.

6.13 The magnetic cloud observed on 2011/11/07

The magnetic cloud reported by the ICME catalog on 2011/11/07 is shown in Figure 6.108. This
is not a good example of MC due to the following reasons: 1) the IMF rotation is not smooth and
not very clear; 2) the duration is about 6 hours, a quite short period for a MC; 3) the plasma beta
parameter, although smaller inside the MC period than outside, is much higher than 0.1. There
are no other ICMEs reported in close timing and there is a sector boundary on 2011/11/06, about

one day before then MC period.
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MC from 2011/11/07 18:00:00 to 2011/11/07 23:40:00
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Figure 6.108 - The interplanetary magnetic field and plasma parameters during a MC at 2011/11/07.

242



We inspected images from solar corona in the period from 2011/11/02 to 2011/11/06 in order
to find possibly earth-directed CMEs. According to the CDAW CME catalog (YASHIRO et al., 2004)
and our own inspections of LASCO-C3 and COR2 data, there are two halo CMEs in this period.
One was at 2011/11/03 23:30 and the other at 2011/11/04 01:25. By observing the CME position
on COR2 FOV, we can dismiss that the first CME was Earthward directed. We also used the
Sunloop method and confirmed that it is directed away from the Earth. The second CME, by its
turn, was directed neither toward nor away from the Earth according to observations from COR2.
Using Sunloop, we found that its propagation direction was toward STEREO B. During that period,
STEREO B is more than 90° behind the Earth in its trajectory around the Sun. It is very unlikely
(if not impossible) that a CME directed to STEREO B could be observed close to the Earth.

There is no CME directed Earthward that could be the solar source of the MC according to our
observations on LASCO-C3 and COR2 FOV. One possibility is that this interplanetary structure
considered a MC is actually not an ICME (neither a MC) and it is the result of sector boundary or
a stream-interaction region. The IMF magnitude of 10 nT is frequently observed during sector

boundaries and this possibility cannot be discarded (GOSLING, 2010).

There is no clear decrease in the vertical directional channels of the four muon detectors of the
GMDN (Figure 6.109). The same can be said for the neutron monitors used here (Figure 6.110).
The cosmic ray model cannot be applied here because there is no isotropic decrease observed

in this period (Figure 6.111).
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Figure 6.109 - The cosmic ray count rate observed by the vertical directional channels of the four muon
detectors of the GMND during the MC at 2011/11/07. The two vertical continuous lines indicate the
beginning and end of the MC.
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Neutron monitor data corrected for pressme
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Figure 6.110 - The cosmic ray count rate observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/11/07. The two vertical dashed lines indicate the beginning and
end of the MC.
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Figure 6.111 - The isotropic cosmic ray intensity and the orthogonal components of the cosmic ray
fractional gradient during the MC period on 2011/11/07.

6.14 The magnetic cloud observed on 2011/11/29
6.14.1 The interplanetary medium

The magnetic cloud observed on 2011/11/29 has its interplanetary magnetic field and plasma
parameters shown in Figure 6.112. This event does not show many of the signatures that can be

identified in a good magnetic cloud event:

1) the interplanetary magnetic field does not show a smooth rotation inside the MC

period;
2) the temperature increases in the second half of the period;
3) the density is very high;
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4) there is a decrease in the magnetic field intensity inside approximately the middle of

the structure;

5) the beta parameter, although being lower than in the interplanetary medium, is higher

than 0.1;

6) the duration of the MC is less than six hours, while magnetic clouds frequently are
observed for more than 12 hours. This duration is deduced from MC transit speed and the
radial size of the MC that is ~0.25 (KLEIN, BURLAGA, 1982) when they are close to the
Earth.

The MC period indicated in the Figure 6.112 was selected taking into account the beta parameter
and the variation of the IMF magnitude. The original MC period from the ICME catalog ranges
from 2011/11/29 00 UT to 2011/11/29 08:00. There is a shock reported a few hours before the
magnetic cloud beginning on 2011/11/28 at 22 UT. Before the shock the IMF had a toward sector
polarity for at least 5 days. From 2011/11/29 on, the IMF is in an away sector. Therefore, this

MC lies on a lateral side of an IMF sector.
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MC from 2011/11/29 02:50:00 to 2011/11/29 08:40:00
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Figure 6.112 - The interplanetary magnetic field and plasma parameters during a MC on 2011/11/29.

248



6.14.2 The cosmic ray observations

The cosmic ray count rate of the vertical directional channels of each muon detector of the
GMDN is shown in Figure 6.113. There is no clear decrease associated to this MC. After it, there
is a clear daily variation observed in all detectors. As for the neutron monitors, there is a
decrease observed by the detectors starting during the MC with an amplitude of about 1%
(Figure 6.114). This decrease lasts for a period longer than the MC observed in the interplanetary

medium and ends on 2011/12/01.
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Figure 6.113 - The cosmic ray count rate observed by the vertical directional channels of the four muon
detectors of the GMND during the MC on 2011/11/29. The vertical lines indicate the period of the
magnetic cloud.
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Neutron monitor data corrected for pressure
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Figure 6.114 - The cosmic ray count rate observed by three different neutron monitors (Delaware, Thule
and McMurdo) during the MC on 2011/11/29.

In this MC period, the isotropic intensity does not have the appropriate MC signature (Figure
6.115). The time-profile of the “x” component of the gradient suggests a structure approaching
the Earth. However, the parallel anisotropy is higher than the perpendicular component on the
second half of the magnetic cloud period. Since there is no isotropic cosmic ray intensity
decrease during the magnetic cloud period and the anisotropy parallel to the IMF is higher, it is

impossible to use the cosmic ray cylinder model.
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Figure 6.115 - The isotropic cosmic ray intensity and the orthogonal components of the cosmic ray
fractional gradient during the MC period on 2011/11/29. The error bars indicate the error calculated
from the six data points calculated using integration time of 10 minutes.

6.14.3 The origins in the solar corona

According to the CDAW SOHO catalog (YASHIRO et al., 2004), there are two halo events observed
in the period before the MC. The observation of the first halo CME on LASCO-C2 FOV starts at
2011/11/26 7:11 and of the second CME at 2011/11/27 14:00. We inspected the position angle
of these CMEs on the COR2 FOV and concluded that only the first is Earthward directed and the
second one is directed away from the Earth. Therefore, the CME observed on 2011/11/26 must

be the solar origin of the magnetic cloud observed on 2011/11/29.

The results of the CME on 2011/11/26 tracked by CORSET is shown in Figure 6.116. We tried
different expansion factors and the result was not in agreement with the CME definition because
the area selected was too high on the last frames (Q = 4) or a significant part of the CME region

was not selected (Q = 12, 16). Finally, using the experience from previous events, we set Q =
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0 because the CME kept a high brightness until it reaches of outer limit of the coronagraph. For
the foreground model (explained in Section 4.4), we used a sample region in the third frame. If
we used a sample region in the first frame and kept Q = 0, parts of the CME would not be
included in the segmentation of the second and third frames. In principle, the CME was tracked
in four frames (from 07:54 UT to 08:54 UT), but the last frame was removed when the
triangulation was performed, because the result structure selected in COR2A and COR2B was
apparently different from each other. In the remaining frames, to our understanding, the front
of the CME selected is consistent with its definition. The lateral sides segmented by CORSET for
this CME apparently are not consistent on time on COR2B because the area selected on the last
frames extends excessively. Since we are not using the width of the CME in this analysis, this

problem does not affect the calculation of the speed.
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STEREO_A COR2 2011-11-26T07:54:00 STEREO_B COR2 2011-11-26T07:54:59

STEREO_A COR2 2011-11-26T08:24:00 STEREO_B COR2 2011-11-26T08:24:59

7T

A

STEREO_A COR2 2011-11-26T08:39:00 STEREO_B COR2 2011-11-26T08:39:59

Figure 6.116 - The CME observed on 2011/11/26 in COR2A (left column) and COR2B (right column)
FOVs. Notice that the images are rotated to the stereo baseline and that the north of the image is
approximately pointing toward the bottom of the image.
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The radial speeds calculated projected in each coronagraph FOV are shown in Figure 6.117 and
Figure 6.118. The tridimensional speed map is shown in Figure 6.119 and it is summarized in
Table 6.26. We tried to make the map also using the second and third frame but the error was

too high. Therefore, it was constructed using only the first two frames.

This CME is quite fast (more than 800 km/s) on the coronagraph FOV but its interplanetary
counterpart has a significantly lower speed (~450 km/s). The angular position of the partial halo
CME on LASCO-C2 FOV suggests that its propagation is westward of the Sun-Earth line.
Moreover, the CME is brighter on COR2A FOV than on COR2B suggesting that it is closer to
COR2A and propagating westward of the Sun-Earth line. The direction of propagation from
CORSET3D confirms these expectations. Unfortunately the cosmic ray cylinder model could not

be performed and we cannot deduce the CRC position because the anisotropy is mainly parallel

to the IMF.
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Figure 6.117 - The height-time profile of the CME on 2011/11/26 in the COR2A FOV for the fastest
moving position angle. A linear fit is shown and the speed calculated is indicated. This CME was tracked
by CORSET from 07:39 UT to 08:54 UT.

254



STEREO_B CORZ

15 T ' ' r T T
S o0F -
S r -
< | i
N ,
o
O L i
O | *x _|
+ 5
= L i
[ \/md'\ol - 950 km/s ]
L PA = 143 degrees E
0 R B R R R
7.5 8.0 8.5 9.0 9.5

Time (hours)

Figure 6.118 - The height-time profile of the CME on 2011/11/26 on the COR2B FOV for the fastest
moving position angle. A linear fit is shown and the speed calculated is indicated. This CME was tracked
by CORSET from 07:54 UT to 09:24 UT.

To our knowledge, there is no previous studies about this CME. In particular, this event is not

included in any of the references previously cited in this Thesis such as Colaninno (2012) and

Mostl et al. (2014).
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Figure 6.119 - The radial speed of the CME front as a function of latitude and longitude (in HEEQ
coordinate system). The black diamond indicates the center of the CME front.

Table 6.26 - Kinematic parameters of the CME on 2011/11/26. The angles shown here are given in HEEQ
coordinate system.

Parameter Result ‘
Minimum and maximum latitudes [-10°, 19°]
Minimum and maximum longitudes [11°,17°]
Group speed v, averaged over time 868165 km/s
Central longitude of the CME averaged over time 13°
Central latitude of the CME averaged over time 4°
Minimum value of 7,.(6;, ¢ 688 km/s
Maximum value of v_r(Gj, i) 970 km/s
Group speed as a function of time v, (¢;.1) [868] km/s
Maximum error of the triangulation < 0.1 solar radii
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7  DISCUSSION OF THE RESULTS

In Chapter 6, a detailed analysis of each of the 14 magnetic cloud observed between 2008 and
2011 was done. In this Chapter, we compare results from different events and discuss the overall

trends.

7.1 Earthward directed CMEs observed

We determined the direction of propagation of CMEs observed from one to five days before the
magnetic cloud observation close to the Earth. The results are summarized in Table 7.1 (events
from 2008 to 2010) and Table 7.2 (events from 2011). The number of earthward directed CMEs
found in each case in written in the fourth column. Other information about the CMEs already
introduced in Chapter 6 (such as number of frames observed, CME group speed, longitude and
latitude) are reproduced in these tables. According to the analysis done here, for 6 events among
14, there is only one CME directed toward the Earth and the magnetic cloud was therefore
caused by only one CME. These events are highlighted in green. There is no earthward directed
CME observed in three cases: #2, #8 and #13 (rows highlighted in blue). In other three events,
two earthward CMEs were found in association to the magnetic cloud. In one case, four CMEs
were directed toward the Earth. The MCs associated with more than one earthward directed
CME are highlighted in yellow. The last three columns introduces topics not explored in Chapter
6. The observed travel time (third column from right to left in the tables) is the difference (in
days) between the time of the first CME tracking in COR2 FOV using CORSET3D and the ICME
beginning date. The estimated travel time (second column from right to left in the tables)
corresponds to the CME travel time from the first observation on the COR2 FOV until it reaches
the Earth supposing that the CME group speed is kept constant in the entire trajectory. The last
column is the difference between the estimated and observed travel time. This difference is

omitted in the cases that have more than one earthward directed CME.
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Table 7.1 — MCs (observed from 2008 to 2010) and characteristics of corresponding CMEs

First frame of  Last frame of Estimated
KEME. CRC et the CME the CME CME group Longitude Latitude Obser\{ed travel .
Event beginning Earthward speed travel time . Difference
D . model CMEs tracked by tracked by Tl (HEEQ) (HEEQ) T time
CORSET3D CORSET3D ¥ (days)

2010/05/23 2010/05/23

> 201;){-%56/28 ves 2 201108/:;':/24 2012:/:33/24 = 2 ’ - - _
| 15:39 16:24 610 6 3 4.22 2.85 )

2010/08/01  2010/08/01
S ) ) QR -k T L A T
| 09:24 09:54 1126 11 6 3.02 1.54 ]
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Table 7.2 — MCs (observed in 2011) and characteristics of corresponding CMEs

ICME Number of First frame of Last frame CME Observed Estimated
et CRC Earthward the CME of the CME group Longitude Latitude travel time travel Difference
Event ID . model CMEs tracked by tracked by speed (HEEQ) (HEEQ) ke time
CORSET3D CORSET3D (km/s)

2011/09/06 2011/09/06

03:24 03:54 g 6 33 3.98 3.99 :
R - T
| 23:54 01:24 >70 25 30 2.13 3.05 )
201019/231/09 201111/35';)‘/09 7y i , 0 o _
NI | O [ - i [ IS -0 (T
11 2011/10/05 no 2 201111/:15(31/01 201113/;2(;/01 474 8 2 3.84 3.66 ]
08:00 2011/10/02  2011/10/02

02:39 03:39

Mean (from 2008 to 2011)
Standard deviation (from 2008 to 2011) 243
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7.2 Overall analysis of CORSET3D tracking results for each CME

In this Thesis, 17 CMEs were tracked in both COR2A and COR2B FOVs, so CORSET was applied
34 times. In any CME, the user of CORSET needs to define, among other parameters such as the
set of frames to be used, the expansion parameter Q. Any integer number from 0 to 16 can be
chosen, in principle. In agreement with previous results from Braga et al. (2013) done for CMEs
observed by LASCO, setting the expansion parameter at 4 works for most of the cases. In the
analysis done here, the first test of CME tracking for all cases was setting the expansion
parameter to this value. When the results produced were not consistent to the CME definition,
a new test was performed with a different value of the parameter. In 15 cases (44% of the cases),
the expansion parameter used was kept at 4. In 8 cases (24%), Q = 0 was adopted. Notice that
using @ = 0 or Q = 4 produced consistent CME tracking results in almost 75% of the cases. The
remaining parameters used were 14 (5 cases, 15%), 8, 10 and 16 (each one used 2 times, 6% of
the cases). The results also suggest that CMEs that are very tenuous and very similar texture to
the background are sometimes not tracked correctly using Q = 4 nor Q = 0. When Q = 0, the
sample region to estimate the CME texture must be taken from one of the last frames tracked
by CORSET, never from the first frame. It is interesting to notice that in Braga et al. (2013) none
of the 57 CMEs studied was tracked using parameter Q = 0 and it was adopted here after trying

many other values of Q from the reference (such as 8, 10, 14 and 16) without proper results.

The frames properly tracked by CORSET3D sometimes do not take into account the full CMEs
path until the end of the coronagraph FOV. This is one possible limitation of the methodology
when compared to the manual inspection and identification of CMEs. In some events, the CME
frames close to the outside limit of the coronagraph FOV are not easily segmented from the
background and CORSET did not produce good results. The remaining individual frames
(considered to be in good agreement with the CME definition) were all shown in Chapter 6 and
were used to calculate the speed in three dimensions. When a CME is very fast (for instance,
speeds higher than 1000 km/s) the number of frames available in the coronagraph FOV will be
lower than the average number indicated above and the application of CORSET will be limited

to short time period. The average number of CME frames tracked in each cases is 4.82.

In order to assess the reliability of the results derived from CORSET3D, CMEs were compared to

previous works as much as possible. Events observed in 2008, 2009, 2010 and the first CME from
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2011 were compared to results from similar kinematical parameters derived by Liu et al. (2011),
Lugaz et al. (2012), Colannino (2012) and Lugaz (2010). They are summarized in Table 7.3. For
the remaining events observed after March 2011, we did not find any reference using
simultaneous observation from two coronagraphs and stereoscopy. These events are listed in

Table 7.4.

Following the results from Mierla et al. (2011), we considered the different in the direction of
propagation significant when latitude or longitude differs by more than 10 degrees. Among 8
events, 3 of them have significant differences in the propagation direction when we compared
the results from CORSET3D with previous works. One possible reason for the differences is the
presence of an adjacent CME, i. e., another CME not necessarily earthward directed observed at
least on COR2A or COR2B in close timing and/or position to the earthward directed CME. This is
the case of the CMEs observed on 2010/05/24 and 2010/08/01 (second event). On the event
on 2011/03/25, Colaninno (2012) mixes up two different CMEs (the earthward directed CME
plus another later event). In the remaining 5 events from Table 7.3, there is no significant

difference in the direction of propagation derived by CORSET3D and previous works.

When comparing the speed derived using CORSET3D with previous works, among the 8 events
from Table 7.3, 2 of them have significant difference. We considered the difference in speed
significant when it is higher than 100 km/s. This value was arbitrarily chosen as approximately

15% of the average CME speeds found here (595 km/s).
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Table 7.3 - Parameters used when tracking each CMEs using CORSET that were compared to previous

works.
CME Number of Expansion Expansion
observation HETNEY parameter parameter  Adjacent Comparison with
tracked by (Q) on (Q) on (¢)]3 previous works

2010/08/01
()

no significant
difference in speed
AU 6 0 0 No nor direction of
propagation
no significant
2010/04/03 5 4 4 No difference in speed
nor direction of
propagation
significant difference
in speed,
AN difference in the
direction of
propagation
no significant
2010/05/23 6 4 8 No difference in speed
nor direction of
propagation
difference in speed,
2010/05/24 3 4 4 Yes significant difference
in the direction of
propagation
in speed,
2010/08/01 no significant
(1) difference in the
direction of
no significant
difference in speed,
4 0 0 Yes significant difference
in the direction of
no significant
difference in speed,
2011/03/25 5 0 14 No significant difference
in the direction of

date CORSET3D COR2AFOV  COR2B FOV
no significant
no significant
significant difference
propagation
propagation
propagation
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Table 7.4 - CME tracked by CORSET3D in this Thesis that could not be compared to previous works.

CME Expansion Expansion
Number of Adjacent
observation parameter (Q) parameter (Q)

frames tracked ()] 3
date on COR2A FOV on COR2B FOV

Ww U»u1 o 00 0 U1 W W Ww

7.3 Results from cosmic ray observation

The anisotropy was perpendicular to the IMF during the 13 of the 14 MC periods, as expected
by Bieber & Evenson (1999). This condition needs to be satisfied for us to apply the CRC model.

The cosmic ray cylinder model was tested for all 14 MCDs studied here but the results are
acceptable in only 4 cases. The MCs to which to CRC was successfully applied are indicated in
the third column of Table 7.1 and Table 7.2. Hereafter, we will refer the four events as CRC
events. In the remaining cases, the CR decrease it too small or it does not happen during the MC
period but some hours before or after it. Among the 14 MCs, the OMNI data had gaps during
the MC period in one event and the cosmic ray gradient could not be calculated. In three cases,
there is no CME observed and the event does not fully satisfy the MC criteria. In the remaining
10 cases, most of the events that we cannot apply the CRC model are caused by more than one

CME ejected toward the Earth.

There are seven MCs caused by only one CME (namely, #1, #3, #4, #7, #10, #12, #14) and the
CRC model could be applied to 3 of them. The remaining case to which the CRC model was
applied is caused by two CMEs. One of them was found to be deflected away from the Earth
(LUGAZ et al.,, 2012). In this way, the interplanetary magnetic field and plasma parameters

observed close to the Earth are probably caused by only one CME.
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One common feature among the CRC events is the average beta parameter observed during the
MC period: it is not higher than 0.2. For example, on #4 (which is not a CRC event) the average
beta parameter is close to 1 during the MC period and on #1 (a CRC event) beta is close to 0.1.
Moreover, among events with low average beta (close to 0.1), the CRC model could not be
applied to only one event. From the studies done here, events that had better agreement with

the MC criteria are more likely to be successfully studied by the CRC model.

Furthermore, sometimes the decrease is observed before or after the MC due to the cosmic ray
modulation by a shock and/or a sheath region. In these circumstances, the CRC model is also not

appropriate. In two of the CRC events, there is no shock nor sheath observed.

The cylinder radius found for the CRC events ranges from 0.04 to 0.09 AU at the central hour of
the model application (see details in Section 3.9). The smaller cylinder was found for event #12
and the largest for #7. As a function of time, the cylinder radius is shrinking in two cases (#1 and
#5) at radios of -0.002 and -0.001, respectively. In one event, there is expansion (#7) and in the
remaining, the cylinder radius is kept constant at all times. As already discussed in Section 6.1.2,
a CRC shrinking does not necessarily indicate that the magnetic flux (and MC) is also shrinking.
As time passes, cosmic ray populate the flux rope in a way that close to its outside boundary the
density becomes similar to outside it. This hypothesis here is supported by the results from the
simulation performed by Kubo & Shimazu (2010). Their results suggest that that the cosmic ray
populates first the region closer to the outer boundary and, after this, the density in the

innermost region starts increasing.

We also compared the results of the MC orientation (latitude and longitude of the MC cylinder
axis) from the CRC model and the MVA. In two cases, there is a bad agreement in latitude and
longitude between the CRC model and the MVA analysis. These cases were observed on
2010/05/28 (#5) and on 2010/10/24 (#12). One possibility is that other structures present in the
interplanetary medium in close timing also modulated the cosmic ray observed by the Global
Muon Detector Network and not only the MC. In the first case, there are two earthward directed
CMEs interacting with each other and there is shock observed ahead of the MC. In the second
case, we identified shock/sheath region ahead of the MC. Moreover, in this event only (when
compared to the remaining analyzed by the CRC model) the CME propagation direction is

significantly above the ecliptic plane (more than 30° of latitude in HEEQ coordinates).
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7.4 Comparing the properties of CMEs and corresponding ICMEs

The de-projected (tridimensional) speeds deduced from CORSET3D ranges from 178 km/s to
1126 km/s while the solar wind speed range from 350 km/s to 800 km/s during MCs studied.
While slow CMEs tend to be accelerated, the fast ones are decelerated. This trend has been
reported by many studies both using CMEs speeds projected on LASCO FOV (SHEELEY et al.,
1999; YASHIRO et al., 2004) as well as in de-projected speeds studies using observations from
SECCHI (COLANINNO, 2012; MOSTL et al., 2014).

The position of the MC can be deduced from the direction of the gradient vector: the gradient
vector will be opposite directed to the region of minimum cosmic ray density. The cosmic ray
region of minimum density will correspond to the central region of the magnetic cloud. Notice
that this can be deduced even when we are not able to determine the CRC model if the following
conditions are satisfied: (i) the cosmic ray anisotropy is deduced; (ii) the information of the
interplanetary magnetic field direction is available and (iii) the anisotropy direction is basically

perpendicular to the IMF direction.

If we consider that the CME propagated only radially away from the Sun, the position of the MC
will depend only on the direction of the propagation of the CME. We deduced the tridimensional
(de-projected) CME group speed and compared it will the position deduced from the cosmic ray

gradient.

Events #2, #8 and #13 do not have any earthward directed CME identified. In the #14 the
anisotropy is not clearly perpendicular to the IMF direction and the gradient calculated does not
necessarily correspond to the most significant fraction of the structure. There are 10 remaining

cases to investigate the relation between CME and CRC position.
In the following events, there is agreement between results from CRC and CORSET3D:
- #1: structure is above the ecliptic plane;

- #5: the longitudinal position of the CME agrees with the cosmic ray cylinder observation

but there is no clear trend in the latitude;

- #7: the portion of the CME that is further away from the Sun is in the eastside of the

Sun-Earth line and the CRC is observed first in the same semi space;

265



- #9: all the four CMEs lie in the region above the ecliptic plane and the cosmic ray
gradient is negative, suggesting a CRC above the ecliptic plane; there is no clear trend in the

longitude.
In the following events, there is a clear disagreement:

- #3: the cosmic ray minimum density is above the ecliptic plane but the CME direction is

clearly bellow it;

- #10: the latitudinal position suggested by the CRC and the observation from the CME
disagree: while the latter is clearly above the ecliptic plane, the former suggests a structure

below it. There is also a disagreement in the longitude;

- #12: the CME position is clearly above the ecliptic plane, but the CRC is clearly below it.

There is no clear trend in the longitude.

In one case (#6), there is a partial agreement and partial disagreement between position
deduced from CORSET3D and CRC results: their latitudinal position agrees but the longitudinal
disagrees. The two earthward directed CMEs are located eastward of the Sun-Earth line and

above the ecliptic plane.

In two cases (#4 and #11), there is no clear agreement nor disagreement. In the first one, the
cosmic ray minimum density region is above the ecliptic plane but the CME is basically centered
in the ecliptic plane). In the second event, the two CMEs are located in different position and,
from the analysis done, there is no clear way to understand which one produced modulation in

the cosmic ray.

Although speed and position of MC and corresponding CME are compared in this Thesis, there
is no comparison of orientation of both structures since we are not assuming any physical or
geometrical model of the CME. Some authors assume a magnetic flux rope model for the CME
and then compare the orientation found from coronagraph data in the solar corona and with in
situ data from the MC (COLANINNO, 2012). Since CORSET3D is a methodology that does not
impose any geometric or physical constraint, it is out of the scope of Thesis adopting a model
for the CME such as the magnetic flux rope. One advantage that CORSET3D brings us is the

possibility of studying the radial speed of the CME in any portion of its front.
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From the radial speed distribution of the 17 CME fronts analyzed, we concluded that 11 of them
have significantly higher speeds on the portion closer to the solar equator (latitude zero) than
on the remaining portions: #1, #3, #4, #5 (1st CME), #6 (1st CME), #7, #11 (2nd CME), #12, #9
(1st CME), #9 (2nd and 3rd CMEs). A further investigation is necessary to decide whether this
trend is an artifact of the methodology or whether it has a physical explanation. If the first
possibility is discarded, one physical explanation is that particularly near solar minimum, many
CMEs tend to deflect toward the solar equator (PLUNKETT et al., 2001). One reason for the
deflection is an asymmetrical expansion when its portion close to the pole is blocked by

something else in the solar corona (WANG et al., 2011).
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8 CONCLUSIONS

From 2007 onwards, we had the first opportunity to simultaneously observe the solar corona by
remote sensing from three different viewpoints thanks to the combination of the SOHO and
STEREO missions. Combining those observations with in situ data of the interplanetary medium,

CMEs and related ICMEs can be studied in more details than ever before.

We started the analysis from a list of MCs and studied the conditions in the interplanetary
medium using solar wind magnetic and plasma in situ data. Among the 14 events observed from
2008 to 2011, the maximum IMF intensity ranges from 9 nT to 24 nT and the average solar wind
speed is ~450 km/s. Some events reported as MCs by the ICME catalog (RICHARDON; CANE,
2010) did not follow all its criteria: the beta parameter was higher than 0.1 (sometimes close to

1), and the IMF did not show a smooth behavior.

Knowing the MC timing, we inspected coronagraph observations to identify the CMEs that
caused them in a period up to 5 days before. In three events, we did not identify any earthward
CME. To our understanding, these events are possibly the result of a stream-interaction region.
Other three events had two CMEs ejected toward the Earth in such a way that the second one
ejected in each case was faster than the first. As a result, the second CME interacted with the
first in its propagation between the Sun and the Earth. In only one case, four CMEs were ejected

toward the Earth and two of them probably interacted.

We developed a new method to estimate the CME speed and direction using simultaneous
observation of two coronagraphs from different viewpoints. This method was named CORSET3D
and results from the combination of CORSET (for tracking the CME projection in each
coronagraph) and Sunloop (for doing triangulation and tie-pointing analysis). The CME results
do not depend on visual inspection for tie-pointing identification. Hence, CORSET3D allows 3D
reconstruction of the time evolution of the whole CME leading edge in an objective way. This
method provides us information about the instantaneous and average radial speeds of a given
CME at any portion of its front. In opposition to the forward fitting methods (such as the GCS),

we reconstructed the CME front without any geometric constraint.

We used CORSET3D to track earthward directed CMEs that caused the MCs observed from 2008
to 2011. We used observations from the coronagraph COR2 onboard the twin STEREO spacecraft.
Among 20 CMEs, CORSET failed in one event and CORSET3D was discarded in two cases due to
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triangulation problems when the separation angle between the two spacecraft was very close
to 180°. In a few cases, lateral portions of the CMEs tracked by CORSET were not satisfactorily

selected and part of an adjacent CME was also included.

We compared the results derived by CORSET3D, such as de-projected speed and direction of
propagation, with previous works using different methodologies whenever possible. Taking into
account the extensive comparison of many methods (MIERLA et al., 2010), we considered the
differences in direction of propagation significant when they were higher than 10°. No previous
references about the 3D propagation direction of CMEs observed in 2011 by STEREO was found.
We compared results from the remaining eight CMEs (all of them observed in 2008 and in 2010).
For three CMEs, there is a significant difference in the latitude or longitude: the second CME
from events #5 and #6 and the CME from event #7. We realized that these three events are
superposed to other CMEs on the coronagraph images. In the first two cases, there are previous
CMEs on the COR2 FOV that may prevent a proper boundary identification by CORSET or may
bias the GCS analysis, which is done by visual inspection. In the third case, the GCS analysis is

unfavorable because a CME is observed on LASCO FOV a few hours latter than the studied one.

Since the objective of the present work was studying connections between the phenomena
observed in the Sun and the consequences in the interplanetary medium close to the Earth, we

also analyzed the cosmic ray observations from the Global Muon Detector Network (GMDN).

After correcting the GMDN data for atmospheric pressure and temperature effects, we
computed the isotropic cosmic ray intensity as well as the anisotropy vector following the
methodology from Okazaki et al. (2008). During the MC periods analyzed here, the expectations
from Bieber & Evenson (1998) were confirmed: the anisotropy tends to be perpendicular to the
IMF and, therefore, the drift B X Vn is the source of the anisotropy observed during the MC

periods.

When a MC is approaching the Earth, the cosmic ray cylinder model expects a decrease in the
isotropic intensity followed by an increase back to a similar level than observed before the
beginning of the MC. In spatial terms, the cosmic rays are expected to have gradient component
aligned with the Sun-Earth direction with minimum toward the Sun due to the cosmic ray
depleted region. As the MC moves in the interplanetary medium approximately radially away

from the Sun, it approaches the Earth and the gradient decreases gradually until reaches zero
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and the MC has an equal portion away and toward the Sun. The gradient of the cosmic ray
density in the plane perpendicular to the Sun-Earth line suggests us the position of the MC in

this plane.

The cosmic ray cylinder model was applied to all MC periods and the results were acceptable to
four events: #1, #5, #7 and #12. Considering only the 6 events with unique MC/CME relation (#1,
#4, #7, #10, #12 and #14), the CRC model was applied in two among six events. In the remaining
events, the signatures commented in the previous paragraph are absent and the fitting is not
satisfactory. Many MC events did not have any decrease in the CR isotropic intensity observed
by the GMDN. In the analysis conducted here, we did not include any limitation in the minimum
intensity necessary to perform the CRC analysis, in opposition to the 2% decrease imposed in
Kuwabara et al. (2004, 2009). The isotropic decrease observed by the vertical directional
channels of the GMDN was smaller than 1% for all the MCs observed between December 2008

and December 2011, except for those on 2010/08/04 and 2011/10/05.

We compared results of the CRC model using the conventional and new correlation systems of
the GMDN. Differences in the results were found in some parameters, especially in the
orientation of the CRC. The difference extends up to 10° in the latitude and longitude and we
believe that the error of the method is at least of this order of magnitude. We also compared
orientation deduced by the MVA and CRC. Results from events #1 and #7 are in good agreement

but a significant difference (higher than 30 degrees) was found for events #5 and #12.

In all events with anisotropy component perpendicular to the IMF higher than the component
parallel to it (including the cases that the CRC model could not be applied), we used the gradient

as an indication of the MC central axis position.

Finally, we compare results from the cosmic ray gradient to those deduced from CORSET3D. To
our assessment, such comparison has never been done before. A previous work compared

results from GCS and EFR but they did not agree for most of the cases (COLANINNO, 2012).

We compared the relative position of the MC in relation to the Earth. We analyzed whether the
center of the cosmic ray depleted region was located northward (or southward) of the ecliptic
and east (or westward) of the Sun-Earth line. We noticed that many of the events with
disagreement have more than one CME visible on the COR2 FOV during the earthward tracking.

Part of an adjacent CME was included the region tracked by CORSET in some cases.
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A disagreement between results do not necessarily mean error in one or two or the methods
compared since we have comparing one structure located close to the Sun with it corresponding
located close to the Earth. In some cases the difference may be explained by CMEs deflection
(LUGAZ et al., 2012; XIE et al., 2009; NIEVES-CHINCHILLA et al., 2013), non-radial propagation
(WANG et al., 2011) or even rotation of CMEs (VOURLIDAS et al., 2011) in its path since they left
COR2 FOV until get close to the Earth. Such analysis is out of the scope of this Thesis. The
conciliation between the CME-MC properties is necessary if we wish to understand the

interplanetary consequences of each CME.

One question that is not fully elucidated is whether the structure observed in the remote sensing
data from coronagraphs correspond to the same structure observed in the interplanetary data
in situ and the cosmic ray depleted region. Some studies claim that the structure observed in
remote sensing data may correspond to the shock ahead of the CME in some cases (VOURLIDAS
et al., 2003) and this might be the explanation of the differences found in some of the events

studied here.

One would believe that the CRC results would be closer to other methods when the isotropic
cosmic ray intensity is higher. The results found here, however, do not support this hypothesis.
Event #1 have small cosmic ray isotropic decrease as well as small IMF intensity. Even though,
the results derived by the CRC are in good agreement with both the position of the orientation
deduced from the MVA analysis and the MC determined from CORSET3D (and other methods
using coronagraph data). On the other hand, the event #12 has the highest cosmic ray intensity
decrease and highest IMF strength and, in spite of this, their CRC results are different from those

deduced from coronagraphic observations and from the MVA analysis.

The cosmic ray data observed by the GMDN may be affected by the sector boundary and by
interplanetary shock located ahead of the ICMEs. In many of the events studied here (10 among
14), a sector boundary was reported a few hours ahead or before the MC period. Moreover,
MCs are frequently accompanied by an interplanetary shock. The CRC model does not take into
account any consideration about shock nor sector boundary. Since shocks are observed ahead

of many MCs, any study in this direction could improve the results.

As a suggestion for future work, the application the CRC model can be applied to magnetic cloud

observed from 2012 on. Moreover, the model needs to be complemented to include the
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modulation of galactic cosmic ray by the interplanetary shocks and sheath region since they are

frequently preceding a magnetic cloud.
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