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(CPT)

Dra Maria do Carmo de Andrade Nono - Conselho de Pós-Graduação
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ABSTRACTA subset of Interplanetary Coronal Mass Ejetions (ICMEs) has simple �ux rope-likemagneti �elds, named magneti louds (MCs). MCs present the harateristis ofmagneti �eld strength higher than the average in the solar wind (SW), their mag-neti �eld diretion rotates smoothly through a large angle, and low-temperatureprotons. Plasmas and magneti �eld typially aumulate in the sheath region aheadof MCs driving interplanetary shoks. The MCs have a signi�ant importane dueto e�ets on the geomagneti ativity. Depending on their harateristis, MCs anprodue intense eletrodynami ouplings with the Earth's magnetosphere. The aimof this work is to reate a methodology to identify and subsequently haraterizethe dynamis of MCs from interplanetary magneti �eld (IMF) signals reeived bysatellites. Often, plasma data of SW are not available for this identi�ation. A setof physial-mathematial tehniques was analyzed and seleted to study MC events.The spatio-temporal entropy, persistene exponents, disrete wavelet transform, andminimum variane analysis are the tehniques applied. Datasets from ACE spae-raft loalized at L1 Lagrangian point about 1.5 million km from Earth are used.MAG and SWEPAM are only used among a total of ten instruments onboard ACE.The SWEPAM measures the solar wind plasma and the MAG measures interplane-tary magneti �eld. Magneti �eld vetors are given in the GSE and GSM oordinatesystems with di�erent time resolution available. This work deals with the 16 s timeresolution most of the time. A total of 41 MCs identi�ed by other authors wereused, whih allows dealing with the plasma sheath region, the MC and a pos-MCregion. The physial basis for using these tehniques were due to the existing har-ateristis related to the MC ourrenes. As results, the time series analysis of themagneti �eld inside the MCs regions shows that their �elds are autoorrelated andstrutured. With few �utuations and long memory in time series. From the abovetehniques, a set of indies were derived and related to the interplanetary entropy(IE), the persistene behavior and the wavelet oe�ient identi�ed features. Theindies have been alulated ontinuously from 11.11 h (2500 reords) windows us-ing a proper SW time step. The use of these indies builds a useful tool to allowpratial identi�ation of MC andidates in the SW. We use the loal MinimumVariane Analysis (MVA) to determine the diretion of rotation of the magneti�eld inside the MCs and the orientation of the MC axis, and identi�ed their bound-aries. The methodology was demonstrated to be useful with test ases. The toolwas able to �nd MCs not previously identi�ed. A ase of double �ux rope magnetiloud presenting magneti reonnetion was studied from them. The reonstrutionof two-dimensional maps of the magneti on�guration was also studied by using theGrad-Shafranov equation. In this ase, we detet urrent sheet in this region, wheretwo MCs are interating, and the magneti reonnetion is observed. The waveletoe�ients tehnique beomes a tool for �nding reonnetion signatures or X-typexi



neutral point in interation regions between �ux-ropes. A seond ase of double �uxrope magneti loud was studied, where X-type neutral point in the interation re-gion was not observed, beause the magneti �elds were parallel among them (insidethe interation region). The major ontribution of this work is the implementationof a methodology for the identi�ation and haraterization of MCs, adding newresoures to the earlier tools. In a general sense, the proposed methodology an on-stitute an easy and automati omputational proedure for preliminary survey onMC ourrenes for sienti� goals, or even a onvenient MC warning for the spaeweather purposes.
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IDENTIFICAÇ�O E CARACTERIZAÇ�O DE NUVENSMAGNÉTICAS INTERPLANETÁRIASRESUMONas Ejeções de Massa Coronal Interplanetária (ICMEs), há um subonjunto es-peí�o, onde o plasma possui um ampo magnétio bem estruturado em forma deorda de �uxo hamado de nuvem magnétia (MC). As araterístias prinipaissão: o aumento da intensidade do ampo magnétio em relação ao valor médio novento solar irundante, a rotação suave do vetor ampo magnétio, om duraçãona ordem de um dia e, a baixa densidade de prótons. Em onsequênia do rápidomovimento das MCs em relação ao vento solar irundante, o plasma e as linhasde ampo magnétio se aumulam na frente da nuvem numa região hamada debainha magnétia. As MCs são importantes devido ao efeito sobre a atividade geo-magnétia. Dependendo das araterístias, o plasma no interior da nuvem tem umaoplamento eletrodinâmio om a magnetosfera da Terra. O objetivo desta tesefoi desenvolver uma metodologia para identi�ar e, posteriormente, araterizar adinâmia das MCs no meio interplanetário a partir de sinais reebidos pelos satélites.Nem sempre é possível usar os dados de plasma no vento solar (SW) devido à in-disponibilidade para fazer esta identi�ação. Neste trabalho as ferramentas usadasforam: entropia espaço temporal, expoentes de persistênia, transformada waveletdisreta e o método de mínima variânia. Para isso, utilizou-se os dados do satéliteACE, loalizado no ponto de Lagrange L1 à 1.5 milhões de km da Terra. Dos dezinstrumentos abordo do ACE, foram utilizados dois deles, o SWEPAM e o MAGque medem dados de plasma e ampo magnétio, respetivamente. Utilizou-se os sis-temas de oordenadas GSE e GSM, om resolução temporal de 16 s, porém algunsresultados foram gerados om dados em outras resoluções temporais. As ferramentasfísio-matemátias itados foram testados, em 41 MCs identi�adas anteriormentepor outros autores, na região da bainha de plasma, da nuvem, e na região apósnuvem visando validar a metodologia. A base físia para a utilização das téniasfoi a existênia de araterístias relaionado om as oorrênias de MC, pois veri-�amos que as MCs tem um ampo magnétio ordenado, autoorrelaionado, ompouas �utuações e om aumento da memoria na serie temporal. Das ferramentasutilizadas foi desenvolvido um grupo de índies relaionadas om a entropia (IE),o omportamento e as araterístias de persistênia, e os oe�ientes wavelet. Osíndies são alulados ontinuamente em janelas de 11.11 h em vários intervalos devento solar. Eles auxiliam numa rápida identi�ação dos andidatos à MCs no ventosolar. Foi utilizado a ténia de Análise de Mínima Variânia (MVA) para determi-nar a direção de rotação do ampo magnétio dentro das MCs e a orientação do eixodas mesmas. Assim, as fronteiras da região da MC �aram bem delimitadas. Nosasos utilizados para teste a metodologia mostrou-se útil. Comprovou-se a e�iêniadas ferramentas utilizadas, pois foi possível identi�ar novas MCs. Também foi es-tudado dois asos onde duas MCs interagem. Para isso, foi neessário gerar mapasxiii



bidimensionais para visualizar as linhas de ampo magnétio, isto foi feito om umaténia de reonstrução utilizando a equação diferenial de Grad-Shafranov (GS).No primeiro aso, onde duas MCs interagem, observa-se reonexão magnétia, alémde enontrar lâminas de orrentes nessa região. A ténia dos oe�ientes waveletauxiliou na identi�ação do ponto X de reonexão. No segundo aso estudado, oponto X de reonexão não é observado. Esses resultados onordam om a físiado problema, das possíveis ombinações de tipos de ordas de �uxos interagindosó vão se reonetar aqueles onde os ampos magnétios entre eles tenham senti-dos opostos. A ontribuição desta tese é a riação de uma nova metodologia paraidenti�ação e araterização das MCs, utilizando novas ferramentas, até então nãoexperimentadas, om as outras já existentes. A metodologia pode ser ajustada, emnum urto prazo de tempo, omo um produto e�iente para estudar variabilidadedo Clima Espaial.
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6.7 We seleted MCs sample with less of 5500 points, taking the intervalsbetween the positions 500 until 4500 in IMF Bz. (top panel) The �◦�and �×� symbols orrespond to non-transform and transformed (reduedto 4001 points) time series respetively. (bottom panel) A histogram ofSTE derived from top panel orresponding to transformed (in grey) andnon-transform (in blak) of Bz time series. . . . . . . . . . . . . . . . . . 1146.8 The fore-free model solution (axial, tangential and radial omponentsand total magneti �eld) as solved in Burlaga (1988) were plotted. Fol-lowing Burlaga (1988), we show the boundaries with two vertial lines atthe points where BA = 0, i.e. where α · R = 2.4 and B/B0 = 0.5, also
α = 1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1166.9 RPs of the solution for a ylindrially symmetri fore-free �eld withonstant alpha are shown. (a) Axial omponent. : BA = B0J0(αR),
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00 UT, 2000. At bottom, the square of the �rst deomposition levelof wavelet oe�ient d12 vs time for the sheath region (left of the �rstvertial dashed line), the MC (middle between the vertial dashed lines),and the quiet solar wind (right of the seond vertial dashed line). Thelower values of Dd1 are notied inside of MC region. . . . . . . . . . . . . 127
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6.15 At top, IMF Bz (in GSM system) vs time from the ACE spaeraft with
16s time resolution, at July 11, 11 : 22UT -July 14, 05 : 00UT, 2000. Atbottom, the square of the �rst deomposition level of wavelet oe�ient
d12 vs time for the sheath region (left of the �rst vertial dashed line),the MC (middle between the vertial dashed lines), and the quiet solarwind (right of the seond vertial dashed line). The high amplitude of
d12 inside the third region (After MC) is beause arrived other event.The lower values of Dd1 is notied inside of MC region. . . . . . . . . . . 1286.16 The 〈Dd1〉 values versus number of events were plotted, where (���),(�⊗�) and (�△�) symbols orresponds to the sheath, MC and after MCregions respetively. The y axis is plot with a logarithmi sale, beauseis best to visualization. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1296.17 A histogram is onstruted from a frequeny table of 〈Dd1〉 values, theabsissa axis was normalized by 0.01. The 〈Dd1〉 values for the sheath,MC and after MC, the three selet regions, plotted as the gray, blak andwhite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1306.18 (top panel) At top, IMF Bx (in GSM system) vs time from the ACEspaeraft with 16 s time resolution, at date June 23, 12 : 00 UT -June
26, 16 : 00 UT, 1998; at bottom, the square of the �rst deompositionlevel of wavelet oe�ient d12 vs time. Also, the other two omponentsmust be analyzed, as is shown in the middle and bottom panels. . . . . 1336.19 It is plotted the IE as a funtion of the time, Otober 08− 17, 2000, butthe three vertial lines orrespond with the event enumerated as 24 atTable A.1. The format is the same as in Figure 5.5. . . . . . . . . . . . . 1346.20 Persistene exponents as a funtion of the time for times series of IMF,Otober 08− 18, 2000 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1366.21 We shows Dd1 values as a funtion of the time for times series of IMF
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6.22 The bipolar MC was observed by ACE on Otober 07 − 09, 2000 andidentify in this work. The Figure is omposed by six panels from (a) to(f): magneti �eld strength, polar (Blat) and azimuthal (Blong) angles ofthe magneti �eld vetor in GSE oordinate system; proton plasma beta;rotation of the magneti �eld vetor in the plane of maximum varianeand rotation of the magneti �eld vetor in the plane of minimum variane.1386.23 It is plotted the IE as a funtion of the time for April 01− 11, 2010. Theshok and the MC boundaries are shown with three vertial lines, thosedates were identi�ed in this work. The format is the same as in Figure 5.5.The thik urve represents the IE alulated over the analyzed period.The MC is identi�ed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1406.24 Persistene exponents as a funtion of the time for times series of IMF,Otober 01− 11, 2010 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1416.25 We shows Dd1 values as a funtion of the time for times series of IMF
Bx, By and Bz omponents in the SW. Dd1 values for Bx, By, and Bz areplotted with red dotted line, green dashed line, and blue ontinuum linerespetively. The thik urve represents the wavelet index (WI) alulatedover the analyzed period. . . . . . . . . . . . . . . . . . . . . . . . . . . . 1426.26 The solar wind windows has been observed by ACE from April 01 to 10,
2010, in GSE oordinates system and with 1 h time resolution. . . . . . . 1436.27 (to panel) The magneti �eld data (Bx ≡ Red, By ≡ Green, Bz ≡ Blue)with time resolution of 16 s in GSM oordinates system are shown. (bot-tom panel) Are shown values of Spatio-Temporal Entropy on 15 − 24August, 1998 as a funtion of the time for times series of IMF ompo-nents (STE in: Bx ≡ red dotted line, By ≡ green dashed line and Bz ≡blue ontinuous thin line) in the solar wind. The thik urve representsthe IE alulated over the analyzed period. The shok of the ICMEs, thestart and end of the MC2 are represented by three vertial lines as isshown in Table A.5. We identify the �rst MC (MC1), the start and endof it are represented by two vertial lines aording to the identi�ationthat was done. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1466.28 Are shown values of average wavelet oe�ients on 15−25 August, 1998as a funtion of the time for times series of IMF omponents (Dd1 in:
Bx ≡ Red, By ≡ Green and Bz ≡ Blue) in the solar wind. The thikurve represents the WI alulated overall interval. . . . . . . . . . . . . 147xx
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6.40 In the panels (a) and (b) are plotted the results to MC1, Marh 19− 20
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C.8 In eah pair of panels from top to bottom are shown: (a) the exat solu-tion map and (b) ontours of onstant error, (Acalc−Aexact)/〈|A|〉, usingthe HS99 method; () and (d) the numerial solution map using the �rstmethod and ontours of onstant error; (e) and (f) are similar to () and(d) but for seond method; (g) and (h) are similar to () and (d) but forthird method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239C.9 Illustration of behavior of Pt(A) for an inorret z axis orientation. . . . 240D.1 Time series of AMPTE/IRM measurements during magnetopause ross-ing, Otober 19, 1984, in the interval 05 : 17 : 41− 05 : 22 : 03 UT. Thevertial dashed lines number 1 and 2 orrespond at the dates 05 : 19 : 35and 05 : 19 : 48 respetively. (a) Bx, By, Bz in nT (GSE); (b) Eletronveloity and proton veloity; () number proton density, number eletrondensity, eletron temperature and proton temperature. . . . . . . . . . . 243D.2 Analysis results for AMPTE/IRM event, Otober 19, 1984, in the interval
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D.5 Analysis results for AMPTE/IRM event, Otober 19, 1984, in the interval
05 : 17 : 41−05 : 19 : 48 UT for optimal angle, θ = −40◦, of invariant (z)axis. Format is the same as in Figure D.3, but an interpolation (Ñ = 128)of the data is performed by use of a ubi spline to generate spatialinrements ∆x suitable for the integration. (a) BX , BY , BZ projetion inGS system (xyz) vs x; (b) A at y = 0 as a funtion of x; () Transversepressure Pt as a funtion of x; (d)Plasma pressure p as a funtion of x. . 253
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θp � magneti �eld's polar angle
φp � magneti �eld's azimutal angle
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1 INTRODUCTIONA subset of Interplanetary Coronal Mass Ejetions (ICMEs) has simple �ux rope-like magneti �elds, named magneti louds (MCs) (BURLAGA et al., 1981; KLEIN;BURLAGA, 1982; GOSLING, 1990). When the MC is moving faster than the sur-rounding solar wind (SW), the plasma and magneti �eld typially aumulate inits front, forming a disturbed region so-alled sheath region. The rapid derease inthe total SW pressure with solar distane is the main driver of the magneti �ux-rope radial expansion (DÉMOULIN; DASSO, 2009). However, if a MC is moving slowerthan the surrounding solar wind (KLEIN; BURLAGA, 1982; ZHANG; BURLAGA, 1988;BURLAGA, 1988), the sheath region is di�ult to be deteted and the MC ould gounnotied by the spaeraft.The shok wave produed by the ICMEs is spatially greater than the MC, so aspaeraft an detet the shok wave only sometimes (SCHWENN, 2006). Near 1 AUMCs have enormous radial sizes (0.28 AU) with an average duration of 27 hours, anaverage peak of the magneti �eld strength of 18 nT and an average SW speedof 420 km/s (KLEIN; BURLAGA, 1982). As it has been noted by many authors(e.g. Zwikl et al. (1983), Rihardson and Cane (1995)), sometimes individual signa-tures may not be deteted in all ICMEs, beause they are not present or even thereare data gaps.The above results was obtained fundamentally in the 1980s, working with obser-vational data from Helios, IMP and Voyager spaeraft respetively. Beginning in1990s other spaerafts are launhed with better instrumentations and analysis oftime series tehniques began to be used. Thus, temporal evolution of SW struturesand its interation with the Earth's atmosphere have to be studied, using nonlineardynamis tools whih are applied to time series analysis of several physial parame-ters (e.g. Vassiliadis et al. (1991), Shan et al. (1991a), Shan et al. (1991b), Balasis etal. (2011)). These mathematial tools are useful for the estimation of some statistialoe�ients, whih are appropriated for haraterize solar ativity from the point ofview of turbulene, intermittene (e.g. Chian et al. (2006), Chian and Muñoz (2011))and instabilities in the interplanetary magneti �eld (IMF), solar wind density andveloity (e.g. Roberts et al. (1987), Miura (1984), Remya and Unnikrishnan (2010)).An example of the aforementioned tools is the spatio temporal entropy1 (STE)1name given by Eugene Kononov's Visual Reurrene Analysis (VRA) software, not to be1



and time orrelation. It was used by Ojeda et al. (2005) to study solar wind eventslassi�ed as MCs. Those authors studied 20MCs, 17 plasmoids (events not identi�edas MC), and 20 time series of equivalent time duration representing quiet SW. Wetake data of Bz and SW Vx omponents starting 48 hour before for study eah MC.Under MC onditions, a feature was notied: the IMF Bz has the tendeny to presentlower STE values than the Bz in other ases, suh as in plasmoids and during quietsolar wind. Thus, in this work a more detailed study of the STE in MCs is arriedout, allowing propose a physial interpretation and the basis for a MC identi�ationtool.The test for independene and searhing for orrelations in a time series an bearried out by use of an analytial tool from nonlinear dynamis, the estimation ofthe Hurst exponent (HURST et al., 1965). It was �rst used by Mandelbrot and Wallis(1969) to study a series of monthly sunspot of 200 years. It had a Hurst exponentsigni�antly larger than 0.5. On others papers suh as Ruzmaikin et al. (1994), theyshowed that the solar ativity have long-term persistene when explore time series of
14C (Carbone-14). Calzadilla and Lazo (2001), Wei et al. (2004) studied time seriesof Dst geomagneti index whih showed haoti properties in assoiation with self-a�ne fratals. The Dst index an be viewed as a self-a�ne fratal dynami proess,as result of SW-magnetosphere interations. In fat, the behavior of the Dst index,with a Hurst exponent Hu ≈ 0.5 (power-law exponent β ≈ 2) at high frequeny, issimilar to that of Brownian motion. Therefore, perhaps the dynamial invariants ofsome physial parameters of the solar wind, spei�ally the MCs, may have spetralharateristis similar to Brownian motion.Prie and Newman (2001) analyzed the behavior of solar wind dataset (IMF andsolar wind speed) with 1 min resolution from September 1978 to July 1979 usingthe ISEE-3 spaeraft. They showed the time series, the power spetrum and theR/S analysis for the IMF Bz omponent for the month of Marh 1979. The Bz timeseries was self-similar for all time sales, highly oherent for time sales less thanone day, and only slightly oherent for time sales greater than one day. Also, theyfound self-similarity and oherene properties when alulated β-power spetrumvalues to vBz, AE index and the horizontal (H) omponent of the Earth's magneti�eld. So, in this paper, a detailed study of persistene in magneti louds was done.The wavelet transform is other modern tool with many appliation in time seriesonfused with spatio-temporal entropy image (STEI) (MA; ZHANG, 2001)2



analysis. The wavelet oe�ients have been shown to be an useful tool for study non-stationary time series orresponding to the horizontal omponent of the magneti�eld of ground stations (e.g. Mendes et al. (2005), Domingues et al. (2005)). Thewavelet analysis has the following propriety: the larger amplitudes of the waveletoe�ients are assoiated with loally abrupt signal hanges or �details� of higherfrequeny (SIMOES, 2011). In the work of Mendes et al. (2005) and the followingwork of Mendes da Costa et al. (2011), a method for the detetion of the transitionregion and the exatly loation of this disontinuities due to geomagneti stormswas implemented. In these ases, the highest amplitudes of the wavelet oe�ientsindiate the singularities on the geomagneti signal in assoiation with the disturbedperiods. Nevertheless, when the magnetosphere is under quiet onditions for thegeomagneti signal, the wavelet oe�ients show very small amplitudes. In thiswork, we applied this methodology with Daubehies orthogonal wavelet funtion oforder 2 to study magneti �eld �utuations inside of MCs.With data measured from a spaeraft, it is possible to study the topology magneti�eld lines of a magneti loud and its axis orientation in the interplanetary medium.In spei� onditions as magneti �eld vetor rotates in almost parallel planes, thenwe ould use the minimum variane analysis (MVA) method (BOTHMER; SCHWENN,1998) to determine the diretion of the axis in the MC, as well as boundaries of it.Later, it was proven by Burlaga (1988) that the minimum variane analysis dependedon the minimum distane between the trajetory of spaeraft and the loud axis,espeially, for large distanes. Loal MVA analysis have been widely used and stillontinue to be used (LUI et al., 2008; LUCAS, 2009; LUCAS et al., 2011), to identifythe diretion of the rotation inside of MCs, as well as to identify magneti loudboundary layer (SONNERUP; SCHEIBLE, 1998). Thus, the MVA method has beenused in this work to identify the boundary of some MCs.An isolated spaeraft measurement is only a dataset of reords obtained in a linethat ross a 3D magneti struture of plasmas suh as magneti �ux-ropes and MCsin the solar wind. Sonnerup and Guo (1996), Hau and Sonnerup (1999) developeda method for reovering two-dimensional strutures in the magnetopause, from theGrad-Shafranov (GS) equation, in an ideal MHD formulation to examine magneti�ux-ropes near the magnetopause. The method is alled Grad-Shafranov or GSreonstrution. Later, it was developed to study magneti �ux ropes in the solarwind, and in the magnetotail from a simple spaeraft (HU; SONNERUP, 2001; HU;3



SONNERUP, 2003; TEH; HAU, 2004; TEH; HAU, 2007; DU et al., 2007; LUI et al., 2008)and it was extended to treat measurements from multiple satellites (SONNERUP etal., 2004; HASEGAWA et al., 2005; HASEGAWA et al., 2006; HASEGAWA et al., 2007; TEH,2007; MÖSTL, 2009; LUI, 2011).Hu and Sonnerup (2001), Hu and Sonnerup (2002) were the �rst in applied thismethod to magneti �ux ropes and MCs in the interplanetary medium. However herein this work, their two-dimensional (2-D) ross setions are reovered in a retangulardomain. We use the aforementioned method to study magneti reonnetion betweenmultiple �ux-ropes events at 1 AU. Magneti reonnetion is an important physialmehanism at least interating with the trigger and aeleration of the eruptingoronal magneti strutures in a good number of CME events (QIU et al., 2007). Therelation between urrent sheets, intermittent turbulene and magneti reonnetionin the leading edge of an ICME was investigated by Chian and Muñoz (2011), Muñoz(2011). A signi�ant hange in magneti �eld rotation from one side to the other ofthe struture is a harateristi feature of urrent sheets studied. They improve amethod used by Li (2008) to searh urrent sheets using single-spaeraft magneti�eld data. This method to searh for urrent sheets is used in this work.The motivation of this thesis is to ontribute for better understanding of the physisof magneti louds and reate a methodology to identify and haraterize this eventsin the SW. The importane is to provide in the future as appliation, diagnostisuseful for Spae Weather. As a futher result, we expet to provided an appliationwhih useful produt to Spae Weather Programme, mainly the INPE's program.The general objetive is to onstrut a methodology whih will improve models toidentify and haraterize MCs.The spei� objetives are:
1) The dynami of the MCs will be haraterized from the spaeraft signal.
2) Analysis tools whih will identify automatially loud andidates from interplan-etary magneti �eld data.
3) MCs with double-rotation magneti �eld on�guration will be studied.The main ontributions of this work are: 4



1) Studies of a spatial struture that is one of the most geoe�etive interplanetaryevents.
2) The establishment of a methodology to identify MC andidates using only themagneti �eld dataset. By �rst time, with nonlinear dynamis tools will be pos-sible identify �ux-ropes assoiated with MCs.
3) The identi�ation of omplex multiple �ux-rope assoiated with MCs and thetransversal reonstrution of the struture to study magneti reonnetion be-tween it.
4) The detetion of urrent sheets between two MCs in reonnetion.
5) Proposition of an interplanetary entropy (IE) index that allows a preliminaryloalization of events appointed as MC andidate.
6) Contributions with methodologial bases for an easy and automati omputa-tional proedure for preliminary survey on MC ourrenes for sienti� goals,or even a onvenient MC warning for the spae weather purposes.
7) New MC events are studied, and new informations are o�ered to the SpaePhysis Community.This thesis is organized as follows: in Chapter 2, we presented a review on thetheoretial and observational aspets of the MCs, whih are still under disussion;Chapter 3, the instrumentation and dataset used in this work are presented; InChapter 4, we introdue basi onepts of the physial and mathematial tools usedin this work. In Chapter 5, we explain how to use the previous tools to identify andharaterize �ux-rope assoiated with MCs. In Chapter 6, the results and disussionof the thesis are presented; In Chapter 7 the onlusions are presented. Finally,for a better understanding of the work, a number of appendies and annexes areinorporated. Our philosophy for the realization of this thesis was to explain indetail all the physial-mathematial formalism up to the �nal results. So this thesisould be a useful study material for future works.
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2 A REVIEW ON THE THEORETICAL AND OBSERVATIONAL AS-PECTS RELATED TO INTERPLANETARY MAGNETIC CLOUDSIn this hapter, we present a review on the theoretial and observational aspets ofthe interplanetary magneti louds (MCs). It is an area under intensive disussion.We will talk about the most important models in the literature to study the magnetilouds. Also we will present a review about the works that studied MCs throughspaeraft observations.2.1 Magneti loudsCoronal Mass Ejetion (CMEs) are massive expulsions of magnetized plasma fromthe solar atmosphere (DASSO et al., 2005). As a onsequene of this ejetion, CMEsan form on�ned magneti strutures with both extremes of the magneti �eld linesonneted to the solar surfae, extending far away from the Sun into the solar wind.Solar Ejeta (also known as Interplanetary Coronal Mass Ejetions, ICMEs) are theinterplanetary manifestation of CMEs events (DASSO et al., 2005). The importantsubset of ICMEs known as interplanetary magneti louds (MCs), a term intro-dued by Burlaga et al. (1981), is haraterized fundamentally by enhaned mag-neti �eld strengths with respet to ambient values (BURLAGA et al., 1981; KLEIN;BURLAGA, 1982; BURLAGA, 1991). A MC ejeted from the Sun is simulated as apart of a toroid. Its evolution and propagation through interplanetary spae anbe studied using three-dimensional magnetohydrodynami self-onsistent numerialsimulations (VANDAS et al., 2002).The pioneer studies on plasma louds emitted by the Sun were developed about1950s (MORRISON, 1954; COCCONI et al., 1958; PIDDINGTON, 1958). However thede�nition and the term of �magneti loud� were presented by the �rst time in thework of Burlaga et al. (1981). Nowadays the spei� signatures whih have to beneessarily ful�lled are the following: (1) Smooth rotation in ~B with low variane;(2) low proton temperature and (3) low plasma β, whih is the ratio of the plasmapressure, p = nkBT , to the magneti pressure, pmag = B2/2µ0 where n is numberdensity, KB Boltzmann onstant, T temperature, B magneti �eld and µ0 magnetipermeability of the free spae.Initial studies to analyze the three-dimensional on�guration of the magneti �eld ofthese phenomena has been developed by Burlaga et al. (1981). The minimum vari-7



ane analysis (MVA) was used as a method to identify and desribe planar magneti�eld on�guration assoiated with thin urrent sheets in the SW (BURLAGA; KLEIN,1980) and planetary magnetospheres (LEPPING; BEHANNON, 1980). Burlaga et al.(1981) used MVA to analyze the magneti �eld on�guration in a MC observed with
4 spaeraft: Voyager 1 and 2, IMP 8, and Helios 2. They onluded that MC ouldbe represented as a magneti ylinder whose axis lies lose in the equatorial plane,marking an angle of nearly 90◦ with respet to the radial diretion.Considering a ylindrial geometry for MCs, the MVA (SONNERUP; CAHILL, 1967)resulted an useful tool to alulate the diretion of the loud axis. Klein and Burlaga(1982) identi�ed 45 events in the period from 1967 to 1978, where the latitude andlongitude of the louds axis were alulated. The results of Burlaga et al. (1981) alsowere onsistent with other on�gurations. Ivanov and Harshiladze (1984) reated amathematial formulation using a loud on�guration as an oblate ellipsoidal.Goldstein (1983) onsidered a fore-free on�guration in the searh for a stable topol-ogy of the MCs. Marubashi (1986) studied IMF data from the Pioneer Venus orbiter(PVO) between Deember 1978 to May 1984 in searh of interplanetary magneti�ux ropes near the Venus orbit. As a result, twenty-six well de�ned �ux ropes werefound whih have harateristis similar to those of �ux ropes observed near Earth.In one ase, where the Sun, Venus and Earth were losely aligned, an almost iden-tial struture was observed by the PVO and the Earth-orbiting spaeraft with atime delay of about 36 hours. This observation provides evidene that the stru-ture of interplanetary magneti �ux ropes are maintained during propagation atleast from 0.72 AU (Astronomial Unit (AU): the average distane from the Earthto the Sun. One AU = 93 million miles or 149.6 million km) to 1 AU . A simplesolution for a ylindrially symmetri fore-free �eld with onstant alpha was stud-ied by Lundquist (1950), and mentioned also in Lundquist (1951). Burlaga (1988)studied the aforementioned solution with onstant alpha to desribe the types ofsignatures observed in the SW at 1 AU.To �nd plasma beta values signi�antly lower than 1 during the identi�ation of aMC, magneti �eld and plasma observations at spaeraft are required. Many timesthe temperature and density data on spaeraft have many gaps during periodsin whih the plasma instruments ould be saturated as a result of intense partile�uxes (for example, Bastille Day in the ACE spaeraft). If this ondition ours,it makes impossible to alulate the plasma beta, but it is still possible to detet8



Table 2.1 - Summary of seven previous studies that identi�ed MCs before 2003. In olumnone: 1- Bothmer and Rust (1997), 2- Bothmer and Shwenn (1998), 3- Mulliganet al. (1998), 4- Lynh et al. (2003), 5- Wu et al. (2003), 6- Huttunen et al.(2005), 7- Nieves-Chinhilla et al. (2005).Paper Period Tt(years) Spaf MC1 1965-1993 28 OMNI 672 12/1974-07/1981 6.7 Helios 1/2 453 1979-1988 10 Pioneer 614 02/1998-07/2001 3.5 ACE 565 1995-2002 8 WIND 716 1997-2003 7 WIND/ACE 73 (and 7 loud andidate)7 2000-2003 4 WIND/ACE 35SOURCE: Adapted from Huttunen et al. (2005) and updated by us.the MC using magnetometers data (e.g. Huttunen et al. (2005), Nieves-Chinhillaet al. (2005)). Here is the ontribution we intend to do with this work, showing anapproah that ould help to identify MCs, and it is proposed as basis for an auxiliaryanalysis tool.The main ontributions related to the identi�ation of MCs are summarized inTable 2.1. It was adapted from Huttunen et al. (2005) and updated by us. Weshow in eah olumn of this table, the paper, the period of the investigation, theexamination period (Tt), the spaerafts used (Spaf), and the quantities number ofMCs identi�ed. Bothmer and Rust (1997), Bothmer and Shwenn (1998), Huttunenet al. (2005) identi�ed MCs based on the MVA method; Mulligan et al. (1998)identi�ed and lassi�ed MCs using the visual inspetion of the data; Lynh et al.(2003) and Wu et al. (2003, /WIND list) used the least-square �tting routine byLepping et al. (1990); while Nieves-Chinhilla et al. (2005) studied all the MCsobserved during the time interval 2000−2003 using the elliptial ross-setion model(HIDALGO, 2003; HIDALGO, 2005), where a distortion and expansion of the ross-setion of the loud is inluded from �rst priniples.From 1997− 2003 in solar yle 23, SW data were investigated by Huttunen et al.(2005) using the MVA method (SONNERUP; CAHILL, 1967; BOTHMER; SCHWENN,1998) to determine if they have �ux-rope strutures. They identi�ed 73 MCs (and 7MC andidates) observed by the ACE and WIND spaeraft. In priniple the axisof a MC an have any orientation with respet to the elipti plane (BOTHMER;9



SCHWENN, 1994; BOTHMER; SCHWENN, 1998), identi�ed by the azimuthal diretionin the elipti, alled φC , and the inlination relative to the elipti, alled θC . Withthe MVA, the angles above an be alulated (BOTHMER; SCHWENN, 1998).2.2 Magneti loud modelsAs was summarized by Dasso et al. (2005), an interplanetary �ux tubes or �ux ropes(in partiular MCs) an be modeled loally using helial ylindrial geometry as �rstapproximation (FARRUGIA et al., 1995) or using di�erent approahes:
1) a linear fore-free �eld (e.g. Burlaga et al. (1981), Burlaga (1988), Lepping et al.(1990)),
2) a fore-free uniformly twisted �eld (e.g. Farrugia et al. (1999)) and
3) some non-fore-free models. In partiular four non-fore-free models have beenapplied to interplanetary �ux tubes: (i) a non-axially symmetri model (HU;SONNERUP, 2001), and three axially symmetri models: (ii) with a radial expo-nential dependeny for the azimuthal and poloidal omponents of the magneti�eld (MULLIGAN; RUSSEL, 2001), (iii) with a onstant urrent density (HIDALGOet al., 2002), and (iv) with an azimuthal urrent density depending linearly onthe distane to the axis of the tube (CID et al., 2002).All those models are physially di�erent and it is not yet lear whih of them givesthe best representation of interplanetary �ux tubes (DASSO et al., 2005). Also for arapid review of some of above models see Dasso et al. (2005).In this setion, we review the onepts of linear fore-free �eld model and the non-axially symmetri model, it are used for the development of this thesis.2.2.1 Linear fore-free �eld modelBefore beginning the study of MCs, it is important demonstrate the linear fore-free ondition (LUNDQUIST, 1950; GOLDSTEIN, 1983; IVANOV; HARSHILADZE, 1984;BURLAGA, 1988). Beause it is the most typial and simple model that is usedto study magneti loud and it will be used to explain some results of this work.We onsider a region of spae where the external magneti �eld ~B is in a �xeddiretion perpendiular to the plane, where a plasma volume exist in the form of10



Figure 2.1 - This volume is at equilibrium in a MHD �ow of an eletrially onduting �uidunder a gravitational �eld, a magneti �eld and a pressure gradient.�uid in�uened by a hydrostati pressure gradient. The partiles are moving insideof plasma and form an eletri urrent ~J , on the plane perpendiular to magneti�eld. A plasma in the interplanetary medium is in�uened by the gravities of theother elestial bodies then we need to add a gravity fore over plasma. All the abovementioned are summarized in Figure 2.1. The resultant of fore per unit area [N/m2]is:
ρ
d~v

dt
= −∇p + ~J × ~B + ρ~g. (2.1)Plasma has typial parameters:a) Veloity v0 (m/s).b) Density ρ0 (kg/m3).) Pressure p0 (N/m).d) Magneti indution B0 (nT ). 11



e) Length sale L0 (m).To make onsiderations in MHD theory is ommon to write the equations in termsof orders of magnitudes and Equation 2.1 is:
[

ρ0v
2
0

L0

]

=

[

p0
L0

]

+

[

B2
0

µ0L0

]

+ [ρ0g]

[

N

m2

]

=

[

N

m2

]

+

[

N

m2

]

+

[

N

m2

]

a) The seond and third term of Equation 2.1 are diretly ompared. Wean onsider that inside of interplanetary magneti loud the gravitationalterm is smaller than the magneti term, ρ0g ≪ B2
0/(µ0L0). Then, thegravitational term an be negleted.

ρ
d~v

dt
= −∇p + ~J × ~B (2.2)b) The two right-hand terms in the above equation are of same orders ofmagnitudes and we an ompare the magneti term with the left-handterm of the equation:

[

ρ0v
2
0

L0

]

≡
[

B2
0

µ0L0

] (2.3)) In a stationary plasma the partile veloities are smaller than Alfvén ve-loity (vA):
v20 ≪ B2

0

µ0ρ0
≡ v2A, (2.4)dividing by L0/ρ0:

ρ0v
2
0

L0
≪ B2

0

µ0L0
≡ v2A.Then, we obtain the magnetostati equilibrium:

∇p = ~J × ~B. (2.5)The term fore-free means that the Lorentz fore ( ~J × ~B) is zero. Also, the term isused when one refers to the magnetohydrostati equilibrium, when external foresare negleted in the loud (IVANOV; HARSHILADZE, 1984). If the gravitational foreis negleted, for balane must be taken that the magneti fore is equal to the plasma12



pressure gradient (see Equation 2.5). Comparing the size of the gas pressure, p, tothe magneti pressure, B2/(2µ0), it is introdued a parameter, alled the plasmabeta, β = p/(B2/(2µ0)). If β ≫ 1, then the magneti �eld is dominated by the gaspressure and the Lorentz fore is negleted. On the other hand, if β ≪ 1, then themagneti �eld dominates and p may be negleted. The plasma beta is low inside ofa MC.We write some of Maxwell's equations to start the study of fore-free system:


















∇× ~E = −∂
~B

∂t
Faraday's law

∇× ~B = µ0
~J Ampere's law

~J = σ0( ~E + ~v × ~B) Ohm's law (2.6)
The magnetohydrostati equilibrium equation is redued to (∇× ~B)× ~B = µ0( ~J ×
~B) = 0, and the magneti �eld is said to be fore-free. The solution is that theurrent is parallel to the magneti �eld.

∇× ~B = α~B, (2.7)
∇× (∇× ~B) = α(∇× ~B) = α2 ~Bor

∇2 ~B = −α2 ~BSine∇· ~B = 0 and αmay be a salar funtion of position, (∇× ~B)× ~B = α( ~B× ~B) =

0. There is an in�nite number of on�gurations for di�erent hoies of α.Besides, one an write the vetor identities:
∇× (∇× ~D) = ∇(∇ · ~D)− (∇ · ∇) ~D

∇ · (φ~D) = φ∇ · ~D + ( ~D · ∇)φ, (φ is a salar funtion)
∇ · (∇× ~D) = 0If ~D ≡ ~B, φ ≡ α and ∇ · ~B = 0 (there are no magneti monopole) then using the

13



previous identities we arrive to the expression
∇ · (α~B) = α∇ · ~B + ( ~B · ∇)α

= ( ~B · ∇)α,from Equation 2.7:
∇ · (α~B) = ∇ · (∇× ~B) = 0

∴ ( ~B · ∇)α = 0.Assuming that the magneti �eld (fore-free) falls due to �nite ondutivity of the�uid. We applied the url operator onto Ohm's law that is shown in the Equation 2.6,
∇× ~J = σ0∇× ~E + σ0∇× (~v × ~B),

∇× ~E =
1

σ0
∇× ~J −∇× (~v × ~B).If the magneti �eld is fore-free, Fm = q(~v × ~B) = 0, then the partiles travelalong magneti �eld lines (~v ‖ ~B). We join the Faraday and Ampere laws with theprevious equation:

∂ ~B

∂t
= − 1

σ0
(∇× ~J) = − 1

µ0σ0
(∇× (∇× ~B)), (2.8)and from Equation 2.7

∂ ~B

∂t
= − 1

µ0σ0
(∇× (α~B)). (2.9)Using the mathematial identity: ∇ × (α~B) = α(∇ × ~B) + (∇α) × ~B, the �nalexpression is

∂ ~B

∂t
= − 1

µ0σ0
[α2 ~B + (∇α)× ~B]. (2.10)The seond term in the right-hand side of the above equation may twist the shapeof the �uid, beause, ∇α × ~B, will produe a fore on the �eld line ~B, ausingtwist. The topologial magnitude to measuring the twist of magneti �eld lines isthe magneti heliity H (DASSO et al., 2005):

H =

∫

V

~A · ~BdV with ~B = ∇× ~A. (2.11)14



In this formalism the magneti �eld heliity is invariant.If we onsider a fore-free �eld and α as a onstant. The Equation (2.10) beomes:
∂ ~B

∂t
= −

(

α2

µ0σ0

)

~B (2.12)and the solution is:
~B = ~BC e

− α2

µ0σ0
t
. (2.13)Goldstein (1983) proposed a magneti fore-free on�guration with ylindrial sym-metry to study the MCs, but not shown a partiular solution of Equation 2.7 todesribe the observations.Writing ~J and ~B in ylindrial oordinates ( ~J = (Jr, Jϑ, Jz) and ~B = (Br, Bϑ, Bz)):

~J × ~B = (JϑBz − JzBϑ)r̂ + (JzBr − JrBz)ϑ̂+ (JrBϑ − JϑBr)ẑand
∇p = ∂p

∂r
r̂ +

1

r

∂p

∂ϑ
ϑ̂+

∂p

∂z
ẑ.Consider a ylindrially symmetri �ux tube with magneti �eld omponents

Br(r) = 0 and gas pressure, p = p(r), then ∂p
∂z

= ∂p
∂ϑ

= 0:
dp(r)

dr
= Jϑ(r)Bz(r)− Jz(r)Bϑ(r) (2.14)Using equation from Ampere's law and alulating ∇× ~B in ylindrial oordinates,one an show that:

~J =

(

0,− 1

µ0

∂Bz

∂r
,

1

µ0r

∂(rBϑ)

∂r

)

, (2.15)Then, the Equation 2.7, for a ylindrial symmetry with in�nite length and α = α(r)is transformed in a di�erential system:
α(r)Bϑ = −∂Bz

∂r
(2.16)

α(r)Bz =
1

r

∂(rBϑ)

∂r
. (2.17)Alternatively, Bϑ and Bz may be presribed. If the �eld is fore-free only one of Bϑ15



and Bz an be hosen:
Bϑ =

r

1 + r2
, Bz =

1

1 + r2
(2.18)and the two di�erential equations are transformed in a linear system dependentof α = α(r).

α
r

1 + r2
=

2r

(1 + r2)2this implies α(r) = 2/(1 + r2).Equation 2.18 gives a �eld with uniform twist, where the twist is de�ned as:
Φt =

LFRBϑ

rBz
, where LFR is the length of the �ux tube (2.19)Considering α = onstant, the above two di�erential Equations 2.16 and 2.17 anbe written as

Bϑ(r) = − 1

α

dBz(r)

dr
(2.20)

1

r

d

dr

(

r
dBz(r)

dr

)

+ α2Bz(r) = 0. (2.21)Solving 2.20 and 2.21 gives (LUNDQUIST, 1950)
Bϑ(r) = J1(αr) and Bz(r) = J0(αr), (2.22)where J0 and J1 are the Bessel funtion of the �rst kind of order 0 and 1 (see �eldlines on�guration in Figure 2.2)Lepping et al. (1990) developed a sheme for �tting the interplanetary magneti �elddata obtained within an observed loud to a model that has proven to be suessfulfor desribing loud �eld struture, at least to �rst order. The model, based onLundquist (1950) onstant-α fore-free �eld solution, was introdued by Burlaga(1988) and employed by him in �tting many ases with trial and error solution withgenerally good results.

16



Figure 2.2 - Fore-free �eld in an in�nite ylinder. SOURCE: Lundquist (1950).We rewritten the Equation 2.22 as Lepping et al. (1990):Axial omponent : BA = BCJ0(αr),Tangential omponent : BT = BCHJ1(αr), (2.23)Radial omponent : BR = 0,where H = ±1, the sign providing the handedness of the �eld heliity, and where
BC is an estimate of �eld at the axis of the loud and r is the radial distane fromthe axis.Figure 2.3a shows the �eld lines within a omputer-simulated MC. The �eld is astraight line along the axis of the loud and hanges to helial lines as we moveaway from the axis, �nally beoming irle at the boundary. We �rst see a heavysolid straight line on the axis, then dashed spiral urves of moderated density andmoderate pith angle, and low-density dotted urves of large pith near the bound-ary. Also, the spaeraft trajetory is shown in the �gure, if it is denoted by theunit vetor S then Lepping et al. (1990) all's the Z axis, and the ross produt
Z×S is the Y axis. Finally, as usual Y ×Z = X . It is assumed that louds are largeloops (�ux ropes) with their roots onneted to the Sun. It is obvious that ylindri-al geometry when applied for suh bodies annot desribe e�ets of urvature onmagneti �eld pro�les. For this purpose onsidering MCs as parts of toroids is moreappropriate (ROMASHETS; VANDAS, 2003).17



Figure 2.3 - The sketh is reprodued from Burlaga (1991) to represent magneti �eld linesinside of a magneti loud. (a) Idealized ylindrially symmetri fore free �uxrope, representing the magneti loud as observed by a spaeraft travelingthrough it. (b) Shows a sketh of the loud's envisioned global geometry ( 1AU sale in this ase). SOURCE: Lepping et al. (1997).There have been attempts to treat interplanetary magneti �ux-ropes by toroidalfore-free strutures: Ivanov et al. (1989), Romashets and Vandas (2003) used theonstant-alpha �eld distribution within a toroid found by Miller and Turner (1981).Ivanov et al. (1989) proposed two solution with di�erent geometry respetively:a) The most ommon de�nition of oblate spheroidal oordinates (µ, ν, ϕ) is
x = a coshµ cos ν cosϕ

y = a coshµ cos ν sinϕ

z = a sinh µ sin νwhere µ is a nonnegative real number and the angle ν lies between ±90◦.The azimuthal angle ϕ an fall anywhere on a full irle, between ±180◦for whih a =
√
b2 − c2 is de�ned from b (major axis, along x) and c (minoraxis, along z) (IVANOV; HARSHILADZE, 1984; LIPKIE, 2001). Another set18



of oblate spheroidal oordinates (η, ξ, ϕ) are sometimes used where η =

sinhµ and ξ = sin ν (LIPKIE, 2001). The urves of onstant η are oblatespheroids and the urves of onstant ξ are the hyperboloids of revolution.The oordinate η is restrited by 0 ≤ η < ∞ and ξ is restrited by −1 ≤
ξ < 1. The relationship to Cartesian oordinates is

x = a
√

(1 + η2)(1− ξ2) cosϕ

y = a
√

(1 + η2)(1− ξ2) sinϕ

z = aηξ.The solution of the Equation 2.7 is (IVANOV; HARSHILADZE, 1984; IVANOVet al., 1989):
~B = ẑ ×∇ψsp + [∇× (r̂ ×∇ψsp)]/α, (2.24)

ψsp = A00
sin(c0η)

c0η
− A01

ξ(c0η cos(c0η)− sin(c0η))

c20η
2

(2.25)where c0 = α
√
b2 − c2 and ψsp is the salar potential ( ~B = ∇×∇ψsp) and

A00, A01, α are sets of free parameters to omputing the model.b) In the toroidally-distorted ylindrial oordinates, (rd, ϑd, zd) are relatedto ylindrial oordinates (r, ϑ, z) by (MILLER; TURNER, 1981)
r = R0 + rd cosϑd , z = rd sinϑd , ϑ = −zd/R0. (2.26)The solution of Equation 2.7 is

Brd = B0[a0F (rd)− J0(αrd)] sinϑd/(αR0),

Bϑd
= B0[J1(αrd)−

(

J0(αrd)− a0
dF (rd)

drd

)

cosϑd/(αR0)]

Bzd = B0[J0(αrd)− a0F (rd) cosϑd]where
F (rd) =

rd
2a0

J0(αrd) +
1

2

J0(αa0)

J1(αa0)
J1(αrd),

a0 and R0 are radii of a ompat toroid with the �nal ration; a0/R0 ≤ 1.The omputer aided alulation of theoretial values of magneti �eld was made for19



di�erent sets of free parameters B0, a0, α and R0. Ivanov et al. (1989) suggestedthat the extra parameter provided by that model gives somewhat better �ts thanthe ylindrially symmetri model. Marubashi (1997) applied the Lundquist solutionloally along a toroid. The solution by Miller and Turner (1981) is valid only for largeaspet ratio tori. But in di�erent parts of observed magneti louds this ratio anbe small, whih means small and large radii an be omparable (e.g., see the MHDsimulations by Vandas et al. (2002)). An analytial solution of fore-free magneti�elds inside a toroid with an arbitrary aspet ratio was founded by Romashets andVandas (2003); if it is assumed that a magneti loud is a large loop with roots atthe Sun, then its part an be loally treated as a part of a toroid.Due to the frequent ourrene of CMEs, multiple magneti louds (multi-MCs), inwhih one MC athes up another, should be a relatively ommon phenomenon. Asimple �ux rope model an be used to get the primary magneti �eld features ofmulti-MCs (WANG et al., 2002). Results indiate that the magneti �eld on�gurationof multi-MCs mainly depends on the magneti �eld harateristis of eah memberof multi-MCs (HU et al., 2003). In this thesis we study some multi-MCs event butusing tools of non-linear dynami, the MVA method and a non-axially symmetri(of the �ux-rope) model known as Grad-Shafranov reonstrution (HAU; SONNERUP,1999; HU et al., 2003; HU et al., 2004).2.2.2 Grad-Shafranov modelNowadays some important studies on spae plasmas are based on the investigationof two fundamental questions: (1) what means exatly an eletromagneti on�ne-ment? (2) How is the evolution of plasmas within a suh on�nement? Those kindsof studies involve basially nonlinear ellipti partial di�erential equations with freeboundary onditions and an be performed using the Grad-Shafranov (GS) equa-tion (GRAD; RUBIN, 1958) in regions with toroidal symmetry. However, Sonnerupand Guo (1996), Hau and Sonnerup (1999) developed a method for reovering two-dimensional strutures in the magnetopause, from the GS equation, in an ideal MHDformulation. The method is alled Grad-Shafranov or GS reonstrution. Using thespaeraft measurements as initial values, this approah an treats the problem asa Cauhy problem - although it is ill-posed - and it an be solved numerially. Thiskind of study has been initiated at INPE by the authors of this work.In this Subsetion, we develop in detail the physial-mathematial methodology20



from an ideal MHD formulation to reah the Grad-Shafranov equation. We use themathematial representation shown by Sonnerup and Guo (1996), Hau and Sonnerup(1999).We start from a Two-dimensional Cartesian Coordinate System where z−axis isinvariant (∂/∂z = 0 for any physial quantity). Let ~A the magneti vetor potential:
~A = Axx̂+ Ayŷ + A(x, y)ẑ, . (2.27)where A(x, y) = |Axx̂ + Ay ŷ|. We have by de�nition, ∇× ~A = ~B then ~B ⊥ ~A (seeFigure 2.4.

Figure 2.4 - We show the spatial on�guration between the vetors ~A and ~B.Hereafter, vetors in xy plane are denoted by ⊥:
~B = Bxx̂+Byŷ +Bz ẑ = ~B⊥ +Bz ẑ (2.28)

~B = ∇× ~A =

(

∂A(x, y)

∂y
− ∂Ay

∂z

)

x̂−
(

∂A(x, y)

∂x
− ∂Ax

∂z

)

ŷ +

(

∂Ay

∂x
− ∂Ax

∂y

)

ẑ

~B =
∂A(x, y)

∂y
x̂− ∂A(x, y)

∂x
ŷ +

(

∂Ay

∂x
− ∂Ax

∂y

)

ẑ, (2.29)
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remembering that ∂/∂z = 0,
∇A(x, y) = ∂A

∂x
x̂+

∂A

∂y
ŷ

ẑ = 0x̂+ 0ŷ + 1ẑ,then,
∇A× ẑ =

∂A

∂y
x̂− ∂A

∂x
ŷ + 0ẑ, (2.30)substituting in 2.29

~B = ∇A× ẑ +Bz ẑ

Bz =

(

∂Ay

∂x
− ∂Ax

∂y

)

~B = ~B⊥ +Bz ẑ

~B⊥ = ∇A× ẑ.

A(x, y) is onstant over a given magneti �eld line, and ∇A(x, y) is always perpen-diular to ~B. That means, ∇A · ~B = 0:
∇A · ~B =

(

∂A

∂x
x̂+

∂A

∂y
ŷ + 0ẑ

)

·
(

∂A

∂y
x̂− ∂A

∂x
ŷ +

(

∂Ay

∂x
− ∂Ax

∂y

)

ẑ

)

=
∂A

∂x

∂A

∂y
− ∂A

∂y

∂A

∂x
= 0.In the MHD theory, in two-dimensional and stationary strutures, the Lorentz forehas to be balaned by a pressure fore, it is known as magnetostati equilibrium:

∇p = ~J × ~B, ~J → urrent density, p→ plasma pressure. (2.31)The Equation 2.31 has several theoretial onsiderations and it is related to thefore-free model. We did a disussion of this equation in Subsetion 2.2.1.
22



We ontinue to work with Equation 2.31:
∇p = ~J × ~B

∂p

∂x
x̂+

∂p

∂y
ŷ + 0ẑ =

(

~J⊥ + Jz ẑ
)

×
(

~B⊥ +Bzẑ
)

∂p

∂x
x̂+

∂p

∂y
ŷ = Jz

(

ẑ × ~B⊥

)

+
(

~J⊥ × ẑ
)

Bz + JzBz (ẑ × ẑ) + ~J⊥ × ~B⊥,In right-hand side, �rst and seond terms are into xy (or ⊥) plane, the third term iszero and the fourth term is a vetor parallel to z-axis. The vetor identity is true ifthere is not omponent in the z−axis, therefore ~J⊥× ~B⊥ ≡ 0, this is ~J⊥‖ ~B⊥. Finally,
~J × ~B = Jz

(

ẑ × ~B⊥

)

+
(

~J⊥ × ẑ
)

Bz. (2.32)The expressions for Jz and ~J⊥ are searhed using Ampere's law.
∇× ~B = µ0

~J = µ0

(

~J⊥ + Jz ẑ
) (2.33)also,

∇× ~B = ∇×
(

∇× ~A
)

= ∇×
(

∂A

∂y
x̂− ∂A

∂x
ŷ +Bz ẑ

)

=

(

∂Bz

∂y
− 0

)

x̂−
(

∂Bz

∂x
− 0

)

ŷ −
(

∂2A

∂x2
+
∂2A

∂y2

)

ẑ

=
∂Bz

∂y
x̂− ∂Bz

∂x
ŷ −∇2Aẑ, (2.34)and

∇Bz × ẑ =
∂Bz

∂y
x̂− ∂Bz

∂x
ŷ,onsidering Equation 2.33

∇× ~B = ∇Bz × ẑ −∇2Aẑ

~J⊥ + Jz ẑ =
1

µ0

∇Bz × ẑ − ∇2A

µ0

ẑ,where
~J⊥ =

1

µ0
∇Bz × ẑ, (2.35)23



and
~Jz =

∇2A

µ0
ẑ. (2.36)If the vetors ~J⊥ and ~B⊥ are parallel, as indiated in the preeding paragraphs, thenthe vetor ∇Bz is perpendiular to ~J⊥ and ~Bz respetively (see Figure 2.5). Wereall that ∇A is in the xy plane, ∇A ⊥ ẑ.

Figure 2.5 - We show the on�guration of vetors ~J⊥, ~B⊥, ∇Bz and ~Bz in ideal MHD �uidto obtain de GS equation. The vetor ∇Bz is perpendiular to ~J⊥ and ~Bzrespetively.With the following vetor identity ~C × ( ~D × ~E) = ~D( ~E · ~C)− ~E( ~D · ~C) and usingthe equation ~E⊥ = ∇D × ẑ, we have that:
ẑ × ~B⊥ = ẑ × (∇A× ẑ)

= ∇A(ẑ · ẑ)− ẑ(∇A · ẑ)
= ∇A, (2.37)beause ∇A ⊥ ẑ, then ẑ × ~B⊥ is a vetor in xy−plane.We use the Equation 2.35 and the vetor identity ( ~D× ~E)× ~C = ~E( ~D · ~C)− ~D( ~E · ~C)24



to obtain the following result:
~J⊥ × ẑBz =

1

µ0

(∇Bz × ẑ)× ẑBz

=
Bz

µ0
[ẑ(∇Bz · ẑ)−∇Bz(ẑ · ẑ)]

= −Bz

µ0
∇Bz, (2.38)Where it is onsidered that ∇Bz ⊥ ẑ. The Equation 2.38 represent a vetor in the

xy−plane. We make the substitution of the Equations 2.36, 2.37 and 2.38 into 2.32:
~J × ~B = ∇p = − 1

µ0

{[∇2A]∇A+Bz∇Bz}. (2.39)As the vetors ∇A and ∇Bz are in xy−plane then the above equation representa vetor in the same plane. Sine p and ∇Bz are onstant along a �eld line andshould be only funtions of A, it is ∇p = (dp/dA)∇A and ∇Bz = (dBz/dA)∇A.Substituting in 2.39,
dp

dA
∇A = − 1

µ0
{[∇2A]∇A +Bz

dBz

dA
∇A}multiplied by · 1

∇A,and solve for ∇2A in the above equation
∇2A

µ0
= − dp

dA
− 1

2µ0

dB2
z

dA

∇2A = −µ0
d

dA

(

p+
B2

z

2µ0

)

, (2.40)The Equation 2.40 is known as Grad-Shafranov equation. We present a summary ofthe theoretial onepts to obtain de Grad-Shafranov equation:
1) 2D-system with ẑ−axis invariant, ∂/∂z = 0 for any parameter.
2) ∇A is always ⊥ to ~B.
3) Two-dimensional struture of a stationary plasma desribed by the balane ofpressure fore and magneti fores, respetively.
4) A stationary plasma means that the veloity of the partiles is less than theAlfvén veloity, v2 ≪ v2A. 25



5) The plasma gravity term is smaller than the magneti and the plasma beta issmall β ≪ 1 (in ⊥ −plane).
6) We have a magnetostati equilibrium, ∇p = ~J × ~B.
7) ~J⊥‖ ~B⊥. This auses the system to be fore-free out of the xy−plane but thesystem is not ompletely fore-free, there is a fore in the xy−plane to ensurethe equilibrium, see Equation 2.32.
8) ∇Bz ⊥ ( ~J⊥ and ~Bz).
9) ∇A is in the xy−plane or ⊥ plane, ∇A ⊥ ẑ .
10) p and ∇Bz are onstants along a magneti �eld line.Grad-Shafranov equation of fore-free modelWe may also obtain the Grad-Shafranov equation from the speial ase of a fore-freesystem. If the system is fore-free then p = 0 in the GS equation and it is obtained
∇2A = −d(B2

z )/(2dA). At above result also is arrived from the fore-free ondition.We started working with the equation of fore-free model to obtain the GS equation.
∇× ~B = α~B, (2.41)Realling the Equations 2.34 and 2.29:

∇× ~B =
∂Bz

∂y
x̂− ∂Bz

∂x
ŷ −∇2Aẑ

~B =
∂A

∂y
x̂− ∂A

∂x
ŷ +

(

∂Ay

∂x
− ∂Ax

∂y

)

ẑReplaing the previous two equations in 2.41, we have a vetor equation:
[

∂Bz

∂y
,−∂Bz

∂x
,−∇2A

]

=

[

α
∂A

∂y
,−α∂A

∂x
, αBz

]that an be transformed in a system of three equations. We an write two equationsof the above system to eliminate α:
{

∂Bz/∂y − α∂A/∂y = 0 /∂A/∂x

−∂Bz/∂x+ α∂A/∂x = 0 /∂A/∂y26



We arrived at the expression that de�nes the Jaobian (J).
∂A

∂x

∂Bz

∂y
− ∂A

∂y

∂Bz

∂x
= J

(

A,Bz

x, y

)

= 0When the Jaobian is zero, the most general solution is Bz = Bz(A), then:
∂Bz

∂x
=
dBz

dA

∂A

∂x
,

α =
dBz

dA
,

−∇A2 = αBz.So the Grad-Shafranov equation for a fore-free system is:
∇2A = −Bz

dBz

dA
= −µ0

d

dA

(

B2
z (A)

2µ0

) (2.42)2.3 ObservationsThe MCs are observed in a lear way when the spaeraft rosses the magneti �eldstruture lose by its enter (SCHWENN, 2006). In-situ measurements are limited tothe spaeraft trajetory rossing the inoming ICME. Therefore, one needs to relyon modeling evaluation in order to derive the global magneti struture from avail-able loal measurements (DÉMOULIN; DASSO, 2009). When the �ux rope is movingfaster than the surrounding solar wind (SW), plasmas and magneti �eld aumulatetypially in front it, that reate a plasma sheath region.2.3.1 Magneti polarity and orientation of the �ux-ropeSatellite measurements made in the interplanetary medium have revealed the fre-quent ourrene of transient large-sale solar wind streams (radial sizes of 0.25AU at 1 AU) that exhibit the internal �eld struture of helial magneti �uxropes (e.g. Klein and Burlaga (1982), Lepping et al. (1990), Bothmer and Shwenn(1998)). These low plasma-β �ows are alled MCs. The ratio of ICMEs being helialis important to investigate questions about the Sun's heliity (see Equation 2.11)budget and its possible variation over the solar yle. Heliity quanti�es several as-pets of a given magneti struture, suh as the twist, the kink, the number of knotsbetween magneti �eld lines, the linking between magneti �ux tubes, et. Magneti27



heliity is observed in the SW on all sales (KUMAR; RUST, 1996), from more than 1AU to less than the gyro-radius of a thermal proton (e.g. Dasso et al. (2005)). In adynamially turbulent medium, suh as the solar wind, magneti heliity tends to betransported to larger sales. When a MC is ejeted from the solar orona, it arriesan important amount of H . Thus, estimations of the ontent of H in MCs an helpus to understand the physial proesses involved in the expulsion of twisted mag-neti �ux tubes from the Sun and their dynamial evolution in the SW (e.g. Dassoet al. (2005)). There is observational evidene showing that the heliity sign in MCsmathes with their soure regions (e.g. Bothmer and Shwenn (1994), Rust (1994),Marubashi (1997)).

Figure 2.6 - Idealized sketh showing the expeted magneti �eld signatures during pas-sage of a large-sale ylindrial magneti �ux tube over a s/. B∗
x, B

∗
y and B∗

zare the omponents of maximum, intermediate and minimum variane of themagneti �eld vetor. The south to north [−B∗
x(S) to + B∗

x(N)] turning ofthe magneti �eld vetor is assoiated with passage of the irular �eld linesat the loud's outer boundaries. At the enter of the �ux tube (at the axis)the magneti �eld is direted along the +B∗
y(east)-diretion. A semiirularrotation appears when B∗

y is plotted versus B∗
x (top diagram). Aording toFigure 2.7(a), MCs an be lassi�ed into SEN louds with left-handed magnetiheliity H. SOURCE: Bothmer and Shwenn (1998) adapted from Goldstein(1983).The four possible �ux-rope on�gurations, as predited in funtion of the heli-28



ity H from Equation 6.1, have been on�rmed to our in the SW (BOTHMER;SCHWENN, 1994; BOTHMER; SCHWENN, 1998). In Figure 2.6 the alulation isusually done with data in the solar elipti oordinate system (SEC). Where xaxis is the Earth-Sun line (in the Earth frame), y axis is in the elipti planeand at right (in the East diretion) angles perpendiular to the Earth-Sun line,
z axis normal to the elipti, towards the elipti north pole. Aordingly θd and
φd are the magneti �eld's polar (θd = (90◦ ≡ N ; −90◦ ≡ S)) and azimuthal
(φd = (0◦ ≡ sunward diretion; 90◦ ≡ E; 270◦ ≡ W )) angles. The idealized skethin Figure 2.6 depits the magneti �eld signatures expeted for a ylindrial mag-neti �ux tube whih moves radially away from the Sun, i.e., in the x-diretion, andentrally passes a spaeraft in the elipti. We also used other Cartesian oordinatessystem x∗, y∗, z∗ from the minimum variane method (MVA) (SONNERUP; CAHILL,1967; SONNERUP; SCHEIBLE, 1998) (see Chapter 4, for more details).In Figure 2.6 the maximum hange in the magneti �eld diretion would ournormal to the elipti in the B∗

x-omponent due to the south (S) to north (N)turning of the magneti �eld vetor (BOTHMER; SCHWENN, 1998). The omponentof minimum variane, B∗
z , orresponds to the radial omponent Bx, beause Bx iszero in the whole MC (see Equation 6.1, the radial omponent is zero). At the enterof the �ux tube, i.e., at the loud's axis, the magneti �eld is direted in the +ydiretion, eastern (E)-diretion. This is also the diretion of intermediate variane,beause B∗

y is zero at the loud's outer boundaries (on the surfae of the ylinder).A �ux rope ategory (SEN-type) is often used to lassify the above MC where themagneti �eld vetor rotates from the south (S) at the leading edge to the north (N)at the trailing edge, being eastward (E) at the axis (BOTHMER; SCHWENN, 1994;BOTHMER; SCHWENN, 1998; MULLIGAN et al., 1998). When viewed by an observerlooking towards the Sun (positive axis diretion) the lokwise rotation is de�nedas left-handed magneti heliity H . The atual variane diretions x∗, y∗, z∗ usuallydi�er from the solar elipti oordinate system in x, y, z and the �ux-tube axis mayhave any orientation relative to the elipti plane and to the radial diretion. TheMVA an help to found the x∗, y∗, z∗ diretions. The hodogram (SONNERUP; CAHILL,1967) is the plot of the omponent of intermediate variane B∗
y versus the omponentof maximum variane B∗

x. If we do the hodogram of the ase shown in Figure 2.6, themagneti �eld vetor rotate smoothly forming a semiirle in the plane of maximumvariane (KLEIN; BURLAGA, 1982). We �nd a rotation of the magneti �eld vetorfrom negative to positive B∗
x-values and +B∗

y values.29



(a) Bipolar MCs. Four orientations of eliptially oriented �ux rope model andits magneti signatures. Note N=north, S=south, E=east, W=west

(b) Unipolar MCs. Four �ux rope model orientations highly inlined with respetto the elipti plane. Note N=north, S=south, E=east, W=westFigure 2.7 - Sketh showing the di�erent magneti on�guration of MCs and their magnetiheliity (left-handed (LH), right-handed (RH)) based on the magneti �ux-tube onept and the �eld rotation that a spaeraft would observe during theloud's passage. SOURCE: Mulligan et al. (1998)The axis of a MC (φC , θC) an have any orientation over elipti plane and depend-ing on the observed diretions of the magneti �eld at the front boundary, at theaxis and at the end boundary eight �ux rope ategories are often used to lassifyMCs (BOTHMER; SCHWENN, 1994; BOTHMER; SCHWENN, 1998; MULLIGAN et al.,1998; HUTTUNEN et al., 2005). For example, the �ux tube in Figure 2.6 possess oneof the four magneti on�guration (SEN, SWN, NES and NWS) given by the ori-entation of the magneti �eld lines at the loud's outer boundaries and on its axes30



(see Figure 2.7(a)). SEN, SWN, NES and NWS denote the �eld variations in GSEoordinates that an observer would measure when passing through the enter of ahorizontally direted MC with respet to the elipti. In the Figure 2.7(b) note thatthe middle letter denotes the diretion of the �ux ropes axial �eld, so that vertialto the elipti oriented MCs would lead to diretional hanges as ESW, ENW, WSEand WNE (MULLIGAN et al., 1998; BOTHMER, 2003; HUTTUNEN et al., 2005). Sum-marizing, following the terminology by Mulligan et al. (1998) to lassify MCs, eight�ux rope ategories are often used:
• Bipolar MCs (low inlination and �ux rope-type: SWN, SEN, NES, NWS),
θC ≤ 45 ◦ (see Figure 2.7(a)) and

• Unipolar MCs (high inlination, and �ux rope-type: WNE, ESW, ENW,WSE), θC > 45 ◦ (see Figure 2.7(b)).2.3.2 Solar yle variation versus �ux-rope typeThe studies of MCs during di�erent ativity phases for solar ativity phases 21− 23revealed systemati variations in the preferred �ux rope types (BOTHMER; RUST,1997; BOTHMER; SCHWENN, 1998; MULLIGAN et al., 1998; HUTTUNEN et al., 2005;ECHER et al., 2005). The bipolar MCs in the rising phase of:
• Odd solar yles: the magneti �eld in MCs rotates predominantly fromthe south to the north (SN).
• Even solar yles: the magneti �eld in MCs rotates predominantly fromthe north to the south (NS).and during the years of high solar ativity, both SN and NS type MCs are observed.Additionally, Mulligan et al. (1998) found for the years 1979-1988 that unipolarMCs were most frequently observed in the delining phase of solar ativity yle. Atsolar minimum and in the rising phase most MCs were bipolar.Huttunen et al. (2005) found in the rising phase nearly all bipolar MCs that are lyingnear the elipti plane were assoiated with the SN rotation. At solar maximum(peaked in April 2000) and in the delining phase (2001 − 2003) the number ofbipolar MCs with the opposite sense of rotation was inreased. Also they suggest31



Table 2.2 - Distribution of NS and SN MC polarities in funtion of solar yle epohs.Solar yle epoh NS (%) SN(%)Solar minimum 1973− 1978 40 60Solar minimum 1983− 1988 80 20Solar minimum 1993− 1998 19 81Solar miximum 1966− 1971 60 40Solar miximum 1977− 1982 38 63Solar miximum 1987− 1992 75 25Solar miximum 1998− 2001 29 71SOURCE: Eher et al. (2005)that at solar maximum the grouping of bipolar regions and in the delining phasethe presene of magneti regions from both new and old solar yles, result in themixture of NS and SN type MCs. The MC polarity perentage per solar yle phasewas shown by Eher et al. (2005), see Table 2.2.The MC polarity varies in response to hanges in the magneti strutures of theirsoure region while the inlination of the oronal streamer belt ontrols the loudsaxial symmetry (MULLIGAN et al., 1998). Figure 2.8 shows a sketh of the solar mag-neti �eld and MC polarity for alternate solar yle. The magneti �eld strutureis predominantly left-handed twisted in the northern hemisphere and right-handedtwisted in the southern hemisphere as viewed by an observer looking towards theSun (RUST; KUMAR, 1994; MARTIN et al., 1994; BOTHMER, 2003). The orientationof the forward MC �eld is the same as the global dipole solar magneti �eld. Figure2.8 also shows that left-handed twisted MCs originate from �lament sites with thedepited magneti polarities in the northern hemisphere and right-handed twistedMCs originate from �lament sites with the depited polarity in the southern hemi-sphere. A simpli�ation of Figure 2.8 is that it does not take into aount thephases during the solar yle when magneti regions of both the old and new yleare present (BOTHMER, 2003). During these overlapping time periods, disappearing�laments (eruptive prominenes) ould lead to the origin of SN or NS �elds in MCs.The plasma loud is ooled as it moves away from the surfae of the sun and thereforeexpands. The magneti louds are onsidered geoe�etive events. The expansion andgeoe�etiveness of MCs is summary in the Appendix A.32



Figure 2.8 - Solar yle dependene of the magneti �eld struture of �laments at the Sunand that of the orresponding MCs in the interplanetary medium. The leftpanel shown the polarity of sunspots during two subsequent yles. The solaryle,n, is assumed to be odd number. The middle panel shows the expetedpreferential magneti struture of �laments in the two solar hemispheres andthe right panel shows the expeted strutures of MCs. During odd (n) y-les SN MCs are dominant whereas NS dominate during even (n + 1) y-les (BOTHMER; RUST, 1997). Note that for simpliity the MCs are orientedhorizontally with respet to the elipti plane and that the yles do not indi-ate any overlaps. SOURCE: Bothmer and Shwenn (1998).
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3 INSTRUMENTATION AND DATASETThe IMF dataset used in this work are measurements from ACE spaeraft. TheACE spaeraft is in orbit around L1 from 1997 (SMITH et al., 1998). Where the
L1 Lagrangian point is a plae of Earth-Sun gravitational equilibrium about 1.5million km from Earth and 148.5 million km from the Sun. Onboard of ACE atotal of ten instruments, was launhed toward L1 (MCCOMAS et al., 1998). Thedata (http : //www.srl.caltech.edu/ACE/ASC/level2/index.html) ontains timeaverages of the magneti �eld over time periods 1 s, 16 s, 4 min, hourly, dailyand 27 days (1 Bartels rotation). Magneti �eld vetors are given there in the RTN(Radial Tangential Normal)1, GSE, and GSM oordinate systems.In order to provide a better understanding to the ontent addressed in this thesis,the hapter is divided into four setions. In �rst setion is explains the importaneof the Lagrangian points for spae researh. Seond setion show a mathematialdevelopment to understand how is do the oordinates transformation from GSM toGSE. The above oordinates systems are used in this work. In third setion, theinstrumentation onboard ACE is desribed, spei�ally the instrument more usedin this thesis, the Magneti Field Experiment (MAG). In last setion, the data andthe analyzed periods are presented.3.1 Lagrangian points and ACE spaeraftThe gravitational laws require aording to a formula founded by Johannes Keplerin 1619 that planets nearer the Sun move faster. Thus, any vehile around the Sunin an orbit smaller than Earth, it will not maintain a �xed position relative to it.However, there is a solution. If the vehile is positioned on the axis Sun-Earth,Earth's gravity pulls in the opposite diretion and anels some of the attrationof the Sun (DEPRIT; Deprit-Bartholome, 1967). With less fore of gravity towardsthe Sun, the vehile needs less speed to maintain its orbit. In 1772, the Italian-Frenh mathematiian Joseph Louis Lagrange was working on the famous three-bodyproblem (CELLETTI; GIORGILLI, 1990). He disovered the existene of equilibriumpositions where the �elds of gravity between two massive objets like the Sun andEarth are balaned. A point where this happens is the L1 Lagrangian point.1R = Sun to Spaeraft unit vetor, T = (Omega x R) / |(Omega x R)|, where Omega is Sun'sspin axis (in J2000 Geoentri inertial referene frame using the Julian Epoh of January 1, 2000)and N ompletes the right-handed triad. 35



From the NASA home page is known that in 1978 was launhed towards L1 pointthe �International Sun-Earth Explorer-3� (ISEE-3) spaeraft to do investigation inthe interplanetary medium. Equipped with a roket and a lot of fuel, the ISEE-3 wassubsequently sent to the Earth Magnetotail and then has been sent to interept theGiaobini-Zinner omet. Also, in November 1994 a new spaeraft, the �WIND�, waslaunhed towards L1 point. It was originally sheduled to be plaed in an orbit near
L1 point in 1996, but after, the mission was sent to an orbit with form of ��owerpetal� around the Earth. Other spaerafts, SOHO and ACE was launhed towards
L1 in 1995 and 1997 respetively (information on NASA home page).A spae vehile in L1 point must have its own roket, as the position is unstable, havea drift veloity that need orreting. In fat, the preferred position is urrently atsome distane from the side of L1, where the vehile is situated on the Sun-Earth line.Therefore orretions are made regularly (MCCOMAS et al., 1998). Furthermore, themost eonomial way to arrive to L1 is using the Moon gravity as an impulsive fore.The above is ommon in interplanetary travel of spaerafts. In these maneuvers arerequired onboard propulsion, as in �nal approah to L1.L1 position is very important in the study of solar wind parameters and the Sunitself. A spaeraft in the L1 point is outside of magnetosphere and the struturesof the solar wind (e.g., ICME) assoiated with solar events are seen with someantiipation 30 min − 1h. Datasets of a spaeraft in this position is used in thiswork.3.2 Coordinate systems: GSE and GSMWe work during the development of this thesis with GSE and GSM oordinatessystem respetively. Then, it is important to understand the relationship betweenthese two oordinate system.To transform GSE to Geoentri Solar Magneti (GSM) system the method proposedby Hapgood (1992) and enhaned by Fränz and Harper (2002) are used. The GSEsystem is de�ned suh that the X axis is direted towards the Sun while the Y axislies in the elipti plane in the diretion opposite to the Earth's veloity aroundthe Sun; the Z axis ompletes the right-hand system (Ẑ = X̂ × Ŷ ) whih plaes itessentially along the elipti North pole. The origin is loated at the enter of theEarth. The GSE system is not inertial, making a full rotation about the Z axis in36



one year.The GSM system di�ers from GSE by a rotation about the X axis suh that the ter-restrial magneti dipole lies in the ZX plane. That is, GSM Z axis is the projetionof the magneti dipole onto the GSE Y Z plane (MENDES, 1992). In addition to theannual rotation, this oordinate system exhibits a diurnal wobble. Sine the mag-neti dipole is usually taken from a geomagneti model, there an be disagreementsbetween investigators regard to whih one they use.The transformations desribed in the following paragraph are presented as matries,whih are either a simple rotation matrix (a rotation of angle ζ about one of theprinipal axes) or are the produts of simple rotation matries (HAPGOOD, 1992).These simple matries have only two degrees of freedom and so only two parametersare needed to speify the nine terms in the matrix. These two terms an be therotation angle and the name of the rotation axis: X , Y or Z.
EM = 〈ζ, axis〉and speify a produt matrix as

T = EM1EM2 = 〈ζ1, axis1〉 ∗ 〈ζ2, axis2〉.Inversion is straightforward:
E−1

M = 〈−ζ, axis〉
T−1 = E−1

M2E
−1
M1 = 〈−ζ2, axis2〉 ∗ 〈−ζ1, axis1〉Thus, for a rotation angle ζ about the Z axis we obtain the matrix shown below:

〈ζ, Z〉 =







cos ζ sin ζ 0

− sin ζ cos ζ 0

0 0 1





For two vetors (Xse, Yse, Zse), (Xsm, Ysm, Zsm) in GSE and GSM oordinatesrespetively, the matrix of oordinates transform is T3 = −〈ψse−sm, X〉 (HAPGOOD,
37



1992), then:
Xsm = Xse

Ysm = Yse cosψse−sm − Zse sinψse−sm

Zsm = Yse sinψse−sm + Zse cosψse−smWhere ψse−sm lies between +90◦ and −90◦ and is the angle between the GSE Z axisand projetion of the magneti dipole axis on the GSE Y Z plane (i.e. the GSM Zaxis) measured positive for rotation towards the GSE Y axis. It an be alulatedby:
ψse−sm = arctan

ye
ze
.the values of ye and ze are obtained (HAPGOOD, 1992) from an unit vetor:

Qe =







xe

ye

ze





desribing the dipole axis diretion in the GSE oordinate system. This diretion isusually de�ned in the GEO oordinate system as (HAPGOOD, 1992):
Qg =







cosφg cos λg

cosφg cos λg

sinφg





where φg and λg are the geoentri latitude and longitude of the dipole North geo-magneti pole. These may be derived from the �rst order oe�ients of the Inter-national Geomagneti Referene Field (IGRF) (FRASER-SMITH, 1987), eventuallyadjusted to the time of interest. Longitude is given by:
λg = arctan

h11
g11where, in pratie, λ must lie in the fourth quadrant. The latitude is given by:

φg = 90◦ − arctan
g11 cosλg + h11 sinλg

g0138



Hapgood (1992) used the matrix arithmeti to obtain Qe:
Qe = T2T

−1
1 Qg (3.1)with,

T1 = 〈θ, Z〉 =







cos θ sin θ 0

− sin θ cos θ 0

0 0 1





This matrix orresponds to a rotation in the plane of the Earth's geographi equatorfrom the First Point of Aries to the Greenwih meridian. The rotation angle θ is theGreenwih mean sidereal time:
θ = 100.461 + 36000.770T0 + 15.04107UT

T0 is the time Julian enturies (36525 days) from 12 : 00 UT on 1 January 2000(known as epoh 2000) to the previous midnight:
T0 =

MJD − 51544.5

36525.0
,time is there spei�ed by modi�ed Julian date (MJD), whih is the time measuredin days from 00 : 00 UT on 17 November 1858 (Julian date 2400000.5). Hapgood(1992) used only the integer part of MJD, i.e. the value at 00 : 00 UT on the day ofinterest. For some appliations it is also neessary to give the time within the dayas Universal Time in hours (UT). It is also neessary to onsider the explanation ofHapgood (1992), i.e. Universal Time is di�erent from oordinated Universal Time(UTC) whih is the time sale usually used for data reording. UTC is atomi timeadjusted by an integral number of seonds to keep it within 0.6 s of UT. Where thedi�erene between UT and UTC may be negleted. The apparent position of theSun is alulated using yet another time sale: terrestrial dynamial time or TDT.For example, the di�erene between UT and TDT is 57 s in 1991, may also benegleted.

T2 is alulated as (HAPGOOD, 1992):
T2 = 〈λ⊙, Z〉 ∗ 〈ε,X〉 =







cos λ⊙ sinλ⊙ cos ε sin λ⊙ sin ε

− sinλ⊙ cosλ⊙ cos ε cosλ⊙ sin ε

0 − sin ε cos ε
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These two matries orrespond to:a) rotation from the Earth's equator to the plane of the elipti;b) rotation in the plane of the elipti from the First Point of Aries to theEarth-Sun diretion.Where ε is the obliquity of the elipti
ε = 23.439− 0.013T0,and λ⊙ is the Sun's elipti longitude:

λ⊙ = ∧+ (1.915− 0.0048T0) sinM + 0.020 sin 2MM is the Sun's mean anomaly and ∧ its mean longitude:
M = 357.528 + 35999.050T0 + 0.04107UT

∧ = 280.460 + 36000.772T0 + 0.04107UTThe �nal expression to alulate xe, ye and ze is obtained substituting into theEquation 3.1. (Hapgood (1992) do not show these alulations but we arrived at theexpressions:
Qe =







xe

ye

ze






=







cos θ cosλ cosλ⊙ cosφ− cos ε cosφ sin θ sinλ⊙

cos θ sinλ cosλ⊙ cos φ cos ε− cos λ cosφ sin θ sinλ⊙

cos ε sinφ






(3.2)

3.3 The ACE Magneti Field Instrument (MAG)The spaeraft ACE2 was launhed on a MDonnell-Douglas Delta II 7920 launhvehile on August 25, 1997 from the Kennedy Spae Center in Florida. From itsloation ACE has a prime view of the solar wind, IMF and higher energy parti-les aelerated by the Sun, as well as partiles aelerated in the Heliosphere andthe galati regions beyond. The ten experiments onboard of ACE are shown inFigure 3.1. We show a desription of these instruments in Table 3.1.2ACE spaeraft 2011 home page: http://www.srl.alteh.edu/ACE/ae_mission.html.40



Figure 3.1 - The piture show all ACE instruments.SOURCE: ACE spaeraft 2011 home page.
Table 3.1 - The ten instruments on board of ACE. In red the instruments used in thisthesis.Instrument DesriptionCRIS Cosmi Ray Isotope SpetrometerSIS Solar Isotope SpetrometerULEIS Ultra Low Energy Isotope SpetrometerSEPICA Solar Energeti Partile Ioni Charge AnalyzerSWIMS Solar Wind Ions Mass SpetrometerSWICS Solar Wind Ion Composition SpetrometerEPAM Eletron, Proton and Alpha MonitorSWEPAM The Solar Wind Eletron, Proton and Alpha MonitorRTSW Real-Time Solar Wind DataMAG Magneti Field ExperimentSOURCE: http : //www.ssg.sr.unh.edu/mag/ace/otherinstruments.htm.
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The ACE Magneti Field Experiment (MAG) (SMITH et al., 1998) establishes thetime-varying, large-sale struture of the interplanetary magneti �eld (IMF) nearthe L1 point as derived from ontinuous measurement of the loal �eld at the spae-raft. It is the prinipal instrument used in this thesis. The ACE MAG instrument isthe reonditioned �ight spare of the WIND/MFI experiment (LEPPING et al., 1995).The only hanges made to the unit were to aommodate the ACE data bus (theMFI I/O board was replaed) and to hange the sampling rate of the instrument sothat it better met the telemetry alloation for ACE (down from 44 vetor s−1 forWIND to 24 vetor s−1 for ACE). The WIND/MFI and ACE/MAG instruments arebased on the magnetometers previously developed for the Voyager, ISPM, GIOTTO,Mars Observer, and Mars Global Surveyer missions whih represent state-of-the-artinstruments with unparalleled performane.Table 3.2 summarizes the prinipal harateristis of this instrument. The basion�guration onsists of twin, wide-range (0.001 to 65, 536 nT ) triaxial �uxgatemagnetometers mounted on two deployable, titanium booms, a 12 − bit resolution
A/D onverter system and a miroproessor ontrolled data proessing and ontrolunit (DPU). Both magnetometer sensors are deployed 4.19 meters from the enterof the spaeraft along the ±Y axes of the spaeraft.A triaxial magnetometer is thus reated when three single axis sensors are arrangedin an orthogonal on�guration and three sets of signal proessing eletronis areused to produe three output voltages proportional to the orthogonal omponentsof the ambient magneti �eld. This enables the study of the physis of the �ne-salestruture of shok waves diretional disontinuities boundary strutures inludingthose of CMEs, magneti louds, urrent sheets, and CIRs. And other transientphenomena assoiated with the aeleration and modulation of energeti hargedpartile populations, as well as the dissipation range of IMF �utuations. And othervarious wave modes and non-oherent �utuations ourring regularly in the SW.3.4 IMF DatasetIn this work we use data from the IMF GSM-omponents with time resolution of
16 s. We work with 41 of 80 events (73 MCs and 7 loud andidate) identi�ed byHuttunen et al. (2005). These events in hronologial order are shown in Table A.1.The olumns from the left to the right give: a numeration of the events, year, shok42



Table 3.2 - Summary of instrument harateristis.Instrument Charateristis DesriptionInstrument type Twin, triaxial �uxgate magnetometers(boom mounted)Dynami ranges (8) ±4 nT (Range 0); ±16 nT (Range 1);
±64 nT (Range 2); ±256 nT (Range 3);
±1024 nT (Range 4); ±4096 nT (Range 5);
±16, 384 nT (Range 6); ±65, 536 nT (Range 7)Digital Resolution (12-bit) ±0.001 nT (Range 0); ±0.004 nT (Range 1);
±0.016 nT (Range 2); ±0.0625 nT (Range 3);
±0.25 nT (Range 4); ±1.0 nT (Range 5);
±4.0 nT (Range 6); ±16.0 nT (Range 7)Bandwidth 12 HzSensor noise level < 0.006 nT RMS, 0− 10 HzSampling rate 24 vetor samples/s in snapshot memory and
3, 4 or 6 vetor samples/s ontinuous data streamSignal proessing FFT Proessor, 32 logarithmially spaed hannels,
0 to 12 Hz. Full spetral matries generated every
80 seonds for four time series (Bx, By, Bz, |B|)FFT windows/�lters Full despin of spin plane omponents, 10% osinetaper, Hanning window, �rst di�erene �lterFFT dynami range 72 dB, µ−Law log-ompressed, 13−bit normalized to
7−bit with signSensitivity threshold ∼ 0.5× 10−3 nT/Hz in Range 0Snapshot memory apaity 256 KbitsTrigger modes (3) Overall magnitude ratio, diretional max.-min.peak-to-peak hange, Spetral inrease arossfrequeny band (RMS)Telemetry modes Three, seletable by ommandMass Sensors (2): 450 g totalEletronis (redundant): 2100 g. totalPower onsumption 2.4 watts, eletronis - regulated 28 Volts ±2%
1.0 watts, heaters- unregulated 28 VoltsSOURCE: Smith et al. (1998).
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time (UT), MC start time (UT), MC end time (UT), and the end time (UT) of thethird region respetively.It is onvenient to inform here that a total of 17 events are not treated in this work,listed in Table A.3. The reason is that the ACE data before about the end of 1997were not quali�ed for researh uses. Huttunen et al. (2005) used for this initial periodthe measurements reorded by the satellite WIND. The Magneti Field Instrument(MFI) onboard WIND is omposed of dual triaxial �uxgate magnetometers. Due toresult omparisons, we avoid mixing in the analyses data from di�erent satellites.Other problem is that the WIND data available in averages present 3 s, 1 min, and
1 h time resolution, a worse data resolution than the one used by us from ACE.The events of MCs not assoiated with shok waves are not applied to de�ne an anal-ysis methodology. They are presented in Table A.4. The purpose with this seletionin this exploratory study is to deal with the ases presenting the three periods (learPre-MC, MC and Pos-MC). So, with the well de�ned MC ases, the assumption is tounravel objetively the magnetially quiesent interval related to the MC period. Ifthere are signi�ant di�erenes of the tools features among the periods, then thesestools an be used to identify MCs in more lear bases. Other solar wind disturbanesthen MCs are not studied here.Table A.5 presents 4 MCs that we have used during validation of some tehniquesas useful tools to identify MC regions. The above MCs was identi�ed by Huttunenet al. (2005). We have seleted ten days from SW data around the MCs. Also, othertwo ases were seleted and a total of 6 SW intervals have been studied. Table A.6presents the dates of above intervals. The intervals are presented in the order thatit appear in this thesis (Chapters 5 and 6).The Solar Wind Eletron, Proton, and Alpha Monitor (SWEPAM) (MCCOMAS etal., 1998) measures the SW plasma eletron and ion �uxes (rates of partile �ow)as funtions of diretion and energy (MCCOMAS et al., 1998). The data ontain timeaverages of SW parameters over time periods 64 s (ion data only), 128 s (eletrondata only), hourly (all data), daily (all data) and 27 days (all data). The aboveinstruments provided the measurements used in this work. Thus, magneti �eld andplasma data, with 5min or 1 h of time resolution, are used.The IMF and solar wind plasma data used in this work orrespond to events from two44



main lists of interplanetary phenomena. One is the MC identi�ation by Huttunenet al. (2005), where there are a event number, year, shok time (UT), MC start time(UT) and MC end time (UT) respetively. The other is the Cane and Rihardson(2003)'s summarization of the ourrene of ICMEs reorded in the SW that reahedthe Earth during 1996−2002, orresponding to the inreasing and maximum phasesof solar yle 23. They give a detailed list of suh events based on in situ observations.In summary, we only work with data measurements using two instruments onboardof ACE, MAG and SWEPAM, but di�erent time resolutions will be used.
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4 PHYSICAL-MATHEMATICAL TECHNIQUESIn order to ful�ll theoretial requirements related to this work, an objetive reviewon all physial-mathematial tehniques is presented. The tehniques are: spatio-temporal entropy, persistene exponents, disrete wavelet transform, minimum vari-ane analysis, Grad-Shafranov reonstrution, and detetion of urrent sheets. Atable ompiling the main harateristis of the tehniques is presented (see Setion4.8).4.1 The entropy onepts in Reurrene PlotA summary of the ideas expressed in the Eugene Kononov's Visual ReurreneAnalysis (VRA) software (VRA v4.7 http://nonlinear.110mb.om/vra/) about re-urrene plots (RPs) is presented. In order to present the ideas, some �gures are usedto guide the desription. Figure 4.1 (left panel) shows a reurrene plot (RP) for asimple sine wave, using the data �le just inluded in VRA software. In it organizedpatterns of olor harateristis are shown for the periodial signal. In order to allowa omparative view, a RP of white noise is shown in Figure 4.1 (right panel), withthe data �le also inluded. With a di�erent result, an uniform distribution of olorharateristis is notied for the random signal.

Figure 4.1 - Reurrene plot using a data �les inluded with VRA software. (left panel)In the RP organized patterns of olor harateristis are shown for a periodisignal; sine wave with STE = 0%. (right panel) In the RP an uniform distri-bution of olor harateristis is shown for a random signal, white noise with
STE = 80%. 47



In the RPs a one-dimensional time series from a data �le is expanded into a higher-dimensional spae, in whih the dynami of the underlying generator takes plae.This is done by a tehnique alled �delayed oordinate embedding�, whih rereatesa phase spae portrait of the dynamial system under study from a single (salar)time series. To expand a one-dimensional signal into an M-dimensional phase spae,one substitutes eah observation in the original signal X(t) with vetor (y(i) =

{x(i), x(i− d), x(i− 2d), · · · , x(i− (m− 1)d)}), where i is the time index, m is theembedding dimension, d is the time delay. As a result, we have a series of vetors
Y = y(1), y(2), y(3), · · · , y(N − (m− 1)d), where N is the length of the originalseries 1.With suh reonstrution it is possible to reprodue the original system states ateah time where we have an observation of that system output. Eah unknownstate Z(t) at time t is approximated by a vetor of delayed oordinates Y (t) =

x(t), x(t− d), x(t− 2d), · · · , x(t− (m− 1)d. After the Eulidean distanes betweenall vetors are alulated, they are mapped to olors from the pre-de�ned olor mapand are displayed as olored pixels in their orresponding plaes (see Figure 4.1 (leftpanel), for example). The RP is a graphial representation of a orrelation integral.The important distintion (and an advantage) is that the RP, unlike the orrelationintegrals, preserve the temporal dependene in the time series, in addition to thespatial dependene.In RPs, if the underlying signal is truly random and it has not struture, the distri-bution of olors is uniform and does not have any identi�able patterns (see Figure 4.1(right panel), for example). There is some determinism in the signal generator, whihan be deteted by some distintive olor distribution. For example, hot olors (yel-low, red, and orange) an be assoiated with small distanes between the vetors,while others olors (blue, blak) may be used to show large distanes. In this printedwork olors are notied as a grey pattern (from white to blak). Therefore one anvisualize and study the motion of the system trajetories and infer some harater-istis of the dynamial system that generated the time series. Also, the length ofdiagonal line segments of the same olor on the RP brings an idea about the signalpreditability. But, RP is mostly a qualitative tool. For random signals, the uniform(even) distribution of olors over the entire RP is expeted. So for the purpose ofomparison in Figure 4.1 (left panel) the RP of a stritly periodi signal is plotted1see http://www.visualization-2002.org/VRA_Main_Desription_.html48



and in Figure 4.1 (right panel) the RP from a white noise is shown.The RP is a visual tool for the investigation of temporal reurrene in phase spae(TAKENS, 1981). With the purpose of reahing a quantitative tool in this work, abrief review about some methods to alulate the entropy in the RP and the phasespae is presented here.The alulation of the spatio-temporal entropy, alled in short way as STE was usedto measures the image �struturedness� in a bidimensional representation, i.e., bothin �spae� and time domains. Its implementation in VRA software is to quantifythe order found in RPs. In physial terms, this quantity ompares the distributionof distanes between all pairs of vetors in the reonstruted state spae with thatof distanes between di�erent orbits evolving in time. The result is normalized andpresented as a perentage of �maximum� entropy (randomness). When the entropyhas a value of 100% it means the absene of any struture whatsoever (uniformdistribution of olors, pure randomness, seen in Figure 4.1 (right panel)). On theother hand, 0% of entropy implies �perfet� struture (distint olor patterns, perfet�struturedness� and preditability, seen in Figure 4.1 (left panel)).Reurrene is the most important feature of haoti systems (ECKMANN et al., 1987).The popularity of RPs lies in the fat that their strutures are visually appealing,and that they allow the investigation of high dimensional dynamis by means of asimple two-dimensional plot (FACCHINI et al., 2009). For a better understanding andquanti�ation of the reurrenes, Webber and Zbilut (1994) have proposed a set ofquanti�ation measures, whih are mainly based on the statistial distribution of theline strutures in the RP. Reurrene quanti�ation analysis (RQA) is a nonlineartehnique used to quantify the information supplied by a RP (WEBBER; ZBILUT,1994; ZBILUT; WEBBER, 1992). Reurrene variables are alulated from the uppertriangular area of the reurrene plot, exluding the entral diagonal, beause theplot is symmetrial about the main diagonal. The RQA an be used as a tool for theexploration of bifuration phenomena and dynamis hanges also in nonstationaryand short time series. The entropy (ENT) is one of the reurrene variables of theRQA method. It is the Shannon information entropy for the distribution probabilityof the diagonal lines. That is:
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ENT = −
Lmax
∑

k=Lmin,p(k)6=0

p(k)log2(p(k)), (4.1)where Lmin is the minimum length of diagonal lines in RP and
p(k) =

number of diagonal lines of length k in RPnumber of diagonal lines in RP . (4.2)The ENT an be alulated using the VRA software; but it should not be onfusedwith the STE.Little et al. (2007) developed a Reurrene Period Density Entropy (RPDE) method,�rst it requires the embedding of a time series in phase spae, whih, aording toTaken's embedding theorems, an be arried out by forming time-delayed vetorsfor eah value xn in the time series. Then, around eah point in the embedded phasespae, a reurrene neighbourhood of radius ǫ is reated. All reurrenes into thisneighbourhood are traked, and the time interval T ′ between reurrenes is reordedin a histogram. This histogram is normalized to reate an estimate of the reurreneperiod density funtion p(T ′). The normalized entropy of this density is the RPDEvalue Hnorm (LITTLE et al., 2007).
Hnorm = −(lnT ′

max)
−1

T ′

max
∑

t=1

p(t)lnp(t). (4.3)The RPDE value is a salar in the range zero to one. For purely periodi sig-nals, Hnorm = 0 (STE=0%) whereas for purely uniform white noise, Hnorm = 1(STE=100%). However, estimates obtained with this tehnique (RPDE) are di�er-ent from those obtained with the STE.Dasan et al. (2002) report an analysis, using the tools of nonlinear dynamis andhaos theory, of the �utuations in the stress determined from simulations of shear�ow of Stokesian suspensions. They also omputed the STE using VRA for thestress. The alulated values of the STE for the shear and normal stresses werenearly zero, showing perfet struture in the data. They observed de�nite struturein the phase-spae plot of the stress omponents (DASAN et al., 2002). They itedthe works of Peaok (1983), Carr and Shwartz (1998). Peaok (1983) presenteda two-dimensional analogue of Kolmogorov-Smirnov test, useful for analysing the50



distribution of data in two dimensions, as is the RP. Carr and Shwartz (1998) in-vestigated the �utuation phenomena in plasmas that often needs the analysis ofspatio-temporal signals. It was shown how suh signals an be analyzed using thebiorthogonal deomposition, whih splits them into orthogonal spatial and tempo-ral modes. Several parameters allow one to quantify the weight distribution in thebiorthogonal deomposition. The total energy of spatio-temporal signal is found tobe equal to the sum of the eigenvalues, αm:
E(u) =

N
∑

m=1

α2
m. (4.4)They an de�ne the relative energy of the mth struture as

Em(u) =
α2
m

E(u)
, (4.5)and the entropy of the spatio-temporal signal u(t, j) is de�ned as

H(u) = − 1

logN

N
∑

m=1

Em(u)logEm(u). (4.6)It desribes how the energy is distributed aross the Ns signi�ant strutures. Signalwhose energy is onentrated in a single struture suh that Ns = 1 will have verylow entropy H(u) = 0, or H(u) = 1, if the energy is distributed equally among the
Ns signi�ant strutures. Further, the results will be presented in this work showsthe usefulness of STE implemented by Eugene Kononov's software to study MCs.4.2 Persistene analysis in time seriesIn this work the persistene analysis has been used to study IMF time series. Thepurpose throughout this setion is to review the physial- mathematial onepts ofthese tools.The main attributes of a time series inlude the statistial distribution of valuesin the signal and the autoorrelations (interpreted as the memory or persistene)between values. Positive values of autoorrelation funtion, rk = Ck/C0, indiatepersistene while negative value indiate antipersistene. For example, if eah valuein a time series is hosen randomly, Gaussian white noise, all values are independent51



of other values, there are no orrelations and the persistene is zero. The runningsum of a Gaussian white noise results in a Brownian motion. It is an example ofa time series that exhibits long-range persistene, eah value in the time series hasa orrelation with all other values. The persistene of values with respet to eahother an be strong, weak, or nonexistent. A strong orrelation implies a �memory�of previous values in the time series. To study the long-range persistene in time se-ries semivariograms, resaled-range, detrended �utuation analysis, Fourier spetralanalysis, and wavelet variane analysis ould be used respetively (e.g. Malamudand Turotte (1999)).A statistially self-similar fratal is by de�nition isotropi. A formal de�nition ofa self-similar fratal in two-dimensional xy-spae is that f(rx, ry) is statistiallysimilar to f(x, y), where r is a saling fator. This result is quanti�ed by the fratalrelation Ni ∼ r−D
i where the number of objets, Ni, and the harateristi lineardimension, ri, are related by a power law, and the onstant exponent, D, is thefratal dimension (TURCOTTE, 1997).A statistially self-a�ne fratal is generally not isotropi, the x and y oordinates ansale di�erently. A de�nition of a self-a�ne fratal (Mandelbrot, 1983; VOSS, 1985a)in a two-dimensional xy-spae is that f(rx, rHay) is statistially similar to f(x, y)where the Hausdor� exponent Ha = 2−D is a onstant (e.g. Malamud and Turotte(1999)). For the speial ase where Ha = 1, the self-a�ne fratal is also self-similar.The lassi example of a self-a�ne time series is a Brownian motion.The power spetrum of a time series is the Fourier transform of the autoorrelationfuntion. The power spetrum (PRIESTLEY, 1981), a measure of long-range persis-tene and antipersistene, is used frequently in the analysis of geophysial time series(e.g. Pelletier and Turotte (1999)). A plot of power-spetral density (PSD) funtion

S(f) vs f (frequeny) is known as a periodogram. For a time series that is self-a�ne,the power spetral density is de�ned (e.g. Voss (1985b)) to have a power-law depen-dene on frequeny S(f) ∼ f−β. The value of β, the slope of the best-�t straight lineto log(S(f)) vs log(f), is a measure of the strength of persistene or antipersistenein a time series. Using a derivation from Voss (1986), we an obtain a relationshipbetween the power β, the Hausdor� exponent Ha, and the fratal dimension D:
β = 2Ha + 1 = 5− 2D52



For a self-a�ne fratal (0 ≤ Ha ≤ 1, 1 ≤ D ≤ 2), we have 1 ≤ β ≤ 3. For aBrownian motion with Ha = 1/2, D = 3/2 we have β = 2. Although Ha, theHausdor� exponent, is only appliable for self-a�ne time series from 0 ≤ Ha ≤ 1,the spetral-power exponent, β, is a measure of the strength of persistene whihis valid for all β, not just 1 ≤ β ≤ 3. For self-a�ne time series a white noise has
β = 0, an antipersistent time series has β < 0 and persistent time series has β > 0.An alternative measure of a self-a�ne time series is that the semivariogram, γk, salewith k, the lag, suh that γk ∼ k2Ha (MANDELBROT; NESS, 1968) i.e.,

γk =
1

2(N − k)

N−k
∑

n=1

(yn+k − yn)
2.For the unorrelated Gaussian white noise (β = 0), the semivariogram is about

γk = 1, the same as the variane, Va = 1. For β = 1, 2, and 3, exellent orrelationsare obtained with γk ∼ k2Ha , see pag 40 of Malamud and Turotte (1999).Following Malamud and Turotte (1999) is possible read that other alternativemethod to measure the persistene in time series was developed by Hurst (1951),Hurst et al. (1965). They studied the Nile River �ow as a time series and introduedempirially the onept of resaled-range (R/S) method used to alulate the salingexponent (Hurst exponent), Hu, to give quantitative measure of the persistene ofa signal. Hurst (1951), Hurst et al. (1965) found empirially that many data sets innature satisfy the power-law relation:
[

R(τ)

S(τ)

]

av

=
(τ

2

)Hu (4.7)where the suessive subintervals τ varies over all N values in the time series, yn.The running sum, ym, of the time series, yn, relative to its mean is:
ym =

m
∑

n=1

(yn − yN ). (4.8)The range is de�ned by RN = (ym)max − (ym)min with SN = σN where yN and σNare the mean and standard deviation of all N values in the time series, yn. TheR/S analysis is a statistial method to analyse long reords of natural phenom-ena (VANOUPLINES, 1995). 53



Following Tapiero and Vallois (1996) a white noise (β = 0) is a random proessthat has adjaent values whih are unorrelated, it is appropriate to onlude that
Hu = 0.5 implies a time series that is unorrelated. It follows that 0.5 < Hu ≤ 1.0implies persistene and that 0 ≤ Hu < 0.5 implies antipersistene. This would implythat (TAPIERO; VALLOIS, 1996; MALAMUD; TURCOTTE, 1999):

β = 2Hu − 1 = 2Ha + 1 (4.9)The Equation 4.9 only has a small validation region, see Figure 4.2 (a) and (b) fromMalamud and Turotte (1999). This result should be onsidered when an exponentis derived from another.(a) (b)

Figure 4.2 - (a): For a frational Gaussian noises and frational Brownian motions, βpower spetrum has the range −3 < β < 3. The dependene with the Hurstexponent is not a linear funtion for all values. The straight-line orrelationis with the relation β = 2Hu − 1. (b) is similar to (a), the dependene of theHausdor� exponent versus β is shown.SOURCE: Malamud and Turotte (1999) (Figures 17 and 25).The detrended �utuation analysis (DFA) was introdued by Peng et al. (1994).Also this tool ould be used to study persistene on IMF time series.The �utuation funtion F (L) is onstrut over the whole signal at a range of dif-ferent window size L where F (L) ∼ Lα. The obtained exponent, α, is similar tothe Hurst exponent, but it also may be applied to signal whose underlying statistis(suh as mean and variane) or dynamis are non-stationary. It is related to measure54



based upon spetral tehniques suh as autoorrelation and Fourier transform. DFAmeasures saling exponents from non-stationary time series for determining the sta-tistial self-a�nity of an underlying dynamial non-linear proess (e.g. Veronese etal. (2011)). It is useful for haraterizing temporal patterns that appear to be due tolong-range memory stohasti proesses. A detailed desription of this method, stepby step, see Peng et al. (1994), Baroni et al. (2010), Veronese et al. (2011), Little etal. (2006).Based on the Wiener-Khinhin theorem (KAY; MARPLE, 1981), it is possible to showthat the two exponents β (from PSD) and α (from DFA) are related by:
β = 2α− 1. (4.10)For frational Brownian motion we have 1 ≤ β ≤ 3, and then 1 ≤ α ≤ 2. Theexponent of the �utuations an be lassi�ed aording to a dynami range val-ues (KANTELHARDT et al., 2002; BASHAN et al., 2008; ZHENG et al., 2008):

• α < 1
2
: anti-orrelated, antipersistene signal.

• α ∼= 1
2
: unorrelated, white noise, no memory.

• α > 1
2
: long-range persistene.

• α ∼= 1 : 1/f-noise or pink noise.
• α > 1: non-stationary, random walk like, unbounded.
• α ∼= 3

2
: Brownian noise.There are di�erent orders of DFA. In general, DFAn, uses polynomial �ts of ordern (BULDYREV et al., 1995). DFA1 (used in this work) only removes onstant trends inthe time series. The Hurst R/S analysis also removes onstants trends in the originalsignal and it is equivalent to DFA1. E�et of trends on DFA were studied in Hu etal. (2001) and the relation to the power spetrum method is presented in Heneghanand MDarby (2000). Veronese et al. (2011) showed that DFA method is espeiallyuseful for short reords of stohasti and non-linear proesses.55



4.3 Wavelet TransformThe mathematial property hosen in this work is the statistial mean of the waveletoe�ients obtained by applying the Disrete Wavelet Transform (Daubehies sale�lters order 2, db2). The analysis is done using the omponents of the IMF asreorded by the instruments of the Magneti Field Experiment (MAG) onboardof the ACE S/C at the L1 point. Therefore, our interest is to study the waveletoe�ients behavior for diagnose of disturbane level in interval of the SW dataontaining the MC ourrenes.The Wavelet theory was proposed by Morlet and his ollaborators in the 1980s (MOR-LET, 1983; GROSSMANN; MORLET, 1984; GOUPILLAUD et al., 1984). The WaveletTransform is a modern tool with many appliations: time series analysis (autoor-relation, persistene, series with gaps, et); lean signal; image �ltering and om-pression; numerial solution of di�erential equations; useful in all areas of siene(JAFFARD et al., 1987; MENEVEAU, 1991; FARGE, 1992; FRICK et al., 1998; VAN DENBERG, 2004; DOMINGUES et al., 2005; VAN YEN et al., 2010; CASTILHO et al., 2012;DOMINGUES; KAIBARA, 2012). This transform an be used in the analysis of non-stationary signals to obtain information on the frequeny or sale variations of thosesignals and to detet their strutures loalization in time and/or in spae. The lastproperties are not possible to be reognized with Fourier transform, where the pres-ene of involved frequenies is deteted.The Disrete Wavelet Transform (DWT) is a linear multilevel e�ient transform thatis very popular in data ompression (HUBBARD, 1997). Mathematially, this trans-form is built based on a multisale tool alled Multiresolution analysis {V j,Φ} ∈ L2proposed by S. Mallat (see details in Mallat (1989)), where Φ is a sale funtion,
V j = span{Φj

k}k=0,··· ,2j0−j−1, and L2 is the funtional spae of the integrable squarefuntions. The DWT uses disrete values of sale (j) and position (k), where j0 isthe number of the deomposed levels.The great ontribution of wavelet theory is the haraterization of omplementaryspaes between two embedded spaes V j+1 ⊂ V j , through diret sums V j = V j+1⊕
W j+1, where W j = span{Ψj

k}k=0,··· ,2j0−j−1 with Ψ the wavelet funtion.Mallat also developed an e�ient and very simple way to ompute this multileveltransform based on �lter banks. With this tool, one an ompute the so alled56



disrete sale oe�ient cjk and wavelet oe�ient djk assoiate with disrete values ofsale j and position k. Roughly speaking, the basi ingredients to ompute one levelstep of this transform are the low �lter (h) related to the analyzing sale funtion andits relation with the high-pass �lter (g) related to the analyzing wavelet funtion.These �lters are used to ompute the sale oe�ients and the wavelet oe�ientsas follows:
cjk =

√
2
∑

m

h(m− 2k)cj+1
m (4.11)and

djk =
√
2
∑

m

g(m− 2k)cj+1
m . (4.12)The multilevel transform is done repeating reursively this proedure: onvolute thesale oe�ients with the �lter and performing the downsampling proedure, i.e.,removing one data point between two. Therefore in eah sale deomposition levelsthe number of data is redued by two. Follows a sheme for the DWT and its inverse(IDWT),

{c j+1}
DWT

⇄
IDWT

{cj, dj, dj−1 · · · , dj−j0}The initial data is onsider the �rst level sale oe�ient cj+1.The wavelet oe�ients have the property that their amplitude are related to theloal regularity of the analyzed data (DAUBECHIES, 1992; MALLAT, 1989). Thatmeans, where the data has a smooth behavior, the wavelet oe�ients are smaller,and vie-versa. This is the basi idea of data ompression and the appliation weare doing here. The wavelet oe�ient amplitudes are also related to the analysingwavelet order and the sale level.There is not a perfet wavelet hoie for a ertain data analysis. However, one anfollow ertain riteria to provide a good hoie (see, for instane, Domingues et al.(2005)).On this work, we hoose the Daubehies saling funtion of order 2, with the hoiethat the wavelet funtion reprodues loally a linear polynomial. On one hand, highorder analyzing Daubehies funtions are not adding a better loal reprodution ofthe MC disturbane data. And on the other hand, the analyzing funtion of order 1does not reprodue well these disturbanes loally.57



We also observe that just one deomposition level is enough for the energy analysismethodology that we propose here, it orresponds to a pseudo-period of 48 seonds.The pseudo-period is Ta = (a∆)/Fc where a = 2j is a sale, ∆ = 16 s is the samplingperiod, Fc = 0.6667 is the enter frequeny of a wavelet in Hz (ABRY, 1997)2. InTable 4.1, as a test, some deomposition levels and the Daubehies saling funtionof order 1 to 4 are shown where Fc = [0.9961, 0.6667, 0.8000, 0.7143]. Pseudo-periods (seonds) regarding to the Daubehies orthogonal wavelets are presented. Italso shows that the information here ould be useful for studying �utuations withdi�erent frequenies, not done in this work.Table 4.1 - Pseudo-period (seonds) regarding the Daubehies orthogonal wavelets. In thiswork ∆t = 16 s, j = 1 and db2 then pseudo-period is 48.0 seonds. The infor-mation here ould be useful for studying �utuations with di�erent frequenies.Level Order
j 1 2 3 41 32.1 48.0 40.0 44.82 64.3 96.0 80.0 89.63 128.5 192.0 160.0 179.24 257.0 384.0 320.0 358.45 514.0 768.0 640.0 716.8The non zero values of the low �lter h for Daubehies order 2 analysing wavelet are

[h0, h1, h2, h3] = [0.4829629131445, 0.8365163037378,

0.2241438680420,−0.1294095225512]and [g0, g1, g2, g3] = [h0,−h1, h2,−h3] is the high-pass band �lter (see page 195 inDaubehies (1992)).The orthogonal property is very important here, beause with it, we an guaranteea preserving energy property in the wavelet transform similarly to the Parsevaltheorem for Fourier analysis (DAUBECHIES, 1992). Therefore the total energy of thesignal is equal to the superposition of the individual ontributions of energy of theirwavelet oe�ient in eah deomposition level (HOLSCHNEIDER, 1991).2omputed with sal2frq.m, http://www.mathworks.om/help/wavelet/ref/sal2frq.html58



Example:Let f ∈ L2 and j0 = Log28 = 3 (quantity of deomposition levels), shows thedeomposition using Multiresolution analysis.The �rst deomposition level of f is: V 0 = V 1 ⊕W 1, where V 1 = {Φ1
0,Φ

1
1,Φ

1
2,Φ

1
3}and W 1 = {Ψ1

0,Ψ
1
1,Ψ

1
2,Ψ

1
3} then

f = < f,Φ1
0 > Φ1

0+ < f,Φ1
1 > Φ1

1+ < f,Φ1
2 > Φ1

2+ < f,Φ1
3 > Φ1

3+

< f,Ψ1
0 > Ψ1

0+ < f,Ψ1
1 > Ψ1

1+ < f,Ψ1
2 > Ψ1

2+ < f,Ψ1
3 > Ψ1

3 (4.13)The inner produts < f,Φj
k >= cjk are alled saling oe�ients, and inner produts

< f,Ψj
k >= djk are alled wavelet oe�ients, when is performed the deompositionby levels. Thus, the above equation ould be written as

f =c10Φ
1
0 + c11Φ

1
1 + c12Φ

1
2 + c13Φ

1
3+

d10Ψ
1
0 + d11Ψ

1
1 + d12Ψ

1
2 + d13Ψ

1
3 (4.14)As desribed before, the wavelet oe�ients at the �rst level used here are alled as

d1 ≡ d1, i.e., for this ase d1 = (d10, d
1
1, d

1
2, d

1
3).The seond deomposition level is: V 0 = V 2 ⊕W 2 ⊕W 1, where V 2 = {Φ2

0,Φ
2
1} and

W 2 = {Ψ2
0,Ψ

2
1} then

f = < f,Φ2
0 > Φ2

0+ < f,Φ2
1 > Φ2

1+ < f,Ψ2
0 > Ψ2

0+ < f,Ψ2
1 > Ψ2

1+

< f,Ψ1
0 > Ψ1

0+ < f,Ψ1
1 > Ψ1

1+ < f,Ψ1
2 > Ψ1

2+ < f,Ψ1
3 > Ψ1

3, (4.15)
f =c20Φ

2
0 + c21Φ

2
1 + d20Ψ

2
0 + d21Ψ

2
1+

d10Ψ
1
0 + d11Ψ

1
1 + d12Ψ

1
2 + d13Ψ

1
3. (4.16)And the wavelet oe�ients at the seond deomposition level are d2 = (d20, d

2
1).In the last deomposition level the spae V 0 is more re�ned: V 0 = V 3⊕W 3⊕W 2⊕W 1
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with V 3 = {Φ3
0} and W 3 = {Ψ3

0}:
f =c30Φ

3
0 + d30Ψ

3
0 + d20Ψ

2
0 + d21Ψ

2
1+

d10Ψ
1
0 + d11Ψ

1
1 + d12Ψ

1
2 + d13Ψ

1
3. (4.17)The wavelet oe�ient at the third deomposition level is d3 = (d30).4.4 Minimum variane analysis (MVA)In this work, we used the loal Minimum Variane Analysis (MVA) to determinethe diretion of rotation of the magneti �eld inside the MCs and the orientation ofthe MC axis.The minimum variane analysis tehnique (SONNERUP; CAHILL, 1967; SONNERUP;SCHEIBLE, 1998), applied to magneti �eld vetor measured during a spaerafttraveling in transverse orbit to transition layer, is based on an idealized onedimen-sional (∂/∂x = ∂/∂y = 0) model of the layer so that only one of the three termsremains in the Cartesian expression for the divergene of ~B:

∇ · ~B = ∂ ~Bz/∂z = 0. (4.18)In other words, ~Bz is independent of z. Here (x, y, z) is a loal Cartesian oordinatesystem unknown a priori with its z axis pointing along the sought-after vetor, n̂,normal to the layer. It follows from Faraday's law, ∇× ~E = −∂ ~B/∂t, that the �eldomponent ~Bz must also be time independent, ∂ ~Bz/∂t = 0, in suh an idealizedstruture so that a spaeraft traversing it would observe a stritly onstant valueof ~Bz.During the travel of a MC, the magneti �eld vetor ~B is measured N times, at time
t. The average of ~B in the Cartesian oordinates system is:

〈 ~B〉 = 1

N

N
∑

i=1

~Bi = (〈Bx〉, 〈By〉, 〈Bz〉) (4.19)with: ~Bi = (Bi
x, B

i
y, B

i
z).As the estimative of n̂ = (nx, ny, nz), normal diretion, the method identi�es that60



diretion in spae along whih the �eld-omponent set { ~B(i) · ~n} (i = 1, 2, 3, · · · , N)has minimum variane. In other words, n̂ is determined by minimization of variane,
σ2:

σ2 =
1

N

N
∑

i=1

( ~Bi · n̂− 〈 ~B〉 · n̂)2 (4.20)and where the minimization is subjet to the normalization onstraint |n̂|2 = 1. Inmathematial optimization, the method of Lagrange multipliers (named after JosephLouis Lagrange) provides a strategy for �nding the loal maximal and minimal ofa funtion subjet to equality onstraints. Thus, using a Lagrange multiplier, λ, toimplement this onstraint, the Lagrange funtion (∧L) is written as:
∧L(nx, ny, nz, λ) = σ2(nx, ny, nz, Bx, By, Bz)− λ(|nxî+ ny ĵ + nzk̂|2 − 1)and one then seeks the solution of the set of three homogeneous linear equation(SONNERUP; SCHEIBLE, 1998):

∂

∂nx

(

σ2 − λ(|n̂|2 − 1)
)

= 0,

∂

∂ny

(

σ2 − λ(|n̂|2 − 1)
)

= 0,

∂

∂nz

(

σ2 − λ(|n̂|2 − 1)
)

= 0,or
∂σ2

∂nx
= 2λnx ;

∂σ2

∂ny
= 2λny ;

∂σ2

∂nz
= 2λnz (4.21)The Equation 4.20 is rewritten:

σ2 =
1

N

N
∑

i=1

(

nxBx
(i) + nyBy

(i) + nzBz
(i) − (nx〈Bx〉+ ny〈By〉+ nz〈Bz〉)

)2

.The derivative of the funtion σ2 at the points nx, ny and nz is given by:
∂σ2

∂nx

=
2

N

N
∑

i=1

[nxBx
(i)+nyBy

(i)+nzBz
(i)−(nx〈Bx〉+ny〈By〉+nz〈Bz〉)(Bx

(i)−〈Bx〉)]
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∂σ2

∂ny
=

2

N

N
∑

i=1

[nxBx
(i)+nyBy

(i)+nzBz
(i)−(nx〈Bx〉+ny〈By〉+nz〈Bz〉)(By

(i)−〈By〉)]

∂σ2

∂nz
=

2

N

N
∑

i=1

[nxBx
(i)+nyBy

(i)+nzBz
(i)− (nx〈Bx〉+ny〈By〉+nz〈Bz〉)(Bz

(i)−〈Bz〉)]largest where 1
N

∑N
i=1〈Bx,y,z〉 = 〈Bx,y,z〉 and using Equation 4.19:

∂σ2

∂nx
= 2[(〈BxBx〉−〈Bx〉〈Bx〉)nx+(〈BxBy〉−〈Bx〉〈By〉)ny+(〈BxBz〉−〈Bx〉〈Bz〉)nz]

∂σ2

∂ny
= 2[(〈ByBx〉−〈By〉〈Bx〉)nx+(〈ByBy〉−〈By〉〈By〉)ny+(〈ByBz〉−〈By〉〈Bz〉)nz]

∂σ2

∂nz

= 2[(〈BzBx〉−〈Bz〉〈Bx〉)nx+(〈BzBy〉−〈Bz〉〈By〉)ny+(〈BzBz〉−〈Bz〉〈Bz〉)nz].The above equations are substituted in 4.21, the resulting set of three equations anbe written in matrix form as
3
∑

β=1

MB
α,β nβ = λnα (4.22)where the subsripts α, β = 1, 2, 3 denote Cartesian omponents along the x, y, zsystem and

MB
α,β = (〈BαBβ〉 − 〈Bα〉〈Bβ〉) (4.23)is the magneti variane matrix. It is seen from Equation 4.22 that allowed λ valuesare the eigenvalues λ1, λ2, λ3 (given here in order of dereasing magnitude) of

MB
α,β. Sine MB

α,β is symmetri, the aigenvalues are all real and the orrespondingeigenvetors, x̂1, x̂2, x̂3, are orthogonal.In summary, the minimum variane analysis onsists of onstruting the matrixMB
α,βde�ned by Equation 4.23 in terms of the measured �eld data and the Cartesian o-ordinate system in whih the measured data are represented, and then �nding thethree eigenvalues λi, and orresponding eigenvetors x̂i, of the matrix (SONNERUP;SCHEIBLE, 1998). The eigenvetor x̂3 orresponding to the smallest eigenvalue, λ3,is used as the estimator for the vetor normal to the urrent sheet and λ3 itself rep-resents the variane of the magneti �eld omponent along the estimated normal.The eigenvetors x̂1 and x̂2, orresponding to maximum and intermediate variane,62



are then tangential to the transition layer and the set {x̂1, x̂2, x̂3} arranged as aright-handed orthonormal triad provides suitable basis vetors for the loal oordi-nates (x, y, z) disussed in onnetion with Equation 4.18. More generally, for anymeasured set of vetors { ~Bm}, not neessarily obtained from a spaeraft traversalof a transition layer or wave front, the eigenvetor set of the variane matrix MB
α,βderived from the data provides a onvenient natural oordinate system in whih todisplay and analyse the data.The variane diretions are well determined if the error riteria given by Leppingand Behannon (1980), Sisoe and Suey (1972) are satis�ed (BOTHMER; SCHWENN,1998):

λ2
λ3

≥ 2; ∢( ~B1, ~BN) ≥ 30◦ (4.24)The approximate error of the minimum variane diretion is ∼ 10◦ (BURLAGA;BEHANNON, 1982). The alulated variane diretions in solar elipti oordinates(SEC) are (BOTHMER; SCHWENN, 1998):
ϑk = arctan

yk
xk

,Θk = arctan

√

x2k + y2k
zk

with: |ê| = 1; êk = (xk, yk, zk); k = 1, 2, 3.Consequently, the measured omponents of ~B in the minimum variane system are:
Bi ∗

k = êk · ~Bi, (4.25)with the following omponents: B∗
1 = B∗

x = BL at maximum variane, B∗
2 = B∗

y =

BM at intermediate variane and B∗
3 = B∗

z = BN at minimum variane (BOTHMER;SCHWENN, 1998). In above sentene, three notation to represent omponents onMVA system are used. Those notations are found in the literature, i.e. to magne-topause is used (BL, BM , BN) while to MCs (B∗
x, B

∗
y , B

∗
z). However, MVA modelwhen is used during Grad-Shafranov reonstrution applied to louds also use thenotations (BL, BM , BN), it is beause the model was reated to study �ux rope insidemagnetopause.The variane, σ2, of the magneti �eld omponent along an arbitrarily hosen di-63



retion, de�ned by the unit vetor k̂, say, an be written in terms of the varianematrix as (SONNERUP; SCHEIBLE, 1998):
σ2 =

∑

α,β

kαM
B
α,βkβ. (4.26)This result follows from Equation 4.20 with n̂ replaed by k̂, where ki = k̂ · ~xi, i =

1, 2, 3.. If the expression 4.26 is transformed to the eigenvetor basis:
σ2 = λ1k

2
1 + λ2k

2
2 + λ3k

2
3 (4.27)Then, Equation 4.27 an de�ne a �variane spae� in whih the oordinates alongthe eigenvetors ~x1, ~x2, and ~x3 are σi =

√
λiki, i = 1, 2, 3, and in whih thevariane, σ2 = σ2

1 +σ2
2 +σ2

3 , is the distane from the origin, with the normalizationondition, |k̂|2 = k21 + k22 + k23 = 1:
σ2
1

λ1
+
σ2
2

λ2
+
σ2
3

λ3
= 1 (4.28)This expression de�nes the variane ellipsoid with prinipal-axes are√

λ1,
√
λ2, and √

λ3 as shown in Figure 4.3.4.5 Grad-Shafranov reonstrution of magneti �ux ropesAn alternative approah to modeling magneti louds ame from a di�erent dire-tion, namely from modeling of magnetopause strutures with an invariane diretion(SONNERUP; GUO, 1996; HAU; SONNERUP, 1999). The Grad-Shafranov (GS) reon-strution is a data analysis tool for reonstrution of 2D equilibrium strutures fromthe magneti �eld and plasma data olleted by an observing platform (SONNERUP;GUO, 1996; HAU; SONNERUP, 1999; TEH, 2007; LUI et al., 2008; MÖSTL, 2009; LUI,2011). The spaeraft measurements are used as initial onditions and the probleman be treated as a Cauhy problem, though it is ill-posed, and an be integratednumerially. Hu and Sonnerup (2001), Hu and Sonnerup (2002) �rst applied thismethod to magneti �ux ropes and MCs in the interplanetary medium. In this se-tion, we summarize main properties of Grad-Shafranov model. After, in Chapter6 we used the model applied to magneti �ux ropes (HU; SONNERUP, 2001; HU;64



Figure 4.3 - The variane ellipsoid. Eigenvetors, {x̂1, x̂2, and x̂3}, are shown relative tothe system (X, Y, Z) (e.g., GSE) in whih the magneti data are given. Thenormal diretion is estimated to be along x̂3.SOURCE: Sonnerup and Sheible (1998).SONNERUP, 2002) to view the magneti reonnetion between two MCs.Grad-Shafranov solverThe Grad-Shafranov Equation 2.40 an be rewritten as
∇2A(x, y) = −µ0

dPt(x, y)

dA(x, y)
(4.29)for whih the transverse pressure is given by Pt = p + B2

z/2µ0 (p is the plasmapressure), ∇2 = ∇2
t = ∂2/∂x2 + ∂2/∂y2, and A is the magneti vetor potential. For

2D stati MHD, both the pressure p and the axial �eld omponent Bz are funtionsof A that is onstant along the �eld line as a result of ~B ·∇A = 0, (e.g. Teh (2007)).We may write the seond-order Taylor expansion (SONNERUP; GUO, 1996) at the yvalues away from the spaeraft trajetory with step ±∆y in the integration proess.
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The alulation starts at y = 0 (step 1):
A(x,±∆y) ∼= A(x, 0)±

(

∂A

∂y

)

x,0

∆y +
1

2

(

∂2A

∂y2

)

x,0

(∆y)2. (4.30)The funtion A(x,±∆y) has been determined from the initial ondition at pointsalong the spaeraft trajetory with y = 0, i.e., A(x, 0) = −
∫ x

0
By(x

′′, 0)dx′′,
(∂A/∂y)x,0 = Bx(x, 0). Also, a single-valued funtion Pt(A) is used to �t the spae-raft data along y = 0, i.e., [d(p + B2

z/2µ0)/dA]x,0. The seond derivative in Equa-tion 4.30 an be evaluated from GS Equation 2.40 as (HAU; SONNERUP, 1999):
(

∂2A

∂y2

)

x,0

= −
(

∂2A

∂x2

)

x,0

− µ0
dPt(A(x, 0))

dA
. (4.31)And using �nite di�erenes with entral sheme, one grid point will be lost at eahend of the data interval, resulting in the rhombus-shaped integration domain aswas showed by Sonnerup and Guo (1996). Hau and Sonnerup (1999) extended theintegration domain to a retangular box, to do a seond-order Taylor expansion forforward and bakward di�erentiation respetively (see the development done by usin Appendix E).

(

∂2A

∂x2

)

i

=
2Ai − 5Ai±1 + 4Ai±2 − Ai±3

(∆x)2
+O(∆x2) (forward(+) and bakward(-))

(

∂2A

∂x2

)

i

=
Ai+1 − 2Ai + Ai−1

(∆x)2
+O(∆x2) (entral).The plot of Pt(A) vs A an be �t by a third order polynomial with exponential tails;di�erentiate it to put of the right-hand side of the GS Equation 4.31. Thus, 4.31 isready to put into 4.30 to alulate A(x,±∆y) and start the new integration step.But, a smoothing is done before for the solution of A at eah integration step toredue spurious results:

Ā1 = ω(y)A1 +
1

2
(1− ω(y))(A1 + A2),

Āi = ω(y)Ai +
1

2
(1− ω(y))(Ai−1 + Ai+1) and

ĀN = ω(y)AN +
1

2
(1− ω(y))(AN + AN), (4.32)66



where the subsript i denotes position along x. The weight ω(y) is a hosen funtionof y i.e.,
ω(y) =















1 for y = 0,

1− 1
3

∣

∣

∣

y
ymax

∣

∣

∣
for other,

2/3 for y = |ymax|.
(4.33)This approah suppresses growth at short wavelengths but does not eliminate the de-velopment of singularities assoiated with the longer wavelengths (HAU; SONNERUP,1999).The By values are found by By(x,±∆y) = −(∂A/∂x)x,±∆y using �nite di�erenessheme (see Table E.1 (1st derivative), in Appendix E). The Bx values are obtainedfrom the �rst order Taylor expansion to the next step of integration:

Bx(x,±∆y) ∼= Bx(x, 0)± (∂2A/∂y2)x,0∆y,where it is required again the Grad-Shafranov Equation 4.31.In the step 2, y = ±∆y,
A(x,±2∆y) ∼= A(x,±∆y)±

(

∂A

∂y

)

x,±∆y

∆y +
1

2

(

∂2A

∂y2

)

x,±∆y

(∆y)2, (4.34)
By(x,±2∆y) ∼= − (∂A/∂x)x±2∆y , (4.35)
Bx(x,±2∆y) ∼= Bx(x,±∆y)± (∂2A/∂y2)x,±∆y∆y. (4.36)And at the step n where y = ±(n− 1)∆y:

A(x,±n∆y) ∼= A(x,±(n− 1)∆y)±
(

∂A

∂y

)

x,±(n−1)∆y

∆y +
1

2

(

∂2A

∂y2

)

x,±(n−1)∆y

(∆y)2(4.37)
By(x,±n∆y) ∼= − (∂A/∂x)x±n∆y , (4.38)
Bx(x,±n∆y) ∼= Bx(x,±(n− 1)∆y)± (∂2A/∂y2)x,±(n−1)∆y∆y. (4.39)An important topi in the reonstrution sheme is of �nding the optimal in-variant axis ẑ of the 2D strutures. The strutures are treated as approximately67



time-independent in a frame moving with the strutures, the aforementioned isdeHo�mann-Teller frame (KHRABROV; SONNERUP, 1998) with onstant veloity
VHT . The previous di�ult the model implementation, beause are need to do agroup of tests before perform the reonstrution.The GS equation is solved as a spatial initial value problem. Aording with Lui(2011) a preise determination of the optimal axis is not stritly required for Grad-Shafranov reonstrution (GSR), else the more important is that the orientationallows a reasonable �t of the observed parameters. A signi�ant deviation from theoptimal orientation for the axis of the approximate 2D struture will reveal itself asnon-singular values of Pt(x, 0) as a funtion of A(x, 0) (HU; SONNERUP, 2001; HU;SONNERUP, 2002).Therefore, if an axis an be found suh that the variation along that diretion isminimum and reasonable �t of the observed parameters an be obtained, then thetehnique an in priniple reonstrut the parameters on a plane perpendiular tothe least variability diretion (LUI, 2011). The usefulness of GSR is its ability toreonstrut an approximate shape and extrat properties of the feature outside thesatellite path where no observations are available. The proedures of the reonstru-tion tehnique, as applied to the magnetopause, have been desribed in detail byHau and Sonnerup (1999). For magnetopause appliations the vetor normal to themagnetopause urrent layer is approximated by n̂ = x̂3 (minimum variane eigen-vetor). For magneti �ux rope (louds) the determination of the invariant axis anbe obtained from MVA on measured (HU; SONNERUP, 2002).We hek out the ode with one test ase given by Hau and Sonnerup (1999), intheir Figures 4, 5 and 6 respetively. We show details that were not addressed inthe aforementioned artile. This is a ontribution of this thesis, see Appendix D.Using kineti theory an be obtained some analytial solutions of Grad-Shafranovequation, it is show in Appendix C. Also, we studied a benhmark ase and improvednumerial resolution, see Appendix C, Setion C.2. Thus, we join in this manusript,all theoretial aspets in relationship with the GSR. Beause in the literatures it aresattered, e.g., it was very di�ult to �nd how to obtain analytial solution of Grad-Shafranov equation, now in Appendix C is shown.
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Physial onsiderations in the reonstrution of magneti �ux rope in thesolar windThe pioneer studies about this tehnique has been developed from 1996 to 2000(SONNERUP; GUO, 1996; HAU; SONNERUP, 1999; HU; SONNERUP, 2000) and has beenapplied to reovering two-dimensional (2-D) oherent magnetohydrostati struturesfrom spaeraft data (AMPTE/IRM and UKS) inside of magnetopause. Anotherandidate for appliation of the reonstrution tehniques was the magneti �uxrope. The �rst paper written with this purpose has been published by Hu and Son-nerup (2001). A seond paper was published by the same authors one year later (HU;SONNERUP, 2002). The previous manusripts are the ore of the GSR of magneti�ux rope in the solar wind. To explain physial onsiderations in the reonstrutionof magneti �ux rope in the solar wind, the earlies manusripts are followed.Details of the reonstrution tehniques employed by Hu and Sonnerup (2001), Huand Sonnerup (2002) are the same desribed in Hau and Sonnerup (1999). In thisthesis, the above has been explained in Appendies C and D.In summary, the numerial method is straightforward: an expliit numerial GSsolver is applied to ompute the value of the vetor potential, A, in a retangulardomain. Taylor expansion and the GS Equation 4.31 are used to step away fromthe projeted spaeraft trajetory, loated at y = 0, where the spaeraft dataprovide initial values. A proper frame of referene, usually the deHo�mann-Teller(HT) frame, moving with onstant frame veloity, VHT (KHRABROV; SONNERUP,1998), is obtained in advane. By use of x = −(~VHT · x̂)t, time an then be onvertedto distane along the x axis. The �nal output of the the tehnique is a ontour plot ofreovered transverse �eld lines in a retangular domain surrounding the spaerafttrajetory, together with the distributions of axial �eld, axial urrent density, plasmapressure, et.Hu and Sonnerup (2001) used the Lundquist solution 6.1 to evaluate the performaneof the numerial GS solver and to disuss how the funtion Pt(A) behaves with theorret z axis. The magneti vetor potential for this geometry is A = BA/α, whihsatis�es the GS Equation 4.31,∇2
t = −α2A, with Pt(A) = α2A2/2µ0. They omparednumerial and exat solution to the model GS equation (on a 21×101 uniform grid),

∇2
t = −α2A for αL0 = 0.4 (L0 is the length normalization). Also, they showed thatan axial symmetri �ux rope entered at (x0, y0) = (0.2L0, 0.5L0) is well reovered.69



With the orret z axis, the plot of Pt(A) is a single valued urve (a parabola): as thespaeraft moves toward the enter of the �ux rope, the data samples move along theurve in one diretion and then move bak the opposite way on the same urve afterthe spaeraft passes the point of losest approah. The invariant axis is thereforedetermined by searhing for optimal single-branh behavior of Pt(A). In detail, theinvariant axis diretion, ẑ, is initially set to be the intermediate variane diretion,
x̂2, obtained from minimum-variane analysis of the measured magneti �eld vetors(SONNERUP; SCHEIBLE, 1998). In a proess of trial and error, it is then tilted awayfrom x̂2. In eah trial, a single-valued funtion Pt(A) is used to �t the spaeraftdata along y = 0. The optimal invariant axis is that for whih the �tting residual for
Pt(A) is minimized. The intermediate variane diretion is used as the initial guessfor x̂ beause, for small �impat parameters�, y0, Lepping et al. (1990) found theaxis of their ylindrially symmetri �ux rope to be near the x̂′2 diretion, obtainedfrom appliation of MVA to magneti vetors normalized to unit magnitude (HU;SONNERUP, 2001). The previous idea was extended by Hu and Sonnerup (2002) andit is shown in Appendix C, Setion C.4.The following are the steps of the numerial reonstrution tehnique:
1) Selet a spei� time interval of interest. The data needed are as follows: theGSE omponents of the magneti �eld (BX , BY , BZ); the plasma bulk velo-ity (VX , VY , VZ); the plasma number density, Ni = Ne = N , and the isotropitemperatures Ti and Te. From these quantities an isotropi plasma pressure,

p = Nk(Ti + Te), is alulate.
2) Perform minimum variane analysis on the measured magneti �eld vetors ~B(m),

(m = 1, 2, · · · ,M) (SONNERUP; CAHILL, 1967; SONNERUP; SCHEIBLE, 1998).The normalized eigenvetors, x̂1, x̂2, x̂3, orresponding to the eigenvalues of themagneti variane matrix, λ1, λ2, λ3 (in desending order), form a right-handed,orthogonal oordinate system.
3) Determine the optimal HT frame veloity, ~VHT , from measured plasma �ow ve-loities, ~v(m) and magneti �elds ~B(m), (m = 1, 2, · · · ,M) (SONNERUP et al.,1987; KHRABROV; SONNERUP, 1998); by minimizing the residual eletri �eld,

~E ′(m), in a frame moving with unknown veloity ~V . A onstant vetor ~VHT willbe used initially, but a time-varying frame veloity, ~VHT (t) = ~VHT0 +~aHT t, withonstant aeleration vetor, ~aHT , is also obtained. The quality of an HT frame70



an be assessed by the orrelation oe�ient, cc, between the omponents of
−~v(m) × ~B(m) and the orresponding omponents of ~VHT × ~B(m) (KHRABROV;SONNERUP, 1998).

4) Determine the reonstrution frame, (x, y, z). For �ux rope appliations, �rstdetermine the optimal z axis as disussed in Appendix C, Setion C.4. The xaxis is along the projetion of ~VHT onto the plane perpendiular to ẑ; that is, itis along the projeted spaeraft trajetory relative to the �ux rope. Beause ofthe invariane of the struture in the ẑ diretion, the spaeraft measurementsare known along the x axis. The y axis ompletes the right-handed orthogonaltriad.
5) Obtain the value A(x,0) from Equation 2.29 by integration of the measured Byvalues along the x axis (y = 0):

A(x, 0) =

∫ x

0

∂A

∂x′′
dx′′ =

∫ x

0

−By(x
′′, 0)dx′′. (4.40)The data are resampled to a uniform grid along the x axis prior to the integrationin Equation 4.40. A satter plot of the transverse pressure Pt(x, 0) = [p(x, 0) +

B2
z (x, 0)/2µ0] versus A(x, 0) is prepared.

6) Use a ombination of polynomials and/or exponentials to onstrut a funtion
Pt(A) that is optimally �tted to the data pairs Pt(xi, 0) and A(xi, 0) generatedin Step 5. Optimal �tting is ahieved by minimizing∑i[Pt(xi, 0)−Pt(A(xi, 0))]

2,where the integer i denotes individual values. The resulting funtion Pt(A) isthen di�erentiated to obtain the right-hand side of the GS Equation 4.37.
7) Solve the GS equation, using the numerial GS solver, to reonstrut the trans-verse magneti �eld map, i.e., the ontour plot of A(x, y) in a retangular domain.The axial �eld distribution, Bz, an be obtained by evaluating a �tting funtion

Bz(A) of the measured Bz(x, 0) versus A(x, 0), over the whole domain.The numerial GS solver employed in this thesis is the same as that given by (HAU;SONNERUP, 1999), as shown in the beginning of this setion.4.6 Detetion of urrent sheetsWith a time series of magneti �eld dataset B(t) measurement by a single spaerafturrent sheets ould be deteted. Li (2008) developed a systemati method to searh71



urrent-sheet-like strutures in the solar wind. Reently, the method was used withsuess to searh for urrent sheets at the leading edge of an ICME event of 21January 2005, based on the Cluster magneti �eld data. Chian and Muñoz (2011),Muñoz (2011) reported the observational evidene of two magnetially reonnetedurrent sheets in the viinity of a front magneti loud boundary layer.In the method, angles (θ) between the vetors B(t) and B(t + τ) in a window ofwidth 2τ are alulated. The probability density within the interval θ and θ + ∆θan be omputed diretly from magneti �eld measurements as
f(θ, τ)∆θ =

N τ (θ < θ′ < θ +∆θ)

N τ (θ < θ′ < π)
(4.41)where N τ (θ < θ′ < θ + ∆θ) is the number of measurement pairs where the anglelarge than θ. The integrated distribution funtion is de�ned as

F (θ, τ) =

∫ π

θ

f(θ′)dθ′, (4.42)representing the frequeny of having the measured angle large than θ. If the quantity
F (θ, τ) shall sale linearly with the time separation τ when θ is larger than someritial angle θ0 then there are urrent sheets assoiated with the magneti �eld timeseries, i. e.,

F (θ,Nτ) ∼ NF (θ, τ) when θ > θ0. (4.43)If the majority (> 60%) of the angles between B(t) and B(t + τ) in a window ofsize 2τ entered at time T are greater than θ, then a urrent sheet is loated.4.7 Reonstrution toolWe had aess to a program pakage in MATLAB that are based on those usedby Qiang Hu for his 2002 JGR paper (HU; SONNERUP, 2002) whih were partof the PhD Thesis at Dartmouth University. These programs were upgradedin a graphial user interfae (GUI) by Christian Möstl during his PhD thesis3 (Spae Researh Institute, Graz, Austria, Finished in 2009). The programread merged plasma and magneti �eld data from ACE satellite obtained fromftp://nssdftp.gsf.nasa.gov/spaeraft_data/ae/4_min_merged_mag_plasma/.The data are onverts to a proper format whih an be read by the reonstrution3http://www.uni-graz.at/∼moestl/moestl_thesis.pdf72



programs (see Annex B).4.8 Summary of tehniquesIn Table 4.2 is a summary of tehniques that were studied. In eah olumn is showthe name of the tehnique, the harateristis and how ould be used to identify andharaterize interplanetary magneti louds at 1 AU.
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Table 4.2 - Summary of tehniques that are using in this work.Tehniques Charateristis Purpose of useSpatio-temporalentropy This quantity ompares the distri-bution of distanes between all pairsof vetors in the reonstruted statespae with that of distanes betweendi�erent orbits evolving in time. Theresult is normalized and presented asa perentage of �maximum� entropy.
To identify loud andidatesi.e., the magneti strutureshighly organized.

Persisteneexponents Positive values of autoorrelationfuntion indiate persistene whilenegative value indiate antipersis-tene. A strong orrelation implies a�memory� of previous values in thetime series.
MCs have simple �ux rope-likemagneti �elds and magneti�eld values are autoorrelated(higher �memory�). The expo-nents ould be used to identifyMC andidates.DisreteWaveletTransform One an ompute the so alled dis-rete sale oe�ient cjk and waveletoe�ient djk assoiate with disretevalues of sale j and position k. Thewavelet oe�ients have the prop-erty that their amplitude are relatedto the loal regularity of the ana-lyzed data.
A zoom in made in the mag-neti �utuations ould beused as an auxiliary tool toidentifying boundaries (withhuman help) in the SW.MinimumVarianeAnalysis It onsists of onstruting the ma-trix MB

α,β de�ned by Equation 4.23in terms of the measured �eld dataand the Cartesian oordinate systemin whih the measured data are rep-resented, and then �nding the threeeigenvalues λi, and orrespondingeigenvetors ~xi, of the matrix.
It is used to determine the di-retion of rotation of the mag-neti �eld inside the MCs andthe MC axis orientation.

Grad-Shafranovreonstru-tion The spaeraft measurements areused as initial onditions and theproblem an be treated as a Cauhyproblem, though it is ill-posed, andan be integrated numerially. It is a data analysis tool for re-onstrution of 2D equilibriumstrutures from the magneti�eld and plasma data olletedby an observing platform.Detetionof urrentsheets Angles (θ) between the vetors B(t)and B(t + τ) in a window of width
2τ are alulated. If θ is larger thansome ritial angle θ0 then there areurrent sheets assoiated with themagneti �eld time series.

To �nd urrent sheets insideof double �ux-rope magnetiloud observed by ACE spae-raft.
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5 METHODOLOGYIn the earlier text, theoretial aspets of the physial question and the tehniquesof analyses were desribed. First of all, as part of a new approah that is proposed,a haraterization in order to understand better the phenomenon under analysisis required. Then as a seond step, the omplete set of tehniques to analyze theMC events is used, mainly the identi�ation of its ourrene. In this part, we aredealing with MCs identi�ed by other authors to reate a methodology of analysis,and demonstrate the useful of it as a signi�ant tool for identi�ation and hara-terization of MCs. This work reahes also the studies on magneti reonnetion andidenti�ation of related urrent sheets.5.1 CharaterizationThe STE alulation is basis for MC identi�ation. As onsequene, some tests areonduted to verify the behavior of this tehnique in relationship with the featuresthat exist in the interplanetary medium, and mainly in MCs. Some dataset ondi-tions are examined. In a omplementary way, the analyses of persistene in thosekinds of data are relevant to lassify regimes existing in the solar wind. Completingthis initial set of tehniques, the wavelet analysis by means of its mathematial fea-tures has a skill to haraterize the magnetially quiesent and non quiesent regimeof the IMF.5.1.1 Basi tests on STE analysis aiming to MC analysisFrom an intuitive point of view, a time series is said to be stationary if there isno systemati hange in its mean value (no trend) and no systemati hange invariane and if stritly periodi variations have been removed (CHARTFIELD, 2003).Trend estimation is a statistial tehnique that ould be aid in the interpretation ofdata (CHARTFIELD, 2003). When a time series related to measurements of a proessare treated, trend estimation an be used to make and justify statements abouttendenies in the data. Given a set of data and the desire to produe some kind offuntion �tted through of those data the simplest funtion to �t is a straight line.One it has been deided to �t a straight line, there are various ways to do that, butthe most usual hoie is a least-squares �t. If there is no global trend in time seriesthe angle (�trend angle�) between the straight line and the positive x axis must bezero. 75



In Table 5.1 in the �ve olumns are shown: time series data �le inluded in VRAversion 4.7; these time series are rotated about the origin with angles of 0 rad, -0.01 rad, 0.01 rad and 0.0175 rad respetively; and it alulated the STE of eahtemporal series. Figure 5.1 shows a time series plot of Lorenz data �le inluded inVRA software. We gave trends to the series through angular rotations about theorigin. The results were inluded in row 2 presented in Table 5.1. The e�ets ofthe trends in every series related with STE values are quanti�ed. We follow thesame idea, to ause a trend in time series for another ases, Sine and White Noisedata �le also inluded in VRA software. The results were inluded in rows 3 and 4in Table 5.1. For periodi time series (sine data �le) the value of STE is alwayszero independently from the inreasing trend. For the other two ases, if time seriestrend inreases then the entropy value dereases (see row 2 and 4 in Table 5.1). Weare doing these test beause we know that inside MCs inrease the trend of IMFomponents; and we are interested in knowing how it ould a�et STE values.Table 5.1 - STE values related to trends for three time series with data �le inluded inVRA 4.7.Series θ = 0 rad θ = −0.01 rad θ = 0.01 rad θ = 0.0175 radSTE(Lorenz) 73% 30% 29% 0%STE(Sine) 0% 0% 0% 0%STE(White Noise) 80% 34% 34% 3%

To ontinue with the above idea is good know that: the time series of the �rstdi�erene is often enough to onvert series with a trend into a stationary time series.The �rst-order di�erenes of time series values x1, x2, x3, · · · , xN are given by a newseries y1, y2, · · · , yN−1, where yN−1 = xN−xN−1. The operation yt = xt−xt−1 = ∇xtis alled the �rst di�erene and ∇ is the di�erene operator (CHARTFIELD, 2003).Our interest is to study variations in the STE values when a �rst-order di�erenesare applied on stationary time series. In the previously studied time series (Lorenz,Sine and White Noise data �le inluded in VRA), we onstruted time series of the�rst-order di�erenes. After that, we alulated STE values of eah time series andthe results were ompared with the original series (no di�erenes) shown in Table5.2. The STE values are similar in both of them, i.e., for transformed (�rst-orderdi�erenes) and untransformed time series. Thus, when the time series has no trend,76
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Figure 5.1 - Time series plot of Lorenz data �le inluded in VRA (ase with θ = 0).Three time series rotated about origin (θ = −0.01 rad , θ = 0.01 rad ,
θ = 0.0175 rad ) were plotted. After that, we alulate the STE of eah series.the non-linear deliate strutures are not destroyed.Table 5.2 - STE values related to the �rst-order di�erenes in time series.Series Untransformed �rst-order di�erenesSTE(Lorenz) 73% 75%STE(Sine) 0% 0%STE(White Noise) 80% 82%

The STE value is low and may tend to zero in any time series with trend. If thereis a trend in the time series, you might want to onsider removing it by di�ereningthe original time series before alulating the STE. Keep in mind, however, thattaking the �rst di�erenes may destroy the deliate nonlinear struture in the timeseries (if there is any). Thus STE values are alulated on the untransformed seriesand then in the transformed series, where the �rst-order di�erenes is applied. Thisis done on a trial basis after alulating STE values of the original series.The alulation of the STE with the VRA software, version 4.7, an not be madein time series with sizes greater than ∼ 4500 points beause the STE has a rapidderease to zero. It seems to be a limitation of the software by some reason notexplained in its tutorial. When using the VRA software someone must take into77
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(b)Figure 5.2 - (a) X(t) vs t is plotted, where X(t) is a syntheti series reated using a randomnumber generator produing values in the range 0 to 1. To show the graph,a simple moving average is applied. The time series of random number hasa reurrene plot similar to shown in Figure 4.1 (right panel) and STE valueof this time series is ∼ 80%. (b) The STE values versus length(X(t)) of timeseries onstruted. These values derease in time series with a length greaterthan ∼ 4500 points. The software should be used from zero to red vertialline.aount this identi�ed limitation in the extension (length) of the data under analysis.To exemplify the previous statement, syntheti time series were reated using arandom number generator (RNG) produing values in the range 0 to 1. In theFigure 5.2(a), an example with 3000 points was shown. In this time series a STEvalue of 86% was alulated. The Figure 5.2(b) show the plot of STE values versuslength(X(t)) of 18 time series onstruted as shown in 5.2(a).As someone an notie now, the main features of the interplanetary magneti datasethave been taken into aount here with those set of test ases.5.1.2 Calulation of persistene in the regions of an ICMETo alulate the persistene exponents were used the following omputational pro-grams:a) If we installed Otave in Ubuntu, a omputer operating systembased on the Debian distribution and distributed as free and opensoure software, then a hurst(x) funtion is reated for example in
/usr/share/octave/3.0.1/m/signal/. This funtion to alulate the Hurstexponent (Hu), is used in this thesis. In Appendix B this funtion is shown.78



Following the work of Malamud and Turotte (1999) another implemen-tation was done by us (see Appendix B). With the aforementioned imple-mentation, the results to alulate the hurst exponent are di�erents, butthis problem is disussed by Mielnizuk and Wojdyllo (2007). With thehurst funtion provided by GNU/Otave the results are more onsistent,e.g. the values are greater inside MC. In future works, a omparative studyis suggested to explain in detail the di�erene between these results.b) An alternative way to measure long-range orrelation, whih is valid forboth stationary and nonstationary time series, is the semivariogram γ.Following the work of Malamud and Turotte (1999), we done a programin GNU/Otave to alulate the Hausdor� exponent (see Appendix B).This program is used in this thesis.) Power spetral analyses are �rst used to examine the long-range persistene(long memory) of values in the time domain. One way of de�ning long-range persistene is if the power spetral density, S(f), is proportional tothe frequeny, f, raised to the power-beta. To alulate the β−exponenta program in Otave done by MSharry and Malamud (2005) is used (seeAppendix B). We understand that in non-stationary time series the Fouriertransform is not suitable, beause the ore funtions of the transform isomposed of sines and osines.d) A fast Matlab implementation1 of the DFA algorithm was performedby Little et al. (2006) and we use it in this doument.The behavior of the persistene in time series of the IMF omponents, measuredby the ACE spaeraft with a time resolution of 16 s, is explored. We studied thepersistene between time series orresponding to sheaths, MCs and a quiet SW afterthe MC with equivalent time duration to it. We alulate one exponent of persistene(e.g., α, β, Hu, Ha) over eah of three windows. For example, we alulate thepersistene for event number 1 in Table A.1 (Annex A), orrespond to the solar windtemporal window January 06 − 09, 1998. The interval form January 06, 13 : 19 toJanuary 07, 02 : 59 was lassi�ed as sheath. We alulate in the sheath the exponentsof persistene to Bx omponent, the values were α = 1.27, β = 1.71, Hu = 0.86,

Ha = 0.31, respetively. The intervals from January 07, 03 : 00 to January 08,1http://www.maxlittle.net/software/ 79



Table 5.3 - We alulate the persistene in the IMF omponents by four di�erent method:
β exponent of power spetrum, α exponent of DFA, Hurst of R/S analysisand Hausdor� Ha exponent of semivariogram respetively. The interval fromJanuary 06, 13 : 19 to January 07, 02 : 59 1998 was lassi�ed as sheath. Theintervals January 07, 03 : 00 to January 08, 09 : 00 and from January 08,
09 : 01 to January 09, 15 : 00 were lassi�ed as MC and solar wind after theMC respetively. Dates are shown in Table A.1, event No. 1.Event No. 1 α β Hu Ha

Bx :Sheath 1.27 1.71 0.86 0.31Magneti Cloud 1.41 1.60 0.89 0.31After MagnetiCloud 1.31 1.70 0.87 0.31

By :Sheath 1.34 1.68 0.87 0.27Magneti Cloud 1.52 1.55 0.91 0.42After MagnetiCloud 1.37 1.65 0.88 0.31

Bz :Sheath 1.39 1.65 0.85 0.31Magneti Cloud 1.45 1.75 0.90 0.36After MagnetiCloud 1.23 1.64 0.86 0.23Mean Values: 〈α〉 〈β〉 〈Hu〉 〈Ha〉Sheath 1.33± 0.06 1.68± 0.03 0.86± 0.01 0.30± 0.02Magneti Cloud 1.46± 0.06 1.64± 0.11 0.90± 0.01 0.37± 0.05After MagnetiCloud 1.30± 0.07 1.66± 0.04 0.87± 0.01 0.28± 0.05

09 : 00, and from January 08, 09 : 01 to January 09, 15 : 00 were lassi�ed as MCand solar wind after the MC respetively. We alulate the exponents of persisteneto Bx omponent and shown in Table 5.3 rows 4 and 5 respetively. We extend thesealulations for the others two omponents (By and Bz) and shown the results inthe Table 5.3 rows 6-13.MCs exhibit �ux-rope harateristis: a large-sale winding of a losed magnetistruture that is nearly fore-free. And it is possible to see anisotropy of magneti�eld �utuations in an average interplanetary MC at 1 AU (NAROCK; LEPPING,2007). We do not expet to �nd the same behavior in all three omponents by the80



existene of anisotropy. The anisotropi behavior, in our opinion, is aused by thegeometry of �ux-rope and the axis inlination angle. We have interest in a singlevalue to haraterize the persistene in the IMF, for this reason we alulated themean value, using all three omponents. It is the only form that we found to quantifythe persistene in all struture and to minimize the anisotropy in the alulation.This is, for example:
〈αsheath〉 =

1

3

3
∑

i=1

α
(i)
sheath. (5.1)The angle brakets 〈· · · 〉 denote an average of the IMF omponents (i = 1, 2, 3 =

Bx, By, Bz), also the standard deviation is alulated. We show this alulationin the Table 5.3, 〈αsheath〉 = 1.33 ± 0.06. In the last three rows of Table 5.3 theremaining alulations of mean and standard deviation values for all persisteneexponents are shown. In Table 5.3, as we thought, the persistene values inreasesinside the MC. The above idea is not always true when using the spetral-power
β−exponent. But two of the main problems in using a disrete Fourier transformare spetral variane and leakage (PRIESTLEY, 1981; PERCIVAL; WALDEN, 1993).This show a range of unertainty in the values of β, as in our ase. Other problemis the nonstationarity of the IMF omponents. The previous study was generalizedfor a group of 41 events shown in Table A.1; and will be disussed in Chapter 6,Setion 6.1.5.1.3 Wavelet oe�ients for solar wind analysisAs used in this work, a methodology is presented to help the solar/heliospheriphysis ommunity e�orts to deal with the MCs. The wavelet analysis has impor-tant advantages, adding resoures to other lassial mathematial tools, that ouldbe used to study solar wind �utuations. The wavelet oe�ients allow �nding �u-tuations with pseudo-frequenies orresponding to the sales given by j, the hosenwavelet funtion, and the sampling period. The idea is to assoiate with a givenwavelet a purely periodi signal of frequeny F. The frequeny maximizing the fastFourier Transform (FFT) of the wavelet modulus is F. It allows the plotting of thewavelet with the assoiated approximation based on the enter frequeny. Thus, theenter frequeny based approximation aptures the main wavelet osillations. So theenter frequeny is a onvenient and simple haraterization of the leading dominantfrequeny of the wavelet (ABRY, 1997).As we are interested in studying �utuations with larger frequenies (in this ase81



on data from 16-seond time resolution), the Daubehies funtion db2 with onedeomposition level seems proper to be used. A zooming in analyzing the IMF�utuations with a pseudo-period of 48 seonds ould help to loate better the MCboundaries. A statistial study has to be performed. For this reason, three regionsfrom 41 ICMEs will be studied, i.e plasma sheath, magneti loud, and region afterthe MC.In the haraterization of a solar wind disturbane, we perform one deompositionlevel, and we ompute the square of wavelet oe�ients (d1 or d1) (energy ontenton that level), as in Mendes da Costa et al. (2011), Mendes et al. (2005), and itsmean value Dd1.
Dd1 =

∑N/2
i=1 d1

2
i

N/2
, whereN = length(y). (5.2)Also an average value (〈Dd1〉) of wavelet oe�ient Dd1 in the three magneti �eldomponents are alulated.

〈Dd1〉 =
1

3

3
∑

i=1

D
(i)
d1 , (5.3)where the angle brakets 〈· · · 〉 denote an average of the Dd1 in IMF omponents(i = 1, 2, 3 = Bx, By, Bz).As the dynamis features of the physial problem of our interest, i.e. the our-rene of the MC, are reorded in the IMF, we study time series of IMF Bx, By, Bzomponents measured by the ACE spaeraft. The treatment proedure is able toharaterize regular/non regular behavior existing in experimental data to identifyin an objetive basis the transition between regions with these two primary behav-iors. The solar wind time interval is separated in three new time intervals (windows)orresponding to the preeding sheath or pre-MC, the MC itself, and the SW afterthe MC or post-MC. The methodology is established.The riteria to selet the data window after the MC has not physi justi�ation.Eah post-MC region was seleted with the same length of the loud regions. Themains e�orts is to study solar wind data interval ontaining the ICMEs, where ashok event and loud region were reported. Someone an be aware that arbitraryseletion of post-MC region ould a�et the results, beause this region ould be82



disturbed by other proess not related with the MC itself. However, the naturalphysis of the system should not avoid tests of the proposed methodology. Furtheranalyses of ompliated events an indeed help to understand the true proessesourring in the interplanetary medium. In an evident way, to show the behaviorin the di�erent regions is valuable, beause only then will be possible to justifythat wavelet oe�ients may help to �nd boundaries. A �zoom in� treatment inthe �utuations from variables with random variations (i.e., IMF) ould help toseparate disturbane proess, i,e., the loud andidate originated from an ICME.The hypothesis is that wavelet oe�ients help to identify boundaries in the SWdata, spei�ally the shok wave and the leading edge of ICMEs.5.2 Identi�ationBased on all earlier onsiderations, a methodology has been strutured in order toallows identifying and haraterizing MC events. Figure 5.3 presents the diagram ofthe analyses that are presented as follows.
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posing together other resoures a mathematial tool for studies on MCs. Using STE,the �ux rope related to MCs are identi�ed by an easy and quik omputational pro-edure at about 1 AU. The main advantage of the approah proposed is that it takesonly the IMF data to identify the �ux rope-like assoiated to the loud. Neverthe-less, this STE method does not solve the problem of identifying the boundaries ofthe louds. The boundaries an be delimited with MVA tehnique, as shown by Hut-tunen et al. (2005, and referenes therein). Adding information with this intention,the persistene analysis and DWT analysis are also used. In order to test and vali-date this identi�ation methodology, MCs identi�ed by other authors are used here.The methodology uses mainly mathematial riteria from the nonlinear dynamistehniques to identify MCs in the solar wind. When available (ondition not ful�lledin many ases), the solar plasmas data allows the reonstrution of MC �ux-ropeon�guration aiming to obtain the most omplete MC haraterization.5.2.1 Methodology for analysis using an entropy indexAs was explain in Setion 3.4, we deided to study in more details the STE variationstaking into aount some days before and after of a MC to a total of 10 days.The bases for the proedure of identi�ation of MC andidates using only the IMFdata are presented. Although its simpliity, the approah shows an e�etive analysiswith little omputational e�orts. This numerial tool an indeed help the speialist,that develops a visual inspetion, by allowing a pre-seletion of andidate ases.Idea and alulationsThe Reurrene Plot is a relatively reent tehnique for the qualitative assessment oftime series (ECKMANN et al., 1987). With this tehnique, someone an detet hiddenpatterns and strutural hanges in data or evaluate similarities in patterns aross thetime series under analysis using graphial representation. The fundamental assump-tion underlying the idea is that an observable time series (a sequene of observations)is the manifestation of some dynami proess. It has been proved mathematiallythat one an rereate a topologially equivalent piture of the original multidimen-sional system behavior by using the time series of a single observable variable (TAK-ENS, 1981). The basi idea is that the e�et of all the other (unobserved) variablesis already re�eted in the series of the observed output. Furthermore, the rules thatgovern the behavior of the original system an be reovered from its output.84



Using reurrene plot analysis, the STE measures the level of organiza-tion/struturedness of proess features in physial reords. The alulation of STEis done by the Eugene Kononov's Visual Reurrene Analysis (VRA), version 4.7(see, http://nonlinear.110mb.om/vra).With the assumption that MCs generated by ICMEs evolve with a �ux-rope-likeon�guration, an organization in the IMF exists due to the MC struture. Althoughmany times the visual identi�ation of MC on�guration using the IMF omponentsolleted by satellites is not an easy task, the STE analysis intend to makes it easier.Formulating a proedure, we analyze IMF data using an arbitrary time interval of
10 days, where we are sure to use a wide interval that ontains at least the ourreneof one MC already identi�ed. As a riterion for alulation using the data, we seleta onvenient data interval of 2500 reords moving forward by 200 reord steps untilthe end of the time series. For every data segment, the STE is alulated at eah step.It allows analyzing the STE evolution along the series, with an adequate resolutionde�ned by the hosen step. We selet 2500 points beause this interval represents aninterval of 11.11 h, and the MCs have a smooth rotation of the magneti �eld vetorin the order of 1 day, where the �eld reahes a peak and dereases (BURLAGA, 1988).With a temporal window size of 11.11 h and a resolution of 16 s, it is possibleto over the entire range of trend in the most of MCs with dimensions larger than
24 h. The STE values are alulated every 0.89 h (time resolution adopted, with200 reords) and representing ∼ 8% of the size of eah temporal window. So, thevariation of the values of STE between two ontiguous windows (11.11 h) mustalso be in the order of ∼ ±8%. Further it allows a blind test to this tehnique byanalyzing a large data series of solar wind data, obtaining plasma MC-andidatesregions.Higher STE values (lose to 100%) indiate disorganization, i. e., no �ux rope stru-ture; while lower values (lose to zero), an organization being reahed, i. e., �ux ropestruture-like.Based on the MC magneti struture, not all the magneti omponents are ex-peted to have STE values lose to zero simultaneously, and even if more than oneomponent present values at the same time in MC. That is the reason to reate astandardization interplanetary entropy index (alled by us IE index) that joins theSTE results of the three variable (Bx, By, Bz), whih are a�eted by the physial85



proess, in an easy interpretation diagnose. The index is the result of multiplyingthe STE values obtained from the alulation on eah of the three variables, usinga dataset taken at the same time t, normalized by 104, presented as:
IE =

∏

i

STEi

104
[%], where i=[x, y, z℄. (5.4)The normalization is onvenient to show the IE in the same sale of the STE from

0% to 100%.Sheme for the identi�ation of MC ourreneThe sheme used to identify the MC ourrene using IMF and to test the methodusing SW data is presented in Figure 5.4. Its desription is as follows.In the �rst part of the sheme, the IMF data (in any referene system) with the besttime resolution are aquired. Then Data in an arbitrary time interval are taken,using an interval large enough to ontain a signi�ant portion of the an eventualMC. After that, reords from the data taken within a onvenient time length (alledwindow) are seleted in eah displaement under a onstant time step till the end ofthe data series. Following, the STE value is alulated in eah window respetivelyfor Bx, By, and Bz omponents, that allows obtaining a time evolution to STE.Finally, the IE values are obtained using the Equation 5.4. When in the IE timeseries has value equal zero, then there is a loud-andidate region and it ould beexamined in order to identify the MC boundaries.In the seond part of the sheme, after the identi�ation of the MC ourrene andits probable loation, the evaluation of the MC boundaries an be done using theIMF data or, if available, using also the SW plasma data together, for more preiseresults. For the MC boundary analysis, MVA on IMF data an be applied. A moreomplete analysis is done using plasma beta alulation resultant from plasma dataand IMF data together. At the end, both the identi�ation and the haraterizationof MCs are done.In order to be lear about the approah, some omments are made on the method-ologial primary features. We did not use the tehniques of bi-diretional streamingof solar wind supra-thermal eletrons (BDE) along magneti �eld lines to �nd theandidate MCs (BAME et al., 1981; GOSLING, 1990). On one hand, BDEs are also86
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present in ICMEs without the MC struture, and, in addition, we should use plasmadata for building it. On the other hand, the alulation of the IE does not use theplasma data. This is an advantage of the above tehnique, added by the fat thatIMF data have few or short gaps and a better time resolution. Also, there is a majorpoint. The skill of the strategy is to show a mathematial tool like the STE, that al-lows an easy omputational tehnique, to identify simply and quikly the ourreneof a �ux rope-like assoiated with the loud at about 1 AU. Nevertheless, this STEmethod does not solve the problem of identifying the boundaries of the louds. Todelimit the boundaries, if this is the ase, the methodology presented in the work ofHuttunen et al. (2005, and referenes therein), is available to be used.5.2.2 Methodologial appliationsIn order to test the proposed identi�ation methodology and demonstrate its useful-ness, three well identi�ed events by other authors are now used. Table A.5 presents
4 MCs piked up from the Huttunen et al. (2005)'s work. In Table A.6, the SWintervals used for the analysis of these events are shown. Also inluded, an ICME(from Dal Lago et al. (2006)) allows verifying the quality of the method. The hosenphenomenon tests the skill of the tool to reognize MC features from features ofother similar strutures.MC ourrene identi�ationBased on the test ase of MC at Jan. 06-08, 1998 (Table A.1, a SW dataset for10 days from January 03-12, 1998 (Table A.6), is seleted. The STE was alulatedin a total of 256 time windows, eah with 2500 reords. In Figure 5.5, we show STEvalues versus date for the time series of IMF omponents for this interval. STE valuesfor Bx, By, and Bz are plotted with dotted line, dashed line, and ontinuous thinline, respetively. Additionally, we have investigated if ACE deteted some otherevents during those ten days.Cane and Rihardson (2003) summarized the ourrene of ICMEs reorded in theSW that reahed the Earth during 1996−2002, orresponding to the inreasing andmaximum phases of solar yle 23. In partiular, they give a detailed list of suhevents based on in situ observations. They reported two ICME in this interval: fromJanuary 07, 01 : 00 to January 08, 22 : 00, the event is a MC; while from January
09, 07 : 00 to January 10, 08 : 00 1998, no event is lassi�ed as MC. Thus, in Figure88
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Figure 5.5 - Values of spatio-temporal entropy (STE) as a funtion of the time for timeseries of IMF Bx (dotted line), By (dashed line) and Bz (ontinuous thin line)omponents in the SW. The thik urve represents the interplanetary entropyindex (IE) alulated over the analyzed period. The shok, the start and endof the MC are represented by three vertial lines as is shown in Table A.1.5.5, we have one MC, one interplanetary disturbane not lassi�ed as MC, and aquiet SW period. Some features related to the ICME lassi�ed as MC in January
07 were reported by Cane and Rihardson (2003): VICME = 400 km/s, this is themean SW speed in the ICME; Vmax = 410 km/s, the maximum SW speed in thepost disturbane region; B = 16 nT the mean �eld strength; and VT = 480 km/s,the transit speed. The MC was also reported by Huttunen et al. (2005), but withdi�erent size.In Figure 5.5, the shok, the start, and end of the MC are represented by threevertial lines, at the time informed in Table A.1. The By, Bz omponents have zeroSTE values only during the passage of the MC, approximately in the �rst half of it.The seond minimum value of STE = 10% orresponds to Bz omponent in January,
09. At this date (January 09, 07 : 00 − January 10, 08 : 00), Cane and Rihardson(2003) deteted one ICME with VICME = 450 km/s, Vmax = 500 km/s, B = 6 nT .It is not lassi�ed as MC. This result seems to be very interesting, beause, in thisinterval of ten days of SW data, only two magneti omponents (By and Bz) havezero STE values, and it is within the MC. Huttunen et al. (2005) �rst performeda visual inspetion of the data to �nd the loud andidates. This is always the�rst step in any work aiming at studying MCs. Although exist automati ways ofidenti�ation, still the plasma data need to be used in the usual tools (LEPPING etal., 1995). Then, the alulation of STE ould be a very useful mathematial tool to89



help �nding the MC andidates.The thik urve in Figure 5.5 is the representation of the IE alulated along theanalyzed period. We ould think of a similarity with the Dst index, whih is ageomagneti index whih monitors the world wide magneti storm level. Thereforewhen the Dst index reahes negative values, it indiates that a magneti storm isin progress. More negative the Dst index, more intense the magneti storm. Whilethe Dst an present positive and negative values, the IE value an only derease tozero somewhere inside the MC. The MCs have simple �ux rope-like magneti �elds,haraterized by enhaned magneti �elds that rotate slowly through a large angle.Then, the time series of IMF omponents have a trend and a more ordered dynamibehavior, and a higher degree of orrelation with its temporary neighbors (OJEDAet al., 2005; OJEDA et al., 2013). The aforementioned behavior is found only in themagneti strutures of the MCs, a neessary ondition for the zero IE value.A ase hosen for a false positive result testTo test that the STE is not zero for other interplanetary disturbane than MC isrequired to validate the use of IE as a methodology. That is the reason for thename false positive used here. Although it is not a true proof, this empirial testorroborates with the results obtained for a large number of SW data till now. Thisase hosen to reate an adversity situation of analysis by the physial similarity withthe MC serves as an example for validation, or initial aeptane, of the method.In Table A.6, a SW dataset for 6 days from Otober 20-25, 1999 is indiated. Be-ause the interfae between the interplanetary ejeta and the high-speed streamon Otober 22, 1999 is an exellent study ase (Dal Lago et al., 2006). High-speedstreams, originating in oronal holes, are observed often following ICME at 1 AU(KLEIN; BURLAGA, 1982). Dal Lago et al. (2006) studied the Otober 17− 22, 1999solar-interplanetary event, whih was assoiated to a very intense magneti storm(Dst = −237 nT).In Figure 5.6, we show the values of STE as a funtion of the time for times seriesof IMF Bx, By and Bz omponents in the SW from 20 − 25 Otober, 1999. In thisSW data intervals, 150 time windows (eah with 2500 reords) were obtained. STEvalues of eah of the three IMF omponents are alulated. Using Equation 5.4, theIE is alulated and it is plotted with thik urve over the analyzed period in this90
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Figure 5.6 - Values of STE as a funtion of the time for times series of IMF
Bx (dotted line), By (dashed line) and Bz (ontinuous thin line) omponentsin the SW. The thik urve represents the IE alulated over the analyzed pe-riod. The vertial lines represent the ICME reported by Dal Lago et al. (2006)from 21, 01 : 34 UT to 22, 06 : 15 UT .�gure.Dal Lago et al. (2006) presented an analysis of pressure balane between the ICMEobserved on Otober 21 − 22 and the high-speed streams following it. Close to theEarth, at L1, an interplanetary shok was deteted by ACE magneti �eld andplasma instruments on Otober 21, 01 : 34 1999, as shown in Figure 5.6 by the �rstvertial dotted line. The driver of this shok is an ICME, whih an be distinguishedfrom the normal SW by its intense magneti �eld, of the order of 20 nT throughoutthe most part of Otober 21, and its low plasma beta (∼ 0.1) (Dal Lago et al., 2006).The start of the ejeta was on Otober 21, 03 : 58. Toward the end of this ejeta,an inrease of the magneti �eld intensity was observed, starting on Otober 22,

02 : 30, reahing a peak value of 37 nT (Dal Lago et al., 2006). At 06 : 15 UT of 22Otober (the seond vertial dotted line in Figure 5.6), the magneti �eld droppedabruptly around 10 nT. (Dal Lago et al., 2006) de�ned this point as the end of theICME. They were not sure whether this ICME is an MC or not aording to theriteria of Burlaga et al. (1981), beause the diretion of the magneti �eld does notrotate smoothly. (CANE; RICHARDSON, 2003) also deteted an ICME not lassi�edas MC at the date from Otober 21, 08 : 00 to Otober 22, 07 : 00 1999 with
VICME = 500 km/s, Vmax = 580 km/s, B = 20 nT and VT = 480 km/s.As presented in the previous paragraph, it is lear that, during the period of Otober
20− 25, 1999, no event was identi�ed as MC. In the Figure 5.6, the values of STE91
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Figure 5.7 - It is plotted the IE as a funtion of the time, February 14− 23, 1999, but thethree vertial lines orrespond with the third event in Table A.1. The formatis the same as in Figure 5.5.are always di�erent of zero, so the IE also is di�erent of zero. This result helps tovalidate the IE to detet MC, beause IE methodology an di�erentiate when anICME is not lassi�ed as MC, sine the IE is zero only inside of MC. This skill isrelated to the orret diagnose of the intrinsi magneti �eld on�guration existingin a MC, representing a very higher organized plasma struture.A blind test aseWith the idea of trying the method, we done a random seletion of one MC amongthe 80MC events (73MCs and 7 loud andidates) identi�ed in the work of Huttunenet al. (2005). It is the seond ase in the Table A.1, identi�ed as the MC event ofFebruary 18 − 19, 1999. Table A.6 indiates the ten-day interval, February 14 −
23, 1999, of SW dataset olleted to be analyzed. Considering a total of 256 timewindows, the STE values are alulated. in Figure 5.7 the result was shown. TheSTE reahes value zero for the Bx omponent. So, there is a IE index presentingvalue zero in the examined period.Cane and Rihardson (2003) deteted an ICME not lassi�ed as MC at the datefrom February 13, 19 : 00 to February 14, 15 : 00 1999 with VICME = 440 km/s,
Vmax = 470 km/s and B = 9 nT. Figure 5.7 shows the results of the alulation ofSTE at February 14, 15 : 00, 1999, where the IE has a small, but non-zero, value.During February 18− 21, 1999, the ACE spaeraft deteted an ICME, lassi�ed asMC with VICME = 520 km/s, Vmax = 700 km/s, B = 8 nT and VT = 870 km/sas the transit speed (CANE; RICHARDSON, 2003). Inside the MC, that is limited by92



the vertial lines in the Figure 5.7, we an see that STE = 0% only for one IMFomponent (in this ase, for Bx). It generates a IE index presenting a value zero thatours only inside the MC region. So, the IE index identi�es indeed the ourreneof one MC event in this data interval.So far, many times we see MCs with zero STE values only in one of the IMFomponents. However, the IE has always deteted the existene of MCs, loated bythe value zero. Thus, using the IE we �nd the MC ourrene, but not the boundaries(or the time extension) of the loud. The onsistent results from other aleatory asesare not showed in this work.5.2.3 Validation of MVA method to identify the boundary of a MCThe proposed methodology in the above setions are not used to identify the bound-aries of the louds and to obtain geometry parameters of the �ux rope struturerespetively. We need to use the method presented in the paper of Huttunen et al.(2005) to validate an analysis methodology.Huttunen and ollaborators have also inluded seven loud andidate events forwhih either the �tting with MVA was not suessful (e.g. the eigenvalue ratio < 2or the diretional hange less than 30 ◦) or there were large values of beta throughoutthe event. In their study the riterion to de�ne a MC were based on the smoothnessof the rotation in the magneti �eld diretion on�ned to one plane. Additionallythey required that a MC must have the average values of the plasma beta less than
0.5, the maximum value of the magneti �eld at least 8 nT, and the duration at least
6 h. With the last two riteria, they aimed to remove the ambiguity of identifyingthe small and weak MCs. All seleted events were investigated by analyzing 1 hmagneti �eld data with MVA, where MCs are identi�ed from the smooth rotationof the magneti �eld vetor in the plane of the maximum variane (KLEIN; BURLAGA,1982).We done a omputational implementation to analyze MC with the above method-ology. The Figure 2 left panel (19− 22 Marh 2001) in the paper of Huttunen et al.(2005) is seleted with the KSnapshot program. The KSnapshot program in Linux(Ubuntu) is apable of apturing images of the whole desktop, a single window, asetion of a window or a seleted region. The images an then be saved in a varietyof formats. After that, the g3data program in Linux (Ubuntu) is used for extrating93



Table 5.4 - Comparation the results of MVA method with paper of Huttunen et al. (2005).The eigenvalues of the magneti variane matrix are λ1, λ2, λ3, in order ofdelining size and the orresponding normalized eigenvetors, x̂1 = B̂∗
x, x̂2 =

B̂∗
y , x̂3 = B̂∗

z . Our results, shown in the third olumn, are onsistent withthe seond olumn. The rows from the top to the bottom: the eigenvetors(nT), eigenvalues, eigenvalue ratio (λ2/λ3), diretion of the MC axis (φC , θC),diretion of minimum variane axis (φMin, θMin), di�erene between the initialand the �nal magneti �eld vetors (χ), inferred �ux-rope type (see Figure 2.7),handedness of the loud (LH=left-handed).19-22 Marh, 2001Parameters Huttunen et al. (2005) Our implementation
x̂1, B̂

∗
x - (0.26, 0.91, 0.32)

x̂2, B̂
∗
y - (−0.37, 0.40,−0.84)

x̂3, B̂
∗
z - (−0.89, 0.1, 0.44)

[λ1, λ2, λ3] - [110.52, 48.44, 0.93]
λ2/λ3 52 52.12
φC 133 132.62
θC −57 −56.78
φMin - 173.74
θMin - 26.26
χ 156 155.61Type WSE WSECH LH LHdata from graphs. The results are plotted with red olor in the Figure 5.8. Also inthe Figure 5.8 with blue olor, our results are plotted. It is possible observe that theresults agree. For more seurity, the quantitative results are ompare in Table 5.4.The desription of the parameters in the aption of the table is shown . Thus, ourimplementation is ready for the studies of new MCs.Nieves-Chinhilla et al. (2005) performed a systemati study of MCs in the timeinterval 2000 − 2003. They used the non fore-free model of Hidalgo to identi�edmagneti louds. The total of louds identi�ed in that study were presented inTable 2.1. Also the MC of (19− 22 Marh 2001) was studied, but Nieves-Chinhillaet al. (2005) report two MCs in this time interval (see Table 1 in the work ofNieves-Chinhilla et al. (2005)). In Chapter 6, we will use this ontraditory resultto validate our methodology.
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(f)Figure 5.8 - The unipolar MC was observed by ACE on 19-22 Marh, 2001 and identify byHuttunen et al. (2005) (see event number 27 in Table A.1, Annex A). In allpanels: red olor shown the results of Huttunen et al. (2005), our implemen-tation is shown with blue olor. (a) magneti �eld strength; (b) polar anglesof the magneti �eld vetor in GSE oordinate system (Blat); () azimuthalangles of the magneti �eld vetor in GSE oordinate system (Blong); (d) pro-ton plasma beta; (e) the rotation of the magneti �eld vetor in the plane ofmaximum variane; (f) the rotation of the magneti �eld vetor in the planeof minimum variane.
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5.2.4 Persistene index to identify the region of a MCFollowing the same idea of IE, we alulated the four persistene exponents
β,α, Hu,Ha in time windows of ten days. Figure 5.9 (All panels) are the same asFigure 5.5 but in eah panel, di�erent persistene exponents are shown. We found athreshold for eah exponent that will be disussed in hapter 6, derived from Figure6.13. In Figure 5.9 threshold values are represented with a horizontal dashed line.The horizontal thik urve in eah panel, is an average value or persistene indexsimilar to Equation 5.1, that is:

〈β〉 = 1

3

3
∑

i=1

β(i) (5.5)
〈α〉 = 1

3

3
∑

i=1

α(i) (5.6)
〈Hu〉 = 1

3

3
∑

i=1

Hu(i) (5.7)
〈Ha〉 = 1

3

3
∑

i=1

Ha(i). (5.8)The angle brakets 〈· · · 〉 denote an average of IMF omponents, i = 1, 2, 3 =

Bx, By, Bz. If eah persistene index is over threshold in all panels at same timethen exist a region that ould be identi�ed as a magneti loud andidate. Theprevious ondition is only true inside of a MC that shown in Figure 5.9. The α−index threshold was exeeded only inside of MC, therefore was the best index. AlsoHausdor�−index had a great inrease in the MC region.As was done to validate the IE methodology, is neessary to prove that in other inter-planetary disturbanes, persistene index does not satisfy the ondition to identifyMCs, e.g. all persistene index exeeds the threshold at same time only inside aMC. Thus, we use the same event studied by Dal Lago et al. (2006) and shown inFigure 5.6. It is the interation between an ICME with a high-speed stream. Theresults are show in Figure 5.10, we saw an inrease in the indies over the thresholdon Otober 22. But alpha index fails. We onlude that not exist a MC in that SWinterval. Then, this methodology is valid to identify �ux rope assoiated with MCs.And it will be used for this purpose in the next hapter.96
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We tested the methodology on other SW interval from February 14− 24, 1999. Theresults are shown in the Figure 5.11. Again only the four indies are over thresholdinside of magneti loud. As we use four indies at same time this is not very e�ientmethodology for identifying the loud region. It an be used as an auxiliary toolbeause is very easy to do an automati and rapid omputational implementation.However, the IE is most preise to identify the loud regions, also the omputationalimplementation is delayed beause the entropy is alulated on RP.5.2.5 DWT index to identify the sheath of a MC and solar wind �utu-ationsWe alulated the wavelet oe�ient d12 using the same idea presented along thissetion: in time intervals of 2500 reords moving forward as 200 reords over 10days on IMF dataset. Thus, the Equation 5.2 is used to alulate an average waveletoe�ient Dd1 on eah window of 2500 reords of dataset. The dataset are theomponents of IMF (Bx, By, Bz). In the Subsetion 5.1.2 was explain the existeneof anisotropy in the IMF, and the neessity to alulate an average value of thepersistene exponent between the three IMF omponents. Using the Equation 5.3 anaverage value (〈Dd1〉) of wavelet oe�ientDd1 in the three omponents is alulated.In Figure 5.12(a), we show Dd1 values versus date for the time series of IMF Bx, ByandBz for this event (January 03-12, 1998).Dd1 values forBx, By, and Bz are plottedwith red dotted line, green dashed line, and blue ontinuum line respetively. Withblak thin line the 〈Dd1〉 values are represented. We will all this average oe�ientas a wavelet index or WI. In the Figure 5.12(a) shows the same solar wind windowsshown in the Figures 5.5 and 5.9. We see a derease of WI inside of the MC, if isompare with the boundaries of it. But, the WI is lowest in other plaes where notexist MC. However, the maximumWI value is detet in the enter of the sheath of theloud. Then, this tool is not useful to identify the magneti loud region, but ouldhelp to delimit the start of the loud. Other appliations ould be found to investigatethe solar wind �utuation and the alulate orrelation with geomagneti indies.Also, we found an important appliation in the Chapter 6 using this methodologyto identify a reonnetion region between two MC.In the Figure 5.12(b) the WI was plotted. The WI allows viewing the shok and theexistene of a sheath in this ICME although the �ux-rope after the sheath is notlassi�ed as loud magneti. The index shows that the high-speed streams following99
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this ICME has great �utuations in an along time period. The IMF �utuation arelower inside the MC than in the plasma sheaths but we do not require a waveletanalysis to infer that. However, WI is a tool to measure the size of these �utuations,for omparison with other regions in the solar wind itself.Figure 5.12() is similar to 5.12(a) and 5.12(b) but for the date February 14 − 24,

1999. We remember that two ICMEs were reported during this ten day of SWinterval; the �rst from February 13, 19 : 00 to February 14, 15 : 00, the seond atthe date February 18 − 21. Anew, great values of the WI was found in the plasmasheath. In onlusion this methodology is not useful to identify magneti loud butis an auxiliary tool that ould used to study the �utuation in the plasma sheath.5.3 Example: MC �ux-rope reonstrutionA magneti loud of double �ux rope on�guration of apparent asymmetry wasstudied by Hu et al. (2003). They employed the Grad-Shafranov reonstrutiontehniques to derive the loal magneti struture from data of a single spaeraft.Their results showed two ylindrial �ux ropes next to eah other where a single Xpoint was formed between them. The interval studied orrespond to a MC observedby ACE in the solar wind at 1 AU on August 12, 0519 : 43 − 1933 : 05 UT 2000.Evidene of multiple �ux rope magneti louds were reported by Osherovih et al.(1999), Haggerty et al. (2000), Skoug et al. (2000), Vandas et al. (1999). Other fourmagneti �ux rope events that are not neessarily CMEs or MC were observed byACE and are examined by the GS reonstrution tehniques in the work of Hu etal. (2004).We used a program pakage in MATLAB (see Annex B). We studied the intervalorrespond to a MC observed by ACE in the solar wind at 1 AU on August 12,
0524 : 00− 1904 : 00 UT 2000. It is the same event studied by Hu et al. (2003). InFigures 5.13 and 5.14, the results are ompared.The relationship between Pt and A in the Figure 5.13 shows satter around the�tted polynomial urve (order 2) for Pt(A) used in the reonstrution. The vertialline denoted by Ab marks the point on A axis where A = Ab (HU et al., 2003). Theintervals A ∈ [Al, Am] (see pag 4, Hu and Sonnerup (2002)) are the A valid valuesin the reonstrution. The value Ab is determined form the Pt versus A plot shownin Figure 5.13 as the point on the A axis beyond whih the requirements that Pt(A)102
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be all funtions of A alone are violated. In pratie, Ab an be manually seleted onthe graph, doing trial and error.In Figure 5.13 (b) is plotted data Pt(x, 0) versus A(x, 0) along the x axis for thereonstrution interval and the �tted Pt(A) funtion (blak urve). Cirles are dataalong the spaeraft inbound path, while stars are along the outbound path. The�tting residues Rf = 0.06 is de�ned on Equation C.45 (Appendix C). The spaeraftrosses the X point. The reonstrution sheme is done with the invariant z axis,
zs = [0.3430, 0.8966,−0.2799]. The arhive �ALLCASE.par� ontains all informationneessary for ontrolling the programs, i.e. ontrol the GS-solver program:

ACE_225_226_00
1

2

15 110 20

1 0.5 0.1We do not explain the previous numbers, beause with the program is provided helpwith a PDF (see Annex B). In Figure 5.13 both panels are similar.In Figure 5.14 (a and b) is shown the reovered ross-setion of the two magnetilouds. The white thikened ontour line is of valueA = Ab shown in Figure 5.13. Theblak ontour lines show the transverse magneti �eld lines (ontours of A(x, y)), andthe olors show the axial magneti �eld, Bz, distribution (sales given by the olorbar). White dot shows the magneti-�eld maximum in the enter of the magnetiloud best organized. In Figure 5.14(b), the yellow arrows along y = 0 denotemeasured transverse magneti �eld vetors, diretion and magnitude measurementsat ACE (sales given by the arrow in upper left orner of magnitude 10 nT) utilizedas initial input into the numerial solver. In Figure 5.14(b) the green arrows areresidual veloities in the deHo�mann-Teller frame at ACE (sales given by the arrowin upper left orner of magnitude 50 km/s). Therefore, a single-X point is formedbetween them. Thus, the program is ready to study other MCs.
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6 RESULTS AND DISCUSSIONThis hapter is omposed by three main parts related to the work developed. Theresults and disussions are presented along the text in order to reah physial in-terpretations. In the �rst part, studies on the MC identifying proedure are done.The STE tehnique is the basis. In the seond part, the omplementary tehniquesto MC haraterization are onsidered. In those parts, all the studies have beendeveloped using only the IMF data aording to the major purpose of this work.Following, the example ases demonstrate the use of this methodology. In the thirdpart, MC events disovered in this work are studied dealing with IMF and interplan-etary plasma data. They are indeed new results. At last, a sheme presents the MCanalysis methodology based only on the IMF data developed in this work, as wellas a omplete methodology strutured to examine interesting MC-andidate ases.6.1 Part I: Results related to MC Identi�ation
41 events present a well de�ned shok wave preeding the MC. For this reason,they onstitute the better ases to de�ne a methodology of analysis to identify MCandidates. The events are used to verify the behavior of the STE alulation in aonsistent way. The list of events is in Table A.1. For these events, the plots of thetime series of the IMF omponents (Bx, By and Bz) are presented in Table A.2.6.1.1 STE analysisThe STE values for the 41 MC events are shown in Figure 6.1. At the top, the STEvalues alulated from the three IMF omponents Bx, By and Bz, plotted respe-tively as �◦�, �+� and �×�, orresponding to MCs. At the bottom of the �gure thesame as above is shown, but for the sheath regions. The STE values of the 246 timeseries were plotted in hronologial order as appeared in Table A.1, olumn 1. SomeMCs do not have STE values lose to zero in the three omponents simultaneously.Then, it is possible to �nd omponents with perfet struturedness (low STE) andabsene of struture (high STE) in the same MC.If STE values between the same omponents for the plasma sheath and theloud regions are ompared (for example, Bx-sheath (STE = 56%) with Bx-loud
(STE = 0%) in the event number 1) then in 5/41 (3/41) of the ases in the Bx

(By, Bz) omponent(s) the STE value in the MC is larger than the one in the sheathrespetively. These are few ases, and shows a lear tendeny to derease the STE107
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with less than 5500 points. We performed option 2, taking the intervals from thepositions 500 (to avoid e�ets aused by the identi�ation of the boundaries) to
4500 in IMF Bz. Thus, the length of the time series is reonstruted with 4001 datapoints. These 17/41 ases are represented by �×� symbol are shown in Figure 6.7(top panel); the �◦� symbol represent non-transform MCs similar to 6.5. In the righthand of the vertial line, the MCs sample (�×� symbol and 4001 data points) areplotted in the position with same length of non-transform MCs (�◦�). Only 1/17ase remains with zero STE and a total of 4/17 events remains with STE less than
11%. To make a better omparison, the histogram in the bottom panel at Figure6.7 was built. We have 33/41 or 80.5% of MCs with STE less than 40%. Still a goodperentage (80.5%) that enables us to keep the �ndings of low STE in MCs.A physial interpretation an be established as following:It was observed during the data proessing that entropy values less than 40% ouldappear only in one or two of the IMF omponents. This has a physial explanation:magneti �eld axis of a magneti �ux-rope in a MC ould have di�erent inlinations.Then, the trend of IMF omponents is larger in one plane or diretion. It is advisableto work in a referene frame found by a MVA analysis. So far, we have been seekingthe auses of the large amount of MCs with STE = 0%. During a MC, the mag-neti �eld strength is higher than the average, the magneti �eld diretion rotatessmoothly through a large angle, then the periods with MCs present more trend inthe magneti behavior than the periods of sheaths or quiet SW. The trend is theprinipal ause of the lower STE values in MC. Also, the MCs are more struturedthan sheath and quiet SW.To demonstrate quantitatively all results that have been shown up here, a simple so-lution for a ylindrially symmetri fore-free �eld with onstant alpha (LUNDQUIST,1950; LUNDQUIST, 1951) was studied. Burlaga (1988) studied the above solutionto desribe the types of signatures observed in the SW at 1 AU when MCs travelthrough of a spaeraft. And the kinds of variations of the magneti �eld diretion ofthe MC in the spaeraft an be reprodued by this model. Burlaga (1988) onludedthat the observed magneti �eld pro�les depend on the position and orientation ofthe MC axis. We written the fore-free model solution as Burlaga (1988):
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Axial omponent : BA = B0J0(αR),Tangential omponent : BT = B0HJ1(αR),Radial omponent : BR = 0,Total magneti �eld : B =
√

B2
A +B2

T +B2
R, (6.1)where H = ±1, the sign providing the handedness of the �eld heliity, and where B0is an estimate of �eld at the axis of the loud and R is the radial distane from theaxis, J0 and J1 are the Bessel funtion of the �rst kind of order 0 and 1. In Figure 6.8the above equations were plotted. The magnitude of the magneti �eld at any instantis B, whih dereases from a maximum Bmax on the axis of the MC to ∼ 0.5Bmaxat the outer boundary. Following Burlaga (1988), we show the boundaries with twovertial line in Figure 6.8, as the points where BA = 0, i.e. where α · R = 2.4 and

B/B0 = 0.5.Time series with 2001 points inside the boundaries of the loud shown in Figure 6.8are onstruted. On other hand, we obtained the reurrene plots of BA, BT and Brespetively. After that, the STE values are alulated; with the STE of BA = 27%;116



STE of BT = 0%; STE of B = 25%.Time series with 2001 points inside the boundaries of the loud shown in Figure 6.8are onstruted. On other hand, we obtained the reurrene plots of BA, BT and Brespetively. The reurrene plots of BA, BT are shown in Figures 6.9(a) and 6.9(b)respetively. After that, the STE values are alulated; with the STE of BA = 27%;STE of BT = 0%; STE of B = 25%.Those low STE values are the physial justi�ation of our results. If the spaeraftrosses near the loud axis then zero entropy values of some IMF omponents of thestruture are onsequenes of a nearly ylindrially symmetri fore-free �eld. Theseresults reinfore our initial hypothesis that STE ould be established as a featureor tool to help in analysis of IMF data for the MC identi�ation, mainly when theonly measurements obtained by satellites are the IMF.

(a) (b)Figure 6.9 - RPs of the solution for a ylindrially symmetri fore-free �eld with onstantalpha are shown. (a) Axial omponent. : BA = B0J0(αR), STE = 27%. (b)Tangential omponent : BT = B0HJ1(αR), STE = 0%.To understand better the STE behavior, we alulate the STE values versus trendspresents in IMF data. The analysis has followed the same idea presented in Subse-tion 5.1.1. In Figure 5.1, we presented time series plot of Lorenz data �le inludein the VRA for four di�erents trend angles. We mentioned earlier that MCs timeseries are not stationary, there is a trend. The linear least squares �tting tehniqueis the simplest and most ommonly applied form of linear regression and providesa solution to the problem of �nding the best �tting straight line through a set of117



points and to obtain the equation of the line. The angle θ that a line makes withthe positive x axis is losely related to the slope m via the inverse tangent funtion
θ = tan−1(m).To illustrate the idea, a few events are onsidered for a quantitative result. Weapplied the previous methodology to all IMF time series shown in the Figures 5.5,5.6, 5.7, 6.19, 6.27. Thus, we separate all pairs of points formed by the trend angle
θ and STE for the data.The top panel of Figure 6.10 shows the BX omponent. At the top, the plot of STEversus θ or trend angle where a parabola is �tted to the data; at the bottom, the or-responding histogram where a Gaussian distribution is �tted. The other two panels(middle and bottom) are shown the same graphi, but to BY and BZ omponentsrespetively. At BX panel, on the plot of STE versus θ, the orrelation oe�ient (aPearson's orrelation oe�ient between two time series, STE vs θ) is C = −70.8%.If the variables tend to go up and down in opposition, with low values of one vari-able assoiated with large values of the other then the orrelation oe�ient will benegative (anti-orrelation), as is shown in Figure 6.10. The anti-orrelation betweenSTE and θ gives the idea that the trend in the BX series is responsible for thelowest STE values. But the above idea is not totally true; beause we have pointsof STE 6= 0% with large trend, i.e. see the more separated points of the vertialline. One expliation to these kinds of problems an be the existene of �utuationsin the signal. In the three �gures, the histogram show the distribution of the trendangle. Sometimes, the trend in the reords for a plasma sheath region is larger thanthe trend for a loud, but the plasma sheath has rapid �utuations that hanges thesign of the signal and the STE is not zero.Then the STE = 0% at magneti louds is related to the simultaneous ourrene oftwo fators: (1) the trend existing in the signal, (2) the analyzed variable has a moreordered dynamial behavior (i.e. few �utuations) and higher degree of orrelationbetween its time neighbors.The orrelation oe�ient, for BY , from STE versus θ is C = −67.6% and for BZis C = −65.7%. From the three panels, it is possible to see that BZ omponenthas largest trend ompared to the others two ases. This is beause BZ is the onlyomponent that is not ontained in elipti plane. The onstrution of the Figure6.10 was done with 46 days of SW data. The MCs ontained in these data are bipolar,118



Figure 6.10 - At top: Plot of STE versus θ to Bx, By and Bz omponents and a parabola�tted to the data. At bottom: The orresponding histogram in whih a Gaus-sian distribution is �tted.
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i.e. the idealized sketh is a ylindrial magneti �ux tube whih moves radially awayfrom the Sun (see Figure 2.6). Thus in GSE oordinates system, BZ , BY , BX areapproximately the omponents of maximum, intermediate and minimum varianeor trend.6.2 Part II: Results related to the MC haraterizationInitially, the persistene analysis is done to establish a preliminary ategorization ofthe periods in the SW related to the MC ourrenes.6.2.1 Persistene analysis on the IMF variationThe methodology that uses the persistene exponents (see setion 5.1) for the groupof 41 events is generalized. Using Equation 5.5 the 〈β〉 values are alulated. Itvalues for the 41 MC events are shown in Figure 6.11(a). The three time intervalsorresponding to the sheath, the MC and after the MC with the same size of thepreedent loud. It were plotted as ���, �⊗� and �△� symbols respetively. The errorbar represents the standard deviation for eah value. It is shows the power spetraldensity (PSD) saling exponent 〈β〉 as a self-a�ne fratal (1 < 〈β〉 < 2 ) but thereis not a pattern that allows the separation of MC from the other two ases; exist atotal of 18/41 events where the louds do not have the larger values. We providedomments in Subsetion 5.1.2 about limitation of this tool, fundamentally to thenonstationarity of the time series .For short time series, DFA an detet the orrelation length more aurately thanthe PSD saling exponent (β) (VERONESE et al., 2011). The alpha exponent is nota�et by spetral variane and leakage and is possible to use in non-stationarytime series. Figure 6.11(b) has the same format that 6.11(a), but is builded for 〈α〉exponent using the Equation 5.6. The results show 〈α〉 values between 1.0 and 1.6, inother words, long-range persistene and some MCs with typial values of a Browniannoise (〈α〉 ∼= 1.5). If we ompare the 〈α〉 values between the same omponents forthe sheath (���) and the MC (�⊗�) regions then in 38/41 ases the 〈α〉 value in theloud is larger than the one in sheath respetively. We have some exeptions, theevents 5, 20 and 25 that shown in Table A.1. We did not stop to examine these asesin detail, it are few for the statistis of 41 ases. Nevertheless, it is reommendedto study in the future, beause we think that ould be need to re-de�ne the loudboundaries or there are two louds (as the two ases, that will be disussed in this120
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(d)Figure 6.11 - In (a), the PSD saling exponent 〈β〉 values versus number of events (seeTable A.1) were plotted, where (���), (�⊗�) and (�△�) symbols orrespondsto the sheath, MC and after MC regions respetively. The other panels (b), ()and (d) are similar to (a) but for 〈α〉, 〈Hu〉 and 〈Ha〉 exponents respetively.The results in the four panels show long-range persistene in IMF time series(1 < 〈β〉 < 2, 1 < 〈α〉 < 1.6, 0.75 < 〈Hu〉 < 0.95 and 0.1 < 〈Ha〉 < 0.5).A inrease in the persistene exponents in the magneti loud regions areshown. The persistene in IMF time series of some magneti louds are suhas a Brownian motion. The horizontal dashed line is a threshold derived fromFigure 6.13
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hapter).Also, the Hurst exponent was presented in Setion 5.1 as an useful methodology tostudy MCs. Using the Equation 5.7, the 〈Hu〉 exponents in the three regions arealulated. Figure 6.11() has the same format that 6.11(a) and 6.11(b), but for
〈Hu〉 exponent. Similar to 6.11(b), the 〈Hu〉 exponents have larger values in theMC. Nevertheless, 4/41 MC (events 11, 19, 28 and 30) does not have largest 〈Hu〉exponents in the region of the MC. None of this ases oinide with the three events(5, 20 and 25) when the alpha exponent is used. This draws attention to have aertain degree of distrust in the identi�ation of these louds, but also suggest thatall tehniques must be used together to inrease the on�dene level in the results.Still in 34/41 events both exponents have largest values in the loud region.The last tools to use is the Hausdor� exponent (Ha). To alulate the mean Hausdor�exponents, the Equation 5.8 is used. In Figure 6.11(d), the 〈Ha〉 exponents havelargest values in the MC regions, only 2/41 MC (events 10 and 28) does not havehighest 〈Ha〉 exponents. Thus, this tool showed the best results.In onlusion, the PSD saling exponent is not a suitable tools to study persistenein IMF omponents in the SW. Nevertheless, the other three exponents are suitableto study persistene, and the exponents values has inreased in the loud region. Itmeans that the three exponents report the largest persistene in 33 of total 41 loudregions. In 80.5% of the ases studied these tools were able to separate the regionof the loud of neighboring regions.To make a omparison between all events, it is neessary to build a histogram. InFigure 6.12(a), the histogram is builded from a frequeny table of 〈β〉 values plottedin Figure 6.11(a). The 〈β〉 values for the sheath, MC and after MC (AFTERMC)regions where plotted as gray, blak and white bar respetively. We see an uniformityin the distribution of all bar between 1.5 < 〈β〉 < 1.8. For 〈β〉 < 1.5, we have 7/41sheath, 2/41 MC and 15/41 AFTERMC events, while for 〈β〉 > 1.8 we have 3/41sheath, 9/41MC and 3/41 AFTERMC events respetively. Although the alulationof 〈β〉 is not a ompletely reliable value but the largest values of 〈β〉 are in the MCregions.Figure 6.12(b) has the same format that 6.12(a), but for 〈α〉 exponent. For 〈α〉 > 1.4,we have 6/41 sheath, 29/41 MC and 3/41 AFTERMC events respetively. So, we122
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The equations for alulating the average values are:
〈β〉T =

1

N

N
∑

i=1

〈β〉(i) (6.2)
〈α〉T =

1

N

N
∑

i=1

〈α〉(i) (6.3)
〈Hu〉T =

1

N

N
∑

i=1

〈Hu〉(i) (6.4)
〈Ha〉T =

1

N

N
∑

i=1

〈Ha〉(i). (6.5)with N = 41.The alulation of the standard deviation shows, how muh variation or dispersionexists from the average. If we build a retangular area using the mean and standarddeviation then we have a validity region where join up all exponents. Following theabove idea, the panels of Figure 6.13 were builded. In Figure 6.13(a) the blak pointsare (〈α〉T , 〈β〉T ) in eah one of three regions, from 41 events plotted in the Figures6.11(a) and 6.11(b). For 2D graphi, �lling is done in the x and y diretions betweenthe standard deviation of the mean, and the shade retangular regions are the set ofvalidations of the persistene for eah regions. Thus, the graph allows a onjugateanalysis of persistene. In Figure 6.13(a), we see in 〈β〉T axis that the MC is theregion with the largest average value. But, shade retangular regions are overlapping.It is not possible to separate the MC region. Still, the result is important beausewe an see that persistene is large in the MCs. On the other hand, if we see the
〈α〉T axis 75% of the shade retangular regions, are not overlapping. The MCs have
〈α〉 values between 1.39 and 1.54. A vertial dashed line is drawn in the point 1.392.We propose, use this value as a threshold when the alpha exponent is alulated in aMC regions. Also, this values ould be useful to reate a identi�ation methodologyof MCs as shown in Setion 5.2.4.In Figure 6.13(b) has the same format that 6.13(a) but in the y axis 〈Ha〉T wasplotted. Along 〈Ha〉T axis, the shaded retangular region orresponding to the MCis less overlap with other regions than seen in the previous Figure 6.13(b). Only theMCs have 〈Ha〉 values between 0.32 and 0.42. A horizontal dashed line is drawn in124



(a) (b)
() (d)Figure 6.13 - In (a), the blak points are (〈α〉T , 〈β〉T ) in eah of three regions, of the 41events plotted in the Figures 6.11(a) and 6.11(b). We alulate the standarddeviation of the mean for eah persistene exponent that was shown in theEquation 6.2. For 2D graphi, �lling is done in the x and y diretions betweenthe standard deviation of the mean. The �lling retangular regions are the setof validations of the persistene for eah regions, (〈β〉T ± σ) vs (〈α〉T ± σ)..The other panels (b), () and (d) are similar to (a) but for other exponentsombinations i.e.: (b) (〈Ha〉T ±σ) vs (〈α〉T ±σ);() (〈Hu〉T ±σ) vs (〈α〉T ±

σ) ;(d) (〈Hu〉T ± σ) vs (〈Ha〉T ± σ).the point 0.327.Figure 6.13() has the same format that 6.13(a) and 6.13(b) but in the y axis 〈Hu〉Twas plotted. Also the MCs was separated of the other two regions. And the horizontaldashed line is drawn in the point 0.875. The regions with least overlap orrespondto the Hurst and Hausdor� exponents respetively. In Figure 6.13(d) (〈Hu〉T ± σ)vs (〈Ha〉T ± σ) is plotted. It is the best graphi to separate the MC of the othertwo regions. The Hurst (R/S) and Hausdor� exponents respetively are good toidenti�ed the MC regions.With these results, we onlude that the persistene values inreases in the IMF125



omponents inside of MCs. In this study the investigated period overs the risingphase of solar ativity (1998− 1999), solar maximum (2000) and the early deliningphase (2001− 2003) when de�ned by the yearly sunspot number. We have a varietyof MCs in �ve year (1998 − 2003) and the rotation of the magneti �eld diretionan our in any diretion relative to the elipti. But there are some MCs whereidenti�ation is not ompletely seure. For example, Lepping et al. (1990) show atable1 with a quality fator (1 = Exellent, 2=Good, 3=Poor) when identify the MCintervals. This methodology an help to evaluate the quality of the identi�ation.After identifying a MC, if their persistene exponents oupy non overlapping regionsin Figure 6.13 (panels b,  and d) then the loud was identi�ed with good quality.Avoid using plasma data is important in this new methodology, beause sometimeit has large gaps.6.2.2 Daubehies wavelet analysis on the IMF behaviorTo illustrate, we present two ase studies based on the analysis of Huttunen et al.(2005), where we applied this methodology to analyze MC periods (events 14 and16, Table A.1). The study is extended to a total of 41 ases shown in the table,although the results are not presented individually here. In this setion, a disussionis done to reah an interpretation.February 11-13, 2000 ICME eventIn Figure 6.14, at the top, we show the time series of IMF Bz omponent measuredby the ACE spaeraft at the date February 11, 23 : 23 UT -February 13, 12 :

00 UT, 2000. The data was measured in GSM oordinate system with resolutiontime of 16 s. The three regions under study are separated by two vertial dashedlines. At bottom, we show the square of the �rst deomposition level of waveletoe�ients, d1, and results of Dd1. The mean of wavelet oe�ient Dd1 in timeseries at plasma sheath is 0.828 nT 2. The result is that the lower Dd1 (0.156 nT 2)orresponds to the MC.In Table 6.1, the results of Dd1 for the three omponents of ~B are presented. Seen inthe �gure, the MC region in the three omponents always have the lowest Dd1 value.While the higher Dd1 values in all omponents orrespond to the sheath region.As a previously known feature, the larger amplitude of the wavelet oe�ients d11http://wind.nasa.gov/m�/mag_loud_pub1.html126
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July 11-14, 2000 ICME eventIn Figure 6.15, a similar study is done. At top, we show the time series of IMF
Bz omponent measured by ACE spaeraft at the date July 11, 11 : 22 UT -July
14, 05 : 00 UT, 2000. The three regions under study are separated by two vertialdashed lines. At bottom, the square of �rst deomposition level of wavelet oe�ient
d12 vs time is plotted.
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(0.625 nT 2) orresponds to the sheath region. The higher amplitude of d12 insidethe third region (After MC) is due to the arrival of other event (event 17 in TableA.1).Related to this ase, the results of Dd1 for the three omponents of ~B are presentedin Table 6.1. Also seen in the earlier �gure, the MC region in the three omponentsalways have the lowest Dd1 value. While the higher Dd1 value in all omponentsorrespond to the sheath region. 128



It an be notied the tendeny of the MC events to have lower values of Dd1 inomparison with the proesses of the other regions. This feature is lear identi�edusing this approah, that an be added to the usual features (BURLAGA et al., 1981)established earlier to the MCs. Also, we found higher Dd1 values in the sheath. Thehigher amplitudes of the wavelet oe�ients indiate singularity patterns whih areidenti�ed in the sheath region (see top panel on Figures 6.14 and 6.15).41 ICMEs eventsAiming to a onlusive analysis, the alulations of Dd1 for the three IMF ompo-nents are done for the other ases of Table A.1. The proedure is the same of thease studies.
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�eld. In priniple, the identi�ation by visual inspetion ould be more di�ult tobe done under this onditions. Conversely, in the last four sets of bars we have
75.6% of the sheaths and only 12.2% of the MCs regions. The results showed in thetwo previous ase studies are on�rmed: the bigger amplitudes of the magneti �eld�utuations are in the sheath, and the lower ones are during the MC.As in Table 6.1, the higher Dd1 values are found in Bz omponent for every regions.By diret visual inspetion, the most of the time, this detetion is not possible.However, the wavelet transform allows �nding this phenomenon easily. The Bz om-ponent is very important in the magneti reonnetion at Earth's magnetopause. Anopen question ould be realled: how important are the �utuations for the geoe�e-tiveness? We think that this is an important example of appliation of this tehniquein order to evaluate the solar wind �utuation. Also, the wavelet oe�ients an helpto obtain a better visualization of the shok and to identify the initial border of theMC.The wavelet oe�ients reover the expeted behaviors of the physial proessesunderlying in the magneti reords. This is understandable, beause the MC has ageometri struture in form of �ux-rope, unlike the sheath region and the �quiet�SW. The sheath is naturally a turbulent region, presenting many �utuations in theIMF values with large Dd1 values. A smoother magneti �eld are the ause of thelow values of Dd1 in the MCs regions. The SW after the MC an present an extendedquiet behavior, or an inreasing of random harateristis, or even turbulenes froman arrival event, e.g., the events 16 and 20. The existene of MCs with large valuesof the wavelet oe�ients was unexpeted in this study. We have �ve MCs with thisfeature, and further they will deserve spei� studies.If this tehnique is applied to a large dataset IMF, the wavelet oe�ients ouldbe also large in other regions in whih there are no ICMEs. On other hand, thewavelet oe�ients are relatively lower in quiet SW regions. Although it does notallow identifying louds automatially, it is an useful tool for experts. Beause, thistehnique an be used as auxiliary tools to �nd loud boundaries, when, for example,the minimum variane analysis (MVA) is used. In fat, we have used for this purpose.In our opinion, the presentation of this tool for the Spae Physis Community isthe most important result of this subsetion. The tehnique ould �open doors� forother appliations. For example, we speulate that it might be useful to study Alfvènwaves, beause, with them, �utuations in the SW with di�erent pseudo-frequenies131



an be investigated.Appliation to identify the shok and leader edge of ICMENow, this study onsiders the events of MCs not assoiated with shok waves, pre-sented in Table A.4 (see event 3).With illustration purpose, a ase study is presented for the date June 24, 12 : 00 UT -June 25, 16 : 00 UT, 1998. The riteria to selet the data interval after the MC arethe same used previously. The duration time in regions at 41 sheath is less than oneday, then a region with this equivalent duration from the initial time of the loudis hosen. In Figure 6.18, the above interval at the date June 23, 12 : 00 UT -June
26, 16 : 00 UT, 1998 is shown. Eah panel presents, from top to bottom, the Bx, By,and Bz omponent time series respetively. At the bottom of the respetive panels,the square of the �rst deomposition level of wavelet oe�ients, d1, versus time isplotted. The two vertial dashed lines orrespond with the MC region delimitationsidenti�ed by Huttunen et al. (2005). The wavelet oe�ients permit doing a zoomin in the �utuations of magneti omponents. As large amplitudes inside the initialborder of MC is observed, then we think that this boundary should be rede�ned.Thus, the leader edge at date June 24, 16 : 32 UT 1998 is rede�ned. The seondvertial thik line orresponds with the above data.Also, wavelet oe�ients ould be used to identify shok waves. However, the on�r-mation on the type of eletrodynamial disontinuity implies the use of plasma data.So, a probable disontinuity at date June 24, 04 : 00 UT 1998 is identi�ed. Thus,with help of SW plasma parameters, an interplanetary shok an be assoiated tothis event. The �rst vertial thik line orresponds with its loation.In Figure 6.18 (all panels), the Dd1 values in eah regions are shown. We foundhigher Dd1 values in the sheath while the lower values orrespond to loud region.The results related to this part are onsistent with the earlier results.In onlusion, this methodology has a pratial appliation. Maybe other applia-tions for Spae Physis Community uses will be found, mainly taking into aount�utuations that our in several frequeny ranges.
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in Table A.1). The extended 10-day interval is informed in Table A.6. In Figure 6.19,with di�erent lines (dotted line ≡ x, dashed line ≡ y, ontinuous thin line ≡ z) theSTE values for eah omponents as funtion of time are plotted. The blak thikurve represents the IE alulated along the analyzed period. The MC around Oto-ber 14 is plotted with three vertial dashed lines (the shok and loud boundaries).The properties of this loud are desribed by Huttunen et al. (2005): the MVAmethod gives λ2/λ3 = 4, χ = 62 ◦ and (φC , θC) = (33 ◦,−25 ◦), this bipolar MC hasa �ux-rope type NES and the observed angular variation of magneti �eld is right-handed. During the passage of this MC, the By, Bz omponents have STE = 0%approximately in the �rst half of it, and the IE detets the presene of this MC. Asexpeted, the STE method has one again demonstrated as useful and apable ofproduing valid results.However, on Otober 8, the Bx, By omponents have STE value almost zero(STEmin
x = 12% and STEmin

y = 4%). At this date, the presene of ICME wasnot reported. But a small magneti struture where the �eld had a smooth variationan be notied. The IE detets those kinds of small strutures that are unnotied inmost of the studies.Also, the persistene indies to identify the region of a MC an be used. Thus,in the Figure 6.20 shows the plot of the four persistenes indies in the form aswas explain in Subsetion 5.2.4. The threshold is exeeded by the four indies atthe same time only inside of the two MCs that shown in the Figure 6.20. Withthe idea of studying the magneti �eld �utuations, we also use the wavelet index(WI ≡ 〈Dd1〉) methodology explained in Subsetion 5.2.5. In the Figure 6.21, weshow theDd1 (red ≡ x, green ≡ y, blue ≡ z) values as a funtion of the time for timesseries of IMF Bx, By and Bz omponents in the SW. The WI is plotted by a blakthik urve. Exist a dereasing in the loud region, but it is not su�ient to identifythe MC. The WI is plotted, beause we want to ompare the relationship betweenmagneti �eld �utuations with the entropy and the persistene respetively.The orrelation between IE, 〈β〉, 〈α〉, 〈Hu〉, 〈Ha〉 and WI as form of orrelationmatrix were represented in the Table 6.2. The six indies are show in Figures 6.19,6.20 and 6.21 respetively. As expeted, exist a large anti-orrelation between thepersistene indies and the IE. However WI has low relationship with the other �veindex. Thus the solar wind intervals with large �utuation has low memory andmore randomness respetively. 135



Oct 09 Oct 10 Oct 11 Oct 12 Oct 13 Oct 14 Oct 15 Oct 16 Oct 17
1.0
1.2
1.4
1.6
1.8
2.0
2.2

2000

Β

MCz yMCz

(a)
Oct 09 Oct 10 Oct 11 Oct 12 Oct 13 Oct 14 Oct 15 Oct 16 Oct 17

0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6

2000

Α

MCz yMCz

(b)
Oct 09 Oct 10 Oct 11 Oct 12 Oct 13 Oct 14 Oct 15 Oct 16 Oct 17

0.75

0.80

0.85

0.90

2000

H
u

MCz yMCz

()
Oct 09 Oct 10 Oct 11 Oct 12 Oct 13 Oct 14 Oct 15 Oct 16 Oct 17

0.1

0.2

0.3

0.4

0.5

2000

H
a

MCz yMCz
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IE 〈β〉 〈α〉 〈Hu〉 〈Ha〉 WI

IE 100
〈β〉 −85 100
〈α〉 −94 88 100
〈Hu〉 −87 81 87 100
〈Ha〉 −93 85 95 79 100
WI 41 −38 −38 −30 −42 100The previous tools are not used to identify the boundaries of the MC. The ombina-tion between analysis of plasma data with the MVA method an be use to identi�edthe boundaries. This methodology was explained in Subsetion 5.2.3.To identify MC boundaries, a ombination between analysis of plasma data withthe MVA method is usually applied. The data was measured by ACE from Otober

07 to 09, 2000 with 1 hour time resolution. So, Figure 6.22 is omposed by sixpanels: (top panels) magneti �eld strength and polar (Blat) angles of the magneti�eld vetor in GSE oordinate system; (middle panels) azimuthal (Blong) angle andplasma beta; (bottom panels) maximum and minimum variane planes respetively.The plasma beta minimum value was βp = 2.7× 10−3 on 07 Otober at 23 : 00 UT .We used the magneti �eld rotation on�ned to one plane, the plane of maximum137
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variane (B∗
xB

∗
y) to �nd the boundaries of the loud, the dates were written inTable 6.3. Table 6.3 - Magneti loud from 07 − 08 Otober 2000.Year Shok MC, start MC, stop

2000 07 Ot, 09 : 00 07 Ot, 22 : 00 08 Ot, 17 : 00In all panels of Figure 6.22, the �rst vertial line indiates the shok, and theother two vertial lines indiate MC interval. The MVA method gives the eigen-value ratio λ2/λ3 = 47.5, the angle between the �rst and the last magneti �eldvetors χ = 148.4 ◦, the orientation of the axis (φC , θC) = (113.8 ◦, 7 ◦), the diretionof minimum variane (φmin, θmin) = (22 ◦,−10 ◦) and eigenvalues [λ1, λ2, λ3] =

[124.6, 41.8, 0.9]. This MC has a �ux-rope type SEN as an be seen in the Fig-ure 6.22, right top panel and left middle panel respetively. The observed angularvariation of the magneti �eld is left-handed. A MC event has been haraterized.The entropy method demonstrates its usefulness, and its apable of produing newresults (or, at least, interesting ases for studies).Identi�ation of MC event at 05-06 April 2010On April 03, 2010, the Sun launhed a loud of material, known as a oronal massejetion (CME), in a diretion that reahed the Earth. This CME was very fast witha speed of at least 800 km/s. The bulk of the CME passed south of Earth, but apiee of it hit the Earth's magnetosphere on April 05, ausing a geomagneti storm(Dstmin = −73 nT on 06 April at 15 : 00 UT).This event was very reent and we wanted to use the tehnique to verify any pos-sible MC ourrene. The ACE Magneti Field Experiment data in level 2 (ver-i�ed) were not available in April 2010 when the data were proessed (April-May
2010). It was only possible to obtain suh data for 16 seond average IMF in RTNor GSE oordinates via anonymous ftp, from Calteh (ftp://mussel.srl.alteh.edu/pub/ae/browse/MAG16se). For this reason, in Figure 6.23, the STE values arealulated using data in GSE oordinates. It is not a problem, beause the hoieof the oordinate system, i.e, GSE, GSM or RTN, does not a�et this methodologyfor this study. 139
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IE 〈β〉 〈α〉 〈Hu〉 〈Ha〉 WI

IE 100
〈β〉 −71 100
〈α〉 −89 84 100
〈Hu〉 −82 70 82 100
〈Ha〉 −88 79 93 72 100
WI 22 −31 −38 −23 −40 100Up here, we think that exists a MC inside of this ICMEs. The methodology imple-mented in this work has identi�ed a region with harateristi of MC in the magneti�eld data. Using the earlier treatments, the boundaries found for the loud-andidateis delimited in the data shown in Figure 6.26.In Figure 6.26, the data were measured by ACE from April 01 to 11, 2010 with 1 htime resolution. The Figure has been omposed by six panels: (top panels) magneti�eld strength and polar (Blat) angles of the magneti �eld vetor in GSE oordinatesystem; (middle panels) azimuthal angle (Blong) and plasma beta; (bottom panels)planes of maximum and minimum variane respetively. On 05 April 2010, at 07 : 00UT, the proton density Np = 2.8 cm−3, proton temperature Tp = 2.4 ∗ 105 K, ratioof alphas/protons = 7 × 10−2, proton speed Vp = 564.5 km/s, magneti �eld142



0 24 48 72 96 120 144 168 192 216 240
0

5

10

15

20

Time HhourL

B
Hn

T
L

MC

0 24 48 72 96 120 144 168 192 216 240
-90

-45

0

45

90

Time HhourL

B
la

tH
0 L

MC

0 24 48 72 96 120 144 168 192 216 240
0

90

180

270

360

Time HhourL

B
lo

ng
H0
L

MC

0 24 48 72 96 120 144 168 192 216 240
0.001

0.01

0.1

1

10

Time HhourL

Β
P

MC

æ

æ

æ

æ
æ

ææ

æ

ææ

ææ

æ

æ
æ

æ
æ
æ ææ

æ

æ

æ

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15

Bx* HnTL

B
y*
Hn

T
L

æ

ææ

æ æ
æææ æ
æ

ææ æ
æ
æ
æ ææ

ææ æ ææ

-15 -10 -5 0 5 10 15
-15

-10

-5

0

5

10

15

By* HnTL

B
z*
Hn

T
L

Figure 6.26 - The solar wind windows has been observed by ACE from April 01 to 10,
2010, in GSE oordinates system and with 1 h time resolution.magnitude B = 5.2 nT and plasma beta βp = 0.9. One hour later, some parametershave a hange Np = 7.98 cm−3, Tp = 5.5 × 105 K, alphas/protons = 1.7 ∗ 10−2,

Vp = 724.8 km/s, B = 10.9 nT and βp = 1.3. It is easy to identify a shok beausethe veloity, density and magneti �eld magnitude inrease abruptly, and we believethat is related to the arrival of an event at ACE. Eight hours latter than the timeof the shok, at 16 : 00 UT, the plasma beta dereases to βp = 3.2 ∗ 10−2, and it isthe start of the MC.The plasma beta minimum value were βp = 8.8×10−3 on 06 April at 12 : 00 UT . Wehave used the magneti �eld rotation on�ned to one plane, the maximum varianeplane (B∗
xB

∗
y), to �nd the boundaries of the MC. In Table 6.5, the dates are shown.The minimum variane plane (B∗

yB
∗
z ) has a problem, beause the plot is not in B∗

z =

0 (there is an o� set), and we report this MC as a mean quality in the identi�ation.143



Table 6.5 - Magneti loud from 05− 06 April 2010.Year Shok MC, start MC, stop
2010 05 Apr, 07 : 00 05 Apr, 16 : 00 06 Apr, 14 : 00Thus, in all panels of Figure 6.26, the �rst vertial line indiates the shok, and theother two vertial lines show the MC interval. The MVA method gives the eigenvalueratio λ2/λ3 = 16, the angle between the �rst and the last magneti �eld vetors χ =

48 ◦, the orientation of the axis (φC , θC) = (33 ◦,−32.6 ◦), the diretion of minimumvariane (φmin, θmin) = (129 ◦, 9 ◦) and eigenvalues [λ1, λ2, λ3] = [16.8, 3.6, 0.2].This MC has a �ux-rope type NWS as an be seen in Figures 6.26, right top paneland left middle panel, respetively. The observed angular variation of the magneti�eld is left-handed. With proposed methodology we were able to identify a new MC.By means of alulating of STE of magneti strutures, evaluated by an IE, themethodology proposed here allows identifying MC andidates, as well as unravelingsome of them that present interesting features to further studies. The use of an easyomputational tehnique to identify MC andidates seems better than performingan exhausting visual inspetion of the data to �nd the andidates, as done withourage in many studies. Although there are other identi�ation methodologies,other advantage of IE methodology is to deal only with the IMF data. At last, anemphasis should be done by us: this methodology is only an auxiliary identi�ationtool, to be added to the others.6.4 Part III: MC event analysesAlong the e�orts to obtain a methodology, some appealing events have been disov-ered. Seleted among them, two events are examined here in a more omplete wayto exemplify new results reahed after the use of our methodology. It represents aresult beyond the initial goal of this work. They are: (a) magneti louds in an ele-trodynamial oupling, and (b) a MC event presenting a ontroversial interpretationin the literature.6.4.1 Identi�ation of a magneti louds with double rotations observedby the ACE spaeraftThe event of August 19 − 20, 1998 (Table A.5), is shown in the right panel ofFigure 2 in the paper of Huttunen et al. (2005). Also, this MC was published by144



NASA (http://wind.nasa.gov/m�/mag_loud_pub1.html), and also reported in thework of Cane and Rihardson (2003). In those analyses, the MC is reported as asingle �ux-rope, (e.g. Cane and Rihardson (2003)) deteted one ICME lassi�ed asMC from August 19, 18 : 47 to August 21, 20 : 00, 1998, where VICME = 300 km/s,
Vmax = 340 km/s, and B = 14 nT . Huttunen et al. (2005) used the MVA method,and the eigenvalue ratio λ2/λ3 = 30, the angle between the �rst and the last magneti�eld vetors χ = 177◦ and (φC , θC) = (113 ◦,−16◦) are alulated. They reported theMC as bipolar loud with a �ux-rope type SWN and the observed angular variationof the magneti �eld is right-handed. They alulated values using data with 1 hof time resolution, now 5 min is used. The observed SN-type MC had Bz < 0 forabout eleven hours, with values of less than −10 nT . In the plasma sheath wasobserved Bz < 0 for more than seven hours and values lose to Bz = −11 nT . The
Dst index shows two geomagneti storms, the �rst with Dstmin = −42 nT ausedby the plasma sheath, and the seond with Dstmin = −67 nT aused by the MC(HUTTUNEN et al., 2005).Initially, our motivation is test IE in a ten-day time window to verify if we anidentify the mentioned MC. We selet the period from August 15 to 24, 1998, asshown in Table A.6. The magneti �eld data (Bx ≡ Red, By ≡ Green, Bz ≡ Blue)with time resolution of 16 s in GSM oordinates system are shown in Figure 6.27,at the top panel. Time data intervals of 2500 reords moving forward as time stepsof 200 reords till the end of the time series are seleted. Using the 2500-reordintervals, the IE is alulated for eah step.In Figure 6.27, bottom panel, values of STE on 15 − 24 August, 1998 areshown as a funtion of time for time series of IMF omponents (STE in: Bx ≡red dotted line, By ≡ green dashed line and Bz ≡ blue ontinuous thin line) in theSW. The thik urve represents the IE alulated along the analyzed period. InFigure 6.27, the �rst, seond, and third vertial dotted lines represent respetivelythe shok, the start, and end of the MC (designated by us as MC2) reported byHuttunen et al. (2005) (see event in Table A.5). Figure 6.27 shows that the Bx, Byomponents have zero STE value during the plasma sheath of the MC, approxi-mately at the end half of it. After that, approximately in the enter of the MC2,the three omponents (Bx, By, Bz) have zero STE values. Thus, the IE is zero atthe end of the sheath and again within the MC. We think that, maybe, there aretwo MCs, one after the other, beause, so far, the IE was never zero outside of the145
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loud regions. The lower values of IE on August 15 is aused beause the data hasgaps and we done a linear interpolation.
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Figure 6.28 - Are shown values of average wavelet oe�ients on 15 − 25 August, 1998as a funtion of the time for times series of IMF omponents (Dd1 in:
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Aug 16 Aug 17 Aug 18 Aug 19 Aug 20 Aug 21 Aug 22 Aug 23 Aug 24
1.0
1.2
1.4
1.6
1.8
2.0
2.2

1998

Β

MC1 �MC2�

(a)
Aug 16 Aug 17 Aug 18 Aug 19 Aug 20 Aug 21 Aug 22 Aug 23 Aug 24

1.0
1.1
1.2
1.3
1.4
1.5
1.6

1998

Α

MC1 �MC2�

(b)
Aug 16 Aug 17 Aug 18 Aug 19 Aug 20 Aug 21 Aug 22 Aug 23 Aug 24

0.75

0.80

0.85

0.90

1998

H
u

MC1 �MC2�

()
Aug 16 Aug 17 Aug 18 Aug 19 Aug 20 Aug 21 Aug 22 Aug 23 Aug 24

0.1

0.2

0.3

0.4

0.5

0.6

1998

H
a

MC1 �MC2�
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are not su�ient to identify another loud in the plasma sheath, but it are not aslear as to onlude that there is not a MC.
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Figure 6.30 - The plot, obtained from OMNI data set in CDAWeb(http://daweb.gsf.nasa.gov/istp_publi/), are based on 5-min aver-aged ACE data in August 19-22, 1998 in GSE. The shok of the ICMEs,the start and end of the MC2 are represented by three vertial lines as isshown in Table A.5. We identify the �rst MC (MC1), the start and end of itare represented by two vertial lines aording to the identi�ation that wasdone.The exat boundaries of the two MCs are found using plasma data and MVA methodrespetively. Figure 6.30 is omposed by six panels: (top panels) magneti �eldstrength and polar (Blat) angle of the magneti �eld vetor in GSE oordinate sys-tem; (middle panels) azimuthal (Blong) angle and plasma beta; (bottom panels) totalveloity and temperature. On 19 August 1998, at 02 : 00 UT, the parameters were:proton density Np = 3.57 cm−3, the proton temperature Tp = 7.31∗104 K, the ratio149



of alphas/protons = 4.5 ∗ 10−3, the proton speed Vp = 333.9 km/s, magneti �eldmagnitude B = 2.4 nT and plasma beta βp = 1.6. One hour later some parametershave a hange to Np = 3.98 cm−3, Tp = 7.1 ∗ 104 K, alphas/protons = 6.1 ∗ 10−3,
Vp = 331.1 km/s, B = 0.57 nT and βp = 29.8.
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Figure 6.31 - In the panels are shown the magneti hodograms for two magneti louds:(top panels) the �rst MC or MC1 was observed from August 19 − 20 10 :
00−04 : 00, 1998 while (bottom panels) the seond MC or MC2 was observedfrom August 20 − 21 09 : 00 − 18 : 00, 1998. The magneti �eld rotationon�ned to one plane, the plane of maximum (B∗

xB
∗
y) and minimum (B∗

yB
∗
z )variane are used to �nd the boundaries of the two louds.It is very di�ult to identify a shok, but the plasma beta inreased abruptly andwe believe it was related to the arrival of an event. Two hours later, at 05 : 00UT, the plasma beta dereased to βp = 0.58. The plasma beta minimum value was

βp = 7.8∗10−2 at 21 : 00 UT, where there was a maximum magneti �eld magnitudeof B = 13.3 nT. It is very di�ult to detet the two MCs when a visual inspetionof the data is performed. Someone ould make a mistake in the interpretation of theloud, and onsider it as part of the plasma sheath of the other MC. To deal withthe above hypothesis, we apply, with suess, the same method (MVA) explainedin Huttunen et al. (2005). The magneti �eld rotation on�ned to one plane, theplane of maximum (B∗
xB

∗
y) and minimum (B∗

yB
∗
z ) variane (see the two top panelsof Figure 6.31) to �nd the boundaries of the �rst loud (designated by us as MC1)150



are used. In the two bottom panels of the Figure 6.31, the magneti hodograms areshown for the seond magneti loud or MC2.Finally, we identify a bipolar MC observed by ACE from August 19, 10 : 00 UTto August 20, 04 : 00 UT. This MC has a �ux-rope type SEN and the observedangular variation of the magneti �eld is left-handed. The MVA method gives toMC1 λ2/λ3 = 10.37, χ = 111.96 ◦, (φC, θC) = (118.35 ◦,−38.98 ◦), the diretion ofminimum variane (φmin, θmin) = (32.60 ◦,−5.23 ◦) and eigenvalues [λ1, λ2, λ3] =

[21.00, 19.51, 1.88]. In Table 6.6, we show the date of the two MCs, the time betweenthe �rst and seond MC is 5 h (sheath of the seond MC). The results derived ofMVA method desribed by Huttunen and ollaborators are shown in Table 6.6.The minimum speed in the �rst MC (MC1) was Vp1 = 272.9 km/s at 15 : 00 UT, andin the beginning of the seond MC (MC2) the maximum speed was Vp2 = 346.1 km/sone day later, at 05 : 00 UT. Then, Vp2 > Vp1, and the two events are very lose toeah other. Probably, there are other similar ases, where a MC was misunderstoodand onfused within the plasma sheath of the following prominent MC. The IE anhelp to identify the MCs in suh kinds of ases and �nd the boundary of MC withMVA method. The IE is zero after the loud (MC1) due to the adjustment in thetime window for alulating the STE, and beause this loud is small.We an see some properties in the interation region (or ontat region) betweenthese two MC, maybe there are magneti reonnetion. In Figure 6.30, the absolutevalue of the magneti �eld (B (nT )) dereases in the ontat region. Also, theabsolute value of the veloity (V (km/s)) dereases in the ontat region as shownin Figure 6.30, left bottom panel. Suh pairs of oppositely oupled hanges in V andB provide observational support for magneti reonnetion exhausts in bifuratedurrent sheets in the SW (CHIAN; MUÑOZ, 2011). The modulus of the magneti �eld
|B| in the Figure 6.30 (left top panel) is similar to that found in the viinity ofthe magneti boundary layer (MCBL), shown in Figure 2.7(a) at work of Chianand Muñoz (2011). They identi�ed two urrent sheets in those boundaries. Thissignature is readily seen, and there are other important properties that reinfore thehypothesis of the magneti reonnetion in this region.The magneti �eld between two �ux ropes with the same polarity may have oppositemagneti �eld. We an see in the Table 6.6, the �rst MC or MC1 has �ux rope typeSEN while MC2 has SWN, the magneti �eld are opposite (N-S) in the interation151



Table 6.6 - Summary of results to MVA method (�rst part, rows 1-12) and Grad Shafranovreonstrution tehniques (seond part, rows 14-18) for two MCs. We show: (x̂i)the eigenvetors of the magneti variane matrix; (λi) the orresponding eigen-values; (λ2/λ3) the eigenvalue ratio; (φC , θC) MC axis orientation (longitudinaland latitudinal angles); (φmin, θmin) the diretion of minimum variane; (χ) theangle between the �rst and the last magneti �eld vetors; (Type) inferred �ux-rope type; (CH) handedness of the loud (LH=left-handed, RH=right-handed);(~VHT ) deHo�man-Teller(HT) frame veloity; (ccall) HT orrelation oe�ient;(slopeall) slope of the linear �t in deHo�man-Teller(HT) frame; (ccall−Walen)Walén orrelation oe�ient; (slopeall−Walen) slope of the linear �t in the Walénanalysis. August, 1998Parameters MC1 (19− 20, 10 : 00− 04 : 00) MC2 (20− 21, 09 : 00− 18 : 00)MVA
x̂1, B̂

∗
x (−0.40, 0.49, 0.77) (−0.45,−0.03, 0.89)

x̂2, B̂
∗
y (0.37,−0.68, 0.63) (0.44,−0.88, 0.19)

x̂3, B̂
∗
z (0.84, 0.54, 0.09) (0.78, 0.48, 0.41)

[λ1, λ2, λ3] [21.00, 19.51, 1.88] [97.20, 24.69, 0.96]
λ2/λ3 10.37 25.81
φC 118.35 116.88
θC −38.98 −10.93
φMin 32.60 31.80
θMin −5.23 −23.95
χ 111.96 155.61

Type SEN SWN
CH LH RHGrad-Shafranov
~VHT (−319.72;−2.45; 10.65)km/s (−310.44,−2.94;−16.15)km/s
ccall 0.998 0.999

slopeall 1.008 1.008
ccall−Walen −0.263 −0.256

slopeall−Walen −0.165 −0.064

152



region. The WI an be deteted the disontinuity in this ontat region, i.e. it haslarge values there. The magneti �eld has a jump in a short time interval to movefrom N(W) to S(E) or from S(E) to N(W). The WI beomes a tool for �ndingreonnetion signatures in interation regions between �ux-ropes. That does notmean that other tools should not be used.The generalization for the all ases, with or without magneti reonnetion are shownin Table 6.7. Following the terminology by Mulligan et al. (1998) the MCs with theaxis lying near the elipti plane are alled bipolar (low inlination), θC < 45◦.On the other hand, the MCs that have the axis highly inlined to the elipti arealled unipolar, (high inlination), θC > 45◦. In all possible ombinations of twobipolar MCs, the magneti �elds between them are antiparallel in eight ases SWN-SWN, SWN-SEN, SEN-SWN, SEN-SEN, NWS-NWS, NWS-NES, NES-NWS, NES-NWS as is shown in the �rst two rows of Table 6.7. If these louds are interating,then there is a magneti reonnetion between them. Also, exist eight bipolar MCswithout magneti reonnetion as is shown in the rows 3−4 of Table 6.7. The aboveresults an be apply for the unipolar MCs and are show in the rows 6−9 of Table 6.7.Aording with the results showed in Table 6.7, the two MCs studied in this setion(SEN-SWN) are reonneting. The ross setion of the magneti �ux-ropes of theselouds, ould help to see the magneti reonnetion or X point. We an do thisreonstrution with the Grad-Shafranov model.Cross setions of double �ux rope on�gurationThe GS reonstrution tehnique have been well doumented in the Setion 4.5 andothers informations are shown in the Appendies C and D. We have worked withappliation in the magnetopause of it as explained in the work of Hau and Sonnerup(1999). One important step in the reonstrution is to alulate the invariant z axis.For magneti �ux ropes or MC the determination of z axis is determined by �ndingthe diretion, for whih the data plot of Pt(xi, 0) versus A(xi, 0) display minimalsatter. The searh for the invariant diretion takes plae numerially by trial anderror. The �nal reonstrution interval is an output of the tehnique after severaliterations that yields an optimal z axis. This appliation to MC at 1 AU have beenwell doumented by Hu and Sonnerup (2002). There exist some variations of thebasi method (see Sonnerup et al. (2006), and reent papers by (TEH; HAU, 2007)),however, we will be used the version of Hu and Sonnerup (2002).153
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(d)Figure 6.32 - In the panels (a) and (b) are plotted the results to MC1, Aug. 19-20 10:00-04:00, 1998 while in the panels () and (d) the results to MC2, Aug. 20-2109:00-18:00, 1998 are plotted. In all panels, the olors represent the ompo-nents, i,e., red ≡ x, green ≡ y, blue ≡ z. In (a) and () are illustrates thatvery good orrelation of the onvetion eletri �eld and the orrespondingomponents of the HT eletri �eld, the quantitative information is givenin the Table 6.6. In (b) and (d) shows the orrelation between GSE velo-ity omponents of the HT frame and the orresponding omponents of theAlfvén speed, the quantitative information is given in the Table 6.6.
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Table 6.7 - Summary of the interation between two magneti loud with di�erent �uxrope type. Bipolar MCFR-Type Reonnetion? WI FR-TypeS (W or E) N - - S (W or E) N
⇓ (⇐ or ⇒) ⇑ Yes Large ⇓ (⇐ or ⇒) ⇑N (W or E) S - - N (W or E) S
⇑ (⇐ or ⇒) ⇓ Yes Large ⇑ (⇐ or ⇒) ⇓S (W or E) N - - N (W or E) S
⇓ (⇐ or ⇒) ⇑ No Small ⇑ (⇐ or ⇒) ⇓N (W or E) S - - S (W or E) N
⇑ (⇐ or ⇒) ⇓ No Small ⇓ (⇐ or ⇒) ⇑Unipolar MCW (N or S) E - - W (N or S) E
⇐ (⇑ or ⇓) ⇒ Yes Large ⇐ (⇑ or ⇓) ⇒E (N or S) W - - E (N or S) W
⇒ (⇑ or ⇓) ⇐ Yes Large ⇒ (⇑ or ⇓) ⇐W (N or S) E - - E (N or S) W
⇐ (⇑ or ⇓) ⇒ No Small ⇒ (⇑ or ⇓) ⇐E (N or S) W - - W (N or S) E
⇒ (⇑ or ⇓) ⇐ No Small ⇐ (⇑ or ⇓) ⇒We used our programs to assess the quality of the HT frame and the residual �owveloity remaining in the frame (KHRABROV; SONNERUP, 1998). This is done in eahof the louds separately. The two top panels in Figure 6.31(top panels) (6.31(bottompanels)) show results from the minimum-variane analysis over the interval of MC1(MC2) in the form of magneti hodograms; quantitative information is given in theTable 6.6. In the Figure 6.32(a) (6.32()) is illustrates that very good orrelationexists between the GSE omponents in the MC1 (MC2) of the onvetion eletri�eld and the orresponding omponents of the HT eletri �eld, ccall = 0.998 (ccall =

0.999), the quantitative information is given in the Table 6.6.The Figure 6.32(b) (6.32(d)) shows the orrelation between GSE veloity ompo-nents in the MC1 (MC2) of the HT frame and the orresponding omponents ofthe Alfvén speed, ccall = −0.263 (ccall = −0.256) a new quantitative information isgiven in the Table 6.6. With the exeption of a few points, in both MCs (MC1 andMC2) the veloities in the HT frame are smaller than Alfvén speed, |~VA|, (and alsosound speeds, cs) and justify neglet of inertial terms in the momentum equation155



and reduing it to a stati balane as shown in the Equation 2.5.
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Np and Tp to over the gaps intervals. The vertial lines denote the analysis interval,from August 19, 09 : 12 : 00 to 21, 05 : 28 : 00.The relationship between Pt and A in the Figure 6.33(b) shows satter around the�tted polynomial urve (order 3) for Pt(A) used in the reonstrution. The vertialline denoted by Ab marks the point on A axis where A = Ab (HU et al., 2003). The156



intervals A ∈ [Al, Am] (see pag 4 Hu and Sonnerup (2002)) are the A valid valuesin the reonstrution. The value Ab is determined from Pt versus A plot, shown inFigure 6.33(b) as the point on the A axis beyond whih the requirements that Pt(A)be all funtions of A alone are violated. In pratie, Ab an be manually seletedon the graph, doing trial and error. Meanwhile, a �tting residue, Rf , is alulatedin the least squares sense as a quantitative evaluation of deviations from modelassumptions by Hu et al. (2004) (see Equation C.45, Appendix C).The integer N is the total of number of data samples, i.e., the total of points alongthe x axis represented at the yellow or green arrows in Figure 6.34 (top panel), alsoeah of this point denotes the integer subsript, i. In Figure 6.33(b) is plotted data
Pt(x, 0) versus A(x, 0) along the x axis for the reonstrution interval and the �tted
Pt(A) funtion (blak urve). Cirles are data along the spaeraft inbound path,while stars are along the outbound path. The vertial line denoted by Ab marksthe point on A axis where A = Ab. The �tting residues Rf = 0.15 is de�ned inEquation C.45. In Figure 6.33(a) the vertial lines denote an interval that is utilizedas initial input into the numerial solver of GS equation to reover the ross setionof magneti �ux rope.The reonstrution sheme is done with the invariant z axis, zs =

[−0.6110, −0.7164, −0.3368]. The arhive �ALLCASE.par� ontains all informa-tion neessary for ontrolling the programs, i.e. ontrol the GS-solver program:
ACE_231_233_98

1

3

20 120 0

0 0.1 0.3We do not explain the previous numbers, beause with the program is provided helpwith a PDF arhive (see Annex B).In Figure 6.34 (top panel) is shown the reovered ross-setion of the two MCs. Thewhite thikened ontour line is of value A = Ab shown in Figure 6.33(b). The blakontour lines show the transverse magneti �eld lines (ontours of A(x, y)), andthe olors show the axial magneti �eld, Bz, distribution (sales given by the olorbar). White dot shows the magneti �eld maximum in the enter of the MC best157
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organized. The yellow arrows along y = 0 denote measured transverse magneti �eldvetors, diretion and magnitude measurements at ACE (sales given by the arrowin upper left orner of magnitude 10 nT) utilized as initial input into the numerialsolver. The green arrows are residual veloities in the deHo�mann-Teller frame atACE (sales given by the arrow in upper left orner of magnitude 50 km/s).Figure 6.34 (top panel) the spaeraft rosses the X point and is observed the exatmoment of the magneti reonnetion from 0.13 to 0.15 AU in x axis. In the oppo-site orners of the X point, the magneti �elds are antiparallel (see yellow arrows inthis region). The residual veloity (green arrow in y=0) in the deHo�mann-Tellerframe at ACE is perpendiular to the the magneti �eld line in the reonnetionregion. We thought it was possible to adjust a two-dimensions model, the mostommon type of magneti reonnetion is separator reonnetion, in whih four sep-arate magneti domains exhange magneti �eld lines. Figure 6.34, bottom panel, itis ross-setion through four magneti domains undergoing separator reonnetion.Domains in a magneti plasma are separated by separatrix surfaes or urved sur-faes in spae that divide di�erent bundles of �ux. Two separatries divide spae intofour magneti domains with a separator at the enter of the �gure. The magneti�eld lines are �owing inward in opposite sides of the separator, reonnet, and springoutward in a perpendiular diretion to above. The original �gure was publishedin http://en.wikipedia.org/wiki/Magneti_reonnetion (November, 2012) and wasrotated lokwise by an angle of 45◦ to do adjustment over X point that observed inthe top panel. The green array in the top panel show a speed in the same diretion asis predited in the reonnetion model (thik green arrow in the top orner panel).Also, Figure 6.34 (top panel) on�rm the initial hypothesis i.e. the existene oftwo magneti loud with reonnetion between them. Still, for omplete the results,urrent sheets need to be found.Detetion of Current Sheet Between two MCsA methodology to �nd urrent sheets was presented in Setion 4.6. Figure 6.35 showsthe position of urrent sheets (red dots) found by the method �xing the ritialangle θ = 60◦ using four time sales τ = [4, 8, 16, 32] min. The magneti �elddata is proessed using 1 s time resolution with data obtained from the ACE homepage (http://www.srl.alteh.edu/ACE/ASC/level2/lvl2DATA_MAG.html). Otherurrent sheets are found in eah sales, in the leading edge of the ejeta (ICME)159



(along day 19th) as was observed in other event by Chian and Muñoz (2011), Muñoz(2011). Also in the rear edge of the ejetion (at the end of day 21th), urrent sheetsare found. From August 22 to 24 the magneti �eld has large �utuation and thenumber of urrent sheets found shows that is a turbulent region (MUÑOZ, 2011).

Figure 6.35 - Current sheets of size of θ = 60◦ deteted by the single-spaeraft methodapplied over the time series of ~B (blak line), using four typial size (sale)of the urrent sheets. The position of the urrents sheets are marked by reddots. A urrent sheets is observed in the ontat region between the two MCs.At August 22, ∼ 06 : 00, in the reonnetion region between the two magnetilouds observed in Figure 6.34, a urrent sheet is found only for the largest timesale, τ = 32 min. This result is important beause it means that we have founda thik urrent sheet in that region. It is a perfet region to study transition toturbulene in a real ase of sale hange.Finally, we has been used all the tehniques presented in the methodologial hapter160



to identify a new loud (a ase very di�ult to identify) and to haraterize areonnetion region between the two louds. This methodology allows a ompletestudy of the magneti louds at 1 AU. And ould be apply to �nd and study othersimilar ases that traditional methods have not identi�ed.6.4.2 A ontroversial event whih has double magneti �eld rotationThe event 27 in the Table A.1 is shown in the left panel of Figura 2 in the paperof Huttunen et al. (2005). They identi�ed this event as a MC with a good magnetiorganization on 19−21 Marh 2001. We reviewed other papers and found ontradi-tion between the dates that this event was identi�ed. Huttunen et al. (2005), Lynhet al. (2003), Cane and Rihardson (2003) have lassi�ed this event as a single MC.On other hand, Nieves-Chinhilla et al. (2005) and NASA table2 have lassi�ed thisevent as two independent louds. A summary of the above works with the dates ofidenti�ation of this event are shown in Table 6.8. The olumns from the left to theright give: (MCs List) list of papers that studied louds in this time interval; in the�rst loud (MC1): MC start time (UT), MC end time (UT), �Q� is the quality( 1= Exellent, 2 = Good, 3 = Poor), in the seond loud (MC2) the same notation isused .Table 6.8 - Summary of the �ve previous studies about MCs that identi�es one or twomagneti louds at 1 AU in the interval from 19 to 21 Marh. Two paperidenti�ed two louds in this interval. However, the remaining papers (3) haveidenti�ed a single MC. Marh, 2001MC1 MC2MCs List Start UT End UT Q. Start UT End UT Q.Lepping et al. (1990)3 19 23 : 18 20 18 : 18 1 20 17 : 48 22 14 : 48 3Nieves-Chinhilla et al. (2005) 19 21 : 00 20 13 : 00 − 20 18 : 00 21 23 : 00 −Huttunen et al. (2005) 19 22 : 00 − − − − − 21 23 : 00 1Lynh et al. (2003) 19 19 : 00 − − − − − 21 17 : 00 1Cane and Rihardson (2003) 19 17 : 00 − − − − − 21 22 : 00 1We are motivated to test our tools to study this ontraditory result. Nieves-Chin-hilla et al. (2005) has reported start time of the MC1 on Marh 19, 21 : 00 while2(http://wind.nasa.gov/m�/mag_loud_pub1.html)161



in Huttunen et al. (2005), the MC is identi�ed one hour later, 22 : 00 UT . The endtime of the MC2 is the same in both works, i.e., on Marh 21, 23 : 00. This allowssee from the graphs, the event as one or two MCs. We selet the period from Marh
17 to 27, 2001. The magneti �eld data (Bx ≡ Red, By ≡ Green, Bz ≡ Blue) withtime resolution of 16 s in GSM oordinates system are shown in Figure 6.36. Overthe intervals of 2500 reords the IE, the persistene indies and WI are alulated.In all panels of the �gure, the �rst vertial line represent the shok of the ICME ashas reported by Huttunen et al. (2005); the other four vertial line are the bound-aries of the two louds as has published by Nieves-Chinhilla et al. (2005). Thus,between the �rst two vertial lines, the plasma sheath is loated, and was reportedby Huttunen et al. (2005). Furthermore, the MC is loated between the two lastvertial line. The two MCs have a temporal separation of 5 hours.In the Figure 6.36(b) are shown values of STE on 17 − 27 Marh, 2001 as a fun-tion of the time for times series of IMF omponents (STE in: Bx ≡ Red, By ≡Green and Bz ≡ Blue) in the SW. The thik urve represents the IE alulationover all study interval. Figure 6.36(b) shows that the three omponents have zeroSTE value during the �rst MC (MC1). In the ontat regions between the loudsalso the three omponents have STE lose to zero. The STE values of By have zerovalue within the seond loud (MC2). Thus, the IE is zero along the two louds andwith this tool is not possible to identify two MCs during this event.In the Figure 6.36() are shown values of average wavelet oe�ients on 17 − 27Marh, 2001 as a funtion of the time for times series of IMF omponents (Dd1 in:
Bx ≡ Red, By ≡ Green and Bz ≡ Blue) in the SW. The thik urve represents theWI alulation over all study interval. The WI is large in the plasma sheath as isshown in all ases that have been studied in this thesis. And as expeted the WIdereases in the MC region. Unlike the ase shown in Figure 6.28, in the interationregion between the two MCs, the WI is not inreased. This fat makes it impossibleto use the WI to identify the two MCs in this region. However, with this result, weonlude that although there are two MCs, then it are not reonneting. The twolouds are a ombination of �ux-rope types as is shown in the Table 6.7 (rows 5 or
6 to bipolar MC; rows 10 or 11 to unipolar MC).We ontinued to test the other tools. In the Figure 6.37 are shown values of per-sistene exponents, β, α, Hu, Ha on 17 − 27 Marh, 2001 as a funtion of thetime for times series of IMF omponents ((β, α, Hu, Ha) in: Bx ≡ Red, By ≡162
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Green and Bz ≡ Blue) in the SW. The thik urve represents the persistene in-dies (〈β〉, 〈α〉, 〈Hu〉, 〈Ha〉) alulation over all study interval. The four indies areabove the threshold for the two MCs. Thus, it is impossible to use the persisteneindies to identify the two MCs in this region.
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(f)Figure 6.38 - The plot, obtained from OMNI data set in CDAWeb(http://daweb.gsf.nasa.gov/istp_publi/), are based on 5-min aver-aged ACE data in Marh 19-22, 2001 in GSE oordinates system.As the above tools were not able to identify the two louds, then the magnetiand plasma data are plotted to extrat other informations about it. The data was165



measured by ACE from Marh 19 to 22, 2001 in GSE with 5 min time resolution.Figure 6.38 is omposed by six panels from (a) to (f): magneti �eld strength, polar(Blat) and azimuthal (Blong) angles of the magneti �eld vetor in GSE oordinatesystem, plasma beta, total veloity and temperature.If the Figure 6.38(b and ) is only seen as a loud, then this MC has a �ux ropetype WSE and the observed angular variation of the magneti �eld is left-handed(HUTTUNEN et al., 2005). The kinds of variations of the magneti �eld diretion ofMC an be reprodued by the fore-free model as was shown in Figure 6.8. In thatmodel, the magneti �eld has a maximum in the axis of the MC and is expeted abehavior of the average magneti �eld | ~B| as is shown in Figure 6.38(a). The averagemagneti �eld | ~B| has a maximum ∼ 23 nT at Marh 20, ∼ 14 : 00. The data shownin Figure 6.38 have no subjet that allows us to identify two MCs in this event aswas published by Nieves-Chinhilla et al. (2005) and NASA table. We only seen inthe Figure 6.38(d) a small inrease of the plasma beta in the ontat region betweenthe two MCs.Despite the above results, we applied the MVA method for eah louds that wereidenti�ed by Nieves-Chinhilla et al. (2005). The results are shown in the Figure 6.39.The magneti �eld rotation on�ned to one plane, the plane of maximum (B∗
xB

∗
y) andminimum (B∗

yB
∗
z ) variane to the �rst loud or MC1 are shown in the Figures 6.39(a and b). In the Figure 6.39 ( and d) the magneti hodograms for the seondmagneti loud or MC2 are shown.Finally, we have observed the bipolar MC1 deteted by ACE from Marh 19, 21 :

00 UT to Marh 20, 13 : 00 UT. This MC has a �ux-rope type NWS and theobserved angular variation of the magneti �eld is left-handed. The MVA methodgives to MC1 the eigenvalue ratio λ2/λ3 = 1.76, the angle between the �rst andthe last magneti �eld vetors χ = 75.41 ◦, the orientation of the axis (φC , θC) =

(80.20 ◦,−19.93 ◦), the diretion of minimum variane (φmin, θmin) = (1.70 ◦, 28.79 ◦)and eigenvalues [λ1, λ2, λ3] = [68.64, 2.21, 1.26]. The low ratio of the intermediateeigenvalue λ2 to the minimum eigenvalue λ3 indiates that the eigenvetors arewrong de�ned. We required that λ2/λ3 is larger than 2, based on the analysis ofLepping and Behannon (1980). The MVA method gives to MC2 the eigenvalueratio λ2/λ3 = 3.70, the angle between the �rst and the last magneti �eld vetors
χ = 68.27 ◦, the orientation of the axis (φC , θC) = (83.12 ◦,−4.31 ◦), the diretionof minimum variane (φmin, θmin) = (174.95 ◦, 22.96 ◦) and eigenvalues [λ1, λ2, λ3] =166



Table 6.9 - Summary of results to MVA method (�rst part, rows 1-12) and Grad Shafranovreonstrution tehniques (seond part, rows 14-18) for two MCs. We show: (x̂i)the eigenvetors of the magneti variane matrix; (λi) the orresponding eigen-values; (λ2/λ3) the eigenvalue ratio; (φC , θC) MC axis orientation (longitudinaland latitudinal angles); (φmin, θmin) the diretion of minimum variane; (χ) theangle between the �rst and the last magneti �eld vetors; (Type) inferred �ux-rope type; (CH) handedness of the loud (LH=left-handed, RH=right-handed);(~VHT ) deHo�man-Teller(HT) frame veloity; (ccall) HT orrelation oe�ient;(slopeall) slope of the linear �t in deHo�man-Teller(HT) frame; (ccall−Walen)Walén orrelation oe�ient; (slopeall−Walen) slope of the linear �t in the Walénanalysis. Marh, 2001Parameters MC1 (19-20, 21:00-13:00) MC2 (20-21, 18:00-23:00)
x̂1, B̂

∗
x (−0.46, 0.38,−0.81) (0.38,−0.12, 0.92)

x̂2, B̂
∗
y (0.16, 0.93, 0.34) (−0.12,−0.99,−0.08)

x̂3, B̂
∗
z (0.88, 0.03,−0.48) (−0.92, 0.08, 0.39)

[λ1, λ2, λ3] [68.64, 2.21, 1.26] [28.66, 2.75, 0.74]
λ2/λ3 1.76 3.70
φC 80.20 83.12
θC −19.93 −4.31
φMin 1.70 174.95
θMin 28.79 22.96
χ 75.41 68.27

Type NWS SEN
CH LH LHGrad-Shafranov
~VHT (−427.78;−26.01;−35.29)km/s (−350.9,−36.2; 10.4)km/s
ccall 0.999 0.999

slopeall 0.999 1.006
ccall−Walen −0.590 0.721

slopeall−Walen −0.196 0.225
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(d)Figure 6.39 - In the panels are shown the magneti hodograms for two magneti louds:(aand b) the �rst MC or MC1 was observed from Marh 19−20 21 : 00−13 : 00,
2001 while ( and d) the seond MC or MC2 was observed from Marh 20−21
18 : 00−23 : 00, 2001. The magneti �eld rotation on�ned to one plane, theplane of maximum (B∗

xB
∗
y) and minimum (B∗

yB
∗
z ) variane are used to �ndthe boundaries of the two louds.

[28.66, 2.75, 0.74]. The large ratio of the intermediate eigenvalue λ2 to the minimumeigenvalue λ3 indiates that the eigenvetors are well de�ned. The results derivedof MVA method are shown in the �rst 12 rows of the Table 6.9. If the results givenin Table 6.7 are true, then in the interation region between these two louds is notform a X point. The �ux-rope types are NWS-SEN (see row 6 in Table 6.7) in theinteration region between the two louds, the magneti �elds are in south diretion(S).Reonstrution results of ACE Marh 19-21, 2001, magneti loudsThe Grad-Shafranov reonstrution is the other tehnique that an be used to visu-alize, if indeed, there are two MCs in that interval. In the Figure 6.40(a) (6.40())is illustrates that very good orrelation exists between the GSE omponents in theMC1 (MC2) of the onvetion eletri �eld and the orresponding omponents of168



the HT eletri �eld, ccall = 0.999 (ccall = 0.999), the quantitative information isgiven in the Table 6.9.
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(d)Figure 6.40 - In the panels (a) and (b) are plotted the results to MC1, Marh 19 − 20
21 : 00− 13 : 00, 2001 while in the panels () and (d) are plotted the resultsto MC2, Marh 20 − 21 18 : 00 − 23 : 00, 2001. In all panels, the olorsrepresent the omponents, i,e., red ≡ x, green ≡ y, blue ≡ z. In (a) and() are illustrates that very good orrelation of the onvetion eletri �eldand the orresponding omponents of the HT eletri �eld, the quantitativeinformation is given in the Table 6.9. In (b) and (d) shows the orrelationbetween GSE veloity omponents of the HT frame and the orrespondingomponents of the Alfvén speed, the quantitative information is given in theTable 6.9.The Figure 6.40(b) (6.40(d)) shows the orrelation between GSE veloity ompo-nents in the MC1 (MC2) of the HT frame and the orresponding omponents ofthe Alfvén speed, ccall = −0.590 (ccall = 0.721) anew quantitative information isgiven in the Table 6.9. With the exeption of a few points, in both MCs (MC1 andMC2) the veloities in the HT frame are not smaller than Alfvén speed, |VA|, (andalso sound speeds, cs) and not justi�ed neglet of inertial terms in the momentumequation to reduing it to a stati balane as shown in the Equation 2.5. Thus, the169



use of the GS model is questionable, however, still an be used to view ross setionsof the louds.From Marh 19, 17 : 16 to Marh 23, 00 : 04 are the analysis in-tervals used in the reonstrution sheme. The program read mergedplasma and magneti �eld data from ACE satellite obtained fromftp://nssdftp.gsf.nasa.gov/spaeraft_data/ae/4_min_merged_mag_plasma/,i.e. magneti �eld omponents, Bx, By, Bz, in nT, proton veloity omponents,
Vx, Vy, Vz, in km/s, proton density, Np, in cm−3, proton temperature, Tp, in K,plasma beta, total pressure, kineti pressure and magneti pressure. Some inter-polations were done in Np and Tp to over the gaps intervals. The reonstrutionsheme is done with the invariant z axis, zs = [0.4297, 0.0167,−0.9028]. The arhive�ALLCASE.par� ontains all information neessary for ontrolling the programs,i.e., ontrol the GS-solver program:

ACE_078_082_01
1

2

20 120 0

0 0.1 0.3The relationship between Pt and A in the Figure 6.41 (left panel) shows satteraround the �tted polynomial urve (order 2) for Pt(A) used in the reonstrution,with �tting residue Rf = 0.12. The value of A = Ab marks the boundary point atwhih the inbound and outbound overlying branhes of Pt(x, 0) versus A(x, 0) beginto separate.The reovered ross setion of the two magneti louds is shown in Figure 6.41 (rightpanel). The white thikened ontour line is of value A = Ab shown in the left panel.The blak ontour lines show the transverse magneti �eld lines (ontours of A(x,y)),and the olors show the axial magneti �eld, Bz, distribution (sales given by theolor bar). White dot shows the magneti �eld maximum in the enter of the MCbest organized. The yellow arrows along y = 0 denote measured transverse magneti�eld vetors, diretion and magnitude measurements at ACE (sales given by thearrow in upper left orner of magnitude 10 nT) utilized as initial input into thenumerial solver. The green arrows are residual veloities in the deHo�mann-Tellerframe at ACE (sales given by the arrow in upper left orner of magnitude 50 km/s).170
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With the ross-setion view, the two louds an be identi�ed. This allows to larifythe ontraditions in the di�erent studies shown in Table 6.8, the spaeraft saw twoMCs in this SW interval. As announed, in the interation region between the twolouds, the magneti �eld is direted to the south. There is not form a X point andthe magneti reonnetion is not observed.The omparison between the Figures 6.41 (right panel) and 6.34 (top panel) isan important result of this work. In one ase was observed magneti reonnetion.However, in the other ase was not observed magneti reonnetion. We have proventhat the summary shown in Table 6.7 is right.6.5 Summary of the validation of the methodologyIn Figure 6.42, a sheme with the methodology developed in this work is shown.In the part I, we start working with thye �rst tehnique, i.e. STE. The IMF data(in any referene system) with the best time resolution are aquired. Then Datain an arbitrary time interval are taken, using an interval large enough to ontain asigni�ant portion of the an eventual MC. After that, reords from the data takenwithin a onvenient time length (alled window) are seleted in eah displaementunder a onstant time step till the end of the data series. Following, the STE value isalulated in eah window for Bx, By, and Bz omponents respetively, that allowsobtaining a time evolution to STE. If the IE time series has value equal zero thenthere is a loud-andidate region and it ould be examined in order to identify theMC boundaries.In the part II is only used when the indexes derived from previous tehnique hasidenti�ed a loud andidate. The persistene exponents and disrete wavelet trans-form helps to haraterize where was found the MC andidate. The MVA helps toidentify the loud boundaries. If exist plasma data then plasma beta is also used toidenti�ed the loud boundaries.In part III, we an proeed with the reonstrution. The GS reonstrution allowstudy the magneti reonnetion in double �ux-rope MC at 1 AU. The study isompleted by the possibility of �nding plasma sheets throughout MC region.
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7 CONCLUSIONDealing with the IMF data and plasma data, the most distint studies on MCevents are done. This work aims to improve a methodology able to help this studiesbut dealing with the IMF data. Although the potential use of this new tool is notrestrited to the initial goal.The physial bases for use of the tehniques are the plasma features related tothe MC proesses. Several physial-mathematial tehniques have been seleted fortheir skills in order to allow the investigation on MC ourrenes. Those tehniqueshave been developed in an original approah to identify MC andidates in the SWdata and haraterize those events. They onsist in tehniques of spatio-temporalentropy (STE), persistene exponents (Hurst, Hausdor�, beta exponent from power-spetral density (Fourier) and alpha exponent from detrended �utuation analysis)and wavelet oe�ients. Those numerial tools have a great advantage by two har-ateristis. They are easy to implement with low omputational ost and allow re-ating an automati operation detetion. Also, they an identify MC regions usingas input data only the three omponents of the interplanetary magneti �eld (IMF)measured by satellites at onvenient spae loation, e.g., the Lagrangian point L1.The mentioned earlier tools are not able to de�ne the preise boundaries of the MCs.Complementarily, the minimum variane analysis (MVA) tehnique are applied todelimit the MC loation. Furthermore, this method allows haraterizing the MCspatial struture. When plasma data are available, other interplanetary parametersare also alulated, as plasma beta, latitudinal and longitudinal rotational angles ofmagneti �eld vetor in relation to the elipti one, that allows to haraterize thepolarity as well as the inferred �ux-rope type of the loud.We work mainly with data of Bx, By and Bz with temporal resolution of 16 smeasured by the ACE, but divided in two di�erent ways. Firstly, we work with atotal of 41MCs from the years 1998 to 2003, published in the paper of Huttunen et al.(2005). The riteria used to selet these 41 ases was the existene of a plasma sheathin front of the MC, and in these ases louds were well-identi�ed. Seondly, a SWinterval of ten days was seleted to study the data ontinuously whih were dividedin subwindows with 2500 reords, and then they were displaed by a onvenient timestep (here 200 reords) from the beginning till the end of the data interval. Usingthe methodology, three new MCs were identi�ed.175



By means of STE alulation using reurrene plots, analyses on the IMF datawere performed for a omplete SW framework where a group of MCs exists. Thedeveloped analyses show that the STE values for MCs are lower than the ones forsheath region or the SW bakground. The reason is that in MC, the magneti �eldstrength is higher than average values on SW, the magneti �eld diretion rotatessmoothly through a large angle. Then periods of MCs have more trend than sheathsregion and quiet SW periods. The trend is the prinipal ause of the lower valuesof STE. It an be notied that inside MC the IMF have less �utuations and lessnoise than outside its boundary. MCs are more strutured than sheath and quietSW. This also ollaborates for the derease of STE within the MC region.Also, the di�erenes among the STE values for the three magneti omponents ina MC give an idea about the anisotropy in the struture of MCs. Those featuresare related to the �ux-rope struture orientation, based on onepts as presentedby Bothmer and Shwenn (1994), Bothmer and Shwenn (1998). By using a forefree model for IMF as presented by Burlaga (1988), a test onsidering the magnetiomponents, mainly the tangential omponent, of a ylindrially symmetri fore-free �eld onstruted analytially results zero STE value. It agrees with the physialassumption of �nding zero STE values when studying experimental data in MCperiods. The new feature just examined here adds to the usual features, as desribedin Burlaga et al. (1981), for the haraterization of MCs. Thus, the STE alulationan be an auxiliary objetive tool to identify �ux-ropes assoiated with MCs, mainlyduring events with no available plasma data but only with IMF.Also, we alulate the STE, as a funtion of time, for IMF omponents using mag-neti reords within a time windows orresponding approximately to 11.11 hours,displaed onseutively by a proper time step till the end of data series. The STEreahes values extremely lose to zero at least for one of the IMF omponents duringMC event, due to MC struture features. Not all the magneti omponents in MCshave STE values equal zero at the same time. By that reason, we reate a stan-dardization index (alled Interplanetary Entropy (IE) index). This representationis very onvenient beause it allows joining the STE results of the three IMF om-ponents in one estimate parameter, that presents an easy interpretation. IE loseto zero indiates the ourrene of a MC-andidate, and its probable time loation.By means of study ase analyses, we veri�ed and validated the methodology as anuseful auxiliary tool to identify MC-andidates. Also, the use of IE index onjugated176



with MVA analysis beomes also possible, using only the IMF data, to delimit theMC boundaries.On the other hand, we have worked with four tehniques to study persistene in the41 ICMEs divided in three regions: plasma sheath, MC and post-loud respetively.The persistene exponent values inreased inside loud regions, and it was possibleselet the following threshold values: 〈α〉 = 1.392; 〈Ha〉 = 0.327; 〈Hu〉 = 0.875.These values are useful as another test to evaluate the quality of the identi�ation.After identifying a loud, the persistene analysis an be performed in the full extentof temporal series of the three IMF omponents. If the loud is well-strutured, thenthe persistene exponents values exeed thresholds. With the previous idea, thepersistene indies were alulated using the same earlier proedure. If 〈α〉; 〈Ha〉;and 〈Hu〉 values exeed the thresholds, the ourrene is lassi�ed as an event in themagneti loud region from the diagram of the identi�ation regions. The 〈β〉 indexis not reommended to use.We deal with the same 41 MC events in order to analyze the �utuation of theIMF Bx, By and Bz omponents. The mathematial property hosen here was thestatistial mean of the wavelet oe�ients (〈Dd1〉). It was obtained by applying theDisrete Wavelet Transform (Daubehies sale �lters order 2) to the omponents ofthe IMF as reorded by the instruments of the MAG onboard of the ACE S/C atthe L1 point. The results show that there apparently is a lear distintion betweenthe values of the wavelet oe�ients obtained along the di�erent parts of the passingmagneti struture (ahead of the MC, i.e., the sheath; the MC itself; and after thepassage of the MC). The measurements show that the 〈Dd1〉 (wavelet index (WI))exhibits the lower values during the passage of the MC. Also, we found the highervalues in the sheaths.Using assumptions that onern to the physis of MC, the analyses developed in thiswork show that a smoothed magneti on�guration (i.e., few magneti �utuations)in MC is the main reason of the lower values of wavelet oe�ients during it. Thisstudy is performed only for spei� types of ICMEs, all of whih were strutures thatappeared to be MCs. This tool permits omparing the IMF �utuations at the loudsand its relationship with the neighbors regions, i.e., the �rst region bounded by theshok front and leading edge, and seond region seleted after trailing edge. It alsopermits omparing the existing �utuation of SW magneti �eld, i.e., Bx, By, and
Bz, whih it is not an easy task under simple visual inspetion. The Bx omponent177



has lower �utuations, or singularities, and the Bz omponent the higher ones.As a �nal result, when a omplete SW dataset is available, MC events an be inves-tigated in a deep way, mainly with the help of the methodology implemented here.Along the work, and beyond the initial sope, some new MC events were examined.The use of Grad-Shafranov reonstrution model allows to obtain a ross-setionview of the �ux-rope assoiated with the MC. Those kinds of information are veryuseful in the studies to identify and haraterize MCs. Even an example of MCevent involving an ontroversial event was studied to illustrate the potential of thismethodology. A disrepany related to 5 papers to indiate if one event is a singleor double MC was solved. We observe two louds in this ase. They were measuredon Marh 19− 21, 2001.With the methodology developed, an interating proess was found between twomagneti �ux-ropes (events at 19 − 21 August 1998), where a single X point wasformed between them. The WI detets an IMF disontinuity in this ontat region,i.e. the WI has large values there. The magneti �eld has a jump in a short timeinterval to move from N to S or vie-versa. The WI beomes a tool for �ndingreonnetion signatures in interation regions between �ux-ropes. We propose theombination of eight �ux tubes types, for whih if there is interation between them,the magneti reonnetion an be observed.The major ontribution of this work is the implementation of a methodology for theidenti�ation and haraterization of MCs, adding new resoures to the earlier tools.In a general sense, the proposed methodology an onstitute the basis for an easyand automati omputational proedure for preliminary survey on MC ourrenesfor sienti� goals, or even a onvenient MC warning for the spae weather purposes.Future perspetives of workWe think that this work is an important ontinuation of what has been done so farfor the study and predition in spae physis/weather. This work olleted modernand traditional tehniques to reate a methodologial proedure that ould be usedin a short time to study and predition of spae weather.As future work, we suggest to ontinue this study, improving the identi�ation andharaterization in other interplanetary disturbanes, suh as, CIRs, heliospheriurrent sheath rossings or to ICMEs without MC signatures, respetively. Also, this178



methodology will allow to identify other MCs in an historial SW data. Furthermore,the methodology may resolve disrepanies between some works where it is indiate ifone event is a single or double MC. In the small group of MC, where the methodologydoes not work, we reommend to realize a detailed study of eah ase.The tehnique an �open doors� for other appliations. Maybe other appliations forSpae Physis Community uses will be found, mainly taking into aount �utua-tions that our in several frequeny ranges. Also to study relationship between SWand geomagneti parameters, i.e., geoe�etiveness.
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APPENDIX A - GEOEFFECTIVENESS AND EXPANSION OF MAG-NETIC CLOUDSMCs are an important soure of southward interplanetary magneti �eld (e. g.NS, SN and S polarity), the relation between MCs and geomagneti storms havebeen investigated by several authors (BURLAGA et al., 1981; KLEIN; BURLAGA, 1982;GONZALEZ; TSURUTANI, 1987; TSURUTANI et al., 1988; TSURUTANI; GONZALEZ,1992; FARRUGIA et al., 1995; LEPPING et al., 2000; DAL LAGO et al., 2000; Dal Lago etal., 2001; WU; LEPPING, 2002b; WU; LEPPING, 2002a). In the work of Eher et al.(2005) a large number of magneti louds, 149, were analyzed during the 1966−2001period, from the whole data set of MCs, 51 are of the NS type, 83 are of the type SNand 15 are unipolar. They did a statistial study of MC parameters and geoe�e-tiveness that was determined by lassifying the number of MCs followed by intense,moderate and weak magneti storms, and by alm periods. They found that around
77% of the magneti louds with Dst ≤ −50/;nT are geoe�etive. And onsideringalso weak storms (−50/;nT ≤ Dst ≤ −30/;nT ), 97% of MCs were followed bygeomagneti ativity.

Figure A.1 - The e�et of the �ux rope type to the geoe�etivity. Numbers in the paren-theses show the total numbers of MCs identi�ed in eah ategory. Di�er-ent olors demonstrate the di�erent geomagneti response: no storm at all,
Dst > −50/;nT (blak); sheath region generated a storm (dark gray); MCaused a moderate storm (light gray); MC aused an intense storm (white).SOURCE: Huttunen et al. (2005).205



Other example is the work of Huttunen et al. (2005), they studied the geomag-neti response of MCs using the 1 − h Dst index. They foused on whether thestorm was aused by sheath �elds or by the MC itself. They found that the geo-magneti response of a MC depends greatly on its �ux-rope type. In the Figure A.1di�erent olors demonstrate the di�erent geomagneti response: no storm at all,
Dst > −50/;nT (blak); sheath region generated a storm (dark gray); MC aused amoderate storm (light gray); MC aused an intense storm (white). The pie-diagramsin the top part of the �gure show the distribution for bipolar MCs. If the MC is geo-e�etive then the SN type MCs aused more intense storms than moderate storms.For bipolar MCs the respond depends learly on the diretion of the magneti �eldon the axis. As seen from Figure A.1 all of 15 identi�ed S-type MCs aused a storm,nine of them an intense storm. But from the 12 identi�ed N-type MCs none auseda storm, but for eight of these MCs the sheath region was geoe�etive.Inside ICMEs, the measured plasma veloity typially has a linear variation alongthe spaeraft trajetory. A muh higher veloity is present in the front than in thebak, indiating expansion (DÉMOULIN; DASSO, 2009). Burlaga and Behannon (1982)found onsisteny between the expansion speed estimated from in situ observationsand the inrease of their typial size, obtained from measurements with di�erentspaeraft loated between 2 and 4 AUs. As the magneti �eld strength is higherthan the average inside a MC. This means that the magneti pressure B2/(2µ0) ishigher than the plasma pressure inside the struture. A gradient in pressure wouldmake the MC expand unless an external fore prevents the expansion (BURLAGA,1991). The simple and universal law found (DÉMOULIN; DASSO, 2009) for the radialexpansion of �ux ropes in the SW predits the typial size, magneti struture, andradial veloity of MCs at various solar distanes.Bothmer and Shwenn (1998) investigated the expansion of magneti louds in theHeliosphere. The authors onduted a study using four spaeraft, Helios 1/2 at
0.3 − 1 AU and Voyager 1/2 2.6 AU. An example observed by Helios 1 at 0.9 AUon days 61, 01 : 00 UT -62, 01 : 00 UT, Voyager 1 at 2.6 AU on days 66, 08 : 00UT - 68, 11 : 00 UT and Voyager 2 at 2.6 AU on days 66, 02 : 00 UT - 68, 02 UT,marh 1978 was presented by Bothmer and Shwenn (1998). The previous ase wasshown in Figure A.2. The right side of Figure A.2 shows the results of the MVA forthe magneti �eld data that was shown in the left side. Note the striking similarityof the diretional hanges of the magneti �eld vetor at all three spaeraft, whih206



Figure A.2 - Magneti �eld data and results of the MVA for a MC (vertial dashed lines)that passed Helios 1 at 0.9 AU on days 61, 01 : 00 UT -62, 01 : 00 UT,Voyager 1 at 2.6 AU on days 66, 08 : 00 UT - 68, 11 : 00 UT and Voyager 2at 2.6 AU on days 66, 02 : 00 UT - 68, 02 UT, marh 1978. The Helios 1 andVoyager 1/2 were separated by 18◦ in solar longitude and by 1.6 AU in solardistane. Note the longer time duration of MC at Voyager 1/2. SOURCE:Bothmer and Shwenn (1998).
207



all deteted a SEN-type MC. The propagation veloity of the loud (∼ 446 km/s)was estimated of plasma speed in Helios 1 at 0.9 AU. The loud showed a muhlonger time-duration at the position of Voyager 1 (t = 50 h) and Voyager 2 (t = 48h) ompared to Helios 1 (t = 24 h), thus giving diret evidene for the expansion ofthis MC. The MVA yielded similar results for the orientation of the loud's axis atall three spaeraft (BOTHMER; SCHWENN, 1998).

Figure A.3 - Log-log plot showing the radial sizes, s, of MCs observed by Helios 1/2 (with
+-symbol), Voyager 1/2 (with ∆-symbol), Pioneer 10 (with ∗-symbol) be-tween 0.3 and 4.2 AU versus solar distane, R (from (BOTHMER; SCHWENN,1994)). The straight line was obtained by linear regression: s(R) = (0.24 ±
0.01) ×R(0.78±0.10)[AU ]. SOURCE: Bothmer and Shwenn (1998).Bothmer and Shwenn (1998) also onduted a study about the radial sizes of MCsbetween 0.3 and 4.2 AU obtained from Helios 1/2, Voyager 1/2, and Pioneer 10data (see the log-log plot that is shown in Figure A.3). From linear regression itis found that the radial size s(R) in AU, of MCs inreases with radial distane, Rfrom the Sun as s(R) = (0.24± 0.01)×R(0.78±0.10)[AU ]. The expansion of MCs hasa dependene on the radial distane from the Sun (LUCAS et al., 2011), on�rmingthat radial expansion is a ommon feature of MCs in the heliosphere. Dal Lago et al.(2002) have used solar and interplanetary observations from January 1997 to April

2001 to orrelate the interplanetary speed (vp) near 1 AU with the expansion speed208



(ve) of halo CMEs (GONZALEZ et al., 2004). Using the previous study, a preditionsheme for peak Dst, based on halo CME-expansion speed observation near the Sunand assoiated with magneti louds, was suggested for the �rst time by Gonzalezet al. (2004). Dal Lago et al. (2004) ompared the lateral expansion speeds of thesehalo CMEs and the orresponding ejeta speeds near Earth. They found that there isa high orrelation between these two speeds. In the works of Dal Lago et al. (2003),Shwenn et al. (2005), Huttunen et al. (2005), Kane (2005) also it is proposed amethod to alulate MC-expansion speed (e.g. see �gure 8 pag 10 of Huttunen etal. (2005)).

Figure A.4 - Log-log plot showing the average proton density (〈Np〉) inside MCs observedby Helios 1/2 between 0.3 and 1 AU during (1974−1981) versus solar distane,
R (from (BOTHMER; SCHWENN, 1994)). The straight line was obtained bylinear regression: Np(R) = (6.47 ± 0.85) × R(−2.4±0.3)cm−3[R em AU]. Theother two lines were measured by the Helios probes in slow (S) and fast (F)solar wind-streams in the inner heliosphere. SOURCE: Bothmer and Shwenn(1998).Self-similar models are useful to study the expansion of �ux rope. Some onsideronly a radial expansion, while others onsider an isotropi expansion (DÉMOULIN;DASSO, 2009, and referene therein). The main problem of the �rst group of modelsis that, even taking a fore-free on�guration at some point of the evolution, the onlyradial expansion implies the reation of strong unbalaned magneti fore during the209



evolution. Then, the fore-free state is singular in these models, happening only atone single time during the evolution, while observations show that MCs typiallyhave a low βp plasma. A self-similar isotropi expansion does not hange the forebalane, so the seond group of models are expeted to be a better approximation.However, it is not obvious that the expansion ould be isotropi sine the magnetifore is anisotropi in a �ux rope (DÉMOULIN; DASSO, 2009). Démoulin and Dasso(2009) analyzed the expansion of �ux ropes in SW with a omplementary approahto self-similar expansion models and to the MHD simulations.The MCs loser to the Sun ompared to 1 AU had higher plasma densities thanthe surrounding solar wind. Thus, the density inside the �ux tubes has a rapidderease with the inreasing distane from the Sun where the loud undergoesa radial expansion. Figure A.4 shows in a log-log plot Np versus R (BOTHMER;SCHWENN, 1998). From linear regression Bothmer and Shwenn (1998) foundthat the density of MCs dereases with inreasing radial distane, R, as: Np =

(6.47 ± 0.85) × R(−2.4±0.3)cm−3[R em AU]. Figure A.4 shows that the density inMCs is generally higher than that of the average fast solar wind and that it is alsogenerally higher than that of the slow solar wind at loser distanes to the Sun.Bothmer and Shwenn (1998) observed that MCs in whih the densities are foundto be onsiderably lower ompared to that of the ambient slow solar wind shouldhave undergone strong expansion on their way out from the Sun.
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APPENDIX B - TOOL OF PERSISTENCE ANALYSIS AND SOURCECODE IMPLEMENTEDB.1 Resaled-Range (R/S) AnalysisWe will be presented a theory summary of Resaled-Range (R/S) Analysis disussedby Malamud and Turotte (1999). Also, A soure ode is presented for running inOtave, a free software of high-level interative language.An alternative approah to the quanti�ation of orrelations in time series was de-veloped by Harold E. Hurst (HURST, 1951; HURST et al., 1965). He onsidered a NileRiver �ow as a time series and determined the storage limits in an idealized reser-voir. Based on these studies, he introdued empirially the onept of resaled-range(R/S) analysis. Where the range R(T ′) is de�ned to be the di�erene between themaximum volume of water Vmax and the minimum volume of water Vmin (HURST,1951) during the period T ′. S(T ′) is the standard deviation of the �ow Q(t) duringthe period T ′.Hurst (1951) and Hurst et al. (1965) found empirially that many data sets in naturesatisfy the power-law relation:
[

Rτ

Sτ

]

av

=
(τ

2

)Hu

, (B.1)where Hu is known as the Hurst exponent and if T ′ denote the period, it an bebroken up into subintervals τ . For τ = 2, Rτ/Sτ = 1 by de�nition.The R/S analysis is easily extended to a disrete time series, Yn, n = 1, 2, 3, · · · , N .The running sum, Ym of the time series, yn relative to its mean is:
ym =

m
∑

n

(yn − ȳN) =

(

m
∑

n=1

yn

)

−mȳN . (B.2)The range is de�ned by:
RN = (ym)max − (ym)min (B.3)with

SN = σN (B.4)where ȳN and σN are the mean and standard deviation of all N values in the time211



series, yn. We are interested in how (R/S) varies with suessive subintervals τ of N ,we substitute τ for N in Equations B.2 to B.4. The Hurst exponent, Hu, is obtainedfrom B.1For example, if 64 values of yn are available for a time series, the RN and SN for
N = 64 are obtained. Then the data are broken into two parts, eah with τ = 32

(1, 2, · · · , 32 and 33, 34, · · · , 64. The values for R32 and R32 are obtained for thetwo parts. The two values of R32/S32 are then averaged to give (R32/S32)av. Thisproess is ontinued for τ = 16, τ = 8, and τ = 4 to given (R16/S16)av, (R8/S8)avand (R4/S4)av. The values of log(Rτ/Sτ )av are plotted against log(τ/2) and thebest-�t straight line gives Hu from Equation B.1. In pratie, there is generallysome urvature of (R/S)av for small values of τ/2 and they are therefore omitted(TAPIERO; VALLOIS, 1996).ImplementationIf we installed GNU/Otave in Ubuntu, a omputer operating system based on theDebian distribution and distributed as free and open soure software, then a hurst(x)funtion is reated for example in/usr/share/octave/3.0.1/m/signal/. This fun-tion is an estimate the Hurst parameter of sample X via the resaled range statistiin Otave. This program is not orrespond with the previous theory. The runningsum is only realized on higher sale.
function H = hurst(x)

if (nargin ! = 1)

print_usage();
endif

if (isscalar(x)) error (”hurst : xmustnotbeascalar”)

elseif (isvector(x))

x = reshape(x, length(x), 1);

endif

[xr, xc] = size(x);

s = std(x);

w = cumsum(x−mean(x));

RS = (max(w)−min(w))./s;

H = log(RS)/log(xr);

endfunction 212



We perform a implementation using the R/S theory, that was presented.Mean funtion:
function Hu =MeanHurst(Y n)

%LEFT

sLeft = HurstRSPotLeft(Y n);

XLeft = sLeft(:, 1);

Y Left = sLeft(:, 2);

[HuLeft, R1Left] = RegresionLinear(log10(XLeft), log10(Y Left));

plot(log10(XLeft), log10(Y Left))

%RIGHT

sRight = HurstRSPotRight(Y n);

XRight = sRight(:, 1);

Y Right = sRight(:, 2);

[HuRight, R1Right] = RegresionLinear(log10(XRight), log10(YRight));

Hu = (HuLeft+HuRight)/2;

endfunction

function RSPoint = HurstRSPotLeft(Y n)

n = length(Y n);

np = floor(log2(n));

Y n1 = Y n(1 : 2∧np);

pointGraf = ones(np− 1, 2);

for i = 2 : np

Y n2 = reshape(Y n1, 2∧i, length(Y n1)/2∧i);

RSave = 0;

cont = 0;

for k1 = 1 : length(Y n2(1, :))

if std(Y n2(:, k1)) > 0

cont = cont + 1;

[RS] = hurst1(Y n2(:, k1));

RSave = RSave+RS;

endif

endfor

RSave = RSave/cont;

pointGraf(i− 1, :) = [2∧i/2RSave] ; 213



endfor

RSPoint = pointGraf ;

endfunction

function RSPoint = HurstRSPotRight(Y n)

n = length(Y n);

np = floor(log2(n));

Y n1 = Y n(n− 2∧np+ 1 : n);

pointGraf = ones(np, 2);

for i = 2 : np

Y n2 = reshape(Y n1, 2∧i, length(Y n1)/2∧i);

RSave = 0;

cont = 0;

for k1 = 1 : length(Y n2(1, :))

if std(Y n2(:, k1)) > 0

cont = cont + 1;

[RS] = hurst1(Y n2(:, k1));

RSave = RSave+RS;

endif

endfor

RSave = RSave/cont;

pointGraf(i− 1, :) = [2∧i/2RSave] ;

endfor

RSPoint = pointGraf ;

endfunction

function RS = hurst1(x)

if (nargin ! = 1)

print_usage();
endif

if (isscalar(x))

error (”hurst : xmustnotbeascalar”);

elseif (isvector(x))

x = reshape(x, length(x), 1);

endif

[xr, xc] = size(x); 214



s = std(x);

w = cumsum(x−mean(x));

RS = (max(w)−min(w))./s;

endfunction

function [a, R] = RegresionLinear(xi, yi)

n1 = size(xi, 2);

a = (n1 ∗ sum(xi. ∗ yi)− sum(xi) ∗ sum(yi))/(n1 ∗ sum(xi.∧2)− sum(xi)∧2);

b = (sum(yi)− a ∗ sum(xi))/n1;

R = ((sum(xi.∗yi)−(sum(xi)∗sum(yi))/n1)∧2)/((sum(xi.∧2)−(sum(xi)∧2)/n1)∗
(sum(yi.∧2)− (sum(yi)∧2)/n1));

endB.2 Autoorrelations and SemivariogramsA summary taken from Malamud and Turotte (1999) is presented here. In manyases the persistene (or antipersistene) of a time series an be quanti�ed by usingthe orrelation funtion. The autoorrelation funtion, r(s), at lag s, measures theorrelation of a time series with itself, y(t+s) ompare with y(t), at inreasing valuesof s. This is given by:
r(s) =

c(s)

c(0)
, (B.5)with the autoovariane funtion, c(s), given by

c(s) =
1

(T ′ − s)

∫ T ′−s

0

[y(t+ s)− ȳ] [y(t)− ȳ] dtand the autoovariane funtion at 0 lag, c(0), given by
c(0) =

1

T ′

∫ T ′

0

[y(t)− ȳ]2 dt = V aThe time series, y(t), is presribed over the interval 0 ≤ t ≤ T ′. The average andvariane of y(t) over the interval T ′ are ȳ and V a. The autoorrelation funtion, r(s),is dimensionless and does not depend on the units of y(t) or t. With s = 0 we have
c(s) = c(0) = V a, the variane of time series over the period T ′, resulting in r(s) = 1.With inreasing lag, s, the values of r(s) beome smaller as the statistial orrelationsof y(t+ s) with y(t) derease. The plot of r(s) versus s is known as orrelogram.215



Although the autoorrelation, Equation B.5, at a partiular lag, s, an given in-sight into the data, one is generally more interested in the overall struture of theautoorrelation funtion taken over a range of lags. Large values of r(s) indiate astrong orrelation between those points in the time series that are separated by lag
s, small values of r(s) indiate weak orrelation, and values of r(s) = 0 indiateno orrelation (white noise). Persistene here an be de�ned as a sequene of r(s)that have positive values. If the values of r(s) are large, but then quikly droop to
r(s) = 0, we have an example of strong persistene over a short range of values. Ifthe values of r(s) are small (nonzero) and ontinue to stay small for very large lags,then the persistene is weak and long-range.For a disrete time series, the autoorrelation funtion, rk, is given by:

rk =
ck
c0

(B.6)with the autoovariane, ck, given by:
ck =

1

(N − k)

N−k
∑

n=1

(yn+k − ȳ) (yn − ȳ) (B.7)and the autoovariane at 0 lag (the variane) given by:
c0 =

1

N

N
∑

n=1

(yn − ȳ)2 = V a. (B.8)If the mean or variane vary with the length of the interval onsidered, then thetime series is nonstationary. It is inappropriate to use orrelograms for non-stationary time series, beause the autoorrelation funtion, r(s), has the mean,
ȳ, in its de�nition. An alternative way to measure long-range orrelation, whih isvalid for both stationary and nonstationary time series, is the semivariogram γ.Like the autoorrelation funtion, the semivariogram measures the dependene ofvalues in a time series that are separated by a lag, s.For a disrete time series, the semivariogram, γ(s), is given by:

γk =
1

2
(N − k)

N−k
∑

n=1

(yn+k − yn)
2 (B.9)216



Inreasing values of s or k orrespond to inreasing lag. The plot of γk vs k is knownas a semivariogram. For a stationary time series, the semivariogram, γk, and theautoorrelation funtion, rk, are related. The mean of the time series, ȳ, an beadded and subtrated within the summation in Equation B.9 to give:
γk =

1

2(N − k)

N−k
∑

n=1

[(yn+k − ȳ)− (yn − ȳ)]2 .When expanded this gives:
γk =

1

2(N − k)

[

N−k
∑

n=1

(yn+k − ȳ)2 +
N−k
∑

n=1

(yn − ȳ)2 −
N−k
∑

n=1

2(yn+k − ȳ)(yn − ȳ)

]

.(B.10)Provided the time series is stationary, two of the terms in Equation B.10 are equiv-alent to the variane in Equation B.8, giving:
γk = V a− 1

(N − k)

N−k
∑

n=1

(yn+k − ȳ) (yn − ȳ) . (B.11)Substituting the de�nition for ck from B.7 into B.11 and using the de�nitions of c0from Equation B.8 and rk from B.6, we �nd:
γk = (V a− ck) =

(

V − V
ck
c0

)

= V (1− rk) (B.12)For an unorrelated time series we have rk = 0 and γk = V a. Both the autoor-relation funtion and semivariograms have been applied by a number of author tosyntheti time series that exhibit long-range persistene.ImplementationUsing the de�nition for the semivariogram, γk, given in Equation B.9,
function [Ha,R1] = Semivariogram(y)

N1 = size(y, 1);

potencia2 = floor(log2(N1));

gammaT_k = 1 : potencia2; 217



xi = 1 : potencia2;

for i = 1 : potencia2

k = 2∧i;

contador = 0;

for n = 1 : (N1− k)

contador = contador + (y(n+ k)− y(n))∧2;

end

gam_k = (1/(N1− k)) ∗ contador;
gammaT_k(i) = gam_k;
xi(i) = k;

end

yi = gammaT_k;
[a, R] = RegresionLinear(log10(xi), log10(yi));

Ha = a/2;%Because γ∧k 2Ha where Ha is the Hausdoff exponent

R1 = R;

end

function [a, R] = RegresionLinear(xi, yi)

n1 = size(xi, 2);

a = (n1 ∗ sum(xi. ∗ yi)− sum(xi) ∗ sum(yi))/(n1 ∗ sum(xi.∧2)− sum(xi)∧2);

b = (sum(yi)− a ∗ sum(xi))/n1;

R = ((sum(xi.∗yi)−(sum(xi)∗sum(yi))/n1)∧2)/((sum(xi.∧2)−(sum(xi)∧2)/n1)∗
(sum(yi.∧2)− (sum(yi)∧2)/n1));

endB.3 Power spetrum, implementationbeta = powspesale(x, p�ag) alulates the power spetral density, S(f), salingoe�ient, beta, satisfying S(f) f−beta. A Welh window is used to redue spetralleakage. The bin size is given by the distane between the �rst two points. A log-logplot of S(f) against f is provided when p�ag=1. Default: plag=0. Copyright () 2005Patrik E. MSharry (patrik�msharry.net)
functionbeta = powspecscale(x, pflag) ifnargin < 2

pflag = 0;

end 218



N = length(x);Ensure data has a mean of zero
x = x−mean(x);Welh window
w = 1− (([1 : N ]′ −N/2)/(N/2)).2;

Wss = mean(w.2);alulate the spetrum
k = round(N/2);

s0 = (1/Wss) ∗ (2/N) ∗ abs(fft(w. ∗ x)).2;
s = s0(1 : k);

f = [1 : k]′/N ;

lf = log10(f);

S = log10(s);estimate bin size as distane between first two points on logfrequeny sale
lf1 = log10(f(1));

lf2 = log10(f(2));

lfk = log10(f(k));

dlfb = lf2− lf1;bin the data
lfrange = lfk − lf1;

Nlfb = ceil(lfrange/dlfb);

lfb = lf1− 0.5 ∗ dlfb+ [1 : Nlfb] ∗ dlfb;

ind = find((lfb(1)− 0.5 ∗ dlfb <= lf)&(lf <= lfb(1) + 0.5 ∗ dlfb));
nind(1) = length(ind);

Slfb(1) = mean(S(ind)); 219



fori = 2 : Nlfb− 1

ind = find((lfb(i)− 0.5 ∗ dlfb < lf)&(lf <= lfb(i) + 0.5 ∗ dlfb));
nind(i) = length(ind);

Slfb(i) = mean(S(ind));

end

ind = find((lfb(Nlfb)− 0.5 ∗ dlfb < lf));

nind(Nlfb) = length(ind);

Slfb(Nlfb) = mean(S(ind));fit a line to the log-log plot
A = ones(Nlfb, 2);

A(:, 2) = lfb′;

a = pinv(A) ∗ Slfb′;
Slfbpred = A ∗ a;
ifpflag == 1

figure;

loglog(f, s,′ b.−′);

holdon;

loglog(10.lfb, 10.Slfb,′ k.′,′MarkerSize′, 14);

loglog(10.[lfb(1)lfb(Nlfb)], 10.[Slfbpred(1)Slfbpred(Nlfb)],′ k′);

xlabel(′f ′);

ylabel(′S(f)′);

title([′S(f) f−βwithβ =′ num2str(−a(2))]);
end

beta = −a(2);
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APPENDIX C - GRAD SHAFRANOV EQUATION USING KINETICTHEORY. ANALYTICAL SOLUTIONThe number density, nj(~r, t), is a marosopi variable de�ned in on�guration spaeas the number of partiles of type j, per unit volume, irrespetive of veloity.
nj(~r, t) =

1

d3r

∫

υ

d6Nj(~r,~v, t). (C.1)Let d6Nj(~r,~v, t) denote the number of partiles of type j that, at the instant t, aresituated within the volume element d3rd3υ of phase spae, about the oordinates
(~r,~v). The distribution funtion in phase spae, fj(~r,~v, t), is de�ned as the densityof representative points of j-type partiles of phase spae, that is:

fj(~r,~v, t) = d6Nj(~r,~v, t)
d3rd3υ

(C.2)It is assumed that the density of representative points in phase spae does not varyrapidly from one element of volume to the neighboring element, so that fj(~r,~v, t) anbe onsidered as a ontinuous funtion of its arguments. Aording to its de�nition
fj(~r,~v, t) is also a positive and �nite funtion at any instant of time. In a volumeelement d3rd3υ, whose veloity oordinates (υx, υy, υz) are very large, the numberof representative points is relatively small sine, in any marosopi system, theremust be relatively few partiles with very large veloities. Physial onsiderationsrequire therefore that fj(~r,~v, t) must tend to zero as the veloity beomes in�nitelylarge.The distribution funtion is, in general, a funtion of the position vetor ~r. Whenthis is the ase the orresponding plasma is said to be inhomogeneous. In the abseneof external fores, however, a plasma initially inhomogeneous reahes, in the ourseof time, an equilibrium state as a result of the mutual partile interations. In thishomogeneous state the distribution funtion does not depend on ~r.In veloity spae the distribution funtion an be anisotropi, when it depends onthe orientation of the veloity vetor ~v, or isotropi, when it does not depend onthe orientation of ~v but only on its magnitude, i.e., on the partile speed υ = |~v|.A plasma in thermal equilibrium, for example, is haraterized by a homogeneous,isotropi, and time-independent distribution funtion. In a statistial sense the dis-221



tribution funtion provides a omplete desription of the system under onsideration.Knowing fj(~r,~v, t) we an dedue all the marosopi variables of physial interestfor the type j speies.The dependene of the distribution funtion on the independent variables ~r,~v and tis governed by an equation know as the Boltzmann equation. Let the Equation C.2:
d6Nj(~r,~v, t) = fj(~r,~v, t)d3rd3υ (C.3)Suppose that eah partiles is subjeted to an external fore ~F . In the absene of par-tiles interations, a partile of type j with oordinates about (~r,~v) in phase spae,at the instant t, will be found after a time interval dt about the new oordinates

(~r′, ~v′) suh that
~r′(t+ dt) = ~r(t) + ~vdt (C.4)
~v′(t+ dt) = ~v(t) + ~adt (C.5)where ~a = ~F/mj is the partile aeleration and mj its mass. Thus, all partiles oftype j inside the volume element d3rd3υ of phase spae, about (~r,~v) at the instant t,will oupy a new volume element d3r′d3v′, about (~r′, ~v′) after the interval dt. Sinewe are onsidering the same partiles at t and t + dt, we must have, in the abseneof ollisions,

fj(~r
′, ~v′, t+ dt)d3r′d3υ′ = fj(~r,~v, t)d3rd3υ. (C.6)The element of volume d3rd3υ may beome distorted in shape as a result of thepartiles motion. The relation between the new element of volume and the initialone is given by

d3r′d3υ′ = |J |d3rd3υwhere J stands for the Jaobian of the transformation from the initial oordinates
(~r, ~v) to the �nal ones (~r′, ~v′). For the transformation de�ned by the equations C.4and C.5 we have |J | = 1 (see pages 132-133 on Bittenourt (2004)), so that

d3r′d3υ′ = d3rd3υ (C.7)and C.6 beomes:
[fj(~r

′, ~v′, t+ dt)− fj(~r,~v, t)]d3rd3υ = 0. (C.8)222



The �rst term on the left-hand side of C.8 an be expanded in a Taylor series about
fj(~r,~v, t) as follows:

fj(~r + ~vdt,~v+ ~adt, t+ dt) = fj(~r,~v, t)+
[

∂fj
∂t

+

(

υx
∂fj
∂x

+ υy
∂fj
∂y

+ υz
∂fj
∂z

)

+

(

ax
∂fj
∂υx

+ ay
∂fj
∂υy

+ az
∂fj
∂υz

)]

dt, (C.9)negleting terms of order (dt)2 and higher. Using the operator notation nabla in thespae of spatial (∇) oordinates and veloities oordinates (∇υ) respetively:
∇ = x̂

∂

∂x
+ ŷ

∂

∂y
+ ẑ

∂

∂z
(C.10)

∇υ = x̂
∂

∂υx
+ ŷ

∂

∂υy
+ ẑ

∂

∂υz
. (C.11)We obtain from Equation C.9

fj(~r + ~vdt,~v + ~adt, t+ dt)− fj(~r,~v, t) =
[

∂fj(~r,~v, t)
∂t

+ ~v · ∇fj(~r,~v, t) + ~a · ∇υfj(~r,~v, t)] dt. (C.12)Substituting this result into C.8 gives the the Boltzmann equation in absene ofollisions:
∂fj(~r,~v, t)

∂t
+ ~v · ∇fj(~r,~v, t) + ~a · ∇υfj(~r,~v, t) = 0. (C.13)This equation an be rewritten as:

Dfj(~r,~v, t)
Dt = 0, (C.14)where the operator D is:

D
Dt =

∂

∂t
+ ~v · ∇+ ~a · ∇υ (C.15)represents the total derivative with respet to time, in phase spae. Equation C.14is a statement of the onservation of the density of representative points (fj) inphase spae. If we move along with a representative point alpha in phase spaeand observe the density of representative points fj(~r,~v, t) in its neighborhood, we�nd that this density remains onstant in time. This result is known as Liouville'stheorem. Note that this result applies only to the speial ase whih ollisions, as well223



as radiation losses, proesses of prodution, and loss of partiles, are unimportant(BITTENCOURT, 2004).C.1 The Vlasov equationA very useful approximate way to desribe the dynamis of a plasma is to onsiderthat the plasma partile motions are governed by the applied external �elds plusthe marosopi average internal �elds, smoothed in spae and time, due to thepresene and motion of all plasma partiles. The problem of obtaining the maro-sopi (smoothed) internal eletromagneti �elds, however, is still a omplex oneand requires that a self-onsistent solution be obtained (BITTENCOURT, 2004).The Vlasov equation is a partial di�erential equation that desribes the time evo-lution of the distribution funtion in phase spae and that diretly inorporatesthe smoothed marosopi internal eletromagneti �elds (BITTENCOURT, 2004). Itmay be obtained from the Boltzmann equation C.13 with the ollision term (δj/δt)collequal to zero, but inluding the internal smoothed �elds in the fore term,
∂fj
∂t

+ ~v · ∇fj + 1

mj
[~Fext + qj( ~Ei + ~v× ~Bi)] · ∇υfj = 0. (C.16)Here ~Fext represents the external fore, inluding the Lorentz fore assoiated withany externally applied eletri and magneti �elds, and ~Ei and ~Bi are internalsmoothed eletri and magneti �elds due to the presene and motion of all hargedpartiles inside the plasma. In order that the internal marosopi eletromagneti�elds ~Ei and ~Bi be onsistent with the marosopi harge and urrent densitiesexisting in the plasma itself, they must satisfy Maxwell equations

∇ · ~Ei =
ρ

ǫ0
(C.17)

∇ · ~Bi = 0 (C.18)
∇× ~Ei = −∂

~Bi

∂t
(C.19)

∇× ~Bi = µ0

(

~J + ǫ0
∂ ~Ei

∂t

) (C.20)with the plasma harge density ρ and the plasma urrent density ~J given by the224



expressions:
ρ(~r, t) =

∑

j

qjnj(~r, t) =
∑

j

qj

∫

υ

fj(~r,~v, t)d3υ (C.21)
~J(~r, t) =

∑

j

qjnj(~r, t)~uj(~r, t) =
∑

j

qj

∫

υ

~vfj(~r,~v, t)d3υ (C.22)the summations being over the di�erent harged partile speies in the plasma.Here ~uj(~r, t) denotes the marosopi average veloity for the partiles of type j.Equations C.16 to C.22 onstitute a omplete set of self-onsistent equations to besolved simultaneously.Formal Solution to Equilibrium Vlasov EquationWe may also arrive at the Grad-Shafranov equation 2.40 using kineti theory, andfollowing the work of Yoon and Lui (2005) an exat solution an be obtained. Wewill rewrite in this subsetion a part of the work of Yoon and Lui (2005), hangingthe magneti �eld orientation, that is ~B = Bx(x, y)x̂+By(x, y)ŷ. The lass of kinetiurrent sheet equilibrium to be disussed in the present subsetion is a solution ofthe equilibrium Vlasov kineti equation derived from C.16, C.20 and C.22:
[~v · ∇+ (qj/mjc)(~v× ~B) · (∂/∂~v)]fj(x, y,~v) = 0 (C.23)

∇× ~B = 4π ~J/c, ~J =
∑

j

qj

∫

~vfj(x, y,~v)d~v (C.24)We are further interested in a lass of distributions whih satisfy the urrent neutral-ity ondition along x (
∑

j qj
∫

υxfj(x, y,~v)d~v = 0) and y (
∑

j qj
∫

υyfj(x, y,~v)d~v =

0) axes and are harge neutral (∑j qj
∫

fj(x, y,~v)d~v = 0). If we introdue the vetorpotential, then one an see that only the z omponent remains nonzero, ~B = ∇× ~A,where ~A = A(x, y)ẑ. Then the solution to equilibrium Vlasov equation is any fun-tion of the harateristis:
Pj = mjυz + qjA(x, y)/c = onst, (C.25)
Hj = mj~v2/2 = onst, (C.26)are available. These are the anonial momentum and the total Hamiltonian. Fromthis, we may onstrut the solution fj as any arbitrary funtion of Pj and Hj . Of225



in�nitely many possible hoies, we selet the Gaussian funtional form, from Harris(1962),
fj(Pj , Hj) = Nj exp

[

−(Hj − VjPj +mjV
2
j /2)/Tj

]

, (C.27)where Nj, Vj, and Tj are multipliative onstants, whih are related to the numberdensity nj , and isotropi kineti temperature Tj, for speies labeled j (j = i for theions and e for the eletrons), through the de�nitions:
nj = n0j exp (qjVjA/cTj) , (C.28)
v2Tj

= 2Tj/mj (C.29)
n0j = π3/2v3Tj

Nj . (C.30)Physially, vTj
is the thermal speed, mj and qj are the mass and harge, respetively,and Vj orresponds to the ross-�eld (diamagneti) drift speed. Note that the solu-tion C.27 will satisfy the (x and y omponent) urrent and harge neutrality onlyif n0e = n0i = n0 and Vi/Ti = −Ve/Te (also see Kan (1979)). We assume suh aondition heneforth.Inserting the distribution funtion fj to the �eld equation in C.24 with 2.34 ( ~A =

A(x, y)ẑ), we obtain
c(
∂2A

∂x2
+
∂2A

∂y2
) = −4π

∑

j

qjn0jVj exp (qjVjA/cTj) , (C.31)Let us introdue two onstants, B2
0 = 8πn0(Te + Ti) and L = 2cTi/(qB0Vi), where

B0 will turn out to be the asymptoti (y2 → ∞) magneti �eld strength and L is theharateristi sale length assoiated with the urrent sheet. We further introduedimensionless quantities,
X = x/L, Y = y/L, Ψ = −A/(LB0), (C.32)where Ψ is the normalized vetor potential. Then the Equation C.31 or equilibriumAmpere's law (Grad-Shafranov equation) beomes,

∂2Ψ

∂X2
+
∂2Ψ

∂Y 2
= e−2Ψ. (C.33)Note that the density is given in term of Ψ by n = ni = ne = n0e

−2Ψ. Thus theproblem of obtaining exat two-dimensional urrent sheet equilibrium solutions boils226



down to solving the above Grad-Shafranov equation for Ψ(X, Y ).The general solution in terms of omplex variable, Υ = X + ι Y , was obtainedby Walker (1915). He �rst notes that any omplex funtion of the form w(Υ) =

g(Υ) + h(Υ∗), where the asterisk denotes the omplex onjugate, satis�es the ho-mogeneous equation, ∂2w/∂X2+ ∂2w/∂Y 2 = 0. He then proeeds to write down aninhomogeneous solution,
Ψ(X, Y ) =

1

2
ln

[

− w2

(∂w/∂X)2 + (∂w/∂Y )2

]

,the validity of whih an be heked by the inserting the previous solution to C.33.For a spei� hoie of h(Υ∗). Walker (1915) selets h(Υ∗) = 1/g∗(Υ). Then bywriting g(Υ) = u(X, Y )+ ι ν(X, Y ), where u and ν are real funtions, one an showthat:
w2 =

1 + u2 + ν2

(u− ιν)2
,

(

∂w

∂X

)2

=

(

∂w

∂Y

)2

=
−4(u2X + ν2Y )

(u− ιν)2
.Here, uX = ∂u/∂X and νX = ∂ν/∂X . Sine ∂ν/∂X = −∂u/∂Y and ∂u/∂X =

−∂ν/∂Y , Walker (1915) thus obtains the formal solution to C.33 as follows:
e−2Ψ =

4|g′|2
(1 + |g|2)2

, (C.34)where g′ = dg(Υ)/dΥ. This result, whih forms the basis for the reonstrution ofspei� urrent sheet model, is also widely used in the theory of relativisti beamequilibrium (BENFORD; BOOK, 1971). All that remains is the hoie of spei� fun-tional form for generating funtion g(Υ). There are in�nite varieties of g(Υ) in apurely mathematial sense, but not all hoie will turn out to be useful from aphysial perspetive.Harris SolutionHarris model (HARRIS, 1962) an be obtained if we hoose the generating funtionas
g(Υ) = exp(ιΥ). (C.35)227



Then, the spei� solution beomes (with cosh x = (ex + e−x)/2 = (e2x + 1)/(2ex))
n/n0 = e−2Ψ = sech2Y, Ψ = −A(X, Y )/LB0 = ln(coshY ). (C.36)This is a one-dimensional model (X = 0), sine By = 0 and Bx = B0 tanhY .The pro�le of the ross-�eld urrent aross Y is ditate by the density pro�le,

Jz/[qn0Vi(1 + Te/Ti)] = sech2Y, but the urrent density is uniform aross X .Fadeev solutionFadeev model (FADEEV et al., 1965) represents a �lamentary urrent sheet, or equiv-alently, an in�nite hain of magneti X-line. The generating funtion whih resultsin the Fadeev solution is
g(Υ) = w +

√
1 + w2 exp (ιΥ). (C.37)When w = 0 one reovers the Harris model. Whith C.37, the solution are

e−2Ψ =
n

n0
=

Jz
qn0Vi(1 + Te/Ti)

=
1

w cosX +
√
1 + w2 coshY

Ψ = −A(X, Y )

LB0

= ln
(

w cosX +
√
1 + w2 cosh Y

) (C.38)Two values of w = 0.5 and w = 5.0 an be used to plot the normalized vetorpotential, Ψ, for Fadeev model. The �lamentary urrent density struture along Xaxis are formed, and the nested losed magneti �eld lines (O lines or magnetiislands). Between every pair of magneti islands is the magneti null, or X point.C.2 BENCHMARK CASE. RESULTS FOR GRAD-SHAFRANOVEQUATIONAlso a speial form of the (suitably normalized, Ψ = −A/(LB0)) GS equation,namely,
∇A(x̃, ỹ) = e−2A(x̃,ỹ), (C.39)an be used (YOON; LUI, 2005). If we hoose x̃ and ỹ along the urrent sheet and tobe perpendiular to the urrent sheet respetively, then analytial solution is (seeEquation C.381):

A(x̃, ỹ) = ln{α̃ cos x̃+
√
1 + α̃2 cosh ỹ}, (C.40)1where w = α̃, X = x̃, Y = x̃ and Ψ = A(x̃, ỹ)228



The parameter α̃ desribe a string of nonlinear magneti islands separated by X-type neutral point (YOON; LUI, 2005). The solution shown in C.40 was derived ofthe Harris model (HARRIS, 1962) by Fadeev et al. (1965) (Fadeev solution). A mapof the exat solution A(x̃, ỹ) with α̃ = 0.225 is:
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Figure C.1 - Map of exat analytial solution (or benhmark solution). Field lines are sep-arated by equal �ux.In Figure C.1 was plotted Equation C.40 in a grid of x̃min = 0 and x̃max = 51 witha total of 101 equidistant samples, separated by ∆x̃ = 51/101, in the other axis
∆ỹ = 0.1∆x̃ with ỹmin = −5 and ỹmax = 5. The analytial solutions to Bx̃, Bỹ, Bz̃are:

Bx̃ =
∂A

∂ỹ
=

√
1 + α̃2 sinh ỹ

α̃ cos x̃+
√
1 + α̃2 cosh ỹ

; (C.41)
Bỹ = −∂A

∂x̃
=

α̃ sin x̃

α̃ cos x̃+
√
1 + α̃2 cosh ỹ

; (C.42)
Bz̃ =

√

e−2A

3
=

1√
3(α̃ cos x̃+

√
1 + α̃2 cosh ỹ)

; (C.43)In Figure C.2, a total of 51 equidistant measurements of eah Bx̃, Bỹ, Bz̃, A(x̃, ỹ)versus x̃ at ỹ = 0 are plotted. The dataset were interpolated by use of a ubi splineto obtain a total of 101 equidistant samples, separated by ∆x̃, idem to Hau andSonnerup (1999).We hek out the ode to solve the GS equation using the Benhmark ase given by229
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√
3. A map of exat analytialsolution given by Equation C.40 was shown in Figure C.1.For testing, a frame veloity vetor −VHT = 0.8ˆ̃x+ 0.08ˆ̃y+ 0.16ˆ̃z onto the x̃ỹ planewas seleted, as was proposed by Hau and Sonnerup (1999). The x̃ỹ oordinatesystem is rotated relative to the xy system by an angle of 5.7◦ (tan−1(0.08/0.8) =

5.7◦). To rotate a �gure ounterlokwise around the origin by some angle θ = 5.70is equivalent to replaing every point with oordinates (x̃, ỹ) by the point withoordinates (x, y):
x̃ = x cos θ − y sin θ

ỹ = x sin θ + y cos θ.

Thus, the oordinates (x̃ỹ) are hanges by new oordinates xy in the exat solution,
A(x̃, ỹ):

A(x, y) = ln{α̃ cos[x cos θ − y sin θ] +
√
1 + α̃2 cosh[x sin θ + y cos θ]}. (C.44)The map of the solution C.44 was shown in Figure C.3(a). We used a grid of xmin =

0 and xmax = 51 with a total of 101 equidistant samples, separated by ∆x = 51/101,in the other axis ∆y = 0.1∆x with ymin = −5 and ymax = 5. Also, seven plasma230
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parameters an written in the xy oordinates system, i.e.,
Bx =

∂A

∂y
=
α̃ sin[x cos θ − y sin θ] sin θ +

√
1 + α̃2 sinh[x sin θ + y cos θ] cos θ

α̃ cos[x cos θ − y sin θ] +
√
1 + α̃2 cosh[x sin θ + y cos θ]

,

By = −∂A
∂x

=
α̃ sin[x cos θ − y sin θ] cos θ −

√
1 + α̃2 sinh[x sin θ + y cos θ] sin θ

α̃ cos[x cos θ − y sin θ] +
√
1 + α̃2 cosh[x sin θ + y cos θ]

,

Bz =

√

e−2A(x,y)

3
=

1√
3(α̃ cos[x cos θ − y sin θ] +

√
1 + α̃2 cosh[x sin θ + y cos θ])

,

p =
1

3µ0(α̃ cos[x cos θ − y sin θ] +
√
1 + α̃2 cosh[x sin θ + y cos θ])2

,

Pt = p+
B2

z

2µ0

=
1

2µ0

e−2A,

Jz =
d(p+B2

z/(2µ0))

dA
= − 1

µ0
e−2A,

PTotal = p+
B2

2µ0
=

1

3µ0
e−2A +

B2
x +B2

y +B2
z

2µ0
,where, Bx, By, Bz are the magneti �eld omponents; p is the plasma pressure; Ptis the transverse pressure; Jz is the axial urrent; Pt is the total pressure; µ0 ispermeability of free spae; θ = 5.7◦; the parameter α̃ = 0.225 is a separation onstantwhih determines the properties of the solution. The Maps of above equations aregiven in Figure C.3. In panel (a) is show the Map of exat analytial solution, A(x, y)in xy plane. In the other panels are show the exat solution in xy plane of the othersseven plasma parameters: (b) Bx; () By; (d) Bz; (e) p with normalization 105; (f) Ptwith normalization 105; (g) Jz with normalization 105; (h) PTotal with normalization

105.The map of the funtion A(x, y) has been determined from the initial ondi-tion at points y = 0, i.e., A(x, 0) = −
∫ x

0
By(x

′′, 0)dx′′, Bx(x, 0), p(x, 0) and
[d(p+B2

z/2µ0)/dA]x,0. The plot of Bx, By, Bz at y = 0 as funtion of x are shown inFigure C.4(a). Panel (b) shows the plot of A at y = 0 as funtion of x while in panel() is plot the plasma pressure, p(x, 0). Figure C.4(d) shows the urve of measuredvalues of Pt(x, 0) = (p+B2
z/2µ0) versus their orresponding A(x, 0) values, the urve�tting is Pt(x, 0) = 0.398e−2A(x,0). 232



The map of numerial solution of Grad-Shafranov equation is shown in Fig-ure C.5(a). Figure C.5 has the same format that C.3 but it was obtained of thenumerial solution of Grad-Shafranov equation. In all panels, on the bottom rightorner is the highest error observed.
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where 〈|A|〉 is the average of the magnitude of A over the map. Panel (d) is a zoomof (), so that is equal to Figure 1 (bottom panel) of Hau and Sonnerup (1999).
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(d)Figure C.6 - Contours of onstant error, (Acalc −Aexact)/〈|A|〉, where 〈|A|〉 is the averageof the magnitude of A over the map. Error ontours are separated by 1%. (a)Analytial solution map of A(x, y); (b) numerial solution map of A(x, y); ()ontours of onstant error; (d) zoom of ontours of onstant error, idem toshown in Figure 1 of Hau and Sonnerup (1999).We propose some hanges in the resolution sheme of the Grad-Shafranov equationto improve the solution. We will be talking about four methods:
1) (HS99 method) The solution is idem as explain in the paper of Hau and Sonnerup(1999). In the version of Hau and Sonnerup (1999) GS solver, they attemptto suppress the development of the singularities assoiated with the shortestwavelengths by doing running an �lter (see Equations 10 and 11 in that paperor Equations 4.32 and 4.33 in this thesis) in A(x,∆y) for eah integration step.The previous numerial solution map with its ontours of onstant error map areshown in the panels of Figure C.6. The more important information is that here,235



Bx(x,∆y) is not �ltered (see Figure C.7(b)) and in the di�erene sheme at eahstep ∆y seond-order Taylor expansion with seond order of auray was used.
2) (�rst method) During the integration sheme at the same time are �ltered

A(x,∆y) and Bx(x,∆y) (see Figure C.7()) respetively.
3) (seond method) Bx(x,∆y) is not �ltered. The derivative ∂2A/∂2x is alulatednumerially, using a entral di�erene sheme at eah step ∆y of the integration,resulting in the retangular box by writing it at the i point, a seond-order Taylorexpansion with sixth order of auray (Hau and Sonnerup (1999) used seondorder of auray): (∂2A/∂x2)i = ( 1

90
Ai−3 − 3

30
Ai−2 +

3
2
Ai−1 − 49

18
Ai +

3
2
Ai+1 −

3
20
Ai+2 +

1
90
Ai+3)/(∆x)

2 +O(∆x2).
4) (third method) It is a ombination of the �rst and seond methods respetively.The Figure C.7(a) shows the exat solution map of Bx. The panels (b) and (d)shows numerial solution map of Bx without �lter it; in both panels are used �HS99method� and �seond method� respetively. The panel () shows map of Bx usingthe �rst method (Bx is �ltered) and improve the numerial solution. In panel (e)the third method is used, and it is improved the numerial solution. Grad-Shafranovequation has the nonlinearity in the term d(Pt)/dA, during the integration sheme
Bx values are obtained from the �rst order Taylor expansion,

Bx(x,±∆y) ∼= Bx(x, 0)± (∂2A/∂y2)x,0∆y,and the seond derivative in the above equation an be evaluated from GS equation,
(

∂2A

∂y2

)

x,0

= −
(

∂2A

∂x2

)

x,0

− µ0
dPt(A(x, 0))

dA
.This justi�es the need to �lter Bx during the integration sheme.After obtaining the solution is redues the integration domain to remove the in-�uene of the boundaries. Thus, in Figure C.8 the maps of A(x, y) are shown ina grid of 5 . x . 45 and −4.5 . y . 4.5. In eah pair of panels from top tobottom are shown: (a) the exat solution map and (b) ontours of onstant error,

(Acalc − Aexact)/〈|A|〉, using the HS99 method; () and (d) the numerial solutionmap using the �rst method and ontours of onstant error; (e) and (f) are similarto () and (d) but for seond method; (g) and (h) are similar to () and (d) but for236
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third method. The panels of ontours of onstant error are ompared with the panel(b). The solution greatly improves when we use the �rst method (see panel (d)). Onthe other hand, there is not improvement when using the seond method (see panel(f)). The third method also improves the solution and is the best method (see panel(h)). Summary, the solution in the paper of Hau and Sonnerup (1999) was improvedwith these proposals. Other method to improve the GS solver are presented by thesame authors in Hu and Sonnerup (2003), Appendix A.C.4 Orientation of Magneti �ux ropesTaken from Hu and Sonnerup (2002): The right panel of Figure C.9 illustrates a plotof Pt(x, 0) versus A(x, 0), obtained by using an inorret z axis (rotated around thetrue x axis by 3◦), for the Lundquist �ux-rope, a ross setion of whih is shown inthe left panel. The small irles starting at A = 0 represent the data points olletedby a virtual spaeraft along the �rst half of its trajetory, projeted along the xaxis, when it penetrates the struture from its left edge toward the enter. After itpasses the point of losest approah, where the value A = Am is reahed, the dataalong the seond half of the spaeraft trajetory are represented by the stars. Theydrop to lower Pt values, passing the value A = Al (Al = 0 in this ase) again, whilethe spaeraft is moving away from the enter of the struture toward its right edge.However, the stars do not follow the urve through the irles from the �rst half ofthe data interval.The separation between the urves, threaded by the irles and stars, respetively, isan indiation that the z axis hosen is not right. For the orret z axis the magneti�eld lines having potentials between Al and Am are rossed exatly twie by thespaeraft, in the �rst half and the seond half of its trajetory, separately. The datafrom the two halves ought to have exatly the same Pt value for the same A value.In other words, for the orret hoie of z axis all the irles and stars in the rightpanel of Figure C.9 should lie on one single-valued urve representing Pt(A).The arrow tip of the trial axis varies on a hemisphere, representing all possiblediretions in 3-D spae. A �tting residue for Pt(A), assoiated with eah trial axis,is also alulated. The preise de�nition of this residue will be given below. Theoptimal invariant diretion is the minimum-residue diretion.The plot between A = Al and A = Am in the right panel of Figure C.9 provides an238
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Figure C.9 - Illustration of behavior of Pt(A) for an inorret z axis orientation. (left)Cross setion of Lundquist �ux rope for α̃L0 = 0.55 (L0 being the lengthnormalization), entered at (x, y) = (0, 0.5), with the orret z axis. The xaxis (y = 0) denotes the projeted spaeraft trajetory. (right) Satter plot of
Pt(x, 0) versus A(x, 0) for an inorret z axis. See the text for an explanationof the symbols. SOURCE: Hu and Sonnerup (2002).example for the hosen trial axis. That data interval is utilized in the alulation ofthe �tting residue. The data from the �rst half and the seond half of the adaptiveinterval, respetively, are interpolated onto a stenil of uniformly spaed grid pointsalong the A axis, between its minimum and maximum values. For example, in theright panel of Figure C.9 the interval A ∈ [Al, Am] is uniformly divided by m0points with integer index, i ∈ [1, · · · , m0], to form suh a stenil. Then omponentsof an m0-dimensional residue vetor are obtained by pair-wise subtration of theinterpolated �rst-half data from their seond-half ounterparts. The �tting residue,

RES = Rf , is alulated by taking the 2-norm of the residue vetor and thennormalizing it by |max(Pt)−min(Pt)|, i.e.,
RES =

[

m0
∑

i=1

(

P 1st
t,i − P 2nd

t,i

)2

]
1

2

/|max(Pt)−min(Pt)|. (C.45)One pair of suh interpolated data at i = i0, with orresponding transverse pressurevalue, P 1st
t,i and P 2nd

t,i , is illustrated in the right panel of Figure C.9. The minimum-residue diretion is the diretion along whih the residue alulated from Equa-tion C.45 has its absolute minimum. The normalization in Equation C.45 by the240



range of Pt is neessary to avoid obtaining an erroneous axis diretion suh that theslope of Pt(A) is nearly zero, whih would be equivalent to nearly zero axial urrentdensity.
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APPENDIX D - REVIEW OF THE GRAD-SHAFRANOV EQUATIONUSEFUL IN THE RECONSTRUCTION OF TWO-DIMENSIONALCOHERENT STRUCTURES IN THE MAGNETOPAUSE
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1) Input Data:The data analysis utilizes a set of K̃ measured values, at onstant time intervals,of GSE omponents of magneti �eld (BX , BY , BZ), plasma veloity (vX , vY , vZ)in GSE to eletron and proton, plasma density N = Ne + Np, and temperature
T = (Tp + Te)/2. Plots of GSE magneti �eld omponents, plasma number den-sity, and temperature versus time (with 4.37 s of resolution) for the spaeraft243



AMPTE/IRM1 rossing the magnetopause, Otober 19, 1984, in the interval
05 : 17 : 41− 05 : 22 : 03 UT , are shown in Figure D.1 (HAU; SONNERUP, 1999).The vertial dashed lines number 1 and 2 orrespond at the dates 05 : 19 : 35 and
05 : 19 : 48 respetively. In the �rst interval (05 : 17 : 41− 05 : 19 : 35 UT) havebeen alulated the eigenvalues and eigenvetors derived from MVA. To apturemore of the magnetopause struture, the interval used in the reonstrution wasextended to 05 : 17 : 41 − 05 : 19 : 48 UT by Hau and Sonnerup (1999) andontained K̃ = 30 original data points. These data will be useful to alulatedeHo�man - Teller frame and the plasma pressure to resolve the GS equation.

2) Use minimum-variane analysis (SONNERUP; CAHILL, 1967; SONNERUP;SCHEIBLE, 1998; BOTHMER; SCHWENN, 1998):We used MVA on the measured magneti �eld vetors (BX , BY , BZ) in GSE, todetermine ~n, the vetor normal to the magnetopause. In this hapter a detailedstudy about the MVA was presented. The magneti �eld omponents whih wereused orrespond to Otober 19, 1984, in the interval 05 : 17 : 41−05 : 19 : 35 UT.The �gure D.2(a) and D.2(b) show results from MVA over this data intervals (27data points) in the form of magneti hodograms (HAU; SONNERUP, 1999). Theeigenvalues of the magneti variane matrix are λ1, λ2, λ3, in order of deliningsize and the orresponding normalized eigenvetors, x̂1 = B̂L, x̂2 = B̂M , x̂3 = B̂Nin whih eigenvetor x̂3 = B̂N is the magnetopause normal: x̂3 = B̂N = ~n. Aomparison of our results with those of the Hau and Sonnerup (1999) are shownin Table D.1 where an be see the quanti�ation information. In the paper appearan inorret eigenvalue of λ3 = 9.6, but the orret eigenvalue is λ3 = 7.6; weprove that is a digitalization error, in the subsequent results was used λ3 = 7.6.Note that, the two top panels in Figure 5 of Hau and Sonnerup (1999) are thehodograms in the interval 05 : 17 : 41−05 : 19 : 48 UT, and not orrespond withwas wrote by the authors in the aption (the interval 05 : 17 : 41 − 05 : 19 : 35UT). In the last four rows of Table D.1 the values for the extended interval areshown. These values are not used in subsequent reonstrution beause exist aphysial problem that we will be explained in the following item.
3) Determine the deHo�man - Teller frame veloity:The deHo�man-Teller veloity is a veloity where the residual eletri �eldis minimized. The existene of an HT frame indiates that a oherent quasi-1http://www-ssg.sr.unh.edu/index.html?tof/Missions/Ampte-irm/amptemain.html244
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Table D.1 - The eigenvalues of the magneti variane matrix are λ1, λ2, λ3, in order ofdelining size and the orresponding normalized eigenvetors, x̂1 = B̂L, x̂2 =
B̂M , x̂3 = B̂N . Our results, shown in the third olumn, are onsistent with theseond olumn. The di�erent results (λ3) are shown in red.Otober 19,1984, 0517:41-0519:35Parameters Hau and Sonnerup (1999) Our implementation

x̂1, B̂L (−0.4095;−0.6698; 0.6194) (−0.4095;−0.6698; 0.6194)

x̂2, B̂M (−0.3195;−0.5306;−0.7851) (−0.3195;−0.5306;−0.7851)

x̂3, B̂N (0.8545;−0.5194; 0.0033) (0.8545;−0.5194; 0.0033)
[λ1, λ2, λ3] [1530.4, 114.7, 9.6] [1530.4, 114.7, 7.6]Otober 19,1984, 0517:41-0519:48
x̂1, B̂L - (−0.4377;−0.6757; 0.5931)

x̂2, B̂M - (−0.3419;−0.4850;−0.8049)

x̂3, B̂N - (0.8316;−0.5551;−0.0188)
[λ1, λ2, λ3] - [1929.3, 109.997, 9.6]stationary pattern of magneti �eld and plasma veloity suh as a wave or ur-rent layer, is present. If the eletri �eld measured in the instrument frame is
~E, then the eletri �eld in the HT frame, assuming suh a frame exist, is
~E ′ = ~E + ~VHT × ~B = 0 (KHRABROV; SONNERUP, 1998). The Faraday's lawevaluated in the HT frame is ∇× ~E ′ = −(∂ ~B/∂t)′ = 0. The existene of the HTframe implies that the magneti �eld struture sampled is stationary when viewedin that frame. When the data to be analyzed have been olleted within regionsand strutures where ideal MHD is approximately valid so that ~E + ~v × ~B ∼= 0,then the onvetive eletri �eld, −~v× ~B, an be used as a proxy for the eletri�eld (KHRABROV; SONNERUP, 1998). To obtain an approximation to VHT froma set of M experimental data (following the work of Khrabrov and Sonnerup(1998)), the mean square of the eletri �eld (denoted by D(~V )) is as small aspossible for the given set of M measurements:

D(~V ) =
1

M

M
∑

m=1

∣

∣

∣

~E ′(m)
∣

∣

∣

2

=
1

M

M
∑

m=1

∣

∣

∣
(~v(m) − ~V )× ~B(m)

∣

∣

∣

2

.The HT veloity is the value of the frame veloity, ~V , that minimizes D (∇~VD =

0). The solution is (KHRABROV; SONNERUP, 1998):
~VHT = K−1

0

〈

K(m)~v(m)
〉

, (D.1)246



Table D.2 - Applying the formula D.1 in the two intervals gives the omponents ofthe ~VHT in GSE oordinates. Its omponent along the outward diretedmagnetopause normal, n̂ = x̂3 = (0.8545;−0.5194; 0.0033) (n̂ = x̂3 =
(0.8316;−0.5551;−0.0188)) in GSE, taken from the �rst (seond) interval, is
−9.08 km/s (1.1 km/s). The orrelation oe�ients (ccall) are di�erent withthe paper beause the point represented with rosses (×) in Figure D.2(d) wereeliminated by Hau and Sonnerup (1999) to do the alulations.Otober 19,1984, 0517:41-0519:35Parameters Hau and Sonnerup (1999) Our implementation

~VHT (−142;−215; 72)km/s (−141.9,−215.5; 72.5)km/s
~VHT · n̂ = ~VHT · x̂3 −9km/s −9.08km/s

ccall 0.994 0.974
slopeall - 0.998

ccall−Walen - −0.433
slopeall−Walen - −0.080Otober 19,1984, 0517:41-0519:48

~VHT - (−142.2,−217.5; 77.3)km/s
~VHT · n̂ = ~VHT · x̂3 - 1.1km/s

ccall 0.987 0.973
slopeall - 1.001the angle brakets 〈· · · 〉 denote an average of an enlosed quantity over the set ofM measurements, and K0 ≡ 〈K(m)〉 with K0 is non-singular matrix. In these ex-pressions, eah K(m) is the matrix of projetion, P (m), into a plane perpendiularto ~B(m), multiplied by B(m)2 :

K(m)
µν = B(m)2

(

δµν −
B

(m)
µ B

(m)
ν

B(m)2

)

≡ B(m)2P (m)
µν . (D.2)We wrote a program to alulate VHT aording to the Equations D.1 and D.2,in Table D.2, the results for the two intervals are shown. Its omponent along theoutward direted magnetopause normal, n̂ in GSE, taken from the �rst (seond)interval, is−9.08 km/s (1.1 km/s). In the seond interval the inonsisteny is that

VHT , the HT frame veloity, has a small positive omponent along n̂, whereas thesense of the traversal, from the magnetosphere to the magnetosheath, requiresthis omponent to be negative. This disrepany is within error bounds whenallowane is made for the estimated unertainties in the plasma measurements,in the normal vetor, and in ~VHT (KHRABROV; SONNERUP, 1998). In that study,247



Hau and Sonnerup (1999) used the HT - frame derived from the �rst interval,where VHT < 0, and extend this interval in the reonstrution. In the followingstep, we must prove that a very good HT frame exists for this interval.
4) deHo�man - Teller orrelation:In a tangential disontinuity (TD) is where no magneti �eld along the normalomponent, 〈 ~B〉 · n̂ = 0, nor any plasma transport aross the disontinuity. In arotational disontinuity (RD) is where a �nite magneti �eld omponent along thenormal, 〈 ~B〉 · n̂ 6= 0, and plasma �ow aross the boundary. To give an impressionof the quality of the HT frame, the two eletri �elds E(m) = −~v(m) × ~B(m) and

~E
(m)
HT = −~VHT × ~B(m) are plotted against eah other, omponent by omponent,in Figure D.2(). The orrelation between these two �eld is seen to be verygood: the orrelation oe�ients is ccall = 0.974. The slope of the linear �tis slopeall = 0.998. To ompare this results with Hau and Sonnerup (1999) seeTable D.2. The orrelation oe�ients (ccall) are di�erent with the paper beausethe point represented with rosses (×) in Figure D.2() were eliminated by Hauand Sonnerup (1999) to do the alulations. A high orrelation mean existene ofa TD, where in the simple two-�uid model, the magneti �eld is frozen into theplasma �uid ( ~E ′ = 0) (KHRABROV; SONNERUP, 1998). The ross setion of thethe magnetopause appears to be that of a basi TD, where the strutures in thetransverse magneti �eld were generated by the tearing mode (HAU; SONNERUP,1999).

5) Walén orrelation:If we examine the plasma veloity, ~V ′ = ~V − VHT , in the HT frame and theirrelation to the loal measured Alfvén veloity (~VA = ~B(µ0ρ0)
−1/2), the plasmaveloity is small ompared to the orresponding Alfvén and sound speeds. Aomponent by omponent satter plot of these two veloities, referred to as aWalén plot, is shown in Figure D.2(d). In magnetopause reonnetion eventswhere ~V ′ is proportional to VA the magnetopause had the struture of a large-amplitude Alfvén wave or RD for whih 〈 ~B〉 · n̂ 6= 0 and ~V ′ = ±~VA, wherethe sign on the right-hand side is the same as the sign of the produt, (〈~V ′〉 ·

n̂)(〈 ~B〉 · n̂) (KHRABROV; SONNERUP, 1998). For suh strutures, the data pointsin the satter plot fall along one of the diagonals in a Walén plot, that is notthe ase in a HT-frame. For the data set in Figure D.2(d), the Walén test is notsuessful: the orrelation oe�ients is ccall−Walen = −0.433 while the slope of248



Table D.3 - The results from the GS oordinate system are shown here, using the trialangle, and the optimal angle of −40◦ hosen by Hau and Sonnerup (1999).Otober 19,1984, 0517:41-0519:35GS System θ = 0◦ θ = −40◦

x̂′1 = (0.410; 0.670;−0.619) (0.108; 0.172;−0.979)
x̂′2 = (0.855;−0.519; 0.003) (0.855;−0.519; 0.003)
x̂′3 = (−0.320;−0.531;−0.785) (−0.508;−0.837;−0.203)
VHTt = 247.49 km/s 123.75 km/s
x̂ = (0.441; 0.650;−0.619) (0.171; 0.133;−0.976)
ŷ = (0.839;−0.544;−0.026) (0.844;−0.531; 0.075)
ẑ = (−0.320;−0.531;−0.785) (−0.508;−0.837;−0.203)the linear �t is slopeall−Walen = −0.080, the data are lustered around V ′ = 0.The onlusion an be drawn that the magnetopause struture examined here wasthat of a TD, rather than that of a RD. In the pratie, the urrent layer did nothave purely one-dimensional struture, substantial �utuations in the individualvalues, ~B · n̂ are presented. If a good HT frame exists, these �utuations an beinterpreted as being aused by 2-D or 3-D quasi-stationary strutures movingpast the spaeraft with the HT veloity (KHRABROV; SONNERUP, 1998). Also,the exist of a TD justi�ed the neglet of inertial terms in the momentum equationand reduing it to a stati balane that was shown in equation 2.5.

6) Grad-Shafranov oordinate system:When we found a onveting 2D struture, one may proeed to de�ne the nor-mal to the GS plane. Let us denote the axes from the MVA by (x̂1, x̂2, x̂3),orresponding to minimum, intermediate and maximum variane diretions. Tode�ne the two axes on the GS plane. We make two adjustments. The �rst isa rotation about the x3 axis by an angle θ to give the new oordinate system
x̂′1, x̂

′
2, x̂

′
3, i.e., x̂′2 = x̂3, x̂

′
3 = x̂2 cos(θ) − x̂1 sin(θ). A trial angle is used initially.The seond is the projetion of deHo�man-Teller veloity onto the x′1x′2 plane,i.e. VHTt = (VHT · x̂′1)x̂′1 + (VHT · x̂′2)x̂′2. The �nal GS oordinate system (x̂, ŷ, ẑ)is formed with this projetion, i. e., x̂ = −VHTt/|VHTt|, ẑ = x̂′3, ŷ = ẑ × x̂ (HAU;SONNERUP, 1999). The results from the GS oordinate system (xyz) are shown inTable D.3, using the trial angle and the optimal angle of −40◦ hosen by Hau andSonnerup (1999). These results are not shown by the aforementioned authors.

7) Distane along x axis: 249



If we observed in the HT frame, the spaeraft moves with speed |VHTt| alongthe x axis, toward inreasing x values, during the magnetopause traversal (HAU;SONNERUP, 1999). The data points, magneti �eld and plasma pressure, areseparated by distanes VHTtτ along x, where τ is the time between onseutivedata samples. The onversion of time t to distane x along the x axis is x =

|VHTt|t. In the studied time interval, otober 19, 1984, 05 : 17 : 41 − 05 : 19 :

48, time series for distane x is (0, 123.7, 247.45, . . . , 15592.2, 15715.97) km with
K̃ = 30 original data point. The distane x is normalize by x0 = 482 km (HAU;SONNERUP, 1999). In the Figure D.3(a) BX , BY , BZ projetion in GS system
(xyz) vs x are shown. The distane x was normalized by x0 = 482 km (HAU;SONNERUP, 1999) while �eld omponents by B0 = 81.2 nT.

8) Compute A(x, 0):Due to time-independene and onstant VHT , time intervals an be diretly on-verted into spatial distanes with dx = −VHT x̂dt. The vetor potential A(x, 0)along x is obtained using the equation (5) of Hau and Sonnerup (1999) paper(see a best expliation in Sonnerup and Guo (1996)):
A(x, 0) = −

∫ x

0

By(x
′′)dx′′,where By(x

′′) (x′′ is a dummy variable) is the projetion of magneti �eld in theGS system (xyz). To use the above expression, the struture is assumed timestationary. Here was used the extended data intervals, 05 : 17 : 41− 05 : 19 : 48.Extrapolating funtions are used in regions of the integration domain whih arenot overed by observations, ommonly taken as seond or third-order polynomialfuntions. Vetor potential A at y = 0 as a funtion of x was shown in FigureD.3(b) (idem to Figure 6 shown by Hau and Sonnerup (1999)).
9) Compute the pressures: Pt and p:The other initial onditions to do the GS reonstrution are derived of thepressures, Pt and p. The plasma pressure is p = K0NT [Pa], where N =

(ne + np) 106 [1/m3] is the plasma density, T = ((Te + Tp)/2) 106 [K] is thetemperature, and k0 = 1.380603 10−23 [J ·m ·K−1 = Pa ·m3 ·K−1] is the Boltz-mann onstant. The transverse pressure, Pt = (p + B2
z/2µ0) [Pa] with Bz [T ] isthe projetion onto the GS oordinates system, µ0 = 4π 10−7 [N/A2] permeabil-250
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(d)Figure D.3 - Analysis results for AMPTE/IRM event, Otober 19, 1984, in the interval
05 : 17 : 41 − 05 : 19 : 48 UT for optimal angle, θ = −40◦, of invariant(z) axis. Normalizations in the four panels are as follows. For distane x:
x0 = 482 km. For vetor potential A: A0 = 39100 Tm. For pressures p and
Pt: p0 = 5.25 10−9 Pa. For �eld omponents: B0 = 81.2 nT. (a) BX , BY , BZprojetion in GS system (xyz) vs x; (b) A at y = 0 as a funtion of x; ()Transverse pressure Pt as a funtion of x; (d) Plasma pressure p as a funtionof x.
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ity of free spae. Plasma pressure and transverse pressure at y = 0 as a funtionof x were shown in Figures D.3(d) and D.3() respetively.
10) Plot Pt vs A(x, 0) and �t a funtion:The Grad-Shafranov equation 4.29 at y = 0 is transformed as:

(

∂2A

∂y2

)

x,0

= −
(

∂2A

∂x2

)

x,0

− µ0
dPt(A(x, 0))

dA
,
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(b)Figure D.4 - a) Pt(x, 0) as funtion of A(x, 0) where Pt(A) = 0.51 + 0.10e−
5

2
A − 0.43e−A.b)Pt(x, 0) as funtion of A(x, 0) with linear tail where Pt(A) = 0.29 +

0.08e−
5

2
A − 0.25e−A and Pt(A) = −0.03A+ 0.12.The seond term in the right hand is a �rst order derivative. An analyti funtion,

Pt(A) is needed to solve it. One way to do this, is prepare a plot of Pt(x, 0) versus
A(x, 0) and �t an exponential urve used in the reonstrution as was shown inFigure D.4(a).The �rst derivative of the exponential funtion is an initial ondition that isused along all reonstrution. In Figure D.4(a) the urve shown as a solid blakline represents a least squares �tting polynomial exponential funtion. The �ttedexponential funtion was Pt(A) = 0.51 + 0.10e−

5

2
A − 0.43e−A. But, the greatvalues of Pt ould reate singular points (the problem is ill-posed), a�eting tomake a orret reonstrution. Then, starting with the last value of A(x,0), fromthe right plot, we set a sequene of tangent lines to the urve until the slope hasa negative value. Thus, in Figure D.4(b) was presented a �tted by an exponentialpolynomial (blak line: Pt(A) = 0.29+0.08e−

5

2
A−0.25e−A ) with linear tails (red252



line: Pt(A) = −0.03A + 0.12). Similar to Hau and Sonnerup (1999) the adjustshown in Figure D.4(b) was used in this reonstrution. However, the adjustingmathematial expressions are not o�ered by them. The way to make this adjusthas been improved in subsequent artiles (HU; SONNERUP, 2003), but that issueis not addressed here.
11) Interpolation using ubi splines:Interpolation of the data is performed by use of a ubi spline to generate spatialinrements ∆x suitable for the integration. ∆x = |(x0 − xN)|/Ñ where Ñ =

128 is the number of interpolation points between eah original sample. Theinterpolations using the ubi spline was shown in Figure D.5. Format of theFigure D.5 is the same as in Figure D.3.
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(d)Figure D.5 - Analysis results for AMPTE/IRM event, Otober 19, 1984, in the interval
05 : 17 : 41 − 05 : 19 : 48 UT for optimal angle, θ = −40◦, of invariant (z)axis. Format is the same as in Figure D.3, but an interpolation (Ñ = 128) ofthe data is performed by use of a ubi spline to generate spatial inrements
∆x suitable for the integration. (a) BX , BY , BZ projetion in GS system (xyz)vs x; (b) A at y = 0 as a funtion of x; () Transverse pressure Pt as a funtionof x; (d)Plasma pressure p as a funtion of x.253



12) Grad-Shafranov Solver:The Grad-Shafranov equation with A(x, 0), (∂A/∂x)x,0 = −By(x, 0),
(∂2A/∂x2)x,0, (∂A/∂y)x,0 = Bx(x, 0), and [d(p + B2

z/2µ0)/dA]x,0 as input dataan be resolved. The GS solver generates a map of A(x, y) around the spaerafttrajetory (x axis) with −ymax < y < ymax. In Appendix C a detailed disus-sion about the numerial resolution of GS equation using an analytial solutionis presented. The improvement of the error in the numerial solution is a novelresult presented in this thesis (see Appendix C).
13) Optimal hoie of rotation angle (θ):Apply the riteria for optimal hoie of z axis, as desribed at the end of setion

2.2 of Hau and Sonnerup (1999) and improvement in Hu and Sonnerup (2003).If these riteria appear to be poorly met, return to step 6, selet a new angle
θ for rotation of ẑ about the normal vetor ~n, and repeat the alulation (HAU;SONNERUP, 1999).
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APPENDIX E - FINITE DIFFERENCES SCHEMEThe approximation of derivatives by �nite di�erenes plays a entral role in �nitedi�erene methods for the numerial solution of di�erential equations. If the spaing
∆x is onstant. If the 4th-order Taylor expansion with xi = i∆x is used. A forwarddi�erenes to Ai+1, Ai+2 and Ai+3 with x−x0 = (∆x, 2∆x, 3∆x) in i are respetively:

Ai+1 = Ai + Ax|i∆x+
1

2
Axx|i∆x2 +

1

6
Axxx|i∆x3 +O(∆x4)

Ai+2 = Ai + 2Ax|i∆x+
4

2
Axx|i∆x2 +

8

6
Axxx|i∆x3 +O(∆x4)

Ai+3 = Ai + 3Ax|i∆x+
9

2
Axx|i∆x2 +

27

6
Axxx|i∆x3 +O(∆x4).The above equations an be written as a system of equations:

1

6
Axxx|i∆x3 + Ax|i∆x+

1

2
Axx|i∆x2 = Ai+1 − Ai +O(∆x4)

8

6
Axxx|i∆x3 + 2Ax|i∆x+

4

2
Axx|i∆x2 = Ai+2 − Ai +O(∆x4)

27

6
Axxx|i∆x3 + 3Ax|i∆x+

9

2
Axx|i∆x2 = Ai+3 − Ai +O(∆x4).To solve the system, it an be written in matrix form:







1/6 1 1/2 Ai+1 −Ai +O(∆x4)

8/6 2 4/2 Ai+2 −Ai +O(∆x4)

27/6 3 9/2 Ai+3 −Ai +O(∆x4).





After adding and subtrating rows of the matrix, the system is:






1/6 1 1/2 Ai+1 − Ai +O(∆x4)

0 6 4/2 8Ai+1 − 7Ai −Ai+2 +O(∆x4)

0 0 −1 5Ai+1 − 4Ai+2 + Ai+3 − 2Ai +O(∆x4),





then the 3th row is the seond-order Taylor expansion for forward di�erentiation atpoint i:
(∂2A/∂x2)i = (2Ai − 5Ai+1 + 4Ai+2 −Ai+3)/(∆x)

2 +O(∆x2) (E.1)On the other hand a bakward di�erenes to Ai−1, Ai−2 and Ai−3 with x − x0 =255



(−∆x,−2∆x,−3∆x) in i are respetively:
Ai−1 = Ai − Ax|i∆x+

1

2
Axx|i∆x2 −

1

6
Axxx|i∆x3 +O(∆x4)

Ai−2 = Ai − 2Ax|i∆x+
4

2
Axx|i∆x2 −

8

6
Axxx|i∆x3 +O(∆x4)

Ai−3 = Ai − 3Ax|i∆x+
9

2
Axx|i∆x2 −

27

6
Axxx|i∆x3 +O(∆x4).Similarly to the previous ase:







−1/6 −1 1/2 Ai−1 − Ai +O(∆x4)

−8/6 −2 4/2 Ai−2 − Ai +O(∆x4)

−27/6 −3 9/2 Ai−3 − Ai +O(∆x4),













−1/6 −1 1/2 Ai−1 − Ai +O(∆x4)

0 6 −4/2 Ai−2 − 8Ai−1 + 7Ai +O(∆x4)

0 0 −1 Ai−3 − 4Ai−2 + 5Ai−1 − 2Ai +O(∆x4),





then the 3th row is the seond-order Taylor expansion for bakward di�erentiationat point i:
(∂2A/∂x2)i = (2Ai − 5Ai−1 + 4Ai−2 −Ai−3)/(∆x)

2 +O(∆x2) (E.2)To obtain the entral di�erene of 2th-order for Ax and Axx at point i, we add andsubtrat the following equations:
Ai+1 = Ai + Ax|i∆x+

1

2
Axx|i∆x2 +

1

6
Axxx|i∆x3 +O(∆x4)

Ai−1 = Ai −Ax|i∆x+
1

2
Axx|i∆x2 −

1

6
Axxx|i∆x3 +O(∆x4)The results are:

(∂A/∂x)i = (Ai+1 − Ai−1)/(2∆x) +O(∆x2) (E.3)
(∂2A/∂x2)i = (Ai+1 − 2Ai + Ai−1)/(∆x)

2 +O(∆x2) (E.4)We listed in the Table E.1 the oe�ients of the �nite di�erene formula until seondorder derivative, and eighth order of auray for a disrete funtion at point i.256



Table E.1 - Coe�ients of entral �nite di�erene formulas on uniform grid.
i− 4 i− 3 i− 2 i− 1 i i+ 1 i+ 2 i+ 3 i+ 4

1st derivative
2 −1

2
0 1

2

4 1
12

−2
3

0 2
3

− 1
12

6 − 1
60

3
20

−3
4

0 3
4

− 3
20

1
60

8 1
290

− 4
105

1
5

−4
5

0 4
5

−1
5

4
105

− 1
280

2nd derivative
2 1 −2 1
4 − 1

12
4
3

−5
2

4
3

− 1
12

6 1
90

− 3
20

3
2

−49
18

3
2

− 3
20

1
90

8 − 1
560

8
315

−1
5

8
5

−205
72

8
5

−1
5

8
315

− 1
560
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ANNEX A - LISTS OF MCs STUDIEDTable A.1 - Solar wind data studied (from Huttunen et al. (2005)).No. Year Shok UT MCstart UT MCstop UT AfterMC UT01 1998 06 Jan 13:19 07 03:00 08 09:00 10 15:0002 03 Feb 13:09 04 05:00 05 14:00 06 23:0003 04 Mar 11:03 04 15:00 05 21:00 07 03:0004 01 May 21:11 02 12:00 03 17:00 04 22:0005 13 Jun 18:25 14 02:00 14 24:00 15 22:0006 19 Aug 05:30 20 08:00 21 18:00 23 04:0007 24 Sep 23:15 25 08:00 26 12:00 27 16:0008 18 Ot 19:00 19 04:00 20 06:00 21 08:0009 08 Nov 04:20 08 23:00 10 01:00 12 02:0010 13 Nov 00:53 13 04:00 14 06:00 15 08:0011 1999 18 Feb 02:08 18 14:00 19 11:00 20 08:0012 16 Apr 10:47 16 20:00 17 18:00 18 16:0013 08 Aug 17:45 09 10:00 10 14:00 11 18:0014 2000 11 Feb 23:23 12 12:00 12 24:00 13 12:0015 20 Feb 20:57 21 14:00 22 12:00 23 10:0016 11 Jul 11:22 11 23:00 13 02:00 14 05:0017 13 Jul 09:11 13 15:00 13 24:00 14 09:0018 15 Jul 14:18 15 19:00 16 12:00 17 05:0019 28 Jul 05:53 28 18:00 29 10:00 30 02:0020 10 Aug 04:07 10 20:00 11 08:00 11 20:0021 11 Aug 18:19 12 05:00 13 02:00 13 23:0022 17 Sep 17:00 17 23:00 18 14:00 19 05:0023 02 Ot 23:58 03 15:00 04 14:00 05 13:0024 12 Ot 21:36 13 17:00 14 13:00 15 09:0025 28 Ot 09:01 28 24:00 29 23:00 30 22:0026 06 Nov 09:08 06 22:00 07 15:00 08 08:0027 2001 19 Mar 10:12 19 22:00 21 23:00 23 24:0028 27 Mar 17:02 27 22:00 28 05:00 28 12:0029 11 Apr 15:18 12 10:00 13 06:00 14 02:0030 21 Apr 15:06 21 23:00 22 24:00 24 01:0031 28 Apr 04:31 28 24:00 29 13:00 30 02:0032 27 May 14:17 28 11:00 29 06:00 30 01:0033 31 Ot 12:53 31 22:00 02 04:00 03 10:0034 2002 23 Mar 10:53 24 10:00 25 12:00 26 14:0035 17 Apr 10:20 17 24:00 19 01:00 20 02:0036 18 May 19:44 19 04:00 19 22:00 20 16:0037 01 Aug 23:10 02 06:00 02 22:00 03 14:0038 30 Sep 07:55 30 23:00 01 15:00 02 07:0039 2003 20 Mar 04:20 20 13:00 20 22:00 21 07:0040 17 Aug 13:41 18 06:00 19 11:00 20 16:0041 20 Nov 07:27 20 11:00 21 01:00 22 15:00Table A.2 - Graphis of events shown in Table A.1.Event No. Figure
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Table A.3 - MC events measured by WIND (not examined). Letter �Q� denotes whetherthe event was an MC (l) or loud andidate (l).No. Year Shok, UT MC start, UT MC stop, UT Q01 1997 10 Jan, 00:20 10 Jan, 05:00 11 Jan, 02:00 l02 09 Feb, 23:43 10 Feb, 03:00 10 Feb, 19:00 l03 10 Apr, 12:57 11 Apr, 08:00 11 Apr, 16:00 l04 - 21 Apr, 17:00 22 Apr, 24:00 l05 15 May, 00:56 15 May, 10:00 15 May, 24:00 l06 - 15 May, 07:00 16 May, 16:00 l07 26 May, 09:10 26 May, 16:00 27 May, 19:00 l08 - 09 Jun, 06:00 09 Jun, 23:00 l09 19 Jun, 00:12 19 Jun, 06:00 19 Jun, 16:00 l10 - 15 Jul, 09:00 16 Jul, 06:00 l11 - 03 Aug, 14:00 04 Aug, 02:00 l12 - 18 Sep, 03:00 19 Sep, 21:00 l13 - 22 Sep, 01:00 22 Sep, 18:00 l14 01 Ot, 00:20 01 Ot, 15:00 02 Ot, 22:00 l15 10 Ot, 15:48 10 Ot, 23:00 12 Ot, 01:00 l16 06 Nov, 22:07 07 Nov, 05:00 08 Nov, 03:00 l17 22 Nov, 08:55 22 Nov, 19:00 23 Nov, 12:00 l

266



Table A.4 - MC events not preeded by shok waves. Letter �Q� denotes whether the eventwas an MC (l) or loud andidate (l).No. Year Shok, UT MC start, UT MC stop, UT Q01 1998 - 17 Feb, 10:00 18 Feb, 04:00 l02 - 02 Jun, 10:00 02 Jun, 16:00 l03 - 24 Jun, 12:00 25 Jun, 16:00 l04 1999 - 25 Mar, 16:00 25 Mar, 23:00 l05 - 21 Apr, 12:00 22 Apr, 13:00 l06 - 22 Aug, 12:00 23 Aug, 06:00 l07 - 21 Sep, 20:00 23 Sep, 05:00 l08 - 14 Nov, 01:00 14 Nov, 09:00 l09 - 16 Nov, 09:00 16 Nov, 23:00 l10 2000 - 15 Jul, 05:00 15 Jul, 14:00 l11 - 31 Jul, 22:00 01 Aug, 12:00 l12 2001 - 04 Mar, 16:00 05 Mar, 01:00 l13 - 18 Jun, 23:00 19 Jun, 14:00 l14 - 10 Jul, 17:00 11 Jul, 23:00 l15 03 Ot, 08:?? 03 Ot, 01:00 03 Ot, 16:00 l16 - 24 Nov, 17:00 25 Nov, 13:00 l17 2002 - 28 Feb, 18:00 01 Mar, 10:00 l18 - 19 Mar, 22:00 20 Mar, 10:00 l19 - 20 Apr, 13:00 21 Apr, 15:00 l20 23 May, 10:15 23 May, 22:00 24 May, ??:?? l21 2003 - 27 Jan, 01:00 27 Jan, 15:00 l22 - 29 Ot, 12:00 30 Ot, 01:00 l
Table A.5 - Four MCs events identi�ed by Huttunen et al. (2005). In this work, we studiedthese events. The olumns from the left to the right give: year, month, shoktime (UT), MC start time (UT), MC end time (UT), inferred �ux-rope type,diretion of the MC axis (φC , θC).Year Mon Shok Start Stop type φC θC1998 Jan 06,13:19 07,03:00 08,09:00 ENW 21 521998 Aug 19,05:30 20,08:00 21,18:00 SWN 113 -161999 Feb 18,02:08 18,14:00 19,11:00 NWS 96 62000 Ot 12,21:36 13,17:00 14,13:00 NES 33 -25
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Table A.6 - The date of solar wind intervals studied in this work. The intervals are pre-sented in the order that it appear in the paper. The olumns from the left tothe right give: year, month, solar wind star time interval, solar wind stop timeinterval, oordinates system, total of windows of 11.11 hours in the intervals.Year Month Start Stop Sist Windows1998 Jan 03,00:00 12,23:59 GSM 2581999 Ot 20,00:00 25,23:59 GSM 1501999 Feb 14,00:00 23,23:59 GSM 2581998 Aug 15,00:00 24,23:59 GSM 2582000 Ot 08,00:00 17,23:59 GSM 2582010 Apr 01,00:00 10,23:59 GSE 258
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ANNEXB - HANDBOOK FORGRAD-SHAFRANOVRECONSTRUC-TION OF MAGNETIC FLUX ROPES
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ANNEX C - PUBLISHED ABSTRACT SUMMARY IN CONFER-ENCES/CONGRESS/SCHOOL/MEETINGS PROCEEDINGS1- Geomagneti Disturbane Identi�ation Using Disrete Wavelet Deompo-sition. A Preliminary StudyOjeda, G. A., Correa M. S., Klausner, V., Denardini, C. M., Papa, A. R.,Domingues, M.O., Mendes, O.Summer shool.PUC-Rio de Janeiro, Brazil. 02-06 Feb 2009.AbstratIn this work, we analyze the global geomagneti disturbane using simultaneous satelliteand ground observations. In order to study suh phenomena, the wavelet tehnique(Daubehies orthogonal wavelet transform) has been hosen beause of its ability toanalyze non-stationary signals and time-frequeny loalization (Domingues et, al., 2005).The geomagneti ativity during April 2001 will be study in this paper using ACE satellite,magnetograms (to �ve station) and geomagneti indies data. The �rst three levels ofthe wavelet oe�ients of the disrete wavelet transform was alulated to previous data.Mendes et. al., (2005) used this methodology only applied to H or X omponent of theEarths magneti �eld for six day temporal windows. In April 2001 happened seven suddenstorm ommening (SSC) identi�ed in the Dst Index. The higher amplitude of the waveletoe�ients (H or X omponent and geomagneti indies) ourred during the main phaseof the geomagneti storms. The disrete wavelet transform (Daubehies) as an alternativeway to predit the global geomagneti disturbane and it an using how a sophistiatedspae weather tool still in development.2- Orthogonal disrete wavelet deomposition: Part 1. Using ACE satel-lite dataOjeda, G. A., Correa M. S., Klausner, V., Domingues, M.O., Mendes, O.,Papa, A. R.DINCON 2009.Universidade Estadual Paulista Julio de Mesquita Filho - Unesp, in Bauru ity, Brazil.18-22 Maio de 2009.AbstratWe analyze geomagneti disturbane using ACE satellite and Dst data (April 2001).The Daubehies orthogonal wavelet transform has been hosen beause of its ability to281



analyze non-stationary signals and time-frequeny loalization. The wavelet oe�ientsthresholds allow the singularity detetion in the solar wind omponent assoiate with afuture geomagneti storm.3- Orthogonal disrete wavelet deomposition Part 2: Analysis of mag-netometer data.Klausner, V., Correa M. S., Ojeda, G. A., Domingues, M.O., Mendes, O.,Papa, A. R.DINCON 2009.Universidade Estadual Paulista Julio de Mesquita Filho - Unesp, in Bauru ity, Brazil.18-22 Maio de 2009.AbstratThis work analyzes the magnetogram data of four seleted stations using disrete waveletdeomposition. We used the H or the X omponent of the Earth's magneti �eld as itwas available for eah station in data enters. The main phase of geomagneti storms isidenti�ed by this tehnique.4- Analysis on Spatio Temporal Entropy for Magneti Clouds of solarCyle 23.Ojeda, A. G., Mendes, O., Domingues, M. O., Calzadilla A. M.International Living with a star.Ubatuba, SP, Brazil .04-09/10 de 2009.AbstratNonlinear evolving dynamial systems, suh as solar wind plasma, generate omplex�utuations in the detet signals that an be investigated with tehniques adopted fromthe nonlinear dynamis theory, for example the Spatio-Temporal Entropy (STE). Thetime series of Interplanetary Magneti Field (bx, by, bz) for a group of Interplanetaryoronal mass ejetion (ICME), separating the shok wave and magneti loud (MC)identi�ed by Huttunen et al. (Annales Geophysiae Vol. 23, pp. 1 - 17, 2005 ) were used.It was omposed by 57 magneti louds (1998 - 2003) observed by the ACE satellite insolar yle 23. The results of this work, lower value lose to zero were found for the STEsimilar to Ojeda et al. (JASTP, Vol. 67, pp. 1859-1864, 2005 ). It is a new feature butthe usual features (the magneti �eld strength is higher than the average, the magneti�eld diretion rotates smoothly through a large angle, and the proton temperature is282



low) established to the MCs. The MCs also have lower STE values than the shok wave.The e�ienies of the magneti reonnetion will be studied related to the feature ofthe magneti loud reahing the Earth magnetosphere. It is motivate due to low STEestablishes a topologial magneti on�guration well strutured.5- Cálulo da entropia espaço temporal janelada em variáveis do ventosolar.Ojeda, G. A., Mendes, O., Calzadilla, M. A., e Domingues, M. O.III Simpósio Brasileiro de Geofísia Espaial e Aeronomia.Armação dos Búzios - RJ, Brasil. 01 a 03 de setembro de 2010.ResumoA geometria de uma nuvem magnétia (MC) durante a movimentação no meio inter-planetário é onsiderada omo uma orda de �uxo onde o ampo magnétio está livre deforça. O valor do ângulo de inlinação do eixo da nuvem em relação ao plano da elíptiaderiva em oito tipos de ordas de �uxo: os bipolares SWN, SEN, NWS, NES (θC < 450)e os unipolares WSE, WNE, ESW, ENW (θC > 450). A maioria das nuvens magnétiasé preedida por hoques, quando a veloidade de desloamento da nuvem é superiorao meio (vento solar). Nos dados experimentais, as araterístias de um hoque são: oaumento bruso (similar a uma desontinuidade) da intensidade do ampo magnétio, dadensidade do plasma e da temperatura do vento solar, respetivamente. Neste trabalhoestudam-se series temporais de nuvens magnétias imersas no vento solar, om umaferramenta (Entropia Espaço-Temporal) de dinâmia não-linear. A ténia onsiste emfazer o grá�o de reorrênia (RP) de uma série temporal e obter medida da sua estruturaom o álulo da entropia. A Entropia Espaço-Temporal (STE) mede a �estrutura� daimagem nos domínios do espaço e tempo. Essenialmente, ompara-se a distribuição globalde ores sobre todo o grá�o de reorrênia (RP) om a distribuição de ores sobre adalinha diagonal no próprio grá�o. Fisiamente, omparam-se as distribuições de distaniasentre todos os pares de vetores no espaço de fase reonstruído om a distribuição dedistanias entre diferentes orbitas que evoluionam no tempo. O resultado é normalizadoe apresentado omo uma porentagem da máxima entropia (aleatoriedade). O alulo daSTE não é signi�ativo em uma serie temporal om tendênias. Sendo assim, as seriestemporais das variáveis no vento solar tem tendênias, então não é possível utilizar aSTE para estudar as não-linearidades. No entanto notou-se que a maioria das nuvensmagnétias tem uma tendênia muito marada nas omponentes do ampo magnétio eo alulo da STE apresenta um valor de 0% só no intervalo da nuvem. A ténia permitedetetar rapidamente a presença de uma MC dos dados de vento solar se alularmos a283



STE ontinuamente em janelas de vento solar. O valor de STE próximo a 0% é uma novaaraterístias das MCs.6- The windowed spatio-temporal entropy, automati tool to detet magnetilouds.Ojeda, G. A., Mendes, O., Calzadilla, M. A., and Domingues, M. O.Summer Shool.�Estaión Astronómia Carlos U. Ceso� del Observatorio Astronómio Félix Aquilar dela Universidade Naional de San Juan, parque naional �El Leonito�, Barreal, Argentina.7-14/february/2011.AbstratWe studied time series of magneti louds immersed in the solar wind, with a tool (Spatio-Temporal Entropy) of nonlinear dynamis. Spatio-Temporal Entropy (STE) measuresthe image �strutureness� in both spae and time domains. Essentially, it ompares theglobal distribution of olors over the entire reurrene plot with the distribution of olorsover eah diagonal line of the reurrene plot. This quantity ompares the distributionof distanes between all pairs of vetors in the reonstruted state spae with that ofdistanes between di�erent orbits evolving in time. If there is a trend in the time series,you might want to onsider removing it by di�erening the original time series beforealulating STE. The time series of IMF omponents has a trend, then it is not possibleto use STE to study the nonlinearities. But, the magneti louds have haraterized byenhaned magneti �elds that rotate slowly through a large angle, and the big trend auses
STE = 0% inside of the loud. The tool (STE) allows detetion of MCs in solar windwindows beause values of STE lose to 0% is a new harateristi of MCs. As not all themagneti omponents have zero entropy at the same time, we reate an standardizationindex (Entropy Index (EI)) to allow joining the result of the three variable (Bx, By, Bz).The index is the result of multiplying the values of entropy of the three variables at thesame time t normalized by 104. We used the EI and minimum variane analysis methodto identify two news magneti louds, arriving at the ACE spaeraft on 19 August 1998at 10:00 UT and 05 April 2010 at 16:00 UT.7- A wavelet tool to identify the ourrene of interplanetary magnetilouds: preliminary resultsOjeda, G. A., Mendes, O., Domingues, M. O., Kaibara, M.K.DINCON 2011. 284



Hotel Majesti, Águas de Lindóia. From 19/08 to 02/10, 2011.AbstratThis work aims to provide a wavelet based methodology to be used as tool to identifyand study magneti loud (MC) events in the solar wind. This methodology uses theinterplanetary magneti �eld (IMF) time series and the amplitude of their waveletoe�ients to perform this identi�ation. The results obtained are very promising, somease analyses demonstrate its usefulness.8- Review of the Grad-Shafranov Equation Useful in the Reonstrutionof Two-Dimensional Coherent Strutures in the Magnetopause.Ojeda, G. A., Mendes, O., and Domingues, M. O.IV Simpósio Brasileiro de Geofísia Espaial e Aeronomia.Universidade Presbiteriana Makenzie Esola de Engenharia, CRAAM, São Paulo.10-14/09/2012.AbstratNowadays some important studies on spae plasmas are based on the investigation of twofundamental questions: (1) what means exatly an eletromagneti on�nement? (2) Howis the evolution of plasmas within a suh on�nement? Those kinds of studies involvebasially nonlinear ellipti partial di�erential equations with free boundary onditionsand an be performed using the Grad-Shafranov (GS) equation in regions with toroidalsymmetry. However, Sonnerup, B. U.O. et al. (1996, GRL, v. 23, n. 25, pp 3679-3682)and Hau, L.-N. et al. (1999, JGR, v. 104, n. A4, pp 6899-6917) developed a method forreovering two-dimensional strutures in the magnetopause, from the GS equation, inan ideal MHD formulation. The method is alled Grad-Shafranov or GS reonstrution.Using the spaeraft measurements as initial values, this approah an treates the problemas a Cauhy problem - although it is ill-posed - and it an be solved numerially. Thoseauthors found several small magneti islands embedded into the magnetopause edge,whih are presumably aused by resistive tearing mode instability. In order to test theauray of the numerial proedure a speial ase with an exat solution of the GSequation has been used. Thus, in this work a deta, software.iled study of the Hau, L.-N.et al. (1999, JGR, v. 104, n. A4, pp 6899-6917) paper was performed. We review theresults and we are presenting some equations and �gures that are not shown by theauthors. We are also showing results obtained in the works of Hau, L.-N. et al. (2003,JGR, v. 108, n. A1, pp 1011-1021) and Lui A. T.Y. (2008, JGR, v. 35, n. L17S05,1-7). Currently, the tehnique also has been developed by us to be applied in surveys285



of �ux transfer events, �ux ropes in the Earth's magnetotail, as well as magneti �uxropes and magneti louds in the solar wind (Lui A. T.Y. 2011 Spae Si Rev, v. 158, 43-68).9- Charaterization of a double �ux-rope magneti loud observed by ACEspaeraft on August 19-21, 1998Ojeda, G. A., Mendes, O., Domingues, M. O., Möstl, C., Farrugia, C. J.,Gonzalez, W. D.,Abstrat submitted to AGU Meeting of the AmeriasCanun, Mexio, 14-17 May 2013.AbstratInvestigations have studied MC ases of double �ux rope on�guration with apparentasymmetry. Grad-Shafranov reonstrution tehnique allows deriving the loal magnetistruture from data of a single spaeraft. The results obtained show two ylindrial �uxropes next to eah other, where a single X point forms between them. In all possibleombinations of two bipolar MCs, the magneti �eld between them is antiparallel in eightases SWN-SWN, SWN-SEN, SEN-SWN, SEN-SEN, NWS-NWS, NWS-NES, NES-NWS,NES-NWS. If louds are under magneti oupling, reonnetion evidenes are expetedfrom the interation between them. In this work, we examine the event that ourredat Aug. 19-21, 1998 using solar wind measurements olleted by ACE. In Fig. C a)presents the reovered ross-setion of the two bipolar MCs (SEN-SWN). The blakontour lines show the transverse magneti �eld lines (alulated as the ontours of themagneti potential funtion A(x,y)), and the olors show the axial magneti �eld Bzdistribution. The yellow arrows along y=0 denote measured transverse magneti �eldvetors, diretion and magnitude measurements at ACE utilized as initial input intothe numerial solver. The green arrows are residual veloities in the deHo�mann-Tellerframe at ACE. The spaeraft rosses the X point and observes the exat moment of themagneti reonnetion, from 0.13 to 0.15 AU in x axis. In the opposite orners of the Xpoint, the magneti �elds are antiparallel (see yellow arrows in this region). The residualveloity (green arrow in y=0) in the deHo�mann-Teller frame at ACE is perpendiular tothe magneti �eld line in the reonnetion region. In priniple, it is possible to adjust atwo-dimension model onsidering the most ommon separator reonnetion, in whih fourseparate magneti domains exhange magneti �eld lines. In Fig. C b), the ross-setionthrough four magneti domains undergoing separator reonnetion is represented. Thegreen array in the top panel shows a speed in the same diretion as the predition in thereonnetion model. Also, the magneti on�guration reonstruted on�rms the initialhypothesis, i.e., the existene of two bipolar MCs (SEN-SWN) with reonnetion between286



them. Based on the analyses done by nonlinear mathematial tools, this work onsiderssome other instigating features.
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ANNEX D - ARTICLES IN SCIENTIFIC JOURNALS1- The Daubehies wavelet as a tool to study interplanetary magneti �eld�utuationsOjeda, G. A., Mendes, O., and Domingues, M. O.AbstratMany geoe�etive spae phenomena, among them the magneti louds (MCs), requireextensive studies to understand the physial proesses. To do that, examinations ofInterplanetary Magneti Field (IMF) data together solar wind plasma data are essential.However, many times the IMF are the only available data from satellites in the solarwind. E�orts to develop new ways to deal with this kind of data aiming to help diagnosepurposes ould be very useful. Thus, by using the Daubehies wavelet oe�ients, ananalysis methodology was implemented in order to study a wide set of MCs. The aim isto haraterize the magneti �eld at the three di�erene regions around an InterplanetaryCoronal Mass Ejetion (ICME) event: plasma sheath, MC, and after the MC. Theanalysis of this work is based on the appliation of wavelets tehniques to three di�erentregions, relating it with the behavior of the three regions. The wavelet oe�ients havethe property that their amplitudes are related to the loal regularity of the analyzeddata (where the data present a smooth behavior, the wavelet oe�ients are smaller,and vie-versa). This is the basi idea of data ompression and the appliation we aredoing here. The wavelet oe�ients amplitudes are also related to the analyzing waveletorder and the sale level. There is not a perfet wavelet hoie for a ertain data analysis,however one an follow ertain riteria to provide a good hoie. We hoose the Daubehiessaling funtion of order 2 (db2), with that hoie the wavelet funtion loally reprodueslinear polynomial. With this hoie, to reprodue well the interplanetary magneti louddisturbanes is possible, and therefore the wavelet oe�ients in that regions are verysmall. On one hand, high order analyzing Daubehies funtions are not adding a betterloal reprodution of the MC disturbanes data, and on the other hand, the analyzingfuntion of order 1 does not reprodue well these disturbane. We also observed that justone deomposition level is enough for the energy analysis methodology that we study,level whih orresponds to a pseudo-period of 48 seonds. A zoom in made in the magneti�utuations help to separate features related to di�erent disturbane proesses, i. e, toallow identifying magneti loud. The results ahieved here on�rm the promising use ofthis methodology as an auxiliary tool to identify boundaries (with human help) in thesolar wind, spei�ally, the shok wave and leading edge of ICMEs. This methodologyis not still tested to identify some spei� �utuation patterns at IMF to any otherinterplanetary disturbanes, suh as, CIRs, heliospheri urrent sheath rossings or to289



ICMEs without MC signatures respetively. In our opinion, as it is by the �rst timeapplied to the IMF data with this purpose, the presentation of this approah for the SpaePhysis Community is the most important ontribution of this work.Keywords: Spae weather, Spae Eletrodynamis, Magneti Clouds, Time Series Analysis,Wavelet Transform.Current Stage - Manusript aepted for publiation in the �Geofísia Interna-ional� (2013).2- Spatio-Temporal Entropy Analysis Of The Magneti Field To HelpMagneti Cloud CharaterizationOjeda, G. A., Mendes, O., Calzadilla, M. A., and Domingues, M. O.AbstratA subset of Interplanetary Coronal Mass Ejetions (ICMEs) has simple �ux rope-like mag-neti �elds, named magneti louds (MCs). The aim of this work is reate a methodology toharaterize the dynamis of MCs from signals reeived by satellites in the interplanetarymedium. For that, a dataset from ACE spaeraft loalized at L1 Lagrangian point about1.5 million km from Earth are used. We have tested physial-mathematial tools to study41 MCs identi�ed by other authors, where the plasma sheath region also was identi�ed.The reurrene plot is a visual tool for the investigation of temporal reurrene in phasespae. The Spatio Temporal Entropy (STE) was implemented in Visual ReurreneAnalysis (VRA) software to quantify the order in the reurrene plot. In physial terms,this quantity ompares the distribution of distanes between all pairs of vetors in thereonstruted state spae with that of distanes between di�erent orbits evolving in time.Some test using time series with data �le inluded in VRA software were performed tovalidate the method. On the other hand, we worked with IMF omponents Bx, By, Bzof 16 s. Time windows from Marh 1998 to Deember 2003 for some MCs were seleted.We found higher STE values in the sheaths and zero STE values in some of the threeomponents in most of the MCs (30 among 41 events). The trend is the prinipal auseof the lower STE values in the MCs. Also, MCs are most struturedness than sheath and�quiet� solar wind. We done a test onsidering the magneti omponents of a ylindriallysymmetri fore-free onstruted analytially, with result of zero STE value. It agrees withthe physial assumption of �nding zero STE values when studying experimental data inMC periods. The new feature just examined here adds to the usual features, as desribedin Burlaga et al., (1981), for the haraterization of MCs. Thus, the STE alulation anbe an auxiliary objetive tool to identify �ux-ropes assoiated with MCs, mainly during290



events with no available plasma data but only with IMF.Keywords: ICME, Magneti Cloud, Entropy, Spae Plasmas, IMF, Spae Eletrodynamis.Current Stage - Manusript submitted for publiation in the Journal of Geophys-ial Researh (2013-01-11)3- The Entropy Index (EI): An Auxiliary Tool To Identify Flux RopeAssoiated With Interplanetary Magneti CloudsOjeda, G. A., Mendes, O., Calzadilla, M. A., and Domingues, M. O.AbstratWe propose the use of spatio-temporal entropy (STE) analysis as a mathematial toolto identify magneti loud (MC) andidates based only on the interplanetary magneti�eld (IMF) data. Using reurrene plot analysis, the STE measures the level of organi-zation/struturedness of proess features in physial reords. To build the methodology,we alulate the STE, as a funtion of time, for IMF omponents using magneti reordswithin a time windows orresponding approximately to 11.11 hours, physial parameterrepresentative for MC events, displaed onseutively by a proper time step till the endof data series. The STE reahes values extremely lose to zero at least for one of theIMF omponents during MC event, due to MC struture features. Not all the magnetiomponents in MCs have STE values equal zero at the same time. By that reason,we reate a standardization index (alled Interplanetary Entropy (IE) index). IE loseto zero indiates the ourrene of a MC-andidate, and its probable time loation.This tool found as results the known MCs ompiled in earlier work, as well as newMC-andidates with appealing features deserving further investigations. Also, the useof IE index onjugated with MVA analysis beomes also possible, using only the IMFdata, to delimit the MC boundaries. In a general sense, the proposed IE alulation ouldonstitute the basis for an easy and automati omputational proedure for preliminarysurvey on MC ourrene for sienti� goals, or even a onvenient MC warning for spaeweather purposes.Keywords: ICME, Magneti Cloud, Entropy, Spae Plasmas, IMF, Spae Eletrodynamis.Current Stage - Manusript submitted for publiation in the Journal of Geophys-ial Researh (2013-02-05)4- Study of loal regularities in the solar wind data and ground magne-291



tograms.Klausner V., Ojeda G. A., Domingues M. O., Mendes O., Papa A. R. R.AbstratInterplanetary oronal mass ejetions (ICMEs) an reah the Earth's magnetosphereausing magneti disturbanes. It an be measured by satellite and ground-based magne-tometers. Data from the ACE satellite and from the geomagneti �eld was explored herevia disrete wavelet deomposition (DWT). The inrease of wavelet oe�ient amplitudesof the solar wind parameters and geomagneti �eld data analysis are well-orrelated withthe arrival of the shok and sheath region. As an auxiliary tool to verify the disturbedmagneti �elds identi�ed by the DWT, we developed a new approah alled e�etivenesswavelet oe�ient (EWC) methodology. The �rst interpretation of the results suggeststhat DWT and EWC an be e�etively used to haraterize the �utuations on the solarwind parameters and its ontributions to the geomagneti �eld. Further, these tehniquesould be implemented to real-time analysis for foreast spae weather senarios.Keywords: Wavelet analysis, Solar wind-magnetosphere interation, Magnetogram data,Geomagneti storm.Current Stage - Manusript submitted for publiation in the Journal of Atmo-spheri and Solar-Terrestrial Physis (2013-01-15)
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