Ministério da
Ciéncia e Tecnologia

PAIS RICO E PAIS SEM POBREZA

sid.inpe.br/mtc-m19/2010/11.06.23.26-TDI

AURORAL ELECTRON PRECIPITATING ENERGY
DURING MAGNETIC STORMS WITH PECULIAR
LONG RECOVERY PHASE FEATURES

Flavia Reis Cardoso

Doctorate Thesis at Post Graduation Course in Space Geophysics, advised by Drs.
Maria Virginia Alves, Fernando Luiz Guarnieri, and George K. Parks, approved in
november 29, 2010.

URL of the original document:
<http://urlib.net/ 8JMKD3MGP7W /38HLGUE >

INPE
Sao José dos Campos

2011


http://urlib.net/xx/yy

PUBLISHED BY:

Instituto Nacional de Pesquisas Espaciais - INPE
Gabinete do Diretor (GB)

Servigo de Informagao e Documentagao (SID)
Caixa Postal 515 - CEP 12.245-970

Sao José dos Campos - SP - Brasil

Tel.:(012) 3208-6923/6921

Fax: (012) 3208-6919

E-mail: pubtc@sid.inpe.br

BOARD OF PUBLISHING AND PRESERVATION OF INPE INTEL-
LECTUAL PRODUCTION (RE/DIR-204):

Chairperson:

Dr. Gerald Jean Francis Banon - Coordenagao Observagao da Terra (OBT)
Members:

Dr® Inez Staciarini Batista - Coordenacao Ciéncias Espaciais e Atmosféricas (CEA)
Dr* Maria do Carmo de Andrade Nono - Conselho de Pés-Graduagao

Dr® Regina Célia dos Santos Alvala - Centro de Ciéncia do Sistema Terrestre (CST)
Marciana Leite Ribeiro - Servico de Informacao e Documentacgao (SID)

Dr. Ralf Gielow - Centro de Previsao de Tempo e Estudos Climéticos (CPT)

Dr. Wilson Yamaguti - Coordenagao Engenharia e Tecnologia Espacial (ETE)

Dr. Hordcio Hideki Yanasse - Centro de Tecnologias Especiais (CTE)

DIGITAL LIBRARY:

Dr. Gerald Jean Francis Banon - Coordenagao de Observagao da Terra (OBT)
Marciana Leite Ribeiro - Servigo de Informagao e Documentagao (SID)

Deicy Farabello - Centro de Previsao de Tempo e Estudos Climaticos (CPT)
DOCUMENT REVIEW:

Marciana Leite Ribeiro - Servi¢o de Informagcao e Documentagao (SID)

Yolanda Ribeiro da Silva Souza - Servigo de Informagao e Documentagao (SID)
ELECTRONIC EDITING:

Vivéca Sant “Ana Lemos - Servi¢o de Informacao e Documentagao (SID)



Ministério da
Ciéncia e Tecnologia

PAIS RICO E PAIS SEM POBREZA

sid.inpe.br/mtc-m19/2010/11.06.23.26-TDI

AURORAL ELECTRON PRECIPITATING ENERGY
DURING MAGNETIC STORMS WITH PECULIAR
LONG RECOVERY PHASE FEATURES

Flavia Reis Cardoso

Doctorate Thesis at Post Graduation Course in Space Geophysics, advised by Drs.
Maria Virginia Alves, Fernando Luiz Guarnieri, and George K. Parks, approved in
november 29, 2010.

URL of the original document:
<http://urlib.net/ 8JMKD3MGP7W /38HLGUE >

INPE
Sao José dos Campos

2011


http://urlib.net/xx/yy

Cataloging in Publication Data

Cardoso, Flavia Reis .
C179a Auroral electron precipitating energy during magnetic storms
with peculiar long recovery phase features / Flavia Reis Cardoso.
— Sao José dos Campos : INPE, 2011.
xxii+125 p. ; (sid.inpe.br/mtc-m19/2010,/11.06.23.26-TDI)

Tese (Doutorado em Geofisica Espacial) — Instituto Nacional
de Pesquisas Espaciais, Sao José dos Campos, 2010.

Orientadores : Maria Virginia Alves, Fernando Luiz Guarnieri,
e George K. Parks .

1. Auroral energy estimate. 2. Particle precipitation.
3. HILDCA. 4. Aurora. 5. Magnetic storms. I.Titulo.

CDU 550.388.8

Copyright © 2011 do MCT/INPE. Nenhuma parte desta publicagdo pode ser reproduzida, ar-
mazenada em um sistema de recuperacao, ou transmitida sob qualquer forma ou por qualquer
meio, eletronico, mecanico, fotografico, reprografico, de microfilmagem ou outros, sem a permissao
escrita do INPE, com excecdo de qualquer material fornecido especificamente com o propésito de

ser entrado e executado num sistema computacional, para o uso exclusivo do leitor da obra.

Copyright © 2011 by MCT/INPE. No part of this publication may be reproduced, stored in a
retrieval system, or transmitted in any form or by any means, electronic, mechanical, photocopying,
recording, microfilming, or otherwise, without written permission from INPE, with the exception
of any material supplied specifically for the purpose of being entered and executed on a computer

system, for exclusive use of the reader of the work.

i



Aprovado (a) pela Banca Examinadora
em cumprimento a0 requisito exigido para
obtengfio do Titulo de Doutor(a) em

Geoffsica Espacial

Dr.  Jonas Rodrigues de Souza \Y,R . /5‘# e

[ I 4
Presidente / INPE / SJCampos - SP

Dra. Maria Virginia Alves

J 7
Orien{ador(a) / INPE / SJCampos - SP

Dr. Fernando Luiz Guarnieri

W) / UNIVAP / SJCampos - SP
Dr. Ezequiel Echer ZW M %/M

MeM)lé da Banca / INPE / SJCampos - SP

Dr. Renato Sérgio Dallaqua @ f ' L. 0
W\~ '-’QQ A g

Membro da Banca / INPE / Séo Jo';é dos Campos - SP

Dr. Matthew O. Fillingim

Dr. Luiz Fernando Ziebell

Aluno (a): Flavia Reis Cardoso

Séo José dos Campos, 29 de novembro de 2010






“No meio do caminho tinha uma pedra

tinha uma pedra no meio do caminho
tinha uma pedra

no meio do caminho tinha uma pedra.

Nunca me esquecerei desse acontecimento
na vida de minhas retinas tao fatigadas.
Nunca me esquecerei que no meio do caminho

tinha uma pedra
tinha uma pedra no meio do caminho
no meio do caminho tinha uma pedra.”

CARLOS DRUMMOND DE ANDRADE






To my mother, a fighter...

Vil






ACKNOWLEDGEMENTS

I would like to thank CNPq and CAPES agencies for the suppo®OLAR UVI data;
to geomagnetic indices data from WDC for Geomagnetism, &ytothemispheric power
data from NOAA-POES.

To INPE, specially LAP (Plasma Lab) and Space Geophysiagano.
To the friendly Space Science Lab people in University ofifGalia at Berkeley.

To Maria Virginia Alves for all these long years working tager, for the help, discussions
and thoughtfullness.

To George K. Parks for accepting me in his group, for all theedssions, help, and for
showed me a new scientific point of view.

To Matthew Fillingim for the contribution to this work, heldiscussions and kindness.

To Naiguo Lin, Mark Wilber, Ensang Lee, and specially AlesdenTeste, for the hospi-
tality, discussions and help.

To Fernando, Junior and Cristiane for the group works, disins, help and friendship.

My sincerely thanks to Mom and Dad who brought me here withifsee and wisdow
and to my forever-little brother. | would not have made ithatit them. To all my family
who has stood by me all the moments. Words are not enough here.

I need to thank all the people who crossed my life during adl jburney and supported
me in different ways, or for just being beloved friends no t@ahow long. To friends

in life and in science from INPE, who made my long walk much enpleasant. To all

my physicist friends from the university UFV, who are a prdtat friendship remains
over time and distance. To my Brazilian, American and fameigfriends who supported
and helped me during my stay in Berkeley, in special my Bexkaah family Mariana and

Amanda. To friends from coral Madrigal ADC INPE who providachazing soundness
lunchtimes. Special thanks to my like-sisters Fernanda&malline. Finally, to all my

friends, wherever they are, thanks for being a part of my life






ABSTRACT

Aurora, light emissions generated by collisions betweeergstic electrons and atmo-
spheric particles, is often seen in the polar region. Altffiomuch is known about the
aurora, there are still many questions unanswered. For gbeaihis not well known what
is the source of the energetic particles or by what procetbeeparticles are energized.
Understanding the behavior of the aurora is an importarngific problem because it
provides information about the processes occurring duhegolar wind-magnetosphere
interaction. The auroral zone is significantly affected bggmetic storms and substorms.
Occasionally, magnetic storms exhibit a long recovery phaiich can last for several
days. During such events, the auroral electrojet can didpigh-intensity, long duration
activity. These events are known as HILDCAA events (Highetsity Long Duration
Continuous AE Activity). The power input to the magnetogglienosphere carried by
precipitating electrons is an important parameter whiah loa estimated by the Ultravi-
olet Imager (UVI) on board the Polar satellite. This instemhmonitors the spatial mor-
phology and temporal evolution of the aurora in the far witket range in both sunlight
and darkness. Applying the necessary instrument correctmd the dayglow removal,
it is possible to evaluate the energy coming into the aurooake. Our goal is to obtain
quantitative information about the energy source for mégrstorms with long (LRP)
and short (SRP) recovery phases by estimating the amouméapijtation energy input.
Precipitation energy has been found highly variable for LRRBignificant energy input
during long storm recovery phases implies additional eneayrce to maintain the mag-
netic activity in the auroral electrojet which is believaxlie related to the fluctuating
solar wind magnetic field and velocity. On the other hand, Ifitferplanetary magnetic
field) remained southward for a while in SRP events. All treufts suggest LRP could be
a consequence of a solar wind driven system and SRP wouldsbeiated to an energy
unloading process.
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ENERGIA DE PRECIPITACAO AURORAL DE ELETRONS DURANTE
TEMPESTADES MAGNETICAS COM CARACTERISTICAS PECULIARES DE
LONGA FASE DE RECUPERACAO

RESUMO

Aurora, emissfes geradas por colisdes entre elétronséivag e particulas atmosféri-
cas, é frequentemente observada na regido polar. Embota seusabe sobre a aurora,
ainda existem inUmeras questdes sem respostas. Por exedpke conhece qual a fonte
das particulas energéticas ou por quais processos taisytastsao energizadas. A com-
preensdo do comportamento da aurora € um problema cientificotante porque prové
informacéo sobre 0s processos que ocorrem durante a iitevaqto solar-magnetosfera.
A zona auroral € significantemente afetada por tempestaagséticas e subtempestades.
Ocasionalmente, tempestades magnéticas exibem fase ufgeracio longa que pode
perdurar por varios dias. Durante tais eventos, 0s elét®jaurorais podem apresentar
atividade de longa duracéo e alta intensidade. Esses sv&aconhecidos como even-
tos HILDCAA (High Intensity Long Duration Continuous AE ActiVitA poténcia inje-
tada na magnetosfera/ionosfera, carregada por pre@pit@e elétrons, € um importante
parametro que pode ser estimado pelo instrum#ltraviolet Imager(UVI) a bordo do
satélite Polar. Esse instrumento monitora a morfologia&spe a evolugdo temporal da
aurora na faixa do ultravioleta distante em ambas condg@és e escuriddo. Aplicando
as correcfes necessarias ao instrumento e a remogkydiew é possivel calcular a en-
ergia que chega a zona auroral. Nosso objetivo € obter irfigdim quantitativa sobre a
fonte de energia de tempestades magnéticas com longa (L&P)ag(SRP) fase de re-
cuperacéao, estimando a quantidade de energia de preépitipositada. A energia de
precipitacdo foi encontrada altamente varidvel para @gebRP. Uma significante en-
trada de energia durante longas fases de recuperacéo destengs magnéticas implica
em fonte de energia adicional para manter a atividade miagn# eletrojato auroral, o
qual acredita-se estar relacionado com flutuacdes de deldeie do campo magnético
do vento solar. Por outro lado, o campo magnético interpéainel MF permaneceu na
direcéo sul por algum tempo em eventos SRP. Todos 0s regsiisagerem que 0s even-
tos LRP poderiam ser uma consequéncia de um sistema concelmvento solar e os
eventos SRP seriam associados a processos de descarregdenenergia.
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1 INTRODUCTION

Solar wind is continuously released by the Sun. HoweverSile is a very active region
responsible by phenomena as coronal mass ejections, soks #nd fast-speed streams
(BURLAGA, 1995. For this reason, solar wind is highly influenced by soldivéy, which

is known to be controled by a cycle of 11 yeak$VELSON; RUSSEL 1995.

The planetary magnetic field is confined by the solar wind toagymetospheric cavity,
named magnetosphendYELSON; RUSSEL 1995. Solar wind pressure, mostly dynamic,
establishes an equilibrium boundary with the earth presquimarily magnetic, known
as magnetopause. Current systems and plasma featuredseggformed inside magne-
tosphere ¥ARKS, 2004).

Particles and magnetic field, known as interplanetary magfield (IMF), present in
the solar wind, are believed to strongly influence the eartigmetosphere dynamics.
Hence, phenomena occurring inside the magnetospheresgreetntly atributed to the so-
lar wind-magnetosphere coupling. As a consequence, gewtiadctivities, permeated
by magnetic storms, substorms, and a more recent finding ch&HeDCAAs, deposit
large amounts of energy into the magnetosphere. Geomag@udirity is dicussed in sec-
tion1.1

Auroral activity enhancements are also associated witlggrieposition into the polar re-
gion. A main source of such energy input are the precipitggbarticles in the auroral zone
which are responsible for the aurora triggering. UVI (Wi@et Imager) on board Polar
spacecraft is capable of estimating the electrons depastiergy by the aurora emission
measurements. A huge obstacle for that has been the solaibadion, known as day-
glow, to the total emission. Solar radiation can be absolyethe atmosphere resulting
in excitation, dissociation and ionization, and can alsedsgtered by the molecules. Au-
roral activity and dayglow literature accomplishments presented in sectiors2 and
1.3

1.1 Geomagnetic Activity

Geomagnetic disturbances are a consequence of the enrearerggt from the solar wind-
magnetosphere coupling mechanism. Those activitiestaifezctly magnetospheric cur-
rent systems. Geomagnetic indices have been developedguneehe magnetic activity
level through magnetic field perturbations produced byenitrintensity enhancements.
Therefore, phenomena as magnetic storms, substorms ariGMAs, can be identified



and continuously monitored by the geomagnetic indices.

Geomagnetic storms are identified by the Dst indQIURA, 1964 which is an instanta-
neous global average of the earth magnetic field horizootaponent HRUSSEL 1991).
Usually, a magnetic storm starts with an abrupt H compomamense at the earth surface.
This step may last for hours as it can be observed in FigukeThe initial phase is then
followed by a fast decrease corresponding to the main phee, Dst index presents
a fast recovery feature as a first stage, followed by a longgaadual recovery process.
Typical magnetic storms last from one to five days. Initighgd can reach 25 hour dura-
tion, main phase can last about one day and recovery phasxteard for daysRUSSEL
1991 GONZALEZ et al, 1994).
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Figure 1.1 - Dst index profile during magnetic storm.
SOURCE: KIVELSON; RUSSEL 1995.

Initial phase features are produced by the magnetopaussntenhancemenk(VELSON;
RUSSEL 1995. When solar wind dynamic pressure increases, the magaesegs com-
pressed and it moves toward Earth. Then, current intensityg producing a northward
directed magnetic field wich is added to the earth magnetid &ad leads to the peak
(positive values) observed in the Dst profile.

Particles injected into the magnetosphere are responBibkbe ring current intensity

enhancement, which, in turn, produces a magnetic field witction opposite to that

at the Earth’s surface. Consequently, a decrease in thie sagnetic field horizontal

component is noticed at the Dst profile. During recovery phdsssipation processes in
the ring current takes place and magnetic field intensityhatdarth surface returns to
pre-storm conditions.

The Dst index is also employed to measure the magnetic gckexiel. Magnetic storm



intensities are classified according to the Dst index askvi@a30 nT to -50 nT interval,
moderate for -50 nT to -100 nT, intense for values betwee@ HIIOto -250nT, and finally,
superstorms when Dst falls below -250 "AJONZALEZ et al, 1994).

Besides magnetic storms, a shorter timescale phenomendenisfied in the magne-
tospheric dynamics, so-called substorm. This transiemtgss initiates in the nightside
and injects a significant amount of energy in the auroral $phere and magnetosphere
(MCPHERRON 1979 AKASOFU, 1964). As first step, named growth phase, energy is ex-
tracted from solar wind and stored in the magnetotail. Nexf&st energy release process
takes place, which may be associated with aurora occuremtauroral electrojet inten-
sifications. This substorm expansion is estimated to lastitatine hour. Recovery phase
brings back pre-substorm values during roughly 90 minutes.

The relationship between magnetic storms and substornieigiasue within solar wind-
magnetosphere-ionosphere couplisiiARMA et al, 2003k KAMIDE et al., 1998. Past
theories pointed out that ring current enhancement relmedagnetic storms would be
a consequence of many substorreeARMA et al, 20033. In this process, each substorm
would inject particles from the plasmasheet which would lenttrapped in azimuthal
drift paths forming a symmetrical ring current. The currexplanation is that the ring
current system development results directly from a sustheanhancement of the convec-
tion electric field.

Observations suggest that ring current is not symmetriaahd storm onset due to a
partial ring current closing in part through the ionosphanel in part into the magneto-
sphere $HARMA et al, 20033. The enhanced cross-magnetospheric electric field pesduc
Alfvén layers inward motion which pushes the ring curremtselr to the Earth and ener-
gizes the plasma as well. When the enhanced field decreamstis|gs fall into closed
drift paths and the ring current becomes symmetric. Therfagtcurrent decay during
magnetic storm recovery phase can be related to plasma daveut of the system
through open paths.

Occasionally, the ring current takes more time than usuallgeturn to pre-storm con-
ditions. This long magnetic storm recovery phase seen samebusly with intense and
continuous auroral activity is known as HILDCAA, from Highténsity Long Duration
Continuous AE Activity fSURUTANI; GONZALEZ, 1987). The auroral activity can be mea-
sured by the AE index, which monitors the horizontal compureeé the disturbed mag-
netic field in the auroral zon®ROSTOKER 1972 DAVIS; SUGIURA, 1966. In fact, AE is a



composition of AL and AU indices, which are, in turn, a regeation of the maximum
magnetic perturbation generated by the westward and thwaaiselectrojet. HILDCAA
events are then defined by some following criteliauWRUTANI; GONZALEZ, 1987):

(1) high intensity- AE index peak must be higher than 1000 nT during the event;
(2) long duration- high and continuous AE activity must last for at least twgsja

(3) continuousAE activity - AE index value must not fall below 200 nT for intervals
longer than two hours at a time;

(4) the event must occur outside the main phase of a geomagtaim.

The intention of setting such strict criteria was to certifg presence of high intensity and
long duration activity and also separate mechanisms gengtdlLDCAAs and magnetic
storms fSURUTANI; GONZALEZ, 1987). If a event does not fit within one or more crite-
ria, there is still possibility that the physical procesaes similar to those found during
HILDCAAS (TSURUTANI et al, 2004).

Gonzalez et al(1994 discuss the difference among magnetic storms, substonas a
HILDCAAs, in terms of AE and Dst indices, and IMF z-componea it is displayed
in Figure1.2 A modest southward IMF lasting about one hour is a sufficoemdition
leading to a substorm. Occurrence conditions for HILDCAAsbashow a modest IMF
magnitude. Intense magnetic storms take place under langétade Bz IMF and sus-
tained durationTsurutani e Gonzalefd 987 conjectured the requirement for a geomag-
netic storm occur was that IMF southward component shoulgésethan -10 nT for at
least three hours.

All known processes for ring current decay, as charge exgpha@oulomb collisions,
convection, wave-particle interactions, have time scafdsours to fraction of days. In
fact, such mechanisms can not explain magnetic storm recgyases that last as long
as days or weeks. Thehsurutani e Gonzaled987) pointed out a source to high intense
auroral activity as an intermittent magnetic reconnecbetween southward component
of interplanetary Alfvén wave fluctuations and magnetopamagnetic fieldsSTSURUTANI

et al, 2004). Tsurutani et al(1990 found that Alfvénic wave intervals were present over
60% of the time and the southward component of Alfvén waves iwgood correlation
with AE presenting a lag of 43 minutes.
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magnetic activity, substorms, HILDCAA and magnetic starms
SOURCE: GONZALEZ et al, 1994).

Large amplitude Alfvén waves are observed during coroggititeraction regions (CIRS)
(TSURUTANI et al, 1995 TSURUTANI et al, 2006. One third of the CIR events observed
near Earth are geoeffective followed by moderate/intenagmnatic activity (Dst<-50nT)
(ALVES et al, 2006). Such structure is generated by fast speed streams ititeyadth the
slower solar wind streams ahead of them. High-speed strassresnanated from coronal
holes in the Sun which, in turn, are well developed duringdéelining phase of the solar
cycle.

Soraas et al(2004) discuss that Dst index is in good correspondence with rungeait
particle injections during a magnetic storm. Hence, a l@apvery in the Dst would be
a consequence of particle injection. Also, AE index exBibigood correlation with ring
current particle injections. Apparently, HILDCAA eventeassociated with injection of
protons into the outer portion of the ring current. Then,@stlecay in the Dst index is
not related to other magnetospheric current systems or imaesdecay rate of the ions
in the ring current. When the injection occurs during a steetrovery phase there is a
delay in the Dst recovery and when it occurs out of a storm,dast maintain negative



values for long intervals.

Tsurutani et al(1995 proposed that consecutive injections caused by substoens
related to the prolonged Dst recovering during HILDCAAstédraT surutani et al(2004)
worked on the relation between AE and -AL indices and substonsets using auro-
ral images from POLAR Ultraviolet Imager (UVI). They founad orrelation between
substorms and AE/AL intensifications although substornmaespon phases can occur si-
multaneously to HILDCAAs. Then, they suggested that répetparticle injections are
caused by enhanced inward convection due to dawn-to-deskielfields during south-
ward intervals of the Alfvén wave trains.

AE and AL indices also measure changes in convection, wkicloi a generator mecha-
nism of a substorm, and therefore, may not be a good substalicaitor KIM et al., 2008.
Besides of that, the use of global quantities may not be anedde mean to describe lo-
cal processes. In fact, auroral indices, as AE/AL, and ringent indices, as Dst, are not
the ideal tools on the spatial investigation of substorntiglarinjections 6HARMA et al,
20031h. Kim et al. (2008 investigated the contribution of substorms to the paatiojec-
tions using LANL (Los Alamos National Laboratory) electritunx data and global auroral
images from WIC (Wideband Imaging Camera) on board IMAGESURs showed large
majority of repetitive particle injection during HILDCAAwents are associated with sub-
storm onsets.

Lee et al. (2006 pointed out that substorms are related to successivewarthturnings
of Alfvén waves during HILDCAA phenomena. This indicatesitthepetitive featured
substorms related to high-speed streams are triggerecedivih Apparently, substorms
are responsible by plasma sheet particles motion towardhtier magnetosphere, and
consequently, consecutive particle injections assatiatiéh substorm onsets may con-
tribute to long Dst recovery. On the other hand, enhancetthward convection during
repetitive southward intervals of the Alfvénic IMF is alstikely mechanism. Therefore,
consecutive substorms and enhanced convection driverrdey danplitude Alfvén waves
within fast-speed streams may play an important role in HIAA events KIM et al.,
2008.



1.2 Auroral activity

The optical spectrum of an aurora extends from ultraviadentrared with large quan-
titities of line and band feature&I{/ELSON; RUSSEL 1995. Auroral light is emitted by
excitation process derived from atmospheric and predipgaparticle collisions. Such
mechanism can be divided in two steps. First, precipitaéingrgetic auroral particles
convert kinetic energy to chemically excitated states wicapheric species through colli-
sion process. Thus, the chemically excited states relaxededse photons of wavelengths
determined by the energy transition.

When precipitating auroral particles are electrons, tiselteng emissions are named elec-
tron aurora. Precipitating protons create secondary relest which, in turn, also collide
with atmospheric constituents and excite them to energaies in the same way as pri-
mary electrons. Such emission is also an electron auromxelil no way to distinguish
the species of precipitating particles without addition&rmation EREY, 2007).

Height (km)
8
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=] 500 oo
Number of measurements

Figure 1.3 - Height (km) versus number of measurements iratsttal distribution of 12,330
height measurements of the northern lights.
SOURCE: §TORMER 1955.

The auroral light contains atomic lines and molecular-bapdctra of the main upper
atmosphere constituents and also from minor species, autlki$aeason, it is considered
the "fingerprint" of the atmospheric compositictI(ELSON; RUSSEL 1995. Hence, the



auroral height distribution depends on the precipitatiagiples energy and pitch-angle
distribution as well as on the atmospheric constituents. diktribution of 12,330 auroral
source points of northern lights is displayed in Figlird As observed, auroral arcs and
bands lie mostly within the height interval of 95-150 km.

As auroral emission results from the excitation mechanisumsed by electron impact,
this emission is found to be proportional to the energy ditjoosinto the atmosphere.
Thus, the energy input into the polar region can be estimiated light emission in the

auroral atmosphere.

Lummerzheim et al(1997) studied the energy input in the auroral region using hemi-
spheric power quantity derived by NOAA/TIROS and the enarglgulated from images
obtained by Polar Ultraviolet Imager (UVI). Hemispherioym is estimated from particle
precipitating energy flux along the satellite track extidaped for the entire auroral oval
through statistical precipitation patterns. Energy flur e#so be extracted from UVI im-
ages with a better resolution than hemispheric power. Bveagh the images are within
ultraviolet range there is still some solar contributionydlow) besides aurora in the UVI
data. Dayglow is the topic of the next section. The data ismized according to solar
zenith angle (SZA) values, and the average is obtained fdr ba. Pixels into the auro-
ral zone are excluded. Then, the brightness average forl@adh subtracted from pixels
with the same SZA. Hemispheric power exhibits a satisfgcagreement with UVI en-
ergy flux. However, this quantity can miss entire substormsnaler/overestimate it due
to limited sampling.

Besides auroral emission, electron precipitation affdwsonospheric energy deposition
directly by ionization andbremsstrahlungl-rays production, and indirectly by Joule heat-
ing through ionospheric Pederson conductance incr€xstgaard et al2001) used Polar
lonospheric X-ray Experiment (PIXIE) and UVI images to d@eriotal energy dissipation
by electron precipitation. The comparison of such quarittgeomagnetic indices dur-
ing substorms shows a nonlinear relation between energypdison and AE as well as
with AL index (OSTGAARD et al, 2001). Energy flux is found to be well correlated to AL
which indicates that electron precipitation modulatesvtiestward electrojet intensity by
affecting the Hall conductance. On the other hand, AU indéxlets a poor correlation
with the energy flux. This result suggests that there is actiefield dominance in the
dusk sector which affects only slightly the eastward etgetrconductance.

Evidences show that electron precipitation and X-ray npateations occur almost simul-



taneously troughout the auroral zone during a subst&anks et al(1968 showed that
electron injections and micropulsations have differentgeral signatures for each local
time through X-ray baloon measurements in high-latitudgams. Each specific form of
these both phenomena is probably associated with a phake sfibstorm development
(CORONITI etal, 1968. Thus, substorm is present not only in auroral disturbatce also
in electron precipitating and micropulsation activityGPHERRON et aj. 1968. In fact,
this indicates that magnetospheric dynamical procesdesndi@e the local time features
of the substorm.

Polar cap area variability also has connection with magpdteric dynamic®Brittnacher

et al.(1999 worked on the area of the polar cap, as a function of locas tamd substorm
phase for different IMF values during three substorm evemgsig POLAR UVI. They
found that polar cap size expands during the substorm grpiW#se due to a decrease
of particle precipitation. Also, polar cap increase is seelependent of the southward
IMF component intensity. In summary, polar cap boundaryrizgly influenced by oval
thinning, decrease in polar cap structures, the polewapdmsion of the substorm at
midnight and the fading of luminosity below the instrumesnsitivity treshold.

Some auroral intensifications present different charesties than those known for sub-
storms. Short-lived auroral intensification which does exqpand in the auroral region
is called pseudobreakupillingim et al. (2000, Fillingim et al. (2001) andParks et al.
(2002 worked on these events through ion and electron distobutinctions and mag-
netic field measurements in the magnetotail from Wind s&elthen its ionospheric
footprint observed by Polar was associated with aurorajhteinings. They found that
plasma sheet dynamics present the same features duringgiseakups and substorms.
This behavior indicates that an auroral disturbance feasoletermined in another region,
possibly in or above the ionosphere (auroral acceleratigion).

Chua et al(2004 worked on IMF and seasonal variations during substornrsgusemi-
spheric power computed from Polar UVI. They showed thatlseatd IMF component
implies in longer substorm expansion phases and greatér hpgaispheric power than
northward IMF component. The timescale of substorm regodees not depend signif-
icantly on IMF z-component variation although it is influedcby seasonal changes. In
fact, substorm timescales are found to be more sensitivEo Bz orientation during
summer. Seasonal variation leads to the implication thadralintensifications may de-
velop differently in northern and southern hemispheresidderesults suggest that iono-
sphere plays an important role in the auroral dynamics.



Aurora is actually observed as asymmetric when comparingham and southern
hemispheresOstgaard et al(2007) found that cusp auroras are controlled by INH
component and dipole tilt angle. Substorm onset locatioesalso seen as asymmetric
in both hemispheres and governed mainly by IMF clock angikingim et al. (2005
suggested that a strong IMF y-component modifies the ioregpbonvection and field
aligned current patterns leading to an auroral asymmetry.

Parks et al(2000 studied the aurora behavior when the solar wind nearlypgisared,
that is, solar wind density reached unusually small valQed¢c). The aurora was seen at
higher magnetic latitudes which indicates that electratimitating source moved north-
ward as the geomagnetic activity decreased. They foundsthat wind density alone is
not a primary parameter controlling the auroral activity.

During geomagnetically disturbed conditions the energydfer into the ionosphere is
mostly carried by electromagnetic waves and particle prtion. Alfvén waves may
then play an important role in the energy transfer mechaitadime auroral regionMygant

et al. (2000 showed that perpendicular electric fields in the plasmatsheundary layer
(PSBL) at 4- 6Rg were associated with Alvén waves for two cases measured lay Po
satellite. Such waves carried large and sufficient Poyritingtoward the ionosphere to
power magnetically conjugate auroral emissions. Fidudeis a cartoon of a magnetic
flux tube exhibiting the incident Alfvénic Poynting flux beirconverted to energyzed
particles and joule heating in the ionosphere.

Keiling et al.(2002 investigated 40 plasma sheet crossings by Polar and amsducked
that Afvénic Poynting flux in the midtail region is assocaitgith and capable of pow-
ering localized regions of magnetically conjugated aurbeage Alfvénic Poynting flux
often occurs in the plasma sheet boundary layer during tharesion phase of substorms
(KEILING et al,, 2000. Thus, auroral phenomena have been connected to enengfetra
processes by large Alfvén waves in the PSBL.
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Figure 1.4 - Cartoon of incident Poynting flux converted tooaa and joule heating of the iono-
sphere.
SOURCE: WYGANT et al, 2000.

1.3 Dayglow

Sun is the dominant energy source for terrestrial atmogpt&wlar radiation can be ab-
sorbed by the atmosphere resulting in excitation, dissiociaand ionization. Usually,
fluorescence is a consequence of those processes and itnisocdyrknown as airglow.
When the atmosphere is sunlit, the dayside airglow is kncswtheg/glow.

Excitation of electronic transitions between ground anditexl states of an atom or
molecule results in resonance fluorescence. Hence, thesiemisate is proportional to
the species concentration. Resonance emission lines afdh@c and molecular compo-
nents of the thermosphemdy, O,, O, 0" and minor species) are mostly in the ultraviolet
region of the airglow spectrumMEIER, 1997).

Figurel.5displays Earth ultraviolet dayglow spectrum divided in ElBNJV, MUV and

NUV, which means extreme, far, middle and near ultravioktpectively. Regions of ab-
sorption by oxygen species are indicated by thick horiadirtas. Emission band inter-
vals are presented fdd, and NO while for atomic and ionic species the stronger erminssi
lines are exhibited. Those lines and bands contain sigesitairmajor and minor atmo-
spheric species concentration and information about thi#gagbon mechanism strengths.

11
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Figure 1.5 - Earth dayglow spectrum adjusted to nadir viemnf200 km at midmorning.
SOURCE: MEIER, 1991).

Only a small fraction of the solar radiation below 3000 A tfees the ground. Atomic
oxygen lines are seen at 1304, 1356 and 1641 A and the sttamitregien lines are lo-
cated at 1134, 1168, 1177, 1200 and 1493 A. The excitationesft nitrogen lines are a
consequence of electron impact on N &dand photodissociation df,.

N> Lyman Birge Hopfield (LBH)-band lies in the FUV and preseneshavior of

photoelectron-excited dayglow emissions. Figliré showsN, LBH-band vertical col-

umn emission rate in the nadir view versus solar zenith afogl©®GO-4 satellite. Emis-
sion rates are of order of 4 to 8 kR for the entire LBH-bandeystVariation in the sunlit
atmosphere roughly follows the cosine of the solar zenitjlean

Under darkness condition, the airglow is known as nightglblis fluorescence is pro-
duced by atom-atom and ionic recombination. Figliférepresents ultraviolet nightglow
in an emission rate versus wavelength plot. As it can be @bdethere are apparently no
emissions in between the features. In the pgadst,BH-band emissions were supposed to
be nightglow, but afterwards, that was inferred to the spadeatmosphere interaction
(MEIER, 199)).

Craven et al(1994 worked on FUV dayglow after an interval of intense geomdigne
activity and noticed a localized 55% decrease in the daydgloghtness in the morning

12
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sector at 130.4 nm. They atributed such reduction to theraubheating which causes a
decrease in column density of O relativeNg.
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Meier et al.(2002 studied ionospheric and dayglow response to the radiphase of the
Bastille day flare, occurred on July 14, 2000. Figlir@shows the atmospheric response
at the peak of the flare obtained by AURIC (Atmospheric Ultnbat Radiance Integrated
Code) model. Dot lines refer to pre-flare values while thedslihes are related to the
peak of the flare. Left panel presents total photoionizadimhheating rate versus altitude.
Right panel shows excitation ratesig¢f LBH and Ol 98.9 with the altitude as well. The
photoionization rate behaves qualitatively similar toitatton rates on the right panel,
since these dayglow emissions are produced by impact &ércitd here is a noticeable
difference on the pre-flare and the peak values. EUV (extngétngviolet) is estimated to
increase 50% during the flare, which is comparable to soldeayinimum to maximum
variation. The X-radiation increase is given by a factor 002
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Figure 1.8 - Atmospheric response at the peak of the Badtleflare obtained by AURIC model.
Left panel presents total photoionization and heatingsre¢esus altitude. Right panel
shows excitation rates o, LBH and OI 98.9 with altitude. Dot lines refer to pre-flare
values while the solid lines are related to the peak of the flar
SOURCE: MEIER etal, 2002.
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1.4 Objectives

It is known that some magnetic storms present peculiar leagwery phase features. On
the other hand, all known processes for ring current desagharge exchange, Coulomb
collisions, convection, wave-particle interactions, ééme scales of hours to fraction of
days. In fact, such mechanisms can not explain magnetimstovery phases that last
as long as days or weeks.

A relatively recent magnetospheric phenomenon named HAB(High intensity
long duration continuous AE activity) is believed to be msgble for longtime mag-
netic storm recovery phase3SURUTANI; GONZALEZ, 1987. During this intense and
long auroral activity process, large amounts of energy a@odited into the magneto-
sphere/ionosphere.

The main objective of this work is to calculate the auroragérgy deposition by pre-

cipitating particles during magnetic storms with long (DR&hd short (SRP) recovery
phases. This procedure provides quantitative informadioout the energy injection and
also about the differences between short and long (HILDCée&pvery phases in mag-
netic storms. Energy input is estimated through ultratioteages obtained by UVI in-

strument on board Polar spacecraft. Applying spacecraitipa corrections and dayglow
removal on the UVI images, itis possible to evaluate moreiately quantitative energy.

Also, it is important to understand the energy transfer me@ms present during mag-
netic storms. The way as precipitating particles relate &gnetospheric currents and to
solar wind parameters can yield clues about the magnetasmly@amics. This could be

a step for reaching coupling processes knowledge and pegryspace weather predic-
tions in future. Energy carried by the solar wind could be itaed ahead of the Earth’s

magnetosphere and then continuously would inform the ntagpbere state.

Specifically, our objectives are described in details dsWd.

a) Our main objective is to obtain quantitative informat@mthe auroral electron
precipitating energy for magnetic storms through LBH lorogagl® UVI images.
In order to achieve that, an accurate dayglow model has tebelabed.

b) To stablish the differences between SRP and LRP magnetimsin terms of
electron precipitation energy.

c) To investigate the relation between precipitation epeigput and auro-
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ral/equatorial magnetospheric current systems during &RFLRP events.

d) To calculate power input from different methods and corepa that obtained
from UVI images. One method derive precipitation energyrfrgeomagnetic
indices through linear and nonlinear empirical relatiofise other method is
obtained from particle influx observations by NOAA-POESgmaaft particle
detector.

e) To compute the magnetosphere-solar wind coupling ergagymeter derived
from empirical relation and compare to UVI auroral precibn energy. Here
we investigate the role of the solar wind conditions in trec&bn precipitation
during SRP and LRP magnetic storms.

f) To investigate the spatial evolution of the aurora dutimgselected phenomena.

g) To verify the solar wind conditions during each event.

This thesis is organized as follows. The methodology ofwosk is presented in Chapter
2, where the instruments are described in SecBdnthe necessary data treatment is ex-
plained in Sectior2.2, our auroral energy estimate derived from UVI images is itkxta
in Section2.3, the hemispheric power obtained by NOAA POES is found iniSe@.4,
and, finally, the selection of magnetic storms is displayefection2.5. The characteris-
tics of the events, which are divided in two groups, SRP ani E¢atured, are described
in Chapter3. Our results are separated in three parts. First, we presental energy
input for SRP and LRP events in Chapfemwhich describes UVI energy estimate and its
relation with geomagnetic indices, the energy input caltad from empirical equations
based on geomagnetic indices and hemispheric power odtaln&OAA POES. Next,
spatial features of the aurora are shown in Chaptéast, we investigate the influence of
the solar wind in the auroral energy input in Chageby calculating solar wind energy
input and analyzing solar wind parameters. Finally, Chaptaings our conclusions.
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2 METHODOLOGY
2.1 Instrumentation

Aurora is the emission light resulting from particle calliss and it is generated through-
out the spectrum, from the X-ray to the infrared. Much of tlestpworks about aurora
used to be imaged in visible light®RR et al, 1995. For this reason, usually, studies
were restricted to nightside and twilight auroras due tolihight scattered sunlight on
the dayside of the Earth. Even using ultraviolet imagesa tiad to be limited to condi-
tions of large solar zenith angles. The same problem ofeseationg wavelength sunlight
remains in the far ultraviolet range (FUV), and filtering hetFUV was not really well
developed at that time. Moreover, the past known instrumditt not have a despun
platform capability. Because of that, earlier images hduetobtained taking into account
the spacecraft spin, orbital motion and mirror scaning.

The qualitative study in auroral image data have developedlly over the past three
decades. However, the field of quantitative imaging is nedt new. The Ultraviolet Im-
ager (UVI) was developed to provide quantitative study efdlroral region. Such instru-
ment is on board Polar spacecraft belonging to Global GeesSaience (GGS) which,
in turn, is a part of the International Solar-TerrestrialBies (ISTP) programNASA, a) .

The auroral images used in this work are obtained from the ldstrument. The Polar
spacecraft and the UVI are described in the following sestio

2.1.1 Polar spacecraft

Polar spacecraft was launched on February 24, 10884, b). Its orbit spends 18 hours
and it is highly elliptical, with perigee at 1Bz and apogee at Be. The satellite was
initially in the inclination of 86 and it precessed slowly at a maximum rate of per
year to higher latitudes, passed over the north pole andraged southward to lower
latitudes.

Problems identified in the deployment of one of the Polaesteic field booms resulted
in a spacecraft despun platform wobble of a period about 6re#s; which affects the
imagers located in that place. The wobble effect is smedhagmage of about 10 pixels
in the wobble direction since the image integration timeasghly 37 seconds. Such
effect is not always seen in auroral images but it can beyeiaghtified when the imager

LA despun platform does not rotate with the spacecraft.
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is looking at the stars, the fixed bright sources. The aurenaiksions are not constant
during the image integration as the stars, and for this read® image is not smeared
(GERMANY et al, 1998.

2.1.2 Ultraviolet Imager (UVI)

UVI is a small sophisticated camera with a two-dimension&nsified-CCD detector
(TORRetal, 1995 (NASA, ¢). The imager is mounted on a pointable despun platform which
permits continuously auroral imaging as the spacecrafitest This system operates in
the far ultraviolet, over a wavelength range from 1300 to@$0 Also, the instrument
presents a wide field of view and a filter wheel to select oneheffive available far
ultraviolet spectral regions for imaging.

The spatial resolution and the extent of coverage vary sogmtly during the 18 hour
orbit. The highly eccentric Polar orbit spend about 9 hotidistances greater thanRg
from the Earth, when it is possible to image the entire ovar@timescale much longer
than the characteristic time related to auroral phenomeéhe. field of view required for
those conditions is about’ 8The two-dimensional image is a 224 by 200 pixels array
across the two perpendicular diameters of the circular fiéldiew, which yields a per
pixel spatial resolution of @36 in one direction and 04° in other direction. The choice
of field of view is a trade-off between spatial resolution gihobal coverage.

The imager is capable of measuring features under bothtsamdi nightside conditions
simultaneously. In order to make it possible, the instruneoonstituted by filters which
measure only the features of interest. First, the visibéteced sunlight has to be reduced
by a factor of 18 through instrument filtering. Although the FUV componenttué scat-
tered sunlight (wavelength < 3000 A) is very weak when coragén longer wavelengths,
it is still significant within FUV weak emissions range andasld also be avoided. All
of that requires that the filters contain stray and out-afebght rejection besides of
narrowband FUV interference filters.

Five filters are used to isolate emissions from atomic oxy@dh multiplet lines at 1304
A and at 1356 AN, Lyman Birge Hopfield (LBH) separated in long (LBHI 1400-1600
A) and short (LBHs 1600-1800 A) wavelength ranges, and loagelength scattered
sunlight. Figure2.1 shows the bandpasses of the five filters used in the UVI ingnim
over the high latitude vacuum ultraviolet spectrum of thesilde features in a soft aurora
condition.
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Figure 2.1 - High latitude vacuum ultraviolet spectrum o titayside features in a soft aurora
condition and the bandpasses of the five filters used in theitbument.
SOURCE: fORR etal, 1995.

The most prominent ultraviolet auroral emissions are ther@ltiplets at 1304 A and
1356 A and the\, Lyman Birge Hopfield (LBH) bands, with the exception of HldLy
(Hydrogen Lymana emission line) at 1216 A GERMANY et al, 1990 (GERMANY et al,
1994. The OI 1304 A emission is attenuated due to its high effiyefor multiple scat-
tering, and for this reason, its use for auroral imagingnsted, in spite of its possible use
as an indicator of oxygen concentration. The multiple scatg for Ol 1356 A and\,
LBH emissions can be ignored, because the multiple saagtefficiency is small in these
cases. The Ol 1356 A emission is highly absorbedbyin the Schumann Runge con-
tinuum, which makes the emission intensity vary with thegigation depth (increasing
energy) of the incident electrons sinGe density changes with the altitude.

TheN; LBH emission is a result of the excitation mechanism by etectmpact because
this emission is a dipole electric forbidden transitionefidfore, the LBH emission in-
tensity is directly proportional to the auroral energy flajeicted by particle precipitation
into the atmosphere, neglecting the photoelectrons pextioa the daysiderORR et al,
1995 (GERMANY et al, 1990 (GERMANY et al, 1998. However, the LBHs emission is
attenuated in the atmosphere because shorter LBH wavhkesiijt lie in the range of the
O, absorption. Then, the LBHs emission varies with partickcjpitation depth penetra-
tion, and in other words, with the energy of the injected iplas. Those production and
loss processes dependent on particle mean energies abouséhof such emission as a
diagnostic of mean energy. On the other hand, as these lossgses are not present in
the LBHI wavelength range, the LBHI emission is more indéckto measure the energy
flux.
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The LBHI emission would be then exclusively dependent omggntux and totally inde-
pendent of average energy as modeledeymany et al(1990 (GERMANY etal, 1994 .

In this model, the LBH is modeled as an ideal case of two LBHdsaonne at the wave-
lengths where there is absorption and the other one whezauation is ignored. But,
in practice, the LBH bandpass ranges are constituted by rbangls with consequently
different loss factors.

Figure2.2shows modeled vertical column brightness versus mean grferga Gaussian
energy distribution with an influx energy ofrdW/n?, considering the UVI instrumental
bandpass@ERMANY et al, 1998. In this more realistic case, the LBHI emission intensity
changes by roughly 10% between 1 and 10 keV, and therefoleads to the fact that
LBHI emission presents a weak dependence on average erdsgy.the same model
shows a small dependence on other variables as diurnagrsdamagnetic activity and
neutral atmospheric composition changes. Thus, as allfteete mentioned are negligi-
ble, they can be ignored for the energy calculation.
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Figure 2.2 - Modeled vertical column brightness versus nexsrgy for LBHI and LBHs wave-

length range.
SOURCE: GERMANY et al, 1998.

Correct photometric calibration of the UVI instrument, feemed in laboratory and also
from the spacecraft in orbit, permits that the UVI resporsée directly related to the
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emission brightness. Before the UVI instrument counts aaodnverted to photon emis-
sion flux (photonsx cm 2 x s™1), some special care about calibration is needed. The
photons background should be removed because when the Wdsed up there are
still counts of photons. The pixel intensities shoud be hgemated since some pixels
are found brighter even if exposed to the same emissionsitiercach filter and each
integration interval should be calibrated taking into aguiche gain of the instrument for
each case.

The LBHI emission measured as photon flph¢tonsx cm 2 x s~1) can then be con-
verted into nadir surface brightnesdyleigh$ by a factor of 30.17 (photonsx< cm 2 x

s~1 = 30.17Rayleigh$. In turn, the surface brightness can be converted intcciafe
energy flux érgsx cm 2 x s~1), considering the almost linear proportion between these
two quantities as it can be observed in Fig@rd (GERMANY et al, 1998. The variation

of LBHI emission with mean energy can be neglected, as désclpreviously. There-
fore, the relation between LBHI emission and energy flux jshbtonsx cm 2 x s =
30.17/110.@&rgsx cm 2 x s L,

1.0

0.6

Vertical Brightness (kRy)

02

0 2 4 63 8 10
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Figure 2.3 - Modeled vertical column brightness versus gnéux for mean energies of 0.5, 1,
1.5 and 10 keV.
SOURCE: GERMANY et al, 1998.
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2.2 Data treatment

The key point of this work is to estimate quantitatively tmergyy deposition by particle
precipitation through auroral emissions in the UVI imagasrder to achieve that, some
steps had to be performed: raw UVI images need to be caldbeatd corrected, and solar
contamination must be removed from the data. In other wandages must have both
instrumental and solar backgrounds removed before asalysi

LBHI emissions in UVI images are directly proportional teefron precipitating energy
and, for this reason, are indicated for quantitative stsidspacecraft line of sight (LOS)
correction is applied to all LBHI images. Such correctioraepes the image for a nadir
view perspective, removing the apparent brightness erdmeant effect caused by the
spacecraft view angle. The LOS correction method is presenelow.

LOS corrected UVI images include auroral emissions and atgtesirable solar contri-
bution. Therefore, aurora energy estimate is obtained impwng the solar contribution
from the measured energy. We developed a method to estimatiayglow energy, and
then, calculate the auroral energy. As our interest in thoskwis a quantitative analysis,
we had to be careful about the accuracy of our method. Ourldaygstimate method
will be described later.

2.2.1 LOS correction

The spacecraft view angle changes during the orbit time,aana consequence, the ap-
parent emission brightness as well. The line of sight (LOSission intensity increases
with the instrument look angle due to the enlargement of titecal length path through
a given column-integrated emission lay&ERMANY et al, 1998. The spacecraft look
angleb is defined as the angle between the line at the emission paiichvgoes down
to the center of the Earth (local zenith) and the line coringdhe emission point to the
satellite.

Figure 2.4 shows LOS brightness intensity versus spacecraft lookeafuyl LBHI and
LBHs band emissions with a mean energy of 10 keV. Each mogmlet is associated
with a single pixel in the UVI field of view. The cosine line sem Figure2.4 is the
LOS intensity enhancement caused only by geometric fackmsthe LBHI emission,
the brightness increase behavior is close to cosine, ajthdyresents a slight difference
caused by a non-geometric component. The enha@geabsorption along the slant path
becomes a competition factor with the augmented emissibithwesults in an emission
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intensity value less than expected by the LOS geom&BRIMANY et al, 1998. Such
loss processes are addressed to the shorter wavelengtiesldBHI band. The absorbed
wavelengths are a negligible part of the total LBHI band, tmg, it is a small effect for
the LBHI filter. On the other hand, the LBHs band emission isesrelly affected by the
slant path and can not be corrected by the LOS geometry.
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Figure 2.4 - Modeled LOS brightness intensity versus spaftelook angle for LBHI and LBHs
band emissions with a mean energy of 10 keV. Each modeled pepnesents an
observation corresponding to a single pixel of the UVI fieldriew. The cosine line
is the LOS intensity enhancement caused by only geometioria
SOURCE: GERMANY et al, 1998.

UVI LBHI images can be corrected by the LOS geometry fact@nthThis correction
changes the image for a nadir view perspective (null lookenegeplacing the spacecraft
position to the end of a vertical line (local zenith) pasgimpugh the emission point. An
empirical fit of the cosine line and the LBHI LOS enhancemsrgiven by GERMANY et
al,, 1998:

€0.06(1- 55

In this work, LOS correction, determined by Equati®d, is applied to all UVI images,
since we use the LBHI filter.
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2.2.2 Dayglow estimate method

UVI images contain auroral emissions and solar bright d¢oution as well. The solar
contamination, known as dayglow, is generated by phottreles produced by solar EUV
(Extreme UltraViolet) radiation and scattered solar UVttaViolet) photons. The UVI

instrument on board Polar satellite was built carefully ey to reduce drastically the
dayglow on the data. Despite of that, there is still somersmatribution which should

be removed, if the auroral energy estimate is desirable.

First, it is necessary to estimate the dayglow energy inrdalbe able to remove it from

the UVI images. An important assumption here is that pixath whe same solar zenith
angle (sza) present the same dayglow intensities (soléhzamle is defined between the
pixel-Sun line and the local zenith). For this reason, thettav estimate is approximated
as only a function of sza.

The data used in the dayglow estimate as well as in the eveantsrence are restricted
for the year of 1998. Along the year, the sunlit region chandjge to the Earth’s axis tilt
variation. In this case, the region imaged by UVI was the m@ale. Dayglow is then
estimated by binning image pixels by solar zenith angle. &ww, auroral emissions had
to be excluded from this calculation. In this work, the UVlages were chosen care-
fully so there was no auroral contribution on the data. Thas wuite a challenge because
auroral region presents some magnetic activity most of ithe.tFor this reason, auro-
ral contribution is considered negligible when UVI imagessent really low magnetic
activity.

A set of 1,308 UVI images was used for gathering pixels adogrtb sza. The power
average was calculated for each sza bin allowing the dayglosvgy be estimated in
function of sza. UVI energy, obtained in photon flux units,reveonverted to units of
power to obtain energy average. The power quantity has nerdkgmce on area, as energy
flux, and can be easily summed. Power average was then divydibe pixel area in order
to get dayglow in units of energy flux. FiguBe5shows the dayglow energy flux average
obtained in this work.

Even though our data is constituted by a reasonable numhé&viaimages, there is a lack
of dayglow estimate for smaller and larger sza values, as swgddrexpect. These extreme
sza angle pixels are located in lower latitudes which mehas the instrument rarely
images these regions. In such sza ranges, the errors drétettee energy flux average, are
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large due to the reduced number of pixels in the bins.
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Figure 2.6 - Number of pixels contained in the bins in functod solar zenith angle.

Figure 2.6 displays the number of pixels in each sza bin. In order to mize¢ errors
caused by a small number of pixels in some bins, only groupk mumber of pixels
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greater than 75% of the most “populated” bin are consideszd.h
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Figure 2.7 - Black color line represents dayglow averagegniux calculated for bins where the
number of pixels is greater than 75% of the most “populated’ Gray color line
corresponds to a dayglow estimate extrapolating the pusvestimate with the help
of an empirical function fronGermany et al(1990.

With all previous data treatment so far, the dayglow enengy éistimate (black color) is
limited to a small range within sza extent (1 to 180 degress)ye can observe in Figure
2.7. Since dayglow will be removed from UVI images afterwards estimate needs to
cover all the sza range.

An empirical function is then used to extrapolate the daygmergy estimate to all sza
values. The empirical equation is given [BERMANY et al, 1990):

dayglow= ampx cos’(phix sz, (2.2)

whereampis the amplitudephi andszaare the angles: the amplitude is an adjustment
due to the solar activity variation; trezaangle is calculated for the pixel located on the
surface of the Earth; the angpi is an adjustment to sza due to the fact that the pixel
source is in the atmosphere, above the surface of the Earth.

The parameteramp and phi, present in Equatior2.2, are determined for the best fit
with the dayglow energy flux estimated from data, indicatgdhlack color line in Figure

26



2.7. All of that was calculated with the help of a routine devadpn this step, using a
statistical method known as Chi Square, which simply caled the minimum difference
for each point. The final dayglow energy flux estimate is shawRigure2.7, as a gray
color line, in function of sza.

Therefore, a dayglow energy flux estimate was obtained by thodedeveloped in the
course of this work. During all the steps here, a special ea® focused on creating an
accurate method in order to obtain reliable outcome.

2.3 UVl auroral energy estimate

As already mentioned previously, our intention is to estarguantitatively particle pre-
cipitation energy through auroral emissions from UVI imagAll the discussed data
treatment becomes necessary since the aim is the aurorglyeredculation. LOS cor-
rection as well as the dayglow energy estimate have then pedormed over the UVI
images. In doing this, solar contribution can be subtra@teh LBH long UVI images.
Figure2.8shows UVI LBHI images with (panel a) and without (panel b) glayv contri-
bution. After all, auroral energy can finally be evaluated.

The next step was to determine the best way of obtaining aleoergy. The calculation
over each pixel is not so useful since its size is highly \@ealuring the satellite orbit.
Then, two manners of estimating auroral energy have bedarped in this work. First,
energy flux was calculated as an average for bins 6frhfignetic latitude and 3 hours
Local Time (LT) size. Second, it was computed for the entinoeal region, from 50 to
90° magnetic latitude. Each UVI image had to be checked befaestimate in order to
avoid "bad" data, which means that the image should not laes br spots not produced
by emissions.

The energy estimate from 1@atitude and 3 hours Local Time (LT) bins yields informa-
tion about what is happening locally during an auroral evénthis step, an algorithm
was developed to calculate energy flux for each bin in UVI iesagnd to restrict the data
only for bins with all the area within the UVI field of view. Wlei spatial resolution is
sacrified by not working at the per pixel level, the uncettiiemin the parameters inferred
from the UVI images are reduced when averaging over theaats.

For global analyses, energy is computed for the entire auregion. UVI field of view
changes significantly during the Polar’s orbit, and consedjy, the imaged area also
varies notably. Then, energy flux in the whole field of viewwka@ strong dependence
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Figure 2.8 - LBHI UVI image of April 23, 1998 at 23:59:13 UT.

on the computational area. In order to minimize such infleemacea is limited to 60%
of the total auroral region considered here as ®090" latitude range. This theoretical
area is not reached by the UVI field of view which makes the ehgsercentage number
a reasonable value.

The previous global and local auroral energy calculationtho@s are then complemen-
tary. Auroral energy estimated for bins has no area depemdbat it yields only local
information. On the other hand, the total auroral regionrgy@rovides global scanning
of the auroral activity although some area influence stithaens. Both procedures are
necessary and complementary in order to obtain more praogd@ccurate results.
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2.4 NOAA POES Hemispheric power

Hemispheric power is an estimate of the precipitating prfpower responsible for the

aurora phenomen&KERY etal, 2006. Particle precipitation is monitored during a single
transit over the polar region, and afterwards, power inpwdstimated over all the polar

region.

Instruments are flown on board the NOAA Polar-orbiting Ofieraal Environmental
Satellite (POES) which refers to a series of polar orbitingt@orological satellites first
launched in November of 1978, formerly named TIROS. The epadts are character-
ized by low-altitude (850 km) and polar (98 degrees inclor@torbit (NOAA, 2007).

The Total Energy Detector (TED) monitors energy fluxes frdecons and positive ions
over the energy range between 50 and 20,000 eV. The deteaton@s over the energetic
charged-particle environment near Earth by counting thi@sécles which pass through
the analyzers.

Hemispheric power is estimated as the total power depositéice entire polar region
through measurements obtained during a unique satelliteqgiaabout 25 minutes. Ob-
servations performed since 1978 from around 300,000 spaitéacks over the polar
region are used to correct the estimate by taking into addomm the satellite passes over
a statistical auroral oval. Figur2.9 displays power flux rgs/cn?/s) in the statistical
auroral oval extrapolated from measurements during asipass in September 30, 2010,
as an example. Black line identifies the spacecraft trackla@e@stimated power for this
pattern is 2.3 GW.

The precipitation power estimated by this method is diyed#rived from observations
and becomes a comparison tool in relation to the UVI evadmatiethod. Although UVI
has a much better resolution, it is still worth to examinenboethod results.
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2.5 Events selection

Magnetic storms were selected for the year of 1998. From a aftsix events, three
of them have long recovery phase duration, more than two,days are named LRP.
The three left events correspond to magnetic storms cangaghort interval of recovery
phase, less than two days, and are so-called SRP. This tmiétlivo days) was obtained
from HILDCAA definition (TSURUTANI; GONZALEZ, 1987).

The selected events shown below are described in detailsaptér3:

a) Event1 - SRP - January 6 to 8, 1998;
b) Event2 - SRP - June 14 to 15, 1998;
c) Event 3 - SRP - June 25to 27, 1998;
d) Event4 - LRP- April 23 to 30, 1998;
e) Event5 - LRP - July 22 to 26, 1998;

f) Event 6 - LRP - August 26 to September 3rd, 1998.
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3 EVENTS CHARACTERISTICS

In this work, the events were selected according to the mgophase duration within
magnetic storms. Longtime recovering during storms are@ated with HILDCAA phe-
nomena occurrenca@ $URUTANI; GONZALEZ, 1987). The six selected events are then pri-
marily organized in two groups. One gathers magnetic stavhish are characterized by
short recovery phases and named SRP events. The other enebdss events presenting
long recovery phase feature, wich are labeled by LRP evé@his.characteristics of the
events divided in SRP and LRP are displayed in t&ble

Table 3.1 -Characteristics of the events

| SRP events |
Event Date Recovery phase¢ Dst minimum|  Activity level

1 January 6-8, 1998 1.25 days -77nT moderate

2 June 14-15, 1998 1.08 days -55 nT moderate

3 June 25-27, 1998 1.50 days -101 nT moderate/intense
| LRP events |

4 April 23-30, 1998 6.13 days -69 nT moderate

5 July 22-29, 1998 5.00 days -48 nT weak

6 Agust 26-September 3rd, 1998 7.17 days -158 nT intense

All the events are selected within 1998, since the dayglossignated only for the same
year. Events 4 and 5 are also classified as HILDCAASGmarnieri(2006, since they
satisfy all the criteria imposed Bsurutani e Gonzaled987).

Figures3.1to 3.6 display the low (Dst, SYM-H and ASY-H) and high latitude (AL
and AU) geomagnetic indices for each event. Dst is an houdgsurement of the mag-
netic field horizontal component variation at low latitugesl is an indicator of the ring
current intensity $UGIURA, 1964). SYM-H represents the magnitude of the uniform field
parallel to the dipole axis generated by the symmetric ringent. ASY-H is obtained
by subtracting the symmetric component from each disturedield (YEMORI, 1990.
AE index is also computed from variations in the magnetidfi@brizontal component
measured by stations located in the Northern auroral zeARIOE; ROSTOKER 2004).
Actually, AE index is defined by the difference between AU aldindices which, in
turn, are associated to the westward and eastward aurect@kts ROSTOKER 1972
DAVIS; SUGIURA, 1966. These geomagnetic indices are available on WDC (WorléDat
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Center) for Geomagnetism, at Kyoto Universikyr©TO, 2010.

Event 1 occurs within the time interval of January, 6 to 8,899 gure3.1displays AE,
AL and AU indices in the first column, and Dst, SYM-H and ASY+Hhe second column.
Three lines seen in Figure indicate the main and recovergedaration. According to
Dst index, the main phase of a magnetic storm starts with tagimum Dst value, at
6.63 doy (days of year in UT) (6, 15:07:12 UT), and ends at temum Dst time value,
which is 7.21 doy (7, 05:02:24 UT), resulting in a duratiotemval of 0.58 day. Recovery
phase covers the interval between minimum and maximum Dsesaextending from
7.21 to 8.46 doy (8, 11:02:24 UT). This phase lasts 1.25 daysh event is labeled as
SRP type due to its recovery phase duration time.
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Figure 3.1 - Geomagnetic indices for the event occurred owaly 6-8, 1998, SRP (Event 1).
AE, AL and AU indices are displayed in the first column. Dst,N$¥4 and ASY-H
are located in the second column.

Dst reaches the minimum at -77 nT which indicates the beggaf the recovery phase.
According toGonzalez et al(1994 definition, this magnetic storm is considered mod-
erate. Dst profile presents a smooth behavior, althoughutiticins can be observed in
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SYM-H and ASY-H indices. As such indices present finer resofuthan Dst, that indi-
cates the presence of fluctuations of the order SYM-H and AS¥ata resolution. AE
index shows an initial peak at about 1,150 nT which lasts aBduhours. Then, the pro-
file follows to high values until Dst minimum and starts to gexse continuously up to
7.75 doy (7, 18:00:00 UT). AE index is already within calm ddions while Dst is still
recovering to pre-storm values.
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Figure 3.2 - Geomagnetic indices for the event occurred ae 14-16, 1998, SRP (Event 2). AE,
AL and AU indices are displayed in the first column. Dst, SYMahd ASY-H are
located in the second column.

Event 2 is also classified as SRP (Fig8r8). Magnetic storm time interval corresponds
to June 14-16, 1998. Main phase starts at 165.17 (165, G¥8Q4T) and ends at 165.46
doy (165, 11:02:24 UT), which gives a duration interval 2®days. Recovery phase
covers a time period of 1.08 days, extending from 165.46 &34doy (166, 12:57:36
uT).

This magnetic storm is classified as moderate since minimgivBlue is -55 nT. AE
peaks at 1000 nT at the beginning of main phase. AE valuesdgareasing towards
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main-recovery phase transition where it turns to grow. At#ti65.6 doy (165, 14:24:00),
it diminishes rapidly to lower values, less than 200 nT. ABraents again after 166.2 doy,
simultaneously with some decays in the Dst index.
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Figure 3.3 - Geomagnetic indices for the event occurred ae 25-27, 1998, SRP (Event 3). AE,
AL and AU indices are displayed in the first column. Dst, SYMahd ASY-H are
located in the second column.

Event 3 is a SRP phenomenon occurring within June 25-27,(R98re 3.3). Magnetic
storm main phase lasts 0.46 day, from 176.75 (176, 18:00'D0t&/177.21 doy (177,
05:02:24 UT). Recovery phase time interval takes 1.5 daxtending from 177.21 to
178.71 doy (178, 17:02:24 UT).

Dst reaches the minimum at -101 nT which falls in a transiboondary between moder-
ate and intense magnetic storms. AE peaks at about 1,400thBarne delay comparing
to the main phase start but following the abrupt Dst behavior

Differently from previous cases, Event 4 is labeled as LR& @rcurs within April 23-
30, 1998 (Figured.4). Main phase time interval is 0.5 day and extends from 11883
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Figure 3.4 - Geomagnetic indices for the event occurred onl 28-30, 1998, LRP (Event 4).
AE, AL and AU indices are displayed in the first column. Dst,N$¥4 and ASY-H
are located in the second column.

114.33 doy (113, 19:55:12 to 114, 07:55:12 UT) while recgpy@rase takes 6.13 days,
from 114.33 to 120.46 doy (114, 07:55:12 to 120,11:02:24.UT)

In this case, Dst index peaks at -69 nT which brings this mégiséorm to moderate
status. Both AE and Dst present a much more fluctuating prfileRP than in SRP
events. AE peaks around 1,400 nT which is coincident withtam@t decay in the Dst
index. During all the recovery phase, AE index exhibits higtensity and variability.
Quiet values are reached at the end of the phase.

Event 5 occurs on July, 22 to 29, and it is also classified as (HRRure3.5). Main phase
lasts 1 day, covering the range of 203.67 (203, 16:04:48 02p#.67 doy (204, 16:04:48
UT). Recovery phase comprehends 204.67 to 209.67 doy (BO® U8 UT) time interval
which gives a 5 day duration.

According to geomagnetic indices in Figu8eb, Dst peaks at -48 nT and the magnetic
storm is classified as weak. AE index is observed as intertgbigrg a peak at 1,400 nT
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Figure 3.5 - Geomagnetic indices for the event occurred §n2R+29, 1998, LRP (Event 5). AE,
AL and AU indices are displayed in the first column. Dst, SYMaHd ASY-H are
located in the second column.

and falls to low values for more than one day interval, betbeeend of the storm.

Finally, Event 6, also a LRP storm type, extends from Augéstd?September 3rd, 1998
(Figure3.6). Main phase lasts 1.04 days, within the interval of 238288( 09:07:12 UT)
to 239.42 doy (239, 10:04:48 UT), while recovery phase také3g days, from 239.42
doy (239, 10:04:48 UT) to 246.58 (246, 13:55:12 UT).

Dst reaches the minimum at -158 nT. Hence, this magnetiasi®rvithin intense defi-
nition. AE peaks at about 1,800 nT and present the same flirajuaehavior as previous
LRP events.

A sequence of UVI images with dayglow removed and LOS cowadcipplied for Events

2 and 4 are presented in Figuré¥ and 3.8 as examples of SRP and LRP phenomena,
respectively. UVI images permit to follow the spatial evada of the auroral activity, in
this case, during magnetic storms.
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Figure 3.7 - UVI images during magnetic storm. June 14-1981$RP (Event 2).
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4 RESULTS: AURORAL ENERGY INPUT

Auroral energy input in the polar region can be derived frovl images by applying
correction methods. Besides all the satellite position@alidbration improvements, day-
glow estimate method is an important and essential tool taiolauroral energy. Such
procedure allows us to estimate the dayglow energy and rentdvom the UVI im-
ages resulting in an auroral energy evaluation. Hence raluemergy can be computed
for phenomena of interest in order to obtain clues about anknphysical processes and
mechanisms.

Electron precipitating energy is obtained from UVI imagesidg the selected magnetic
storms. Global and local energy estimates are used to éeghmenergy input intensity
and the differences between SRP and LRP events. Thesesrasellshown in Section
4.1 An important task is to investigate how polar precipitataifects the equatorial and
auroral current systems. Sectidr® brings this discussion.

Besides UVI energy estimate method, there are other maohersaluating auroral pre-
cipitation energy. Hemispheric power is estimated fromeobations of particles influx
by NOAA POES extrapolated for the entire auroral region lafistical models. Auroral
energy deposition can also be calculated from geomagmeticas such as AL and AE,
which reasonably reflect changes in the precipitation patd_inear and nonlinear em-
pirical relations are used to obtain electron precipitatemergy. All these methods are
discussed and compared in Sectb

4.1 UVI Auroral Energy input estimate

Auroral observations can provide important informationtbe dynamics of solar wind-
magnetospheric-ionospheric interactions. This is pdssiue to the fact that aurora
brightness can be related to the energy input into the athesep

Auroral emission intensity within LBH range is directly partional to the energy flux
injected by particle precipitation into the atmospheree THBH emission is attenuated
in the atmosphere since shorter LBH (LBHs) wavelengthklgiln the range of thé,
absorption. Hence, LBH long (LBHI) emissions are more iatkd to compute energy
input in the auroral region. Even taking care about the idealelength emission, there
is still solar contribution (dayglow) present in the UVI iges. For this reason, a day-
glow estimate method was developed in this work. This toalenaossible the dayglow
energy removal from each UVI image of the Northern hemisph&herefore, auroral
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energy could be calculated in UVI images through LBH long ssiains with no solar
contribution.

Figures4.1 and4.2 display energy flux for SRP and LRP events, respectivelytiddr
lines seen in Figures indicate main and recovery phaseidar&nergy flux is calculated
over the area within the UVI field of view corresponding to leéiene (Universal Time -
UT). As already mentioned, the Polar spacecraft takes at®tiburs to complete a 9.0
by 1.8 Re orbit. In this case, auroral oval is covered globally only fiistances greater
than about &g, which means roughly nine hours, assuming that the equatdrauroral
oval boundary is near 60ML (magnetic latitude). In order to minimize area variation
influence on the energy estimate, data corresponding toawaea values greater than
60% of the total auroral region is not considered. Total &essumed to cover from 50
to 90° ML. Lack of data is represented by blanks on the plot.

Energy flux computed from the available data shows that LR#Atsvare more energetic
than SRP. Energy flux peaks at arounerg@s/cn? /sin Figure4.1and about &rgs/cn?/s

in Figure4.2 Moreover, LRP energy flux is found to be highly variable wikempared to
SRP phenomena. Particle precipitation energy seems togpeakd Dst minimum during
all the cases where available data allow an analysis.

Even though auroral region area accounted for the energyefitimate may not change
significantly, some trace of the area variability can be witihe energy evaluation. For
this reason, energy flux was computed for each invariabla afel0’ ML and 3h LT
(Local time) extending from 50to 90° ML. The energy estimated in the sectors was
based in the restricted data used previously for the totiggncalculation which auroral
area values should be greater than 60% of the total theateticoral region. Figure$.3
to 4.5and Figuregl.6to 4.8 show energy flux computed for each sector’ (ML and 3h
LT area) during June 14-16, 1998 (Event 2), a SRP event, amidl 28330, 1998 (Event
4), a LRP phenomenon, respectively. There is a large lacktaffdr 50 to 60° ML range
and it is not displayed here. Sector energy flux for the otlients are shown in Appendix
A.

The energy flux variability can still be observed in Figu#e8to 4.5 and Figurest.6to
4.8, even though the area used in the calculation is constarR. é\Rnts exhibit higher
variable energy flux when compared to SRP events, which cosfiur previous findings.
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The midnight region is an active region in the auroral zongufes4.9 and4.10show
the energy flux computed for all the polar region (black) aodd region around mid-
night (red) for SRP and LRP phenomena, respectively. Thaigiid area was considered
to extend from 21 to 3 LT and from 8Go 90° ML. Usually, the midnight energy flux
presents similar behavior to that computed for the totabalrarea. Again, energy flux
presents more variability for LRP than SRP events. The mgiairarea is kept constant on
the energy flux computation which garantees that the enangy#riability is not due to
the area influence.
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Besides studying the energy flux behavior with time, it iDal®rth looking at the inten-
sities during the phases of a magnetic storm. Figdtéd and4.12display energy flux
versus LT sector number for each®1BIL during main and recovery phase for a SRP
(Event 2) and LRP (Event 4) magnetic storm, respectivelg data used here also cor-
responds to auroral area values greater than 60% of theth&tafetical auroral region.
Results for the other events are presented in the AppeBdBector number refers to 3h
LT intervals starting at midnight (O LT). Then, sectors 1,72and 8 are located in the
nightside while 3 to 6 sector numbers refer to the daysidéhdigh we present here only
the results for Events 2 and 4, all the events are describledvbe

Event 1 (SRP) presents higher values at sectors 7 and 8 ngeaikabout &rgs/cnt/s,
for 80° to 9¢° ML range for all LT during recovery phase. There is no datanfi@in phase
in this event. High activity takes place in the10 80° ML range from 15 to 24 LT during
recovery time, with energy flux peaking at.0@rgs/cn?/s. High nightside activity for
60° to 70° ML, reaching 16ergs/cn?/s close to midnight, can be observed.

Event 2 (SRP) also exhibits low values peaking & &rgs/cn?/s, for 80° to 90° ML
during main phase (Figurd.1]). It is noticeable a localized high activity reaching
6.0 ergs/cn?/s, from 15 to 24 LT in the 70to 8C° region, during recovery phase. In
the 60 to 70> ML interval, energy flux is high in the nightside, reachingei@s/cn?/s
for main phase and.8 ergs/cn?/s during recovery time.

Event 3 (SRP) shows low values (less thadetgs/cn? /s) for 80° to 90° ML during main
phase. High activity is seen near dusk during recovery steties latitude range, peaking
at 50 ergs/cn?/s. High energy flux intensities are found within recovery tifnem 15
to 24 LT for 70 to 8C° (peaks at ®rgs/cn?/s). Energy flux reaches &gs/cn?/sin the
60° to 70° ML range during recovery period.

Event 4 (LRP) presents energy flux values less thare®)s/cn?/s for the whole storm
in the 80 to 90° ML range. In relation to 70untill 80° ML region, higher auroral ac-
tivity is concentrated from 0 to 9 LT during main stage (peakat 65 ergs/cn?/s). In
the recovery time, high values are found in the nightsidadnéng 8ergs/cn¥/s), and
the energy flux behavior shows a symmetric feature in the flbé 60 to 70° region
during recovery phase also present such symmetry (highegerflux values peaking at
11.5 ergs/cn?/s in the nightside and lower in the dayside). This charadieriadicates
that the auroral energy flux intensities are distributed @lethe polar region, despite of
the dayside magnitudes are smaller.
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Event 5 (LRP) shows energy flux peaking at aboer@s/cn?/s and 5ergs/cn?/s in
the 80 to 90° ML interval during main and recovery phases, respectivéighin 70° to
80° ML region, energy flux reachesFergs/cn?/s and 11ergs/cn?/sin the main and
recovery stages. Higher activity is also observed in thatsige in this latitude range.

Event 6 (LRP) present energy flux peaking arouretd@s/cn?/s within 80° to 9¢° ML
region during the magnetic storm. Energy flux is observedeamnotense in the night-
side, peaking at 13 ergs/cn?/s during main phase and at Etgs/cn?/s) in the re-
covery process, in the range of 7@ 80° ML. Energy flux peaks at 1&rgs/cn?/s and
12 ergs/cn? /s during main and recovery times from 6@ 70° ML. The activity is ob-
served mostly in the nightside.

For all the events, it is possible to observe that sector reumb to 8 (15 to 24 LT) near
dusk present larger energy flux values mostly in thé 080" ML range. This is an
indicator that the duskside is a very active region for magr&orms in general. LRP
seems to be a more energetic process though such differeesendt look considerable.
Otherwise, a large quantity of energy can be deposited darictRP magnetic storm since
it is a longtime phenomenon.
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Figure 4.11 - Energy flux versus LT sector number for eachMQ. Sector number refers to 3h
LT intervals starting at midnight (0 LT). Main and recoverygses are displayed in
panels (a) and (b). SRP (Event 2)
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4.2 Relation between UVI auroral power and geomagnetic indies

Fluctuations in the magnetic field are addressed to extemades of the Eartli4COBS
1987. The evolution and intensity of such magnetic variatioms be monitored by geo-
magnetic indices. This important tool yields informationtbe geomagnetic activity level
as well as about the magnetospheric processes and meckanism

Geomagnetic indices can be compared to other physical gaeasnin order to obtain
clues about the solar wind-magnetosphere interactioticRaprecipitation in the auroral
region during magnetic storms have a questionable soulaes, The auroral power input
can be compared to geomagnetic indices, which, in turn,edated to global measure-
ments of the processes occurring in the magnetosphere.

Correlation coefficient is a direct measurement of how twiadat (X,Y) vary jointly and
is defined by:
covariance of X and Y

= (standard deviation of Xstandard deviationof Y (4.1)

In this work, correlation between precipitating power ihpnd geomagnetic indices was
calculated during main and recovery phases for the six stbevents. Electron precipi-
tation influence has been investigated on the low and higfadigt current systems. Table
4.1and4.2bring the correlation coefficients between power and geometgindices for
main and recovery phases. The correlation could not be ctedpmiuring main phase of
Event 1 due to the lack of data.

In order to complement the correlation estimate, predipiggpower versus high and low
latitude geomagnetic indices during main and recovery @hase displayed in Figures
4.13t0 4.18 Auroral indices as AE, AL and AE are shown in the first colummle Dst,
SYM-H and ASY-H named equatorial indices are found in thesdaolumn.
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Table 4.1 -Correlation between auroral power input and geomagnetitidas for the main phase
of the events.

| Events| AE | AL | AU | Dst | SYM [ ASY |
| 2(SRP)[ -0.79] 0.58 [ -0.85] -0.91] -0.87] -0.15]
| 3(SRP)[ -0.31] 0.45 [ 0.09 [ -0.28] -0.28] 0.12 |
| 4(LRP)| 0.88 | -0.9 | 0.04 | -0.82[ -0.87| 0.84 |
| 5(LRP)[ 0.61] -0.6 [ 0.34 [ -0.62] -0.61] 0.1 |
|6 (LRP)[ 0.39]-0.41] 0.05[-0.13] -0.08] 0.17 |

Table 4.2 Correlation between auroral power input and geomagnetuides for the recovery
phase of the events.

| Events| AE | AL | AU | Dst [ SYM [ ASY |
| 1(SRP)| 0.94] -0.93] 0.80 | -0.92] -0.92| 0.85 |
| 2(SRP)] 0.79] -0.86] -0.03] -0.79] -0.84 | 0.90 |
| 3(SRP)] 0.5 ]-0.47] 0.33]-0.67] -0.59] 0.66 |
| 4(LRP)| 0.58| -0.48| 0.6 | -0.61| -0.53| 0.61 |
| 5(LRP)] 0.3 ]-0.19] 0.37 [ -0.58] -0.67 | -0.06 |
[ 6 (LRP)] 0.49] -0.43] 0.47 [ -0.54] -0.61] 0.47 |

Power-index relations for the recovery phase of the Ever8RR) are shown in Figure
4.13 There was not enough data for the main phase. Clearly, taopgrare identified
in the plots, one at lower power and index values and the atherfor higher values.
The slight power (less than 10 GW) is found to be associatéu lsiv magnetic activity
around 8 doy UT. Precipitating power is well correlated waththe indices as observed
through the correlation coefficients obtained in taBjl although that is not obvious
from the plots. Precipitating electrons seem to be lineadyociated with the total ring
current and the auroral eletroject enhancements whichesigghat the magnetic storm
is a consequence of global processes.

Event 2 (SRP) is displayed in Figu4el4 There is a low energy group of less than 10 GW
in the main phase, which does not behave as the majority Dating main phase, only
ASY-H index does not present good correlation to auroral gowhich means that the
asymmetric ring current is not clearly associated with tlm@eal electron precipitation in
this event stage. The fact that AE, AU and AL indices are incgagreement with power
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Figure 4.13 - Auroral power input versus geomagnetic inslideE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the sed column.
Recovery phase (Event 1-SRP).

suggest precipitating electrons strongly influence themlielectrojets. In the recovery
phase, all indices present good correlation coefficiertt exiception of the AU index. The
relation of AE, AL and ASY-H indices and power can be easilgrse the plots. Thus,
precipitating electrons may be associated with the westetatroject and somehow with
the ring current increase.

During the main phase of the Event 3 (SRP), there is no cléatioa between precipi-
tating power and geomagnetic indices as observed in Figiigand confirmed by the
computed correlation coefficients. Apparently, it is netlca high energy data group in
the recovery stage, greater than 40 GW, for AE, AL and SYM-Hicl does not change
as much as the indices increase. Such data seems to be Ineatadain-recovery phase
transition which suggests that the energy input is not agstwith the indices close to
high activity peak (near Dst minimum) or maybe the magnegicvariation is caused by
another source but electron precipitation. Tahshows a bad correlation coefficient for
AU index. It is believed that the correlation coefficients AE, AL and SYM-H would
be higher if that group data was neglected. Anyway, it is edtbat electron precipitation
may not affect eastward electrojet in this case.

Power input is observed as well related to the geomagnetices, except AU index,
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during the main phase of the Event 4 (LRP), as shown in Figur@and by the correlation

coefficients. Hence, electron energy input does not affeeatly the eastward electrojet.
In the recovery phase, besides the data looks spread inyerarge along the indices, it
is possible to observe good relations for all geomagneticées. This indicates that the
particle precipitation in this case is a consequence of bajlphenomenon which may
contribute to the long recovery phase duration.

During Event 5 (LRP), displayed in Figukel17, only AE index is easily seen to be re-
lated linearly with power input though the correlation da@énts indicate that only AU
and ASY-H are clearly not related to the precipitating egefthis way, the westward
eletroject and symmetric ring curren enhancement may beceged with electron pre-
cipitation. For the recovery time, SYM-H index suggestd tha symmetric ring current
increases at the same pace as particle precipitation engngg/fact is an indicator that
the long recovery phase can be associated with a ring clergr@dncement or to the same
energy source.

Figure4.18brings magnetic storm Event 6. During main phase there idewsr celation
between energy input and the indices. In the recovery pAdsand AL may have a good
agreement with precipitating power though it is not obvioGsrrelation coefficient is
higher for SYM-H which suggests that the symmetric currectéase may be related to
electron precipitating in the auroral region.

All the magnetic storms seem to be linearly related to thg cimrent enhancement during
recovery phase, some of them with only the symmetric partst\dbthe recovery stages
are also associated with both electrojet increases andtsoeseonly to the westward
system, but never to the eastward component. Correlatiefficients are low for Event
6, but looking at Figuret.18 non-correlation between AE/AL and auroral power is not
clear.
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Figure 4.14 - Auroral power input versus geomagnetic inglideE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the sed column.
(Event 2-SRP)

59



Pawer (GW) Power (GW)

Power (GW)

Power (GW) Power (GW)

Power (GW)

Figure 4.15 - Auroral power input versus geomagnetic inglideE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the sed column.

60 C 50
o - i
L 4 = L x 4
40 . & 40 : i
5 “
. . wx N § i .
xx ¢
20F b S 20¢ 1
wox xEFRX & i *
o “ o H
0 500 1000 1500 120 -100 -80 80 40 -20 O 20
AE (nT) Dst (nT)
60 ME 60 <
x x x X
- RS = F
AOF e 1 & 4of i - 1
T N = X o XX N
x X X g )z(x
201 B g 20p 1
X WMok o« x & B
0 0
1000 -800 -600 —400 -200 O 200 -150 ~100 -50 0 50
AL (nT) SYM—H (nT)
60 " 50 7
« «
40r e xx e ] g “or P
x % * x o S
x x X XX o x Bx
20+ 4 3 20 B
e X% & S
0 s * o Y x
0 100 200 300 400 500 800 0 20 40 B0 80 100 120 140
AU (nT) ASY—H (nT)
(a) Main phase
100
“ x _. 80 ¥
x x z % ! X x
o 80
o . pi b
2 40 I iy I
& ¥
20 “
0 L
1000 1500 ~120 100 -80 60 40 20 0
AE (nT) Dst (nT)
100 100
80 x X« E . 8Of ¥ E
* * x xx 3 T LI .
OF t o vk I AR e 1
40F * B L 4of o r. E
& o
20F 1 E 20F “ L
0 2 0 x ¥
—1200-1000 —800 —600 —400 —200 0O 200 —120 -100 -BO —60 —40  —20 0
AL (nT) SYM=H (nT)
100 100
80F “ {x o E _ 80F o «ox X E
R N = xRE %
E 5% x E 3 L iy N E
OF. et - - % gl by T
¢ «
40F B 2 40f B
- P i
20F . E 201 « B
LT oy
~100 0 100 200 300 400 0 20 40 50 80 100 120
AU (nT) ASY=H (nT)

(Event 3-SRP)

(b) Recovery phase

60



Pawer (GW) Power (GW)

Power (GW)

Power (GW) Power (GW)

Power (GW)

80 T
.
60F .
N N
a0F A X x ]
@{g:yé‘f
20F 3 2, X Bxx K x x i
0
o 200 400 500 800 1000
AE (nT)
80 -
60 E
wEG K .
s0F g 9 E
X e,
20b %X o g ]
kS
0
-1000 -BOO  -600  —400  -200 o
AL (nT)
80 " "
“ 5
60F " b
Eoxoxx, %
A0F xR g RN 1
I T
Xx. x % x x x
20F¥% % e ]
R XX X s T wosp B x
0
50 100 150 200 250 300
AU (nT)

Power (GW) Power (GW)

Power (GW)

80

60

Xm0

40

20

008000 X
e

—60

—4

0

80

60

40

20

-40

-20

20

80

60

20
x

5 x
LS

i

R

. %

20

(a) Main phase

0 200 400 500 800 1000
AE (nT)
80
“
60 x ]
s0F ]
.
20k E
o ;
—B0O0  —B00  —400  —200 0 200
AL (nT)
80
60F ]
s0f ]
20F b
0
~100 0 100 200 300 400
AU (nT)

Power (GW) Power (GW)

Power (GW)

40

60

80

ASY=H (nT)

100

120

80

60

40

-20

20

80

80

40

20

-80

—60

—40
SYM

-20
—H (nT)

0

80

B0

40

20

(b) Recovery phase

Figure 4.16 - Auroral power input versus geomagnetic inglideE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the sed column.
(Event 4-LRP)

61



80 80
—~ - I — —~ 7* |
= 60 TR < 0y, %
O " x o % x
< ol AET IO ST ] b ¥ . ] ]
2 X g gl PR o 2 i R
H B S H x i I i
T 20f &y < & 20F I 5% i E
x %X x x x ¥ ®
0 o
o 200 400 500 800 1000 50 40 -30 -20 -10 0 10
AE (nT) Dst (nT)
80 80
x x X % S
gGO*X F o« X o | gBOf &(x ixx |
e Xx, % ox o
- 4of g b S X E o 40f & % 1
e X Frogk Fs e X 2 X %0 g
H x - x . X 5 «
@ 20p xooxx Tx 1 @ 201 B
x x X B 3 X ¥ox x
0 o
~600 ~400 ~200 o —60 —40 -20 o 20
AL (nT) SYM=H (nT)
80 80
x* x x X x x x
< 60f o K ] < 8op X xR e
s OF L L mRER T ] Tk A .
2 LR X xxx 2 X x P
& 2ol N o § b o o« ]
0 0
0 100 200 300 400 500 10 20 30 40 50 60
AU (nT) ASY=H (nT)
(a) Main phase
120 = 120 M
100 : 3
— ~ ;
é é 80 : o 1]
N - - 60 TR %
g g i ii i ! i
H g 40 X ] !x
a o L]
20 ¥ I
0
o 200 400 600 800 1000 1200 -50 —40 -30 -20 -10
AE (nT) Dst (nT)
120 120 ™
- 100 F gwoo— R E
3 soF % 80F LI E
2 2 B
« B0OF ~ BOE x x *i xxX 3
g N LI i
S 40F . oxx T | II. !!! I H E
o o X 2 ¥
20F 20F XNk - E
o o MTLLITLT]
~1000 -800  -600  —400  -200 0 -50 —40 -30 -20 -10
AL (nT) SYM=H (nT)
120 120
100 E 100F E
= o | = o ]
g for L. & %
5 60F E 5 60f . E
3 40F E 3 40F 4 E
o o
20F E 20F E
0 o
-100 o 100 200 300 400 0 20 40 60 80 100
AU (nT) ASY=H (nT)

(Event 5-LRP)

(b) Recovery phase

62

Figure 4.17 - Auroral power input versus geomagnetic inglideE, AL and AE are displayed in
the first column while Dst, SYM-H and ASY-H are found in the sed column.
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4.3 Empirical auroral power from geomagnetic indices and Henispheric Power

In the past, there was no way to monitor directly precipitatnergy in function of time.
Energy dissipation had to be derived empirically from grddrased measurements, par-
ticularly from geomagnetic indiceg\kasofu (1981 expected that precipitating particle
powerUa would vary in harmony with AE index and proposed simple linedationships
between both:

Ua(erg s 1) = 10° x AE(y), (4.2)
wherey is an unit of magnetic field and is equal to 1 nT.

Particle injection energy is believed to be related to thghentegrated Hall conductiv-
ity ((AHN et al, 1983 and references therein). Most of the particle preciptatontri-
bution comes from near ionization density profile peak, atb@0 km to 130 km. It is
also conceived that electrons below 125 km are the main saifrceigh-integrated Hall
conductivity. North-south component of magnetic distudmfield is associated with the
heigh-integrated Hall conductivity, and then, particlery input can also be related to
it. Ahn et al.(1983 compared the calculated injected energy and auroral ggoetia
indices and obtained empirical linear relations given by:

Ua(W) = 0.6 x 10° x AE(nT), (4.3)

Ua(W) = 0.8 x 168 x AL(nT). (4.4)

Ostgaard et al(2002 claims we should not expect a linear relation between eact
energy deposition and geomagnetic indices. They obtainadthis relation has to be
described by a nonlinear relation, under assumptions HeafAE index is due to iono-
spheric Hall currents and the polar cap potential sligh#ifusates for large AE values.
They calculated precipitating particle energy from UVI atday emissions for five iso-
lated substorms. The strong and weak correlation with AL Addrespectively, suggest
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thatUa and Hall conductance increase are related to the westwactir@let but not to
the eastward system. They found that a nonlinear relatitwdsn the auroral indices,
selected only from well located stations, and the predipiggpower fits better to the data
as follows:

Ua(GW) = 4.6AEY2(nT) — 23, (4.5)

Ua(GW) = 4.4ALY2(nT) — 7.6, (4.6)

where the constants -23 GW and -7.6 GW indicate that therstdreurrents flowing
when there is no precipitation.

Nowadays, precipitation energy input can be estimated fatso instruments on board
satellites, and not only from geomagnetic indices. BesiledJVI energy estimate de-
veloped in this work, energy deposition is monitored by NOR@ES Hemispheric Power
as well EMERY et al, 2006 EMERY et al, 2008. The power deposited in the polar regions
by energetic particles is estimated during spacecrafsitamver the poles. Power flux
observations obtained during a single pass of the satellgea polar region (which takes
about 25 minutes) are used to estimate the total power depgasian entire polar region
by these auroral particles.

Energy deposition by auroral precipitation can then baresteed by ground and space-
based instruments. A comparison between those methodgtamt mainly with re-
spect to the comprehension of processes dominating theahetetrojects. Figure4.19

to 4.24 bring auroral precipitating power calculated from the gegmetic indices AE
(blue crosses) and AL (black triangles), estimated by U\Ag®s (red x’s), and the hemi-
spheric power (green squares) for all the events. Powet agnived from linear empirical
relations given by Equatiors3and4.4are shown in panel (a). The estimated power from
nonlinear method described by Equati@gnSand4.6is displayed in panel (b).

During Event 1 (SRP), as presented in Figdr&9 nonlinear relation derived from AL
seems to fit better to UVI estimate (Figu4el9(a). In this case, the linear evaluation
underestimates our UVI power input calculation (Figdr&9(b). Hemispheric power
sometimes overestimates power from all other methods.

Deposition power for Event 2 (SRP) is displayed in Figdt20 During main phase,
neither linear nor nonlinear power from geomagnetic ingib@ave similar behavior to
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UVI input power. Nonlinear estimate seems to be closer to pler values since linear
aproximation underestimates it.

During Event 3 (SRP), power from UVI looks shifted to thatrfreampirical methods
as observed in Figurd.21 Deposition power is better estimated by linear relatians i
the main phase while nonlinear fits reasonably in the regopkase though none really
describes the UVI power input.

Precipitating electron power from UVI images behaves sinylto that obtained by linear
functions in Event 4 (LRP), as seen in Figyw&2 Nonlinear method seems to overes-
timate power quantity, even compared to Hemispheric powkich sometimes is above
real values. It is important to notice that the high varigypibn the electron injection en-
ergy observed previously in the UVI method in this case ie aken in the empirical form
outcome.

Linear method also fits better in the Event 5 (LRP) which ipldiged in Figure4.23
As previous case, nonlinear function seems to overestithatpower input. Following
previous LRP behavior, Event 6 is better described by limeethods, as seen in Figure
4.24 Again, nonlinear functions derive power values much highan that from our UVI
method.

Looking only into the recovery phase of the events and cimgp&ir linear or nonlinear
methods, precipitation power derived from UVI aproximatesre to that obtained by
nonlinear functions during SRP phenomena. The oppositbssreed in the LRP mag-
netic storms group, where UVI power fits better to linear rnoethesults.

66



1.5%x10"
1.0x10" F .
= - |
o ]
=
O 4
o
5.0x10"F .
M i;; ™
0 ﬁ"?%&f
6 7 8 9
doy
(a) Linear empirical method
1.5%x10"
1.0x10" F
=
o
=
@]
[l
50x10"F
08 L
6 7 8 9
doy

(b) Nonlinear empirical method

Figure 4.19 - Auroral precipitating power (Watts) derivedrh different measurements. Black tri-
angles and blue crosses represent power derived from AL &iddex, respectively.
Red x’s refer to the power computed from UVI images. Greerasegi designate
Hemispheric Power. Event 1-SRP
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Figure 4.20 - Auroral precipitating power (Watts) derivedrh different measurements. Black tri-
angles and blue crosses represent power derived from AL dhdhdex, respec-
tively. Red x’s refer power computed from UVI images. Greguares designate
Hemispheric Power. Event 2-SRP
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Figure 4.21 - Auroral precipitating power (Watts) derivedrh different measurements. Black tri-
angles and blue crosses represent power derived from AL dhdhdex, respec-
tively. Red x’s refer power computed from UVI images. Greguares designate
Hemispheric Power. Event 3-SRP
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Figure 4.22 - Auroral precipitating power (Watts) derivedrh different measurements. Black tri-
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Figure 4.23 - Auroral precipitating power (Watts) derivedrh different measurements. Black tri-
angles and blue crosses represent power derived from AL dhdhdex, respec-
tively. Red x’s refer power computed from UVI images. Greguares designate
Hemispheric Power. Event 5-LRP
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Figure 4.24 - Auroral precipitating power (Watts) derivedrh different measurements. Black tri-
angles and blue crosses represent power derived from AL dhdhdex, respec-
tively. Red x’s refer power computed from UVI images. Greguares designate
Hemispheric Power. Event 6-LRP
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5 RESULTS: AURORA SPATIAL FEATURES

Aurora viewed from space by a global imager appears as difftentinuous, luminous
bands that surround both geomagnetic poles at ionospHhétidas EREY, 2007). An
oval-shaped band around the polar regions is atributedetsttong asymmetry in the lo-
cation of the aurora on the dayside and nightsid@ELSON; RUSSEL, 1995. The upward
field-aligned current regions are found to be coincidenhwiite ovals, where electrons
flow into the ionosphere. Hence, the location and shape o&tera yield information
on the spatial evolution of electron precipitation.

UVIimages provide spatial and temporal behavior of the esyrand subsequently, of the
auroral precipitation. It was possible to calculate endhgy, in function of Local Time
(LT) and Universal Time (UT) for each *Qatitude and 3 hours UT sector, from UVI
images. Figure$.1to 5.6 bring energy flux for 50 to 90° region, divided in panels for
each 10 latitude range, for all the six selected magnetic storm@r@ioate system used
IS magnetic, since the auroral oval is displayed around metguipole axes. First two
vertical lines refer to main phase while last two lines cep@nd to recovery phase inter-
val. Color bar refers to log scale energy flux. White colorioeg are related to absence
of data. Only regions where the area is completely coverethéyJVI field of view are
considered, and for this reason, there is almost no datafoedatitude ranges.

Figure5.1corresponds to Event 1 (SRP). Energy flux during main phaseasse for the
nightside, extending from 6Qo 90’ latitude. Also, high energy flux values are noticed in
the first part of the recovery phase (around time value of 6yy étom 18 to 24 LT and
for 60° to 90 latitude range. There is still some magnetic activity in tbeovery phase
final portion although the intensity is weaker.

Energy flux during Event 2 (SRP) is displayed in Figbt2 According to the available
data, energy flux is more intense close to midnight for ®070°, around 18 LT for 70

to 80° and about midday for 80to 9C°, during the recovery phase. For this magnetic
storm, a sequence of UVI images with dayglow removed and L@&ction applied is
also presented in Figu®7. During main period, the oval is very intense. Auroral aityiv
decreases in the recovery phase, when becomes intensecagasponding to Dst and
AE peaks.

Figure5.3 corresponds to Event 3 (SRP). The same characteristiceamps event are
noticed, that is, energy flux is more intense close to midnigh60° to 70°, around 18
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LT for 70° to 80° and about midday for 8&to 90°, during the recovery phase.

Event 4 is shown in Figures.4 and3.8. Magnetic activity is seen over all MLT. This is
also observed in UVI images even when the recovery phasdtisggended, which is not
noticed during SRP phenomena.

Aurora looks to be spread all over the oval during Events §feé5.4) and 6 (Figures.6)
as well. The region near dusk seems to present higher enargydlues in the 70to 80
interval.

In summary, our results suggest the electron precipitat@mms to occur over all the oval
for LRP events. On the other hand, SRP magnetic storms doresémt such character-
istics, but show strong magnetic activity near dusk. A despstigation about this topic
has not been performed during this work besides the intem$@acountable UVI image
handlings.
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6 RESULTS: INFLUENCE OF THE SOLAR WIND

Solar wind strongly influences magnetospheric dynamidsoaljh the processes and
mechanisms still remain unknown. Empirical relations alsdd information on the en-
ergy input from solar wind-magnetosphere coupling whicresponsible by the energy
dissipated in the ring current, joule heating and auroratipitation. Energy estimate is
based on solar wind parameters considered important on #dgmetosphere dynamics.
UVI electron precipitating and solar wind input energy drert compared in Sectidhl,

in order to investigate the role of the solar wind on the aairactivity.

Solar wind conditions have been investigated during thatsvia Sectior6.2 The inten-
tion here is to verify if there is a relation between auronaqipitation behavior during
SRP and LRP events and the solar wind characteristics.

6.1 Solar wind power input

Energy deposition by electron precipitation derived fromagial emissions through UVI
images and from empirical functions based on geomagneatices has been shown in
this work so far. In doing this, energy transfer processawéen particle injection and
the magnetospheric current systems could be investigated.

Besides studying the energy transfer mechanisms insidm#gnetosphere, it is essen-
cial to look at the major process driving the different magspheric phenomena. The
coupling between solar wind and earth magnetic field is beti¢o be responsible for the
large amount of injected energy into the magnetosphere. §diar wind energy input is

then mostly converted into particle precipitation in theaaal region, Joule heating and
ring current enhancemeni{ASOFU, 1981, OSTGAARD et al, 2002).

At present, there is no direct observational measureménkea@nergy transfer from the
solar wind to the magnetosphere. Even questions like gxlactl and where such transfer
occurs remain unanswered. Thus, solar wind parameters lheee largely used as an
attempt to obtain energy estimate available for the magpéteric dynamicSYONZALEZ,
1990.

Akasofu(1981) introduced the parameter which is the energy input quantity in the solar
wind responsible for the energy transfer to the magnetasp{fERREAULT; AKASOFU
1978. Such parameter depends on the solar wind speed v, the ItdRisity B, the clock
angle® (angle defined between y and z IMF component in the GSM coatelisystem)
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and the effective cross-sectional atgaand is defined in SI units by:

g(W) = %[szsin“(e/Z)lg. (6.1)

The € parameter is basicaly derived from the Poynting’s theore@sKINEN; TANSKA-
NEN, 2002. The factor%‘sz corresponds to #times the Poynting vector magnitude
calculated from upstream solar wind quantities and assgitiat the magnetic field is
perpendicular to velocity. The electric fieklis given by vB, from the assumption that
the conductivity approaches infinity, which is valid for spaplasmas. The energy per unit
of area per unit of time is described by the Poynting vectdolsws:

S:i(ExB). (6.2)

The parameterg in Equation6.1is atributed to the effective cross-sectional area of the
energy transferAKASOFU, 1981). Koskinen e Tanskanef2002 claim that such factor
with physical dimension of length is used for numericallglgagy €, in order to correspond

to the dissipated energy inside the magnetosphere andiséyshe physical dimension

of power. Anyway,lg is assumed to not strongly depend on solar wind quantitidssan
estimated asRg, which corresponds to the magnetopause distance.

The strong dependence ©bn the clock-angle is addressed to the IMF north-south com-
ponent influence on the energy transfer obtained empiyicEte factorsin®(8/2) varies
from 1 to 0 as the angle changes from 180 0° which yields larger amount of energy
input to southward IMF values. In fact, it is believed tha thagnetosphere is open under
south IMF component conditions and the energy transfer&etveolar wind and magne-
tosphere is more intense. The clock-angis defined asAKASOFuU, 1981):

6 = tan (| By|/|Bzl) forB; > 0,
® = 180-tan (|By|/|B;|) forB,<O0. (6.3)
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Figures6.1to 6.5 bring the solar wind input power computed from Equattohin black
color and the electron precipitation power derived from Uivhges in red for the studied
magnetic storms. Solar wind data was obtained by ACE spafte€here is a lack of data
during Event 1.
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Figure 6.1 - Solar wind power input in black color and UVI dfea precipitation power in red
(Event 2-SRP).
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Figure 6.2 - Solar wind power input in black color and UVI dfea precipitation power in red
(Event 3-SRP).
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Figure 6.4 - Solar wind power input in black color and UVI dfea precipitation power in red
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SRP events are displayed in Figuf&and6.2 Apparently, there is no similar behavior
between the solar wind coupling parameter and the electreaitation in the polar
region.

LRP featured magnetic storms are shown in Figr830 6.5. The same standard fluctu-
ation is seen in the solar wind input and precipitating démospower quantities. More-
over, solar wind input reaches a maximum during main phadetaaenergy spikes are
decreasing in intensity as the recovery phase comes to an end

Akasofu(198]) claims that if the magnetosphere is assumed to initiablyessolar wind
energy and afterwards converts the stored energy into@ubsir magnetic storm energy,

a simple relationship betweerand the dissipated energy would certainly not be simple.
This system is so-called unloading system. On the other,h&uscgparameter correlates
well, for instance, with the precipitating power, the maipsphere would not be an un-
loading but a driven system. According to this, SRP magrsttions could be an effect
of an unloading system. However, this should be deeply tigeted before come up as
a statement. During LRP events, electron precipitatiomgyngeems to follow quite well
the energy inpu¢ which can be an indicator of a driven system presence.

According toTsurutani e Gonzale@ 987, HILDCAA events, characterized essencially
by high and long-term auroral activity, are related to Alwgaves, which present fluctu-
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ating magnetic field. Southward turnings of the IMF woulddger reconnection processes
in the magnetotail and would inject burst particles into tegnetosphere. Actually, so-
lar wind input as well as the UVI precipitation energy showratty bursty feature. This
also agrees withkasofu(1981) work, since there would be no longtime energy store in
progress.

The solar wind input energy, if deeply understood, could Ipeaaner of monitoring en-

ergy deposition in the magnetosphere by a satellite lodatdnt of the magnetosphere,
in the upstream solar wind. This way, the coupling energy @maluring a magnetic

storm could be predicted before the event reaches the naspiere and, therefore, it
would become possible to monitor continuously the spaceatiies.
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6.2 Whatis going on in the solar wind?

Solar activity vary systematically over a period of 11 yeansl is measured by sunspot
number amountgURLAGA, 1995 EDDY et al, 1976. Sunspots are seen as dark regions
due to the lower temperature compared to the surroundingpppbere. This is caused
by the convection inhibition associated with the intensgmegic field. Solar active re-
gions are related to coronal mass ejection (CME) which isrjetion of coronal mate-
rial into the solar wind and it is believed to emanate fromapening of magnetic-field
structures in the Sun. CMEs can be followed by solar flarefineid as a sudden bright-
ening of a small solar region seen in X-rays and emissiorsli@®ronal holes are open
magnetic field line structures which are the origin of higleed streams. A corotating
interaction region (CIR) is formed by fast-slow solar wimtiersection. Moreover, shocks
are observed as descontinuities in the space propertiels asudensity, temperature and
velocity, which changes abuptly. All those magnetic stnes present in the interplane-
tary space added to solar activity variation affects thetEamagnetospher&(VELSON;
RUSSEL 1995.

A study about electron deposition energy in the auroraloregind its relation with the
magnetospheric current systems as well as with the solai-miagnetosphere coupling
energy have been performed in this work. Continuing ourcdean the comprehension
of magnetic storms characterized by long timescale regopkases, it is interesting to
investigate the solar wind parameters in the upstream sidegithe events.

Figures6.6 to 6.10 bring solar wind parameters for the selected magnetic sdmme
interval. Magnetic field componenBx, By andB,, and magnitud® are displayed in the
first panel. Proton density and velocity componewtsy, andv, are shown in the second
one. Coordinate system used is GSM. There is a lack of datBvent 1 time interval
from ACE spacecratft.

Solar conditions for Event 2 (SRP) are shown in Fighu@ At about 164.8 doy, a structure
with high density, reaching a maximum of 8813, is detected. The magnetic storm starts
around 0.4 day (9.6 hours) after that. In this c&epresents south-turnings during main
phase, with a maximum value of -10 nT, apdonly is increased by 14%, to -400 km/s.
At the recovery phase, there is a slight density enhancefnemt 10 to 15cm 3 and

B, comes to northward direction. At 166.2 doy, there iBasouthward turning which
coincides with auroral activity start seen in the AE index &als in the Dst. AE seems
to reflect pretty well the Bz profile.
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During Event 3 (SRP), displayed in Figuée7, B, turns to south at 176.9 doy after sud-
denly increased positively at around 176.65 doy. Magnétims main phase initiates at
176.75 doy. During this stage, magnetic field magnitude peak 8 nT and z-component
at -15 nT. At 177.2 doyB; return to positive values which is coeherent with the recpve
phase start. Around 177.6 doy, AE increases, Dst goes do@Bagets small negative
values. Density is seen as fluctuating and reaches8, andvy is always below 500
km/s.

Event 4 (LRP) presents high variable magnetic and velo@tymonents as observed in
Figure6.8. Before 114 doy, there is a high density spike peaking @@, B reaches 20
nT and the fluctuating feature begins. The recovery phasesgeinitiate simultaneously
with the density decrease and at the end of the higher ardplituctuatingB,. The peaks
in Dst and AE indices observed at about 116.5 doy coincidle avipike in density and a
longer interval of southward magnetic field. Sun-earth peed peakes at 450 km/s.

As previously, Event 5 (LRP) is characterized by fluctuati@pavior in magnetic field
and velocity (Figures.9). Around 203.5 doy, density goes up to @d 3, B reaches 16
nT andB; presents large amplitude disturbance (from -15 to 10 nT)n\hase starts at
203.67 doy. After 204 doy, x-component velocity increasesver 700 km/s. Recovery
phase begins at 204.67 doy when velocity and magnetic fieltband fluctuating anuy
is high.

Finally, Figure6.10brings solar parameters for Event 6 (LRP). Again, this LREn¢vs
associated with disturbed magnetic field and velocity. Aicttire is observed after 238
doy when density peaks at £ 2, v reaches 850 km/8 goes up to 20 nT an8,
fluctuates within negative values for longtime intervaltil40 doy. Main and recovery
phase begins respectively at 238.4 and 239.4 doy. Magnelicseems to go northward
simultaneously with recovery phase stage initiation. €hera fast recovery feature up
to 240 doy coincident witlB, rapid increase. Next, a slow recovery is observed wBgen
fluctuates around zero. A major peak is noticed in Dst and Alces, after 244 doy, at
the same time as density gets high &demains within negative values for a while.

The main differences between LRP and SRP are found in therbisy magnetic field
and velocity profileB, south-turnings are observed to be associated to Dst and al&spe
which suggests particle injection into the magnetosphdi@gnetic storms with short
recovery time are seen to be relatedtanaintenance at negative values for some hours,
around 8 hours. During main phase, LRP events are charzately large amplitude
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fluctuatingB;, around zero or even in negative values, as when it was sestéon more
than one day in event 6. Fluctuation features in magnetid &all velocity are observed
during longtime recovery phases.

According toEcher et al.(2009, the solar wind conditions for all the events refer to
characteristics of a shock, except the Event 5, which istifiet as a CIR.

Our results are in agreement with those foundbyrutani e Gonzalg4987), which says

that Alfvén waves are responsible by HILDCAA phenomena.dct,f magnetic storms
with long recovery phase are observed to be associated vétnatic field and velocity
perturbation which can be an indicator of Alfvén waves pnese However, future work
should be done in order to confirm our expectations.
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Figure 6.6 - Solar wind parameters measured by ACE. Juné149098, SRP (Event 2).
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7 CONCLUSIONS

Our daily activities are highly dependent on space-basgthta@dogical systems and, for
this reason, it has become essential to continuously mahisospace weather. The def-
inition of Space Wheater has been settled as the conditiotisei Sun and solar wind,
magnetosphere, ionosphere and thermosphere, which caenné performance and reli-
ability in ground or space-based technological equipmentsalso affects human health
and life BAKER, 1998 sISCOE 2000 GOMBOSI et al, 2004 ECHER et al, 2005 SCHWENN
2006 PULKKINEN, 2007).

The energy transfer mechanisms present in the solar wirghatasphere coupling and
inside the magnetosphere have then also become an impisdaet Particle precipitat-
ing energy investigation in the auroral region is a mannerphg to comprehend both
transfer processes. In this work, precipitation energyindéould be calculated from auro-
ral emissions within LBH long wavelength range measured by idstrument on board
Polar spacecraft. One advantage of studying the aurora asisanof the near-Earth pro-
cesses is that the size of the auroral oval differs in scala fhe magnetosphere region
by perhaps a factor of PqkIVELSON; RUSSEL 1995.

The interaction between solar wind and magnetosphereatedtto many magnetospheric
phenomena such as magnetic storms, substorms and a manetggeeso-called HILD-
CAAs (High intensity long duration continuous AE activitfjome magnetic storm events
present peculiar long recovery phase features (more thardéys) and have been asso-
ciated with HILDCAAS TSURUTANI; GONZALEZ, 1987). In fact, all known processes for
ring current decay, as charge exchange, Coulomb collisemmsection, wave-patrticle in-
teractions, have time scales of hours to fraction of d&gZ{RA et al, 1997 KOZYRA et
al,, 2002.

In this work, it has been perfomed an investigation on thieéhces between magnetic
storms with long (HILDCAA) and short recovery phases in tewhenergy input. The six
selected events have been organized into two groups, magtams with short recovery
phases (less than two days) named SRP events, and with loogerg phase features
(more than two days) labeled as LRP events.

Auroral energy deposition has been derived from UVI imaggsapplying adjustment
methods such as spacecraft line of sight (LOS) correctiah dayglow removal. The
dayglow estimate method developed in this work evaluatgglder energy which permits
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to calculate auroral influx energy by removing known daygépwantity from UVI images.

Electron precipitating energy flux computed for all the aafoegion shows LRP events
are more energetic and highly variable than SRP. Energy aksilated only for area
values greater than 60% of the total auroral region consitia@s 50 to 90° ML. As
UVI field of view varies significantly during the Polar orbhidre may be still some area
influence on the results. For this reason, energy flux wasedtimated for sectors of a
constant 10 ML and 3h LT area. Such results support those obtained faiotiaéauroral
region. The midnight region, considered here as 21 to 3 M&éTQlserved as an active
region presenting more variability for LRP than SRP evestwall.

UVI data also shows, through energy flux versus local timéosscor each 10ML, that
near dusk region present large energy flux values mostlyen7th to 80° ML range,
indicating that the duskside is a very active region for negnstorms in general. LRP
seems to be a more energetic process although such difeeti®es not look considerable.
Energy flux versus UT and MLT together with UVI auroral imagéew strong magnetic
activity near dusk mainly for SRP magnetic storms. Elecpogcipitation has been no-
ticed to occur over all the oval for LRP events. Eventuallgeap investigation should be
done in this case in order to permit more clear conclusionsiethe precipitation energy
spatial behavior during LRP events.

Searching for effects of the auroral precipitation on theynmetospheric current systems,
UVI energy flux has been compared to equatorial (Dst, SYM-H AB8Y-H) and auro-
ral (AE, AL and AU) geomagnetic indices. All the magneticrste seem to be linearly
related to the ring current enhancement during recoveng@hsome of them with only
the symmetric part. Most of the recovery stages are alsccadsd with both electrojet
increases and sometimes only to the westward system, bei teethe eastward compo-
nent.

Besides UVI energy estimate method, other manners of evaduauroral precipitation
energy have been used in this work. Hemispheric power ismastdd from observations
of particles influx by NOAA-POES extrapolated for the entingroral region by statis-
tical models. LinearAHN et al, 1983 and nonlinear @STGAARD et al, 2002 empirical

relations based on AE and AL indices, which are observedfteatepretty well changes
in the precipitating energy patterns, have also been usebttin electron precipitation
energy. During LRP magnetic storms, UVI power fits betteinear method results. This
suggests that electron precipitation enhancement aftixastly the auroral eletrojects,
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especifically the westward system. On the other hand, SRifpiedion energy estimates
are closer to nonlinear method although sometimes that igang clear. Nonlinear empir-
ical relations suppose AE saturates for high magneticigieswvhich might be happening
during SRP events.

Solar wind strongly influences magnetospheric dynamitmaljh physical processes and
mechanisms still remain unknown. Empirical relationsASOFU, 1981 also yield infor-
mation on the energy input resulted from solar wind-magsygtere coupling which is
mostly responsible by the energy dissipated in the ringerurjoule heating and auroral
precipitation. This energy estimate is based on solar wardmeters considered impor-
tant on the magnetosphere dynamics. UVI electron pretipitaand solar wind input
energy have been then compared in order to investigate ta@fohe solar wind on the
auroral activity. Apparently, there is no similar behavi@tween the solar wind coupling
parameter and the electron precipitation in the polar regaring SRP magnetic storms.
The same standard of fluctuations is seen for LRP events isotlae wind input and pre-
cipitating deposition power quantities. Moreover, solandvinput reaches a maximum
during main phase and the energy spikes are decreasingirsitit as the recovery phase
comes to an end.

Akasofu(198]) claims that if the magnetosphere is assumed to initiablyessolar wind
energy and afterwards converts the stored energy into@ubsir magnetic storm energy,
a relationship betweea and the dissipated energy would certainly not be simples Thi
system is so-called unloading system. On the other hardpaframeter correlates well,
for instance, with the precipitating power, the magnetesphvould not be an unloading
but a driven system. According to this, SRP magnetic storawddcbe an effect of an
unloading system. During LRP events, electron precijgite¢inergy seems to follow quite
well the energy inpu¢ which can be an indicator of a driven system presence.

According toTsurutani e Gonzale@ 987, HILDCAA events, characterized essentially
by high and long-term auroral activity, are related to Atiwgaves, which present fluctu-
ating magnetic field. Southward turnings of the IMF wouldd@er reconnection processes
in the magnetotail and would inject burst particles into tegnetosphere. Actually, so-
lar wind input as well as the UVI precipitation energy showratty bursty feature. This
also agrees withkasofu(1981) work, since there would be no longtime energy store in
progress.

Finally, upstream solar wind conditions have been investid during all the events to
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verify if there is a relationship between auroral precipiita behavior during SRP and
LRP events and the solar wind characteristics. The maierdifice between LRP and
SRP are found in the disturbing magnetic field and velocibfile. B, south-turnings are
observed to be associated with Dst and AE peaks, which stgggasicle injection into
the magnetosphere. Magnetic storms with short recovery éira seen to be relatedBg
maintenance at negative values for some hours, around 8 Hduring main phase, LRP
magnetic storms are characterized by large amplitude fitictyB, around zero or even
in negative values, as when it was sustained for more thardaypen Event 6. Within
all cases, z-component magnetic fields reached negativesdrger than 10 nT. The
LRP events seem to be associated with fluctuations in magiedti and velocity profiles
although two of them are also related to high-speed streams.

Our results are in agreement with those foundbyrutani e Gonzalg4987), which says
that Alfvén waves are responsible by HILDCAA phenomena.dct,f magnetic storms
with long recovery phase are observed to be associated vagnetic field and velocity
perturbation which is an indicator of Alfvén waves presefi@irutani et al(1995 also
conjecture that HILDCAA would be associated with large ataoge IMF fluctuations
in corotating interactions regions (CIR), and conseqyethlis phenomenon would be
related to fast-speed streams. However, our results shathtgh speed does not seem
an essential parameter for LRP magnetic storms ocurrencenbgnetic and velocity
fluctuations would play an important role in this topic.

Besides all the work performed here, there are many quessth unanswered. The
aurora during LRP events seems to be related to fluctuatirgnete field and veloc-
ity. However, the coupling mechanism between solar wind @adnetosphere remains
unkown. Eventually, we could investigate the magnetosplagnamics during LRP phe-
nomenon as well as its relation to Alfvén waves. Also, workldde done as an attempt
to find out the significance and causes of duskside enhan¢emen

The comprehension of the energy tranfer mechanisms relatdge magnetosphere and
solar wind interaction as well as the processes within magpderic dynamics would
permit space weather predictions. The solar wind inputgneould be a manner of
monitoring energy deposition in the magnetosphere by dlisatecated in front of the
magnetosphere, in the upstream solar wind. This way, thglicmuenergy amount during
a magnetic storm could be predicted before the event reatieeshragnetosphere and,
therefore, it would become possible to monitor continuptisé space weather. However,
current space physics knowledge is not enough to achieve atmomplishment. This
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work has been only a small step in this vast research field.
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APPENDIX A - Sector energy flux versus UT

FiguresA.1 to A.12 bring energy flux, calculated for each invariable sectonatl(®
ML (Magnetic Latitude) and 3h LT (Local Time), versus UT (Meisal Time) for events
1, 3, 5 and 6. Auroral region extends from°30 90° ML.
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Figure A.1 - Energy flux computed from 80 to 9thagnetic latitude for each 3h LT. January 6-8,
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to September 3rd, 1998, LRP (Event 6).
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Figure A.11 - Energy flux computed from 70 to“80agnetic latitude for each 3h LT. August 26
to September 3rd, 1998, LRP (Event 6).
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Figure A.12 - Energy flux computed from 60 to“7@hagnetic latitude for each 3h LT. August 26
to September 3rd, 1998, LRP (Event 6).
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APPENDIX B - Energy flux versus Local time sectors

FiguresB.1 andB.4 display energy flux versus LT sector number for eachMIQ during
main and recovery phase for a SRP and LRP magnetic stormtr3eonber refer to
3h LT intervals starting at midnight (O LT). Then, sector217 and 8 are located in the
nightside while 3 to 6 sector numbers refer to the dayside.
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(b) Recovery phase

Figure B.1 - Energy flux versus LT sector number for eachNIQ. Sector number refer to 3h LT
intervals starting at midnight (0 LT). SRP (event 1)
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Figure B.2 - Energy flux versus LT sector number for eachNIQ. Sector number refer to 3h LT
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Figure B.3 - Energy flux versus LT sector number for eachMIQ. Sector number refer to 3h LT
intervals starting at midnight (0 LT). SRP (event 5)
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Figure B.4 - Energy flux versus LT sector number for eachNIQ. Sector number refer to 3h LT
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